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Abstract 

How multifunctional cells such as macrophages interpret the different cues within their 

environment and undertake an appropriate response is a key question in developmental 

biology. Understanding how cues are prioritised is critical to answering this – both the 

clearance of apoptotic cells (efferocytosis) and the migration towards damaged tissue is 

dependent on macrophages being able to interpret and prioritise multiple chemoattractants, 

polarise, and then undertake an appropriate migratory response. Herein, I have used 

Drosophila melanogaster as a model to assess the dynamics of efferocytosis in vivo using live-

caspase fluorophores and examine the role of Spitz, the cardinal Drosophila epidermal 

growth factor ligand, in regulation of macrophage behaviour in the developing fly embryo. In 

addition, I have also used ex vivo human macrophages to assay the chemotactic potential of 

apoptotic find-me cues in a novel adaption of the Ibidi -slide migration system. The results 

show that misexpression of activated Spitz can impact embryonic macrophage polarity, 

distribution, migration and perturb apoptotic cell clearance. Imaging of apoptosis and 

efferocytosis during Drosophila embryogenesis has revealed that caspase activity and 

clearance by immune cells is not an exclusive pathway, and that apoptotic recruitment 

appears to be more context and range dependent than previously thought. I have also been 

able to show that monocyte derived macrophages can be successfully used in the 2D Ibidi -

slide assay and that signals derived from apoptotic cells are able to interfere with normal 

chemotactic responses in a localised fashion. Taken together, these results present several 

important conclusions: Spitz regulates macrophage migration and may operate as a 

chemoattractant in certain context, information which may help us to understand the role 

EGF ligands play in immune cell recruitment during development and at sites of disease 

pathology; exposure to apoptotic-cell derived find-me cues are able to inhibit macrophage 

chemotaxis towards the pro-inflammatory chemokine C5a; and efferocytosis in vivo occurs in 

a more rapid fashion than that observed in vitro, with clearance being only one fate for 

apoptotic cells.  
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Chapter 1 - Introduction  

1.1 Introduction 

In multicellular organisms, the control of cell number is partially mediated through the 

programmed cell death (PCD) pathways, most commonly apoptosis. The apoptotic 

programme is evolutionarily conserved and allows for the death and removal of redundant or 

damaged cells in response to a wide range of stimuli including cellular damage, infection, 

developmental signalling, and mechanosensory feedback (Fuchs and Steller, 2011; Galluzzi et 

al., 2012). Once a cell has undergone apoptosis, the cellular remains must be removed from 

the tissue, a process termed efferocytosis. The removal of these cell corpses is necessary to 

prevent the uncontrolled breakdown of the cell and subsequent release of pro-inflammatory 

cytosolic contents (Degterev and Yuan, 2008). Efferocytosis is a stepwise process requiring 

the responding cell to locate, phagocytose and digest the apoptotic cell, a function that is 

normally mediated by professional phagocytes of the immune system as well as neighbouring 

cells (Morioka et al., 2019). Failures in the efferocytic process have been implicated in the 

progression of chronic inflammatory diseases such as chronic obstructive pulmonary disease 

(COPD) or atherosclerosis (Li et al., 2009; Eltboli et al., 2014). The first stage of efferocytosis, 

referred to as the “find-me” phase is mediated by the release of chemoattract molecules 

from apoptotic cells which act on responding phagocytes to promote clearance.  

 

Understanding how these find-me cues act to facilitate clearance is vital to understanding the 

role of dysfunctional efferocytosis in disease (Ariel and Ravichandran, 2016). Studies in 

vertebrates over the last few decades have identified a number of these cues in vivo however 

their existence in non-vertebrates and underlying mechanisms of phagocyte recruitment 

remain an active area of research. In this thesis, I sought to evaluate the existence and 

migratory impact of novel find-me cues and how there are prioritised in vivo using both the 

common fruit fly, Drosophila melanogaster and primary human cells. 
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1.2 Innate immunity in vertebrates and Drosophila 

1.2.1 Drosophila as a model organism for the study of innate immunity 

1.2.1.1 Why learn how to fly? Advantages of Drosophila as a model system 

The common fruit fly, Drosophila melanogaster has been used as a model organism for well 

over a century and has been the source of our understanding for some of the fundamental 

processes in genetics and immunity (Lemaitre and Hoffmann, 2007; Tolwinski, 2017). 

Drosophila has flourished as a model organism due to its many advantages over conventional 

vertebrate models: these include the non-protected species status afforded by the UK home 

office (in relation to the Animals (Scientific Procedures) Act 1986), which allows for wide 

scope in both experimental design and genetic intervention; Mendelian inheritance genetics 

and low levels of genetic redundancy, allowing for comparatively simple genetic 

manipulation (Nowak et al., 1997); short generation times that facilitates life-course studies 

and high power statistics; and an active research community with access to curated 

communal databases including Flybase and the Berkeley Drosophila genome 

project (BDGP) (Tomancak et al., 2002, 2007; Frise et al., 2010; Gramates et al., 2017). 

1.2.1.2 Drosophila embryogenesis as a model of innate immunity 

Drosophila melanogaster have a robust innate immune system with strong functional 

similarities to that of mammals. The Drosophila innate immune system is comprised of a 

humoral and cell mediated immunity (CMI), which act to respond to infection, tissue damage 

and the removal of apoptotic cells.  

 

Drosophila humoral immunity is dependent on the release of anti-microbial peptides (AMPs) 

which act to destroy bacterial and fungal infections through interaction at the pathogen 

surface. The generation of these peptides occurs downstream of two key pathways: Toll and 

the immune deficiency (Imd) signalling cascades (Lemaitre and Hoffmann, 2007; Buchon et 

al., 2014). The Toll pathway is a highly conserved response that requires the recognition of 

activated Spätzle, a pro-peptide present within the haemolymph, which is generated by a 

series of proteases upon pathogen recognition (Valanne et al., 2011). The Imd pathway is a 

specialised bacterial response that is activated by peptidoglycan recognition via the 

peptidoglycan protein recognition (PGPR) family of receptors (Myllymäki et al., 2014). Both of 
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these pathways signal down the pro-inflammatory NF-κb signalling pathway to produce 

active AMPs (Hanson and Lemaitre, 2020). 

 

Drosophila CMI is composed of three haematopoietic cell types which are collectively 

referred to as hemocytes: plasmatocytes (macrophage equivalent cells), crystal cells and 

lamellocytes (Evans et al., 2003; Lemaitre and Hoffmann, 2007; Wood and Jacinto, 2007; 

Evans and Wood, 2011; Vlisidou and Wood, 2015). Plasmatocytes (hereafter referred to as 

Drosophila macrophages) are considered as the fly’s equivalent of the macrophage and are 

professional phagocytes that make up the majority of the hemocyte population (95%). 

Plasmatocytes also act to remove apoptotic debris, respond to wounds and phagocytose 

pathogens (Wood and Jacinto, 2007). Crystal cells are part of the humoral immune response 

and their primary function is to initiate melanisation cascades in response to infection and 

tissue damage (Rizki et al., 1985; Cerenius et al., 2008). The third cell type, lamellocytes, are 

not typically present during normal Drosophila development and are derived from the 

macrophage population in response to parasitic invasion or stress signalling in order to carry 

out pathogen encapsulation (Rizki and Rizki, 1992; Stofanko et al., 2010). Post 

haematopoiesis, Drosophila macrophages undergo stereotypic dispersal to attain immune 

competence. 

1.2.1.3 Drosophila embryonic haematopoiesis and immune competence 

In higher vertebrates such as mice or humans, macrophages are generated either during 

development or through the differentiation of monocytes derived from blood 

haematopoiesis (Epelman et al., 2014; Perdiguero and Geissmann, 2016; Jakubzick et al., 

2017). During Drosophila embryogenesis, haematopoiesis occurs within the procephalic 

mesoderm located in the anterior region of the stage 10 embryo under the control of the 

critical GATA-type transcription factor Serpent (Tepass et al., 1994). Serpent is required for 

the differentiation of the two hemocyte lineages: macrophages (plasmatocytes), and crystal 

cells (Rehorn et al., 1996; Crozatier and Meister, 2007). The differentiation of progenitor 

mesodermal cells into these distinct immune cells is driven through serpent via the activity of 

the DNA-binding factors glial cells missing (Gcm) or lozenge for macrophages and crystal 

cells, respectively (Bernardoni et al., 1997; Lebestky et al., 2000).  
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Once differentiation and expansion is complete at around stage 12, embryonic macrophages 

begin to egress from the anterior mesoderm and disperse across the embryo down 

stereotypical pathways (Figure 1.1): ventrally between the ventral nerve cord (VNC) and the 

epithelia/VNC-mesodermal junctions, dorsally via the amnioserosal boundary, and via 

infiltration of the germ-band prior to retraction at stage 12 (Tepass et al., 1994). This 

migration is driven by the expression of the chemotactic vascular endothelial growth factor 

(VEGF) ligands (specifically Pvf2) in the cells lining the dispersal path which guide pvf receptor 

(Pvr) expressing macrophages during dispersal (Duchek et al., 2001; Heino et al., 2001; Cho et 

al., 2002). Dispersal is further promoted through cell-cell repulsion between macrophages 

(Davis et al., 2012), and access to physical spaces created during organogenesis (Evans et al., 

2010a). It should be noted that proper macrophage localisation is required for 

developmental tissue reorganisation including condensation of the ventral nerve cord 

(Olofsson and Page, 2005; Evans et al., 2010a). During this migration, macrophages 

encounter cells undergoing developmental apoptosis and carry out one of their core 

functions: the recognition and removal of apoptotic cells (Abrams et al., 1993). 

 

In sum, Drosophila possess a robust innate immune response charactered by both humoral 

and cell mediated responses. During embryogenesis, immune cells are generated during 

haematopoiesis, with macrophages (plasmatocytes) accounting for most of the immune cell 

population. As we will discuss, these embryonic macrophages carry out several functions 

homologous to their vertebrate counterparts including migration, phagocytosis, wound 

responses, and the ability to clear dying cells.  
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Figure 1.1 – Macrophage dispersal during Drosophila embryogenesis 

Schematic diagram showing embryonic macrophage dispersal in Drosophila. After 
haematopoiesis is complete at stage 10, macrophages (green cells) egress from the 
mesoderm (orange region) and migrate ventrally and dorsally via infiltration of the germ 
band. By stage 12, germ band retraction localises the infiltrated macrophage population into 
the anterior of the embryo. At the same time, macrophages driven by contract repulsion and 
chemotactic Pvf ligands (blue spheres) have moved dorsally and, in concert with 
condensation of the ventral nerve cord (VNC) have migrated into the ventral midline region 
(VML) and neural tissues. Macrophages also begin to colonise the dorsal region around the 
amnioserosa (AS). By stage 13, macrophages have colonised the peripheral tissues and begin 
to disperse across the remaining lateral regions before completing their migration at stage 
15. These pathways are described in (Tepass et al., 1994)  
 

1.2.2 Macrophage functions 

1.2.2.1 Macrophage polarisation and sub-types 

While early work in the field divided macrophage phenotypes into the activated M1 and anti-

inflammatory M2 sub-types, the plasticity of these states in vivo has led to the idea of a 

phenotype continuum based on local signalling circumstances (Liddiard and Taylor, 2015). 

While the M1/M2 axis is an oversimplification, it is a useful paradigm to separate the 

different states of macrophages and how this affects their response to pro and anti-

inflammatory stimuli. M1 and M2 macrophages are distinguished by both their expression 
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profiles and their functions: Pro-inflammatory M1 macrophages are activated by the 

presence of pathogen-associated molecular patterns (PAMPs) such a bacterial 

lipopolysaccharide (LPS) and are characterised by upregulated of microbial killing machinery 

such as inducible nitric oxide synthase (iNOS) and the release of pro-inflammatory cytokines 

including Interleukin-6 (IL-6) and tumour necrosis factor alpha (TNFα) (Benoit et al., 2008; 

Xue et al., 2018). Under homeostatic conditions, macrophages are inherently anti-

inflammatory and must function to suppress aberrant inflammatory induction by non-

threats, e.g., regulated cell apoptosis or the presence of commensal micro-organisms 

(Murray and Wynn, 2011). M2 or “alternatively activated” macrophages are characterised by 

their expression of pro-healing and immuno-suppression chemokines such as transforming 

growth factor beta (TGF-β)  (Gordon and Martinez, 2010).  

 

The existence of macrophage sub-types in non-human and mouse models has recently come 

under greater scrutiny. Several lines of evidence have suggested the presence of sub-

populations within the Drosophila macrophage pool: RNA sequencing data obtained from 

larval macrophages identified expression clusters that show differences in functional genes 

such as those of the Imd pathway or polarisation state metabolic markers including arginase 

(Neves et al., 2016; Cattenoz et al., 2020; Tattikota et al., 2020); infection experiments have 

shown that larval macrophages have a varied nitrogen oxide (NO) response to bacterial 

infection; and the presence of specialised “tissue resident” macrophages within the larval 

proventriculus (PV) region of the gut. In addition, recent data from our lab showed that  

embryonic macrophages are present in transcriptional differentiated subpopulations that 

have varied functionality (Coates et al., 2021).  

 

1.2.2.2 Macrophage recognition receptors and chemotaxis mechanisms 

To carry out their functions, macrophages need to be able to recognise and migrate towards 

many different stimuli. These chemoattractive signals can be endogenous, e.g., host-derived, 

or exogenous “non-self” signals. In mammals, endogenous immune cell migration is driven by 

the family of chemotactic cytokines known as chemokines (Griffith et al., 2014). These 

chemokines are critical for both the inflammatory response, e.g., CCR2 (or monocyte 

chemoattractant protein 1/MCP-1) produced within a tissue in response to TNF-α (Thompson 
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and Van Eldik, 2009) and as part of homeostatic immune trafficking e.g. CX3CL (Fractalkine) 

and monocyte survival signalling (Landsman et al., 2009). Although simpler, Drosophila 

embryonic macrophages are sensitive to several developmental and inflammatory 

chemoattractants: as noted earlier, embryonic macrophages undergo stereotypic dispersal in 

response to VEGF-like Pvf2 and can respond to pro-inflammatory activators such as wound 

derived reactive oxygen species (ROS) (Evans and Wood, 2011, 2014). 

 

Recognition of the non-self is mediated by the cell-surface pattern recognition receptors 

(PRRs) that bind to conserved molecule motifs (Gordon, 2002). Different PRRs can be 

activated in several ways: by binding to the target directly or through bridging molecules 

called opsonins e.g. FCγR binding to antibodies (Joller et al., 2011) to facilitate phagocytosis; 

or can simply detect and activate downstream responses, for example, activation of Toll like 

receptors (TLRs) will stimulate downstream activation of the pro-inflammatory NF-κb 

pathway (Valanne et al., 2011). 

 

In Drosophila, embryonic macrophages express several PRRs that are involved in either the 

clearance of pathogens or the removal of apoptotic cells. Several members of the PRR 

repertoire allows for the recognition of pathogens including the detection of bacterial 

peptides via members of the peptidoglycan protein recognition (PGPR) family and scavenger 

type receptors such as Eater (Kurata, 2004; Kocks et al., 2005). In addition to pathogens, 

Drosophila macrophages must be able recognise and bind to apoptotic cells during 

development (Abrams et al., 1993). The recognition of apoptotic cells is mediated by several 

receptors including Croquemort, Six microns under (Simu) and Draper (Franc et al., 1996; 

Manaka et al., 2004; Kurant et al., 2008). These apoptotic receptors are critical for efficient 

efferocytosis and bind to apoptotic cells through direct interaction with the membrane ,e.g., 

Draper and Pretaporter (Kuraishi et al., 2009), or through the binding of intermediates, e.g., 

NimB4-opsonised phosphatidylserine (PS) (Petrignani et al., 2021). 

 

For most immune responses, the responding cell will often be required to travel to reach the 

source of chemoattractant. This motility requires complex cytoskeletal rearrangement and 

coupling of sensory input to migratory outcome. 
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1.2.2.3 Mechanisms of immune cell migration and chemotaxis 

To migrate, a tissue resident cell must undergo changes in their cytoskeletal structure and 

interaction with the extracellular matrix (ECM). Cellular locomotion requires the coordinated 

contraction of the actomyosin network coupled to ECM adhesion and targeted degradation 

in response to chemoattractant (Friedl, 2004). In contrast to typically non-motile cells, 

leukocytes such as monocytes move in an amoeboid fashion that is less dependent on the 

formation of focal adhesion, allowing them to transverse through the vasculature and tissues 

(Moreau et al., 2018).  

 

Migration towards gradients of chemokines is typically mediated by receptors of the G-

protein coupled receptor (GCPR) family, which allow cells to detect small changes in signal 

concentration across the cell body (Mañes et al., 2005; Lämmermann and Kastenmüller, 

2019). Upon activation, GPCRs signal through separation of the Gi protein heterotrimer to 

activate several secondary messenger cascades that act to polarise the cytoskeleton. Leading 

edge actin polymerizing, and nucleation is driven by the conversion of the membrane lipid 

phosphatidylinositol 3,5-bisphosphate (PIP2) to phosphatidylinositol 3,4,5-trisphosphate 

(PIP3) by phosphatidylinositol-3-kinase (PI3K). This in turn activates the Rho family small 

GTPases Rac and Cdc42 (Wennerberg and Der, 2004) and subsequent actin-binding proteins 

Arp2/3 and WAVE/SCAR (Mañes et al., 2005; Wu, 2005; Wang et al., 2011). In addition to 

PI3K signalling, parallel pro-migration pathways are activated including: GTPase Ras mediated 

activation of target of rapamycin complexes (TORC1/2), which promotes actin polymerisation 

through downstream regulators such as Akt, S6K and 4E-BP1 (Liu and Parent, 2011; Wang et 

al., 2011); patatin-like phospholipase A2 (PLA2), which acts to polymerise actin through the 

conversion of PC into arachidonic acid (Chen et al., 2007; Liu and Parent, 2011); and soluble 

guanylyl cyclase (sGC) which is activated in response to cAMP at the leading edge and 

regulates myosin contractility (Veltman et al., 2005; Wang et al., 2011). 

 

In concert with the formation of the leading edge, RhoA and Phosphatase and Tensin 

homolog deleted on chromosome 10 (PTEN) are active at the uropod (“cell rear”) to inhibit 

the formation of actin structures and induce contractility of the actomyosin network to 

generate locomotive force (Wu, 2005). This leading edge-uropod asymmetry has been 
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described through the local excitation, global inhibition (LEGI), polarisation and gradient-

sensing models. Together, these models propose that after initial gradient detection, 

intracellular feedback loops act to rapidly stabilise actin dynamics at the leading edge, while 

slower acting global mechanics promote the cessation of motility in the uropod (Iglesias and 

Devreotes, 2008). Migration dynamics of a cell are also linked to its functional state, e.g., cells 

performing scanning or random migratory behaviour move in a particular fashion known as 

intermittent searching or levy-walking which is optimal for the detection of chemoattractants 

in a dispersed area (Moreau et al., 2018). 

 

In addition to PIP3-dependent migration, mitogen activated protein kinase (MAPK) cascade, 

in particular p38-dependent signalling, is thought to act semi-independently to PIP3 in 

response to certain high priority chemoattractants such as N-formyl-Met-Leu-Phe (fMLP) 

(Krump et al., 1997; Cara et al., 2001). One of the current questions in the chemotaxis field is 

how particular cues are integrated by the responding cell to produce the correct response in 

the presence of competing and often counterproductive signals. Studies in neutrophils have 

shown that chemoattractants can be classed as “intermediate” or “end-point” in relation to 

their relative chemoattractive strength and proximity to the target, e.g., the presence of a 

bacterial infection will result in the local generation of bacterial derived peptide such as fMLP 

in addition to more distal inflammation induced chemokines such as IL-8 (Lara Rodriguez and 

Schneider, 2013). It has been shown that neutrophils challenged with different 

chemoattractants that signal through either p38 (e.g., fMLP) or PI3K (e.g., IL-8), will 

preferentially migrate towards those that activate the p38 pathway. This prioritisation is 

thought to be mediated through crosstalk downstream of receptor activation (Heit et al., 

2002; Kim and Haynes, 2012). 

 

Drosophila embryonic macrophage migration occurs in an amoeboid fashion during 

embryogenesis. To migrate, macrophages extend a sheet like protrusion called the 

lamellipodia that is extended by the polymerisation of actin. As in vertebrates, initial 

cytoskeletal polarisation is governed by the small GTPases such as Rac1 and Rho1 which act 

to establish leading edge/uropod asymmetry (Stramer et al., 2005). The extension of the 

membrane at the leading edge is controlled by a series of actin regulating proteins that 

facilitate filament extension (Ena) and bundling (Fascin and SCAR/WAVE complex in 
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conjunction with Arp2/3), which allow the membrane to extend and retract during migration 

(Zanet et al., 2009; Tucker et al., 2011; Evans et al., 2013). The regulation of migration in the 

presence of competing stimuli in Drosophila is still poorly understood, however the existence 

of a form of signalling hierarchy is supported by observations of embryonic macrophage 

migration during development: macrophages undergoing Pvf2-mediated dispersal are 

refractile to wounds, yet will efficiently respond to apoptotic cells (Moreira et al., 2010); and 

macrophages of the pupal wing disc have a refractory period of at least 90 minutes after 

initially responding to a wound as they are unable to respond to secondary wounds in that 

time-period (Weavers et al., 2016b). This migratory response towards wounds is a key 

behaviour of macrophage-like cells.  

 

1.2.2.4 Inflammatory wound responses 

The response to a site of injury is complex and requires both pro and anti-inflammatory 

responses to first remove damaged or contaminated tissue and then promote healing and a 

return to homeostasis. In vertebrate models such as mice, the initial wound is highly pro-

inflammatory due to the presence of damage-associated molecular patterns (DAMPs) and 

potential pathogen contamination, which act to recruit neutrophils and differentiate 

infiltrating monocytes into macrophages. After these initial responses, the localised 

macrophages must undergo a phenotypic shift from the pro-inflammatory M1-type (pro-

phagocytosis, TNF-α secretion etc.) to an anti-inflammatory M2-type, characterised by TGF-β 

secretion and pro-resolution (Koh and DiPietro, 2011; Kotwal and Chien, 2017). 

 

During Drosophila embryogenesis, wound healing has been shown to occur through 

contraction of actomyosin cable networks which act to stitch the wound in what has been 

dubbed the “purse-string model” (Redd et al., 2004). Wounding of the embryonic epithelial 

leads to the release of a Ca2+ wave emanating from the epicentre into surrounding cells. This 

Ca2+ wave induces the production of H2O2 via the activity of DUOX, which is required for the 

recruitment of local macrophages to the wound in both zebrafish and Drosophila 

(Niethammer et al., 2009; Razzell et al., 2013). During the pvf mediated stages of dispersal 

(pre-stage 13), macrophages are refractile to wounding stimuli (Moreira et al., 2010) but will 

robustly migrate towards wounds to phagocytose debris in a PI3K pathway dependent 
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fashion (Stramer et al., 2005; Wood et al., 2006; Razzell et al., 2011). Although the role of 

H2O2 wound signalling has been confirmed, modelling in Drosophila pupae has suggested that 

diffusion dynamics of ROS require the presence of as yet uncharacterised mediators for the 

observed response to occur (Weavers et al., 2016b). The release of ROS from the wound is 

also critical for wound healing as it activates the assembly of the actomyosin cable network in 

the wound-proximal cells that allow for contractile wound closure (Fernandez-Gonzalez and 

Zallen, 2013; Hunter et al., 2018), a process that is dependent on localised c-Jun N-terminal 

Kinase (JNK) and Grainyhead signalling (Razzell et al., 2011). 

 

In non-sterile injury or during apoptotic cell clearance, macrophages not only need to 

migrate towards a source of chemoattractant, but also must remove any non-self-particles 

via phagocytosis. This requires yet another behavioural change and the rearrangement of the 

cytoskeleton and activation of phagocytic degradation machinery.  

 

1.2.2.5 Mechanisms of macrophage phagocytosis 

Phagocytosis is an evolutionary conserved process that allows individual cells to engulf 

particles greater than 0.5μm in diameter (Pacheco et al., 2013). While many cells have some 

degree of phagocytic capacity, large-scale engulfment is carried out by “professional 

phagocytes”, which express the required cell components at high levels (Rabinovitch, 1995). 

The ability of a cell to engulf a particular target is dependent on several factors including the 

recognition of the target surface (either through surface molecular patterns or through 

opsonised intermediates), the relative size of the object, and the geometry of the object 

(Cannon and Swanson, 1992; Champion and Mitragotri, 2006). Phagocytosis proceeds 

sequentially, requiring the recognition of the target followed by formation and maturation of 

the phagosome into the phagolysosome where the engulfed cargo is processed (Uribe-

Querol and Rosales, 2020). 

 

Once the target has been engaged on the cell surface, the phagocyte undergoes a series of 

complex cytoskeletal rearrangements to induce the formation of the phagocytic cup. This 

process requires the extension of lamellipodia driven by actomyosin network 

rearrangements: briefly, activation of PRRs leads to recruitment of Syk family kinases which 
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facilitate actin polymerisation and nucleation through cytoskeletal regulators such as PI3K 

and Vav (Uribe-Querol and Rosales, 2020). In Drosophila, the reorganisation of actin is 

dependent on concerted actions of the actin-organising proteins D-SCAR, D-WASp and 

Profillin (Pearson et al., 2003). These cytoskeletal changes drive the spreading of the 

lamellipodia across the surface of the target particle in staggered phases (Richards and 

Endres, 2014). Once the phagosome has been internalised, it will undergo maturation into a 

phagolysosome through sequential endosomal fusions. These fusions result in acidification 

and degradation of internalised contents through the action of proteases and the generation 

of reactive oxygen species (ROS) (Kinchen and Ravichandran, 2008). 

 

In this thesis, I am focussed on one of the key functions of macrophages: the removal of 

apoptotic cells, known as efferocytosis. This process requires macrophages to migrate, 

engage and destroy dying cells while also undergoing polarisation to prevent unwarranted 

inflammation.  

1.3 Apoptosis and efferocytosis 

1.3.1 Functions and mechanisms of programmed cell death (PCD) 

The number of defined PCD pathways has increased over the decades and include apoptosis, 

anoikis, necroptosis and NETosis amongst others (Galluzzi et al., 2012). Each of these 

programmes are thought to activate in response to specific cellular scenarios, including 

developmental cues (Fuchs and Steller, 2011), competition for growth factors (Levayer and 

Moreno, 2013) and as an immune defence mechanism (Remijsen et al., 2011). Several forms 

of PCD, most critically apoptosis, have been described in many model organisms, including 

Drosophila (Jenkins et al., 2013).  

 

Apoptosis is a form of PCD that occurs throughout development, homeostasis, and in 

disease. The choice between cell life and death is dependent upon the balance of pro- and 

anti-apoptotic factors within the cell, as dictated by both the environmental conditions and 

intracellular signalling cascades. Apoptosis is indispensable for many homeostatic processes 

such as gut epithelium turnover (Hall et al., 1994) and removal of excessive immune cells, 

e.g., the removal of dying neutrophils that have become enriched at the site of inflammation 
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(Summers et al., 2010). Failures in apoptosis can be catastrophic and are largely associated 

with abnormal growth and cellular transformation (Küppers and Hansmann, 2005; Hanahan 

and Weinberg, 2011). 

 

Apoptosis is thought to occur via two interlinked but independent pathways generally 

referred to as the extrinsic and intrinsic apoptotic pathways (Galluzzi et al., 2012). Critical to 

both pathways is the activation of the caspase family proteases which act to degrade the cell 

via proteolysis cascades. Caspases are cysteine-dependent aspartate specific proteases that 

recognise a generalised flanked amino acid sequence of DXXD (Timmer and Salvesen, 2007) 

which are activated downstream of pro-apoptotic signalling cascades. 

1.3.1.2 Extrinsic and intrinsic apoptosis in mammals 

Extrinsic apoptosis is triggered through either the binding of cell surface death receptors to 

their ligands, e.g., Fas-FasL or tumour necrosis factor (TNF) pathway (TNFR1-TNF-α 

signalling), or through a sustained lack of signalling through pro-survival dependency 

receptors such as the deleted in colorectal cancer (DCC) receptor (Goldschneider and 

Mehlen, 2010; Sessler et al., 2013). After the “death signal” has been received, 

conformational change within the death receptors allows for the binding of specific adaptor 

proteins such as FAS-Associated Death Domain containing protein (FADD) and pro-peptide 

initiator caspases (Caspase-8 and -10) to form the death inducing signalling complex (DISC). 

Once assembled, the DISC can rapidly generate activated initiator caspases that will go on to 

perform two key functions: reinforcement of apoptosis via activation of the intrinsic 

apoptotic pathway and the generation of executor type caspases (Caspases-3, 6 and 7) 

(Sessler et al., 2013). 

 

Intrinsic apoptosis is centred around the mitochondrion as a nexus of different pro- and anti-

apoptotic signalling pathways, reviewed in Kroemer et al. (2007). During homeostasis, the 

mitochondrion has an electrochemical gradient (the inner mitochondrial transmembrane 

potential), which is critical for both oxidative phosphorylation and apoptotic regulation. 

During apoptosis, changes in mitochondrial permeability leads to the release of pro-apoptotic 

molecules, an event known as mitochondrial membrane permeabilization or mitochondrial 

outer membrane permeabilization (MMP/MOMP) (Kroemer et al., 2007). MOMP is regulated 
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by several Bcl-2 domain (BH) containing proteins, the Bcl-2 family, which act to inhibit and 

promote apoptosis through multiple interactions: for example, MOMP activation can occur 

through the Bcl-2 protein Bad undergoing relocation to the mitochondrion outer membrane 

and inducing the formation of pores (Czabotar et al., 2014). MOMP stimulation can occur 

downstream of a number of cell-stress events including DNA damage and endoplasmic 

reticulum stress (Tabas and Ron, 2011). 

 

Activation of MOMP leads to changes in the mitochondrial structure and the eventual release 

of Cytochrome c, a key component of the apoptosome. Like the DISC, the apoptosome is a 

large multimeric complex that acts as a platform for initiator caspase activation, in this case 

caspase-9. Once Cytochrome c is released from the mitochondrion, it is free to associate with 

cytosolic apoptotic protease activating factor 1 (APAF-1) and pro-caspase-9 to form the 

apoptosome and generate active caspase-9 (Bao and Shi, 2007). Once activated, caspase-9 

will go on to activate the executor class caspases. MOMP also leads to the release of Second 

Mitochondria-derived Activator of Caspase/Direct Inhibitor of Apoptosis-Binding protein with 

LOw pI (Smac/DIABLO) and Omi stress-regulated endoprotease/high temperature 

requirement protein A2 (Omi/HtrA2): these proteins can suppress the activity of the anti-

apoptotic inhibitor of apoptosis proteins (IAPs) such as XIAP1 which normally function to 

suppress active caspases (Berthelet and Dubrez, 2013). It is important to remember that DISC 

and MOMP pathways have several layers of feedback and are strongly linked if not truly 

interdependent. 

1.3.1.3 Regulation of apoptosis in Drosophila 

Intriguingly, while mammalian caspase activity is locked under layers of regulation, 

Drosophila apoptosis is strongly dependent on IAP caspase suppression (Martin, 2002). In 

healthy cells, the apoptosome appears to be constitutively active via interaction at the 

mitochondrion between Drob1, Buffy and Dark (Okano and Miura, 1999; Kornbluth and 

White, 2005; Galindo et al., 2009). The active apoptosome will bind the zymogen initiator 

caspase DRONC and induce autocatalytic cleavage and activation (Pang et al., 2015). If 

unimpeded, DRONC would begin to activate the executor type caspases (DCP-1/2, DECAY, 

DrICE and DAMM) and sentence the cell to death (Kornbluth and White, 2005). This 

uncontrolled caspase activity is restrained by the Drosophila IAP proteins Diap-1 and Diap-2, 
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which act continuously to suppress the activity of caspases via ubiquitination and subsequent 

proteolytic degradation (Igaki and Miura, 2004), preventing the progression of apoptosis by 

maintaining a balance of caspase activation and suppression. To facilitate apoptotic 

progression, these IAPs must be inhibited, and caspase activation allowed to continue 

unsuppressed. This inhibition requires the expression of the pro-apoptotic RGH genes 

(reaper, grim and hid) which inhibit Diap-1/2 through the induction of auto-ubiquitination 

and attenuation of peptide translation (Holley et al., 2002; Yoo et al., 2002; Berthelet and 

Dubrez, 2013).  

  

Compared to mammalian system, Drosophila lack the extrinsic DISC pathway for caspase 

activation but do register pro-apoptotic external stimuli which then act to induce RGH 

expression. The best studied external apoptotic pathway being through JNK signalling: the 

Drosophila JNK pathway is a member of MAPK signalling family and is composed of a kinase 

cascade series leading to the activation of the singular Drosophila JNK member, Basket (Igaki, 

2009; Yue and López, 2020). One of the potent external apoptotic activators is the TNF-α 

homolog Eiger; Eiger can be tissue bound or secreted and induces apoptosis through binding 

of its receptor Wengen and subsequent JNK-mediated upregulation of RGH genes such as hid 

(Moreno et al., 2002; Kauppila et al., 2003; Igaki and Miura, 2014; Shklover et al., 2015). 

Once executor caspases are active, they will begin to degrade the cellular machinery and 

cause the phenotypic features of apoptosis, including DNA fragmentation, cell membrane 

blebbing and changes to the plasma membrane composition (Elmore, 2007; Julien and Wells, 

2017).  

 

The basic apoptotic pathways for both mammalian and Drosophila cells are summarised in 

Figure 1.2. Regardless of species, once a cell has undergone apoptosis, the remnants are 

retained within the tissue and must be rapidly removed, a process known as apoptotic cell 

clearance or efferocytosis. 
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Figure 1.2 – Basic apoptotic pathways in mammals and Drosophila 

Schematic comparing basic apoptotic pathways in mammalian and Drosophila cells. Both 
mammalian and Drosophila apoptosis share some form of intrinsic and extrinsic apoptotic 
pathway. In mammals, intrinsic apoptosis is mediated by death receptors such as Fas which, 
when activated, act as platforms for the assembly of the death inducing signalling complex 
(DISC) that can cleave initiator caspases such as Caspase-8. In the absence of a DISC homolog, 
Drosophila pro-apoptotic signalling such as Eiger-Wengen activation, leads to c-Jun N-
terminal kinase (JNK) downstream signalling and up-regulation of the pro-apoptotic RGH 
genes (reaper, grim and hid). The differences between in the intrinsic pathway is more 
interesting; compared to the mammalian apoptosome, which is activated downstream of 
mitochondrial outer membrane permeabilization (MOMP), the Drosophila apoptosome is 
constitutively active and generates active initiator caspase DRONC. To prevent uncontrolled 
cell death, DRONC is suppressed by the inhibitor of apoptosis proteins (IAPs) Diap-1 and Diap-
2. In either system, the apoptosome further activates initiators caspases. In mammals, the 
initiator caspases will lead to the activation of executor caspases such as Caspase-3 which will 
go on to degrade the cell. In Drosophila, DRONC mediated executor activation, of DCP-1 for 
example) requires the expression of the IAP inhibitory RGH genes, which when expressed 
under pro-apoptotic signalling will remove IAP interference and progress apoptosis. These 
pathways are extensively reviewed in the following: Abrams et al., 1993; Igaki and Miura, 
2004; Kroemer et al., 2007; Galluzzi et al., 2012; Sessler et al., 2013; Yue and López, 2020. 
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1.3.2 Taking cells to the grave – efferocytosis and the role of macrophages 

The efficient removal of apoptotic cells (efferocytosis) is needed to prevent dying cells from 

undergoing what is known as secondary necrosis, a damaging form of cell death that can lead 

to the release of cytotoxic substances such as DNA constituents (Degterev and Yuan, 2008). 

Professional phagocytes of the innate immune system, in particular macrophages, mediate 

this clearance process without activating an inflammatory response, i.e., it is immunologically 

silent (Trahtemberg and Mevorach, 2017). Efferocytosis is a stepwise process that occurs 

through a series of signals derived from the dying cell that act on responding cells to facilitate 

the seeking, engulfment, and resolution of the apoptotic target (Figure 1.3).  

Figure 1.3 – The stages of efferocytosis 

Schematic representation of vertebrate efferocytosis. The first step of efferocytosis requires 
the responding phagocyte (typically a macrophage) to locate the apoptotic cell through 
recognition and chemotaxis towards apoptotic derived recruitment signals known as “find-me 
cues” e.g., adenosine triphosphate (ATP). Once the macrophage has localized to the dying 
cell, it must bind to the cell surface to induce phagocytosis through engagement of “eat-me” 
signals exposed during the apoptotic program e.g., MerTK binding to phosphatidylserine (PS). 
Once engaged, the macrophage can phagocytose and process the dying cell, a process that is 
thought to alter macrophage function by promoting anti-inflammatory signaling and prime 
the cell for further efferocytosis.  
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To attract a macrophage and undergo clearance, it has been hypothesised that apoptotic 

cells release specific chemotactic signals, referred to as “find-me cues”. These find-me cues 

can be basically described as chemoattractant molecules released by apoptotic cells that 

recruit macrophages and enable efficient engulfment and processing (Ariel and 

Ravichandran, 2016; Muñoz et al., 2017). Studies in mammalian models have identified a 

variety of candidate molecules thought to act as find-me cues, including nucleotides, lipid 

mediators and proteins amongst others, which will be discussed in more detail later. 

 

Once the macrophage has reached the apoptotic cell, membrane bound ligands (“eat-me 

signals”) presented on the apoptotic plasma membrane are engaged via receptors to 

stimulate the engulfment process. A well-studied example of this is macrophage c-Mer 

tyrosine kinase (MerTK) apoptotic cell receptor. MerTK is a tyrosine kinase receptor 

expressed on the surface of macrophages which binds to the product of growth arrest-

specific gene 6 (Gas6) (Thorp et al., 2008; Cai et al., 2017; Doran et al., 2017). Gas6 is an 

opsonin molecule that binds to PS exposed on the apoptotic cell surface and bridges MerTK 

to PS (Nagata et al., 1996; Nakano et al., 1997). This binding, in coordination with other 

coactivators such as T cell immunoglobulin and mucin domain 4 (TIM-4), allows macrophages 

to efficiently attach to the apoptotic cell and initiate phagocytosis. Conversely, “don’t eat-

me” signals, such as CD47 and “keep-out” signals such as Lactoferrin may also be present to 

inhibit this process in certain circumstances (Bournazou et al., 2009; Kojima et al., 2016). It 

has been suggested that such signals also function to suppress non-desired immune 

responses in concert with pro-clearance, eat-me cues (Elward and Gasque, 2003). 

 

Once apoptotic bodies have been engulfed, they must be correctly processed within the 

phagosome, refered to as the resolution stage. This phase is highly complex and requires the 

digestion of ingested apoptotic particles with a combined suppression of immune responses. 

The ingestion of apoptotic cells has been shown to reduce pro-inflammatory signalling via 

several pathways e.g. NF-κb (Trahtemberg and Mevorach, 2017) and is thought to modulate 

receptor expression to promote resolution via anti-inflammatory polarisation of the 

macrophage towards M2-like phenotypes (Covarrubias et al., 2015). Digestion of apoptotic 

corpses is biochemically similar to that of pathogen phagocytosis in that the overall process is 

dependent on a staged acidification that is required for the activation of proteolytic enzymes 
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(Kinchen and Ravichandran, 2008). Intriguingly, recent evidence has suggested that the 

recognition of apoptotic eat-me cues such as PS may stimulate a unique form of processing 

known as LC3-Associated Phagocytosis (LAP) (Martinez et al., 2011). The significance of this 

unique processing is still under investigation, however, it has been suggested that LAP may 

help to suppress the pro-inflammatory response via MHC-II presentation (Romao and Münz, 

2014).  

1.3.3 Find-me cues: multifunctional pro-efferocytosis molecules 

1.3.3.1 Sending out an S.O.S – find-me cue variation and identity   

The first phase of efferocytosis requires the apoptosis-linked release of chemoattractants 

that can recruit local phagocytes and allow binding and phagocytosis of the dying cell. Studies 

primarily using mouse and cell culture approaches have uncovered several candidate find-me 

cues including nucleotides, lipids, and proteins.  

 

Nucleotide triphosphates (NTPs) such as adenosine and, to a lesser extent, uridine 

triphosphate (ATP/UTP) are ubiquitous metabolites and are critical to several cellular 

processing including metabolism and signalling (Dzeja and Terzic, 2003). Several studies have 

linked ATP/UTP release from the apoptotic cell to efferocytosis (Elliott et al., 2010; Chekeni et 

al., 2011; Qu et al., 2011). Polypeptide find-me cues have been observed to be both shed 

from the membrane or liberated from larger complexes: Fractalkine (CX3CL) is the only 

member of the CX3C family of mammalian cytokines primarily expressed as a cell-surface 

ligand on resting neuronal or inflammatory induced endothelial cells, and which can be 

cleaved from the membrane into the extracellular space by ADAM17 (Imai et al., 1997; 

Gevrey et al., 2005; Truman et al., 2008; White and Greaves, 2012; Sheridan and Murphy, 

2013; Sokolowski et al., 2014). In contrast to Fractalkine, several find-me cue peptides appear 

to be derived from apoptotic degradation of the ribosomal machinery including endothelial 

monocyte activating polypeptide 2 (EMAP-II), tyrosyl tRNA synthetase (TyrRS) and ribosomal 

protein S19 (RP-S19), which once liberated can diffuse from the cell (Knies et al., 1998; 

Wakasugi and Schimmel, 1999; Nishimura et al., 2001; Hou et al., 2006; Yamamoto, 2007). So 

far, two primary lipid-derived cues have been identified, both of which belong to the 

lysophospholipid class: Sphingosine-1-phosphate (S1P/S-1-P) and Lysophosphatidylcholine 

(LPC). S1P and LPC are plasma membrane-derived lipids that has previously been studied as a 
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pro-immune trafficking signal and inflammatory mediators respectively (Qin et al., 2014; 

Baeyens and Schwab, 2020). Both of these lipids have been shown to be released from 

apoptotic cells through caspase dependent enzyme activation (Lauber, 2003; Weigert et al., 

2006; Gude et al., 2008).  

 

Once released, these find-me cues are thought to recruit local phagocytes to carry out 

efferocytosis. It is important to note that the rapid proteolytic activities that occur during 

apoptosis significantly reduce the cells de novo translation potential (Clemens et al., 2000), 

which in part can explain why the find-me cues so far identified are expressed within the cell 

prior to apoptosis. While the structure and origin of these find-me cues is diverse, their 

generation has in so far been intimately linked to the activity of the apoptotic effector 

caspase enzymes. Caspases have been shown to induce the activation and release of find-me 

cue through several distinct mechanisms, ranging from the direct cleavage of precursors to 

the activation of intermediate enzymes or export systems.  

1.3.3.2 Apoptotic generation of find-me cues 

The activation of proteolytic caspase enzymes is one of the distinguishing features of  

apoptosis (Galluzzi et al., 2012). Active caspases have been shown to act both directly and 

indirectly in the generation and release of several candidate find-me cues.  

 

Caspases act to release find-me cues though several mechanisms including direct cleavage of 

the pro-find-me cue and the activation of intermediate processing enzymes. The generation 

of S1P, LPC and Fractalkine arise from the caspase mediated activation of their processing 

enzymes: caspases have been shown to cleave Sphingosine kinase 2 (SphK2) into an active 

extracellular form that can convert Sphingosine exposed on the outer plasma membrane 

leaflet into S1P (Gude et al., 2008; Weigert et al., 2010); similarly, caspase mediated 

processing of LPC-generating Calcium-independent phospholipase A2 (iPLA2) leads to the 

conversion of phosphatidylcholine (PC) to LPC (Lauber, 2003); finally, cleavage of fractalkine 

from the surface of apoptotic cells has been shown to be dependent on cleavage by 

ADAM17, a caspase-activated matrix metalloprotease (MMP) (Chalaris et al., 2007; Truman 

et al., 2008; Scheller et al., 2011). As well as activating intermediate enzymes, caspases are 

known to induce the export of pre-existing find-me cues such as ATP/UTP: it has been shown 
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that caspases-3 and 7 are able to cleave and open the nucleotide-exporting Pannexin-1 hemi-

channel, allowing cystolic ATP/UTP to diffuse out of the cell rapidly (Chekeni et al., 2011; Qu 

et al., 2011; Yamaguchi et al., 2014). 

 

In addition to the activation of export systems, caspases have been shown to generate 

mature find-me cues from precursors. An interesting example of this is the generation of the 

EMAP-II peptide from a component of the translational machinery (p43), which is cleaved by 

caspase-7 (Knies et al., 1998; Behrensdorf et al., 2000), although this process remains 

controversial (Zhang and Schwarz, 2002). Intriguingly, preliminary research has also 

suggested that the apoptotic release of targeted microparticles, known to carry bioactive 

cargo (Norling and Dalli, 2013) may be used to deliver certain cues directly (Tsai et al., 2014), 

although caution should be taken here as this area is currently poorly understood compared 

to the previously described mechanisms. It is important to bear in mind that find-me cues 

may have redundant release mechanisms that could be linked to apoptotic processes 

independent of caspase activity. This is seen with cues derived from the translational 

machinery such as EMAP-II and RP-S19. EMAP-II peptide generation from TyrRS is 

hypothesised to be released through both MMP (Casas-Tintó et al., 2015) and/or 

extracellular elastase activity (Wakasugi and Schimmel, 1999), while RP-S19 dimerisation and 

release (Nishimura et al., 2001) is thought to be coupled to apoptotic type II 

transglutaminase activity (Fésüs and Szondy, 2005). 

 

Overall, the role of caspases in the release of find-me cues is now well validated, as 

summarised in Figure 1.4. Once these cues have been released, they must diffuse throughout 

the tissue to reach target phagocytes. 
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Figure 1.4 – Caspase-mediated find-me cue release 

Active caspases can mediate cue release in a number of ways: the activation of pores in the 
membrane, such as Pannexin-1 that can allow nucleotide release (1); activation of converting 
enzymes e.g. Sphingosine kinase or Calcium-independent phospholipase A2 (Sphk/iPLA2) that 
can then generate cues, in this case S1P and LPC (2); Direct cleavage of precursors that are 
then exported e.g. the generation of EMAP-II (3); or activation of other enzymes such as 
MMPs that can stimulate the shedding of membrane bound cues, e.g., Fractalkine  (4). 
 

1.3.3.3 Signal propagation and gradient formation 

While some find-me cues such as S1P and Fractalkine have relatively stable structures, some 

form of signal propagation is thought to be required for them to reach potentially distant 

macrophage populations. Moreover, the ability of some unstable cues such as ATP to form 

gradients is less straightforward due to their reactive structure and the presence of ecto-

hydrolase enzymes within the tissue microenvironment (Zimmermann et al., 2012) (Yegutkin, 

2008). 
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These issues have led a search for possible propagation molecules, with a major candidate 

being Ca2+ cations. While the role of Ca2+ in phagocytosis has been very well characterised 

(Nunes and Demaurex, 2010), recent work has begun to elucidate its role as a secondary 

messenger and propagation molecule for find-me cues. Indeed, the puzzle of effective 

nucleotide signalling has started to unravel as several lines of evidence have demonstrated 

an active role for Ca2+: combined evidence from Dou et al. (2012) and Sieger et al. (2012) 

suggest that ATP-P2Y receptor binding on some cell types may stimulate Ca2+ influx via P2X7 

pore formation, and that this event may in turn drive the mobilisation of lysosomal ATP 

stores to the plasma membrane. Given the homeostatic abundance of Ca2+ within the tissue 

microenvironment, this process would stimulate ATP-mediated ATP-release, thereby allowing 

for the propagation of the nucleotide find-me cue and potentially establishing an effective 

chemotactic gradient for macrophage recruitment. The inhibition of this ATP propagation 

process also appears to significantly reduce the effectiveness of the find-me cue in animal 

wound models (Davalos et al., 2005). These Ca2+ models are further bolstered by data from 

Ca2+ channelopathy models, such as those for autosomal dominant polycystic kidney disease 

(ADPKD) that have identified efferocytosis defects associated with the loss of Polycystin-2 

(van Goethem et al., 2012). 

 

Overall, the propagation of find-me cues signalling appears to vary, with more unstable 

molecules such as ATP requiring further amplification after initial apoptotic release. Once 

these signals reach a responsive cell, they need to be recognised to illicit both a chemotactic 

response but also polarise the cell to a pro-efferocytic state.  

1.3.3.4 Find-me cue signalling outcomes 

Macrophages express a wide range of chemotactic receptors and most known find-me cues 

appear to function through a receptor-ligand relationship. The major signalling pathway 

identified for find-me cues is through GPCRs, several of which are expressed on macrophages 

(Lattin et al., 2008). This signalling relationship can be seen in Fractalkine binding to its lone 

cognate receptor CX3CLR (Imai et al., 1997), S1P to S1PRs (Weichand et al., 2013), LPC to G2A 

(Yang et al., 2005; Peter et al., 2008) and the employment of purinergic nucleotide 

triphosphate-binding P2Y receptors (Elliott et al., 2010). While EMAP-II is thought to activate 

PIP3 signalling (Casas-Tintó et al., 2015), the identity of its receptor is not known, with some 
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evidence suggesting CXCR3 as a potential candidate (Hou et al., 2006). One unusual example 

is that of RP-S19, which once dimerised, is thought to molecularly mimic the ligand for 

Complement 5a receptor (C5aR) on macrophages (Nishimura et al., 2001). 

 

The chemotactic effects of several candidate find-me cues have been well established both in 

vivo and in vitro. ATP, non-hydrolysable ATP (ATPγs), UTP and, interestingly, their di-

phosphate forms are chemotactic for THP-1 cells and in mouse models (Elliott et al., 2010). 

However, it has been suggested that different nucleotides such as ATP and UTP may well be 

interdependent and function in concert to stimulate migration through different pro-

migratory targets (Koizumi, 2007). Similar chemotactic effects have been demonstrated for 

S1P (Gude et al., 2008), LPC (Lauber, 2003; Yang et al., 2005; Peter et al., 2008; Xu et al., 

2016), Fractalkine (Truman et al., 2008; Zhu et al., 2009; Sokolowski et al., 2014) and EMAP-II 

(Kaoss et al., 1992; Wakasugi and Schimmel, 1999; Casas-Tintó et al., 2015). Several cues 

have also been shown to enhance eat-me signalling, e.g., through LPC surface exposure on 

the apoptotic cell surface (Kim et al., 2002) or Fractalkine-mediated milk fat globule-EGF 

factor 8 protein (MGF-E8) release (Miksa and Amin, 2007). It would also appear that many 

cues promote an anti-inflammatory M2 phenotype switch in incoming macrophages that 

promotes clearance, an activity shown by S1P-stimulated erythropoietin (Epo) signalling (Luo 

et al., 2016) and metabolism of ATP-derived adenosine (Bours et al., 2006). In addition to 

actively promoting an M2-like phenotype, other pro-inflamatory signals may be inhibited or 

blocked by find-me cues, e.g., RP-S19 has been shown to bind directly to macrophage 

migration inhibitory factor (MIF) and inhibit its function (Filip et al., 2009). 

 

The various mechanisms of find-me cue generation, propagation and activity are summarised 

in Table 1.1. 
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Table 1.1 – Summary of known find-me cues 

Summarised table of known find-me cues, including name, precursor molecules, the means of their 
generation, export pathway, variants, and receptors. Published sources are detailed in the far-right 
column. 
 

 

Candidate Precursors and 

generation   

Export 

M echanism  

Variants Receptors  Chemotaxis confirmed References 

ATP/UTP 

 

Already abundant within 

the cytoplasm 

Caspase 

dependent 

Pannexin-1 

channel 

formation  

Di or mono  

Phosphate 

forms, 

possibly 

adenosine 

PY2 family Mural thymocytes.  

Mural Bone Marrow 

Derived Macrophages, 

THP-1 cells & 

Zebrafish/Mural/Rat 

Microglia. 

Chekeni et a l. 

2011; Dou et a l. 

2012; M. R. Elliott 

et a l. 2009; Qu et 

a l. 2011; Sieger et 

a l. 2012; 

Yamaguchi et a l. 

20 14 

S1P 

 

Sphingosine. Caspase 

mediated sphingosine 

kinase activity 

Membrane 

release 

N/A S1PR 

family 

THP-1, U937s  

Human Monocytes 

Human Macrophages  

 

Gude et a l. 2008; 

Weichand et a l. 

2013; Weigert et 

a l. 2010 

LPC 

 

Phosphotidylcholine. 

Caspase mediated 

Calcium independent 

phospholipase A2 activity 

Membrane 

release 

N/A G2A family THP-1, Mural 

Macrophages, Zebrafish 

Microglia 

Lauber 2003; 

Peter et a l. 2008; 

Xu et a l. 2016;  

Yang et a l. 2005 

EMAP-II 

 

p43 or TyrRS 

C-terminal domain. 

Cleavage via caspase-7 or 

other proteases e.g. 

Elastase 

 

Unknown Progenitor 

specific 

sequence 

Potentially 

CXCR3  

Human Neutrophils. 

Human Monocytes. 

D rosophila   hemocytes.  

Casas-Tintó, Lolo, 

and Moreno 2015; 

Kaoss et a l. 1992; 

Knies et a l. 1998; 

Wakasugi and 

Schimmel 1999 

Soluble 

Fractalkine 

Tethered Fractalkine. 

Cleavage via ADAM17 

during apoptosis 

ADAM17 

shedding 

Potential 

micro 

particle 

form 

CX3CLR ECV304, Human 

Monocyte-derived 

Macrophages, Human 

Bone Marrow Stromal 

Cells & Mural Microglia 

Imai et a l. 1997; 

Sokolowski et a l. 

2014; Truman et 

a l. 2008; Zhu et a l. 

2009 

RPS19 Monomeric form. 

Apoptotic dimerization 

via Type II 

transglutaminase 

Unknown  N/A C5a 

receptor 

Human Monocytes  Fésüs and Szondy 

2005; Nishimura 

et a l. 2001 
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1.3.3.5 Implications of efferocytosis on health 

Failure in removing dying cells has been implicated in the progression of many of chronic 

inflammatory diseases. These include atherosclerosis – a progressive cardiovascular disease 

characterised by vasculature degeneration (Weber and Noels, 2011), chronic obstructive 

pulmonary disease (COPD) – a group of lung diseases displaying characteristic destruction of 

lung architecture and persistent leukocyte infiltration (MacNee, 2005) and systemic Lupus 

erythematosus (SLE) – a heterogeneous autoimmune disorder (Marks and Tullus, 2012). 

Macrophages derived from these chronically inflamed patients often show a reduced 

phagocytic capacity and have an associated increase in apoptotic load within diseased tissues 

(Herrmann et al., 1998; Ren et al., 2003; Gaipl et al., 2007; Li et al., 2009; Dehle et al., 2013). 

The combined loss of phagocytic capacity in diseased macrophages and increases in 

apoptotic cell levels in tissues suggest that macrophages present within chronically inflamed 

tissues have become defective in efferocytosis, leading to the increase in local apoptotic 

tissue. As noted earlier, if apoptotic cells are left uncleared, they can eventually become 

necrotic and further drive inflammation (Trahtemberg and Mevorach, 2017). This would 

explain why the increase in apoptotic burden has been associated with disease progression in 

both COPD, where eosinophilla has been observed as a possible immune response to 

macrophages efferocytic failures (Eltboli et al., 2014), or in atherosclerosis, where increased 

apoptosis and subsequent necrosis reduce plaque stability and increase the risk of severe 

vessel-occlusion events (Thorp et al., 2008; Li et al., 2009; Frodermann et al., 2015; Tao et al., 

2015; Kayashima et al., 2017).  

 

While the molecular biology of these clearance defects appears multifaceted, several 

credible mechanisms have been put forward. One recurring factor identified is a reduction in 

“eat-me” signalling; several groups have reported reduced macrophage expression of 

apoptotic cell-binding proteins such as MerTK, hematopoietic scavenger receptor class B type 

I (SR-B1) and TIM-4 in atherosclerosis and CD44 in SLE (Cairns et al., 2001; Thorp et al., 2008; 

Tao et al., 2015; Foks et al., 2016; Cai et al., 2017). This reduced expression may hinder 

binding to apoptotic cells and prevent proper phagocytosis, leading to an increase in 

secondary necrosis and consequent tissue damage and inflammation.  
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Whether these effects are causal or symptomatic of such inflammatory diseases has yet to be 

fully elucidated. Recent investigations have linked the development of these defects with 

certain lifestyle factors such as smoking or diet. Tobacco smoke is a major risk factor 

associated with COPD and has been shown in vitro to reduce macrophage expression of 

apoptotic receptors such as CD9 or the production of pro-phagocytic opsonins like MGF-E8, 

also known as lactadherin (Noda et al., 2013; Wang et al., 2017). Tobacco smoking has also 

been implicated in increased macrophage RhoA signalling (Richens et al., 2009), which is 

thought to promote adhesion and may thereby reduce macrophage migration to find-me 

signals (Chimini and Chavrier, 2000). Diet is another major risk factor: obese mice fed on fish 

oil-rich diets show increased levels of apoptotic clearance compared to those on a western-

style diet (Li et al., 2009), while zinc deficiency has been linked to clearance defects within 

COPD, possibly through failures in proper alveolar macrophage polarisation or Zn-dependent 

phagocytotic machinery (Hamon et al., 2014).  

 

In most cases, failed efferocytosis has been described as arising because of ongoing 

inflammatory processes, however it may also act as the initiating factor in certain diseases. It 

has been suggested by Kuenkele et al. (2003) that a lack of removal of apoptotic B-cells in the 

lymph node could allow for the survival of auto-reactive plasma cells and the formation of 

anti-nuclear antigen immunoglobulin-G (ANA-IgG), a key auto-reactive antibody in SLE (Marks 

and Tullus, 2012). 

 

Taken together, the continued implication of failed efferocytosis in chronic inflammation 

illustrates the importance of understanding the underlying molecular mechanisms as a 

potential source of therapeutic targets.  

1.3.4 Find-me cues in Drosophila: evidence and potential candidates 

To date, most studies on find-me cues has focussed on the use of in vitro and vertebrate 

models. As discussed earlier, one of the key functions of macrophages in Drosophila is the 

clearance of apoptotic cells, especially during development. While embryonic macrophage 

express a several apoptotic cell receptors such as Simu (Roddie et al., 2019), the find-me cues 

responsible for their recruitment remain under explored. Evidence from wounding 

experiments has shown that embryonic macrophages will preferentially respond to apoptotic 
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cells during the wound refractile period, even in the presence of pvf guidance signals 

(Moreira et al., 2010): this prioritisation would suggest that apoptotic cells are releasing 

some form of recruitment signal that redirects macrophages to perform efferocytosis. Recent 

work from Casas-Tintó et al. (2015) suggested that the ribosomal machinery component 

TyrRS derived EMAP-II like peptide acts to recruit larval macrophages, although whether this 

occurs in the embryo remains unknown. I sought to test other potential find-me cues active 

during Drosophila embryogenesis, which brought to my attention epidermal growth factor 

(EGF) as potential novel find-me cue.  

1.3.4.1 Drosophila epidermal growth factor signalling 

The EGF pathway is an evolutionarily conserved multi-functional signalling pathway that has 

roles in cell migration, survival, and proliferation amongst others. While mammalian EGF 

signalling is composed of a complex network of heterodimeric ErbB receptors and ligands 

(Burgess et al., 2003; Citri and Yarden, 2006), the homologous pathway in Drosophila is 

composed of a single receptor (Drosophila EGF receptor/DER/EGFR) that is activated by 

several partially redundant ligands and inhibitors (Price et al., 1989). The Drosophila EGFR is 

thought to bind five ligands: the cardinal ligand Spitz as well as Keren, Gurken, Vein and 

Argos. Spitz is ubiquitously expressed during embryogenesis and plays a role in tissue 

proliferation, apoptotic recruitment and cell differentiation (Rutledge et al., 1992; Schweitzer 

et al., 1995; Golembo et al., 1996; Buff et al., 1998; Liang et al., 2017). Keren has similarities 

to Spitz and appears to be partially redundant in some tissues, and has been largely 

implicated in proliferation and tissue organisation within the developing compound eye 

(O’Keefe et al., 1997; Reich and Shilo, 2002). Gurken has largely been studied in relation to 

oogenesis and has been identified as a chemoattractant for nurse cells within the developing 

egg (Wasserman and Freeman, 1998; Duchek et al., 2001; Ghiglione et al., 2002; Pizette et 

al., 2009; Revaitis et al., 2020). Vein is a Neuregulin-like ligand that has been implicated in 

tissue differentiation similarly to Spitz and Keren in the Drosophila embryo (Sturtevant et al., 

1993; Schnepp et al., 1996; Wessells et al., 1999; Donaldson et al., 2004). Argos, unlike the 

previous ligands, is an EGFR antagonist that acts to downregulate EGFR activation through 

receptor antagonism and sequestering (Okabe et al., 1996; Jin et al., 2002; Klein et al., 2008).  
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Each of these ligands require some degree of post-translational modification before they can 

be secreted as an active growth factor (Figure 1.5). After translation, the pro-peptide form of 

Spitz (and likely the other ligands) is retained within the endoplasmic reticulum within a 

complex containing the chaperone protein Star, prior to transport to the Golgi (Kolodkin et 

al., 1994; Hsiung et al., 2001; Iyadurai et al., 2008).  

 

Two critical modifications occur to the ligands within the late compartment of the Golgi 

complex: the addition of a palmitoyl group via the enzyme Rasp, thought to restrict 

extracellular diffusion, and proteolytic cleavage by Rhomboid, which removes the 

transmembrane region to produce an active peptide (Sturtevant et al., 1993; Urban et al., 

2002; Miura et al., 2006; Yogev et al., 2008; Steinhauer et al., 2013; Shilo, 2016). It is thought 

that the regulation of EGF ligand secretion is dependent on the activity of the rhomboid 

proteases – expression of these proteases is restricted compared to that of the ligands and it 

has been shown that Rhomboid can cleave other processing elements such as Star to reduce 

processing rates (Tsruya et al., 2007; Shilo, 2016).  
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Figure 1.5 – Processing and release of Spitz in Drosophila 

Schematic diagram of Spitz (generalised EGF processing) in Drosophila. After translation, Spitz 
is held within the endoplasmic reticulum as part of a chaperone complex with Star. This 
complex will be trafficked through the Golgi apparatus and undergo processing within the 
late compartment of the Golgi. Two key Spitz-modification events occur here: the addition of 
a palmitoyl group via Rasp, and the cleavage and separation of Spitz from Star via Rhomboid. 
After processing, the soluble and modified version of Spitz is exported from the cell. The 
addition of the palmitoyl group is thought to restrict diffusion through increased molecular 
weight and interaction with the plasma membrane, thereby concentrating spitz at the cell 
surface and limiting its action to paracrine and autocrine signalling. Spitz is the most widely 
expressed of the EGF ligands and is thought to be representative of processing for Keren and 
Gurken. It should be noted that Vein does not require Rhomboid-mediated processing as it is 
produced in a secreted form. Further information can be found in Yarden and Shilo (2007) 
and the references therein.  
 

1.3.4.2 Potential role of EGF in Drosophila efferocytosis 

Combined evidence from several papers has suggested that EGF signalling might play a role 

in efferocytosis, with EGF a candidate find-me cue. The chemotactic ability of EGF ligands has 

been demonstrated in both human monocytes and within the Drosophila developing oocyte 

(Duchek and Rørth, 2001; Lamb et al., 2004). In relation to efferocytosis, it was recently 

shown that the cardinal Drosophila EGFR ligand Spitz is released from apoptotic cells in the 

gut in order to recruit stem-cells, thereby maintaining gut integrity (Liang et al., 2017). 

Furthermore, there are several similarities between the production of EGF ligands and known 

find me cues such as Fractalkine. In both flies and humans, secretion of active EGF ligands is 

tightly regulated via activation of a proteolytic enzyme – Rhomboid (Shilo, 2016) or the 

matrix metalloprotease ADAM17 (Scheller et al., 2011; Rose-John, 2013), an enzyme that is 

known to mediate the release of Fractalkine during apoptosis (Kim et al., 2011). Intriguingly, 

Liang et al. (2017) suggested that the release of Spitz from mid-gut apoptotic cells was 

promoted by the caspase-mediated activation of Rhomboid in a similar fashion to that 

observed for Fractalkine (Garton et al., 2001). 

 

In summary, members of the Drosophila EGF pathway represent attractive candidate find-me 

cues with supporting chemotactic evidence, links to apoptotic release and similarities to 

processing and stimulation with known find-me cues.  
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1.4 Experimental aims and hypothesis 

While several find-me cues have been identified within mammalian systems (Ariel and 

Ravichandran, 2016), little is known regarding the identity of these cues within Drosophila, 

despite efferocytosis being one of the core functions of embryonic macrophages. I 

postulated that EGF signalling might play a role in efferocytosis during embryogenesis. In 

parallel to identifying potential Drosophila find-me cues, I sought to investigate how find-me 

cues are integrated into the signalling priorities of immune cells, and what this means in 

context of chronic inflammation, using a primary human cell model. Finally, I sought to apply 

novel tools for the live visualisation of apoptosis during Drosophila embryogenesis and what 

this can tell us about the dynamics of efferocytosis.  

 

 

Hypotheses 

1. Chemotactic find-me cues, released from apoptotic cells, exist within Drosophila and 

EGF signalling might play a role in the recruitment of macrophages to dying cells 

during embryogenesis. 

 

2. Find-me cues exist within a signalling hierarchy and are prioritised over known 

inflammatory cues such as Complement protein fragment 5a (C5a) and will be able to 

induce preferential chemotaxis of macrophages. 

 

3. Novel caspase activation reporters can be used to visualise and quantify apoptotic 

activation and the dynamics of efferocytosis during Drosophila embryogenesis. 

 

Experimental aims 

1. Use overexpression systems in Drosophila to test the chemotactic potential of EGF 

ligands towards embryonic macrophages and the impact that such signals have on 

efferocytosis and other cell functions including wound responses and migration.  
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2. Optimise monocyte-derived macrophage (MDM) chemotaxis assays and begin 

building a signalling hierarchy from apoptotic-derived signals and known 

chemoattracts to understand signal prioritisation.  

 

3. Characterise the Drosophila Caspase-ON fluorophore constructs to examine the 

effects of apoptotic signalling on Drosophila embryonic macrophage dynamics in vivo; 

the overarching aim of this work is to track initiation of apoptosis and macrophage 

movement towards dying cells at the earliest stage possible and utilise this 

information to model the migratory phases of efferocytosis. 
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Chapter 2 - Materials and methods 

2.1 Fly husbandry and genetics 

2.1.1 Fly stocks and transgenic constructs 

Fly stocks were maintained on molasses-based media supplemented with yeast at 18oC with 

mating populations kept in laying cages at 22oC. Embryos were collected from apple 

juice/agar plates on which embryos had been laid overnight. The following Drosophila lines 

and genetic constructs were used in this study: eyeless-GAL4 (Halder et al., 1998), UAS-

sSpitzCS (Ghiglione et al., 2002), UAS-Spitzsec (Miura et al., 2006), UAS-mSpitzCS-GFP (Miura et 

al., 2006), UAS-LifeAct (Hatan et al., 2011), SrpHemo-3X-mCherry (Gyoergy et al., 2018), 

Serpent-GAL4 (Brückner et al., 2004), Croquemort-GAL4 (Stramer et al., 2005), TinC-GAL4 (Lo 

and Frasch, 2001), Forkhead-GAL4 (Henderson and Andrew, 2000), Srp-GMA (James Bloor, 

University of Kent, UK), Arm-GC3Ai (in-house) VT45229-GAL4 (Kvon et al., 2014), UAS-GC3Ai 

and UAS-VC3Ai (Schott et al., 2017), daughterless-GAL4 (Rougeot et al., 2013), Act5C-GAL4 

(Ito et al., 1997), Df(3L)H99 (Abbott and Lengyel, 1991),  CyO hs-hid (van Doren, 1996), EGFR-

sfGFP (Revaitis et al., 2020), UAS-EGFR (Lesokhin et al., 1999), UAS-ras85DV12 (Lee et al., 

1996), UAS-RasN17 (Lee et al., 1996) , UAS-Red stinger (Barolo et al., 2004), UAS-keren (Brown 

et al., 2007), UAS-Vein (Schnepp et al., 1996), UAS-Star (Kolodkin et al., 1994), UAS-Rasp 

(Miura et al., 2006), UAS-Apoliner (Bardet et al., 2008), UAS-Argos (Buff et al., 1998), UAS-

EGFRDN (Freeman, 1996), UAS-Vein (Duchek et al., 2001), UAS-Gurken (Ghiglione et al., 2002), 

UAS-Reaper (Aplin and Kaufman, 1997), Tub-GAL80ts (Davis, 2003). All experiments were 

conducted on a w1118 background.  

2.1.2 Transgene recombination and Polymerase Chain Reaction (PCR) validation 

Spontaneous chromosomal recombination was used to combine transgenes onto the same 

chromosome. Briefly, candidate recombinant heterozygous males were generated by mating 

heterozygote virgin females with chromosome balanced males. Recombination was 

confirmed through the presence of balancer chromosome markers, mini-white presence 

(eye-colour) and PCR. Confirmed recombinant males were mated to chromosome balanced 

stocks to produce genetically stable stocks.  



 46 

Genotyping PCR was carried out on candidate recombinant lines with primers designed to 

detect the two sequences to be recombined. DNA isolation was carried out on single males 

euthanised by freezing at -20oC for 30 minutes. DNA extraction buffer (see appendix) was 

added to males and samples vigorously pulverised using a P200 pipette tip. Samples were 

spun at maximum speed for 2 minutes and further pulverised to release their genomic DNA. 

Samples were then heated at 37oC for 30 minutes in a heating block (Eppendorf) to allow 

proteolysis and DNA release, with the proteolysis halted by heating 95oC for 10 minutes to 

inactivate proteinase K (Roche). Genomic DNA samples were stored at 4oC before genotyping 

via PCR. PCR genotyping of extracted male genomic DNA was used to confirm recombination 

events. 2l of male Drosophila DNA extract was added to PCR reaction mixture with primers 

and DNA was amplified (Table 2.1) using a standard thermocycler (MJ-Research) 

 

 

Table 2.1 – PCR parameters for genotyping recombinant flies 

PCR program used for the amplification of DNA from single male Drosophila genomic DNA. 
This generalised protocol was used for all PCR procedures unless otherwise stated.  
 

The following primers were used for the validation of GC3Ai and VC3Ai recombinants:  

CTGCTGGAGTTCGTGACCG (XC3Ai Forward) and GCTCCTGGACGTAGCCTTC (XC3Ai Reverse). 
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Amplified DNA products were separated on 1% TAE 1% agarose gels containing SYBR green 

Safe DNA gel stain (Invitrogen). 10m of PCR product was mixed with 2l of 6X loading buffer 

(Promega) and separated via electrophoresis using 90V for 45 minutes. A 1kb DNA ladder 

(Promega) was used to estimate DNA banding size. DNA gels were examined under blue light 

and imaged with a digital camera.  

2.1.3 Transgenesis of apoptotic sensors 

Transgenesis of the GC3Ai reporter under the control of the armadillo promoter (arm-GC3Ai) 

was conducted by the lab assistant Emma Armitage. GC3Ai cDNA was obtained from pUAST-

GC3Ai obtained from Magali Suzanne of the University of Toulouse. GC3Ai was cloned via PCR 

using the primers GC3Ai forward (GCCGCGGCCGCAGATCCCGCTTACAGGTCCT) and reverse 

(AGCTTGATATCGAATTGCCACCATGTACCCC) each of which contained EcoR1 sites. Partial 

digestion with EcoR1 followed by gel purification and extraction yielded a full-length GC3Ai 

cDNA fragment. Purified full length GC3Ai cDNA was ligated into a pArmP-PolyA-AttB vector 

that had previously been cut with EcoR1, purified, and treated with treated Antarctic 

phosphatase (New England BioLabs). The resulting construct was checked for orientation of 

GC3Ai cDNA downstream of pArm before being inserted into Drosophila stocks by 

GenetiVision services.  

2.2 Microscopy and imaging 

2.2.1 Imaging and wounding of Drosophila embryos 

2.2.1.1 Preparation of embryos for live imaging and fixation 

Embryos laid on apple juice/agar plates were washed off into a cell strainer (VWR) and 

dechorionated in 5% bleach for 1 minute, followed by five washes in distilled water. For live 

imaging, washed embryos were immediately mounted in 10S Voltalef oil (VWR) on glass 

slides as per Evans et al., 2010b. For fixation and preparation for immunostaining, live 

embryos were fixed as previously described (Wood et al., 2006). After being dechorionated 

and washed, embryos were fixed using 4% formaldehyde in phosphate-buffered saline (PBS; 

Oxoid), before being devitellinised by shaking in methanol. Fixed embryos were either used 

immediately or stored at 4oC in methanol (methanol was aspirated prior to further use). 
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Live embryos were imaged using a Perkin Elmer Ultraview Spinning disk system using either a 

10x air objective lens (UplanSApo 10x/NA 0.4; only used to obtain lateral images of 

developmental dispersal of macrophages), a 20x air objective lens (UplanSApo 20x/NA 0.8; 

VT45229-GAL4 experiments requiring anal pad visualisation and low-magnification imaging of 

the dorsal vessel only), or a 40x oil immersion objective lens (UplanSApo 40x oil/NA 1.3; all 

remaining live imaging). Wounding was performed using a Micropoint ablation laser (Andor) 

attached to the Perkin Elmer Ultraview Spinning disk system to ablate the ventral epithelium 

on the ventral midline in the medial-most segments of the embryo as per Evans et al., 2015. 

For imaging of the ventral midline region or dorsal surface (macrophage wounding, random 

migration, macrophage dispersal assessment, apoptotic event tracking, Lysotracker red 

staining) of stage 13 or 15 embryos, images were taken to a depth of approximately 20m 

with a 1m spacing between z-planes. Time-lapse movies were assembled from z-stacks 

taken using Volocity software (Perkin Elmer). 

2.2.1.2 Imaging of immunostained embryos 

Images of immunostained embryos were taken using a Zeiss 880 Airyscan confocal 

microscopy system running ZEN software. Embryos were imaged using a 40x objective lens 

(Zeiss Plan-APOCHROMAT 40x oil/NA 1.4) to a depth of approximately 25m with a spacing 

of 0.2m between z-planes. 

2.2.1.3 Imaging of ex vivo adult flies 

All imaging of adult flies was conducted using a Leica MZ205 FA fluorescent dissection 

microscope with a 2x Plan-APOCHROMAT air objective lens. For eye-disruption assays, adult 

flies were culled at -20oC before being mounted laterally, such that the left eye was parallel 

to the lens. Single z-slice images were taken of the eye where the diameter was fully visible 

and in focus. 

2.2.2 Imaging of Ibidi -slides and MDM migration 

For MDM chemotaxis imaging, Ibidi -slides were incubated at 37oC/5% CO2 and imaged on a 

Leica AF6000LX inverted microscope system. Imaging was conducted using a 10x/0.3NA Ph1 

phase objective lens and images captured using LAS X software. Briefly, single points were 

marked per observation chamber and time-lapses imaged at a single z-plane in which the 
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majority of cells were in focus. All microscopy images were saved as .tiff format files for 

analysis. 

2.3 Immunofluorescence and staining methods 

2.3.1 Lysotracker Red staining of live embryos 

pH-sensitive Lysotracker Red DND-99 (Life Technologies) was used to monitor acidification of 

phagosomes. Dechorionated embryos were transferred to glass vials containing peroxide-

free heptane (Sigma) and PBS containing lysotracker red (25µM) in a 1:1 ratio and shaken for 

30 min at 250 rpm in the dark. Post staining, embryos were transferred into Halocarbon oil 

700 (Sigma). Stage 15 embryos were selected and mounted on slides and the ventral midline 

region imaged. 

2.3.2 Acridine orange staining of live embryos 

Acridine orange (Alfa Aesar) staining was used to visualise apoptosis in the live embryo 

(Arama and Steller, 2006). Embryos were prepared for live imaging as described before being 

transferred to glass vials containing a staining solution of 5 µgmL-1 solution of acridine orange 

diluted in PBS and heptane in a 1:1 ratio. The embryos were then shaken at 250rpm for 5 

minutes and transferred into a Halocarbon oil 700 via pasture pipette. Stained embryos were 

then mounted on glass slides as previously described. 

2.3.3 Immunostaining of Drosophila embryos 

For immunostaining experiments, fixed embryos were washed with 0.1% Triton-X-100 

(Sigma) in PBS. Subsequently, embryos were blocked in PATx (1% Bovine Serum Albumin 

(Sigma), 0.1% Triton-X-100 in PBS) for 1 hour. Embryos were then incubated with primary 

antibodies overnight at 4oC, washed in PATx and incubated with secondary antibodies for 2 

hours at 4oC. After a final series of PATx washes, residual PATx was aspirated and the 

embryos stored at -4oC in 1,4 Diazabicyclo[2.2.2]octane (2.5%) (DABCO) mountant (Sigma) in 

90% glycerol (Sigma)/1X PBS. Stained embryos were mounted in DABCO mountant on glass 

slides as per Evans et al., 2010b. 

 

For staining of apoptotic cells and GFP (expressed in macrophages to enable their 

visualisation or to detect GC3Ai), the following primary antibodies were used: rabbit anti-
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cleaved DCP-1 (cDCP-1; 1:200; 9578S, Cell Signaling) and mouse anti-GFP (1:100; ab1218, 

Abcam). As a read-out of EGFR activation in macrophages, embryos were stained for 

activated ERK (DpERK; rabbit anti-phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204); 1:100; 

197G2, Cell Signaling Technology) with GFP-labelled macrophages detected via 

immunostaining for GFP (1:100; ab1218, Abcam). AlexaFluor568 goat anti- rabbit IgG (1:200; 

A11036, Life Technologies) and AlexaFluor488 goat anti-mouse IgG (1:200; A11029, Life 

Technologies) were used as secondary antibodies to detect anti-GFP, anti-cDCP- 1 and anti-

DpERK primary antibodies. To detect EGFR-sfGFP and macrophages, respectively, Rabbit anti-

GFP (1:500; ab290, Abcam) and mouse anti-Fascin (purified sn7C antibody diluted 1:1000; 

Developmental Studies Hybridoma Bank) were used as primary antibodies. AlexaFluor488 

goat anti-rabbit IgG (1:200; A11034, Life Technologies) and AlexaFluor568 goat anti-mouse 

IgG (1:200; A11031, Life Technologies) were used as secondary antibodies. For the detection 

of Spitzsec protein in macrophages, embryos were stained for anti-Spitz (1:20; rat anti-sSpitz 

Developmental Studies Hybridoma Bank, (Reich and Shilo, 2002) with GFP-labelled 

macrophages again detected via immunostaining for GFP (1:100; ab1218, Abcam). 

AlexaFluor568 goat anti-rat IgG (1:200; A11077, Life Technologies) and AlexaFluor488 goat 

anti-mouse IgG (1:200; A11029, Life Technologies) were used as secondary antibodies. 

2.4 Image processing and analysis of Drosophila phenotypes 

2.4.1 Post-capture processing of raw microscopy files 

All microscopy Images were converted to Tiff (.tif) format files prior to analysis in Fiji (ImageJ) 

(Schindelin et al., 2012) except for data obtained from the ZEISS Airyscan 880 which was 

analysed in native processed CZI format (.CZI_out) in Imaris (Oxford Instruments). Movies and 

stills obtained from the Perkin Elmer spinning disk system showing macrophage morphology, 

apoptotic cell clearance, caspase activation and migration were assembled as maximum 

projections and despeckled in Fiji to reduce background noise. All confocal images captured 

from the ZEISS Airyscan 880 underwent deconvolution processing according to the 

manufacturer’s instructions and in-built software (Amos et al., 2012). 
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2.4.2 Quantification of macrophage morphology and migration 

Macrophage clusters were counted manually from maximum projections of the ventral 

midline region at stage 15 in Fiji, with only definite macrophage-macrophage contact events 

scored. Morphological parameters, e.g., aspect ratio (AR), which is defined as the ratio of a 

cell’s width to its height, were measured manually from maximum projections using the 

polygon selection tool in Fiji. Macrophage vacuolation, a read-out of apoptotic cell clearance 

was assessed in the z-slice corresponding to that cell’s largest cross-sectional area in 5 

macrophages per embryo. The Fiji manual tracking plug-in was used to track cell movements 

of macrophages undergoing random migration from the assembled time-lapse movies. 

Tracking data was then imported into the Ibidi Chemotaxis tool plugin in Fiji to calculate 

migratory parameters (Petrie et al., 2009), e.g., macrophage velocity. 

2.4.3 Assessment of adult fly eye phenotypes 

To assess the activity of EGF signalling on proliferation in the adult fly compound eye, two 

metrics were taken from microscopy images: “rough eye” phenotype and eye area. The 

presence of a “rough eye” phenotype was manually denoted from observation of blinded 

images and was assessed as disruption to the wild-type compound structure including 

consistent differences in the compartment size, shape, and structure. Eye area was 

calculated using the polygon selection tool in Fiji for the entire eye boundary and expressed 

as the area (m2).  

2.4.4 Quantification of vital dye staining and immunostaining in embryos 

Apoptotic cell clearance was also analysed using embryos containing GFP-labelled 

macrophages immunostained for cDCP-1 and GFP. The numbers of cDCP-1-positive punctae 

inside (within GFP-positive cell areas) or outside macrophages in a field of view 

corresponding to the medial-most ventral region of stage 15 embryos were counted in 

merged z-stacks of the GFP and cDCP-1 channels. These values were used to calculate the 

total numbers of cDCP-1 punctae and “efferocytosis efficiency” per field of view. 

Efferocytosis efficiency was defined as the percentage of the total numbers of cDCP-1 

punctae engulfed by macrophages per embryo. Numbers of lysotracker-positive vacuoles per 

macrophage were counted from z-stacks of the ventral midline region; volumes of individual 

lysotracker-positive vacuoles were analysed using Imaris software (Oxford Instruments).  
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Quantification of DpERK levels within macrophages on the ventral surface of the embryo was 

carried out using Imaris Surpass 3D rendering software. GFP staining was used to mask 

macrophages and measure total DpERK intensity per cell. Total intensity per cell was then 

divided by the volume of each macrophage (µm3), with 15–20 macrophages per embryo 

quantified. Colocalisation values for GC3Ai and DCP-1 staining was carried out using the 

COLOC colocalisation function in Imaris: an intensity threshold was manually applied to these 

images prior to analysis to remove background signal and prevent false-positive 

colocalisation inference and colocalisation was inferred from % channel overlap per voxel. 

2.4.5 Quantification of macrophage recruitment to specific tissues 

Numbers of macrophages at the dorsal vessel were counted manually from maximum 

projections, with the total number in this field of view counted; recruitment to the dorsal 

vessel was defined as those macrophages contacting the dorsal vessel in a 100m long 

region corresponding to its medial-most section. Similarly, developmental dispersal was 

quantified by counting numbers of macrophages on the ventral side of the embryo at stage 

15, in a field of view corresponding to the most-medial region of the embryo. The distance of 

macrophages from the dorsal vessel was measured using the points to line distance plugin in 

Fiji (macro made by Olivier Burri, EPFL, Lausanne). To assess macrophage association with the 

anal pad, the number of macrophages present within 100m of the anterior pole was 

quantified from 50m thick maximum projection stacks of the anterior region. Due to 

microscopy constraints (e.g., lens working distances), direct imaging of the developing 

salivary gland was not possible: to test if the secretion of spitz from the salivary gland altered 

macrophage function, the stage 13 ventral midline was screened for disrupted dispersal as 

quantified by the number of macrophages present. 

2.4.6 Apoptotic induction methods and quantification 

To induce global apoptosis in embryos containing the CyO hs-hid construct (van Doren, 1996; 

Roddie et al., 2019), embryos were harvested from laying cages as stated and washed into 

embryo baskets. Prior to dechorionation, embryos were immersed in a 39oC water bath for 

10 minutes to induce heat-shock and global hid expression. Post heat-shock, embryos were 

prepared for live imaging as described above. For tissue specific apoptotic assays involving 

temperature shift UAS-reaper expression, embryos were prepared for live imaging as 
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described previously and mounted on glass slides. Temperature shifting was conducted on a 

modified heated stage attached to the Elmer Perkin spinning disk system and slides were left 

to equilibrate for 20 minutes at 29oC prior to imaging. Imaging was conducted at 29oC with 

time-lapses taken over the course of 2 hours. For analysis of changes in macrophage 

dispersal after anal pad induced apoptosis experiments, images were partitioned into three 

100m-wide regions/bins starting from the anterior pole of the embryo. Macrophage 

numbers were counted per bin and the changes in dispersal assessed as the change in 

macrophage numbers present in each bin area before and after the 2h period at 29oC. 

2.4.7 Tracking and quantification of caspase activation events 

For experiments using GC3Ai as a marker of caspase activation in live imaging, GC3Ai 

activation events were determined through observation of morphology and signal intensity.  

An “activation event” was deemed to have occurred if there was a sustained increase in 

GC3Ai intensity within a feasible and defined boundary that was above threshold 

autofluorescence. Tracking of GC3Ai activation was conducted on maximum projection time-

lapse movies with cell areas selected and quantified using the polygon tool in Fiji. Caspase 

intensity curves were calculated via integrated density measurements taken for each 

selected cell at a given time-point: integrated density was defined as the sum of the pixel 

intensities within the selected cellular area. Integrated density was used as the apoptotic cell 

underwent fluctuations in both volume and GC3Ai intensity over time and this was highly 

variable between individual replicates.  

2.4.8 Quantification of macrophage wound responses 

To quantify macrophage wound responses, wound areas were first annotated from 

brightfield images taken at the one-hour timepoint. The number of macrophages in contact 

with and/or within the perimeter of the wound at one-hour post-injury were scored as 

“responders”. The wound response is the number of responding macrophages divided by the 

wound area, normalised to the control average. As a measure of the range over which wound 

cues can be sensed, the shortest distance between the centre of a non-responding 

macrophage in the pre-wound image and the wound edge (taken from the 60-minute 

brightfield image) was measured manually in Fiji and averaged per embryo. 
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2.5 Preparation of human blood cells and derivatives 

2.5.1 Ethical approval 

Ethical approval for the isolation and experimentation on healthy volunteer monocyte 

derived macrophages (MDMs) and neutrophils was given by National Research Ethics Service 

(NRES) Committee Yorkshire & The Humber – Sheffield (REC reference 05/Q2305/4). 

2.5.2 Isolation of whole blood peripheral blood mononuclear cells (PBMCs) 

MDMs were utilised as a primary cell model. All cell work was conducted in sterile conditions 

in a Class II Microbiology safety cabinet. MDMs were differentiated from monocytes isolated 

from the whole blood of healthy volunteers by plasma/Percoll density centrifugation 

(Rahman et al., 2019). Blood was taken from a volunteer by a certified phlebotomist and 

gently added to 3.8% w/v sodium citrate (Ethypharm) at a ratio of 9:1. Sodium citrate was 

used to inhibit coagulation of the blood during processing. Blood samples were taken into 

sterile cell culture conditions and gently mixed before being centrifuged at 1200rpm for 20 

minutes at 20oC. This results in an upper platelet-rich plasma (PRP) phase, which was 

removed from the lower blood cell phase and centrifuged at 2000rpm for 20 minutes at 20oC 

to generate platelet-poor plasma (PPP). Following PRP phase removal, 6L of 6% dextran 

(w/v in 0.9% NaCl solution) was added to the lower cell phase, topped to 50mL with 0.9% 

NaCl solution (Baxter), mixed, and left to sediment at room temperature with the lid loose for 

20-30 minutes. Following this, the upper white cell phase was removed and centrifuged at 

1000rpm for 6 minutes at 20oC. The pellet was gently resuspended in 2mL PPP and cell 

populations were separated by plasma/Percoll gradient density centrifugation as described 

below. Percoll solution (GE healthcare) was diluted 9:10 with saline to make a 90% working 

solution. Plasma/Percoll gradients of 42% (840l Percoll/1.16mL PPP) and 51% (1.02mL 

Percoll/980l PPP) were made and the 42% gradient carefully layered onto the 51% gradient 

in a 15mL Falcon tube. White blood cells were slowly layered on to the top and centrifuged at 

1100rpm for 11 minutes at 20oC (no brake). This centrifugation yields three distinct cell 

layers: an upper PBMC layer, a lower granulocyte layer and a dense red blood cell pellet. The 

PBMC layer was gently removed from the solution and transferred to a tube containing 10mL 

PPP and 20mL Hanks Balanced Salt Solution (HBBS, Gibco/Invitrogen) without Mg2+ and Ca2+. 

Cell number was counted via haemocytometer (Neubauer Improved LO - Laboroptik Ltd) and 



 55 

washed in HBSS without Mg2+ and Ca2+ followed by centrifugation at 1500rpm for 6 minutes 

at 20oC. Cells were resuspended at a density of 4x106 cell mL-1. 

2.5.2.1 Purification and culture of monocyte-derived macrophages (MDMs) 

Isolated PMBCs pellets were resuspended immediately in media without serum, plated at a 

density of 4x106 cell mL-1 in 6-well plates (Costar/Corning) and allowed to adhere for 1 hour 

at 37oC/5% CO2. Media and non-adherent cells were then removed and replaced with 4mL 

RPMI 1640 (Gibco/Invitrogen) media containing 10% Foetal Bovine Serum (FBS; Gibco). To 

differentiate purified monocytes into MDMs, culture cells were incubated at 37oc/5% CO2 

and the growth media changed within every 2 days for 6-9 days. 

2.5.3 Generation of cell supernatants 

To challenge MDMs with find-me cues, cell supernatants were generated from primary 

neutrophil cultures. Neutrophils were generated and purified using the percoll gradient 

method described above. Isolated neutrophils were plated at 5 million cells mL-1  and aged 

overnight (approximately 22 hours) to generate “apoptotic derived supernatant” (ASN) 

(Renshaw et al., 2003). Prior to aging, neutrophils were treated with 20M Q-VD-OPh 

(Merck) to produce “apoptotic null supernatant” (ANN). “Necrotic supernatant” (NSN) was 

produced by flash-freezing suspended neutrophils at -80oC to induce cell lysis. Cell debris was 

removed from supernatant samples via centrifugation (10000rpm for 2 minutes). 

2.6 Cell migration assay methods 

2.6.1 Principles of the Ibidi® -slide chemotaxis chamber 

The Ibidi -slide chemotaxis assay is designed to measure and define chemotaxis for cell 

types within a micro-fluidic chamber (Zengel et al., 2011). The slide is composed of a 

triplicate set of observation chambers linked to two media reservoirs that serve to deliver a 

stable chemokine gradient to cells (Figure 2.1). Migration of cells within the observation area 

can be used to assess chemotaxis, which each slide containing three conditions: an 

experimental chemoattractant chamber (1) wherein a directional chemoattractant gradient is 

applied in one direction; a chemoattract negative control chamber (2) that has opposing 

gradients of vehicle control, typically the solvent used in preparation of the chemoattractant 
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e.g., phosphate buffered saline (PBS); and a  chemoattract positive control chamber (3) that 

has opposing gradients of the chemoattractant in question applied so that the cells are 

exposed to opposing gradients in the observation area. If a chemoattract is effective, it would 

be expected that chamber 1 would see no net migration, chamber 2 would see either no net 

migration or migration in both directions to a similar degree and chamber 3 would see a 

directional migration towards the chemoattractant side of the chamber.  

 

 

Figure 2.1 – Schematic and dimensions of the ibidi® -slide chamber 

The Ibidi -slide is composed of three identical chambers allowing for an experimental, 
double-negative, and double-positive wells. The experimental well contains a reservoir with a 
chemotactic (E) and vehicle control (C) solution. The negative control and positive control 
sections have either vehicle or chemotactic media, respectively. For each chamber, cells were 
loaded into port A, with media drawn from port B to aspirate cells into the observation area.  
Media and chemokine solution was injected into ports C and E, with media removed via ports 
D and F. All ports were sealed with plastic plugs after filling. Dimensions of the chamber were 
as follows: Chemotaxis chambers on slide = 3, volume per chamber = 120µL, observation 
area = 2x1mm², coating area per chamber = 3.50cm2 and 0.27cm2 (Full chamber and 
observation area respectively), distance between chambers  = 18.5mm, total height with 
plugs = 12mm, volume chemoattractant= 30µL.  Imaged reproduced from 
https://ibidi.com/channel-slides/9--slide-chemotaxis-ibitreat.html (Ibidi specifications page). 
 

2.6.2 MDM culture methods and preparation for chemotaxis assays 

At day 6-9, cells had typically reached an appropriate state of differentiation for chemotaxis 

experiments to be conducted (Daigneault et al., 2010). Cell cultures were gently washed in 

media and the media aspirated. Cells were detached from wells by addition of either 0.2% 

ETDA-PBS or Accutase solution (Sigma-Aldrich). For EDTA-PBS detachment, 0.5mL of 0.2% 

https://ibidi.com/channel-slides/9--slide-chemotaxis-ibitreat.html
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EDTA-PBS was added to each well and the cells incubated at 4oC for 30 minutes. For 

Accutase-based detachment, cells were removed from culture and washed as above, before 

1.2mL room temperature Accutase was added, and cells incubated at 37oC/5% CO2 for 10 

minutes. Detached cells were transferred to a tube and topped to approximately 3-5mL with 

either RPMI 1640 (Gibco/Invitrogen) supplemented with 10% Fetal Bovine Serum (FBS) media 

(EDTA-PBS method) or RPMI 1640 (no FBS added) (Accutase method). Cells were counted 

using a haemocytometer and centrifuged at 1500rpm for 6 minutes at 20oC before being 

reconstituted to a concentration of 4x106 cells mL-1. For experiments that used automated 

nuclei tracking, cultured cells were treated with 1mL NucBlue (Invitrogen) prior to 

detachment to stain nuclei. 

2.6.3 Chemotaxis slide workflow and experimental set-up 

Degassed slides and media were removed from incubation at 37oc/5% CO2 immediately prior 

to loading with cells. MDM cultures between days 6-9 were detached and pelleted before 

being resuspended at a density of 4x106 cell mL-1 in RPMI 1640 without FBS. 6l of cell 

suspension was loaded into each of the three observation chambers and the -slide sealed 

with a lid and placed in an incubator at 37oC with 5% CO2 for 45 minutes to allow adhesion of 

MDMs. Adherent cells were washed twice with 10l RPMI 1640 supplemented with 1% FBS 

in the experimental and double-negative chambers. For double-positive chambers, cells were 

instead twice washed in a solution containing RPMI 1640 + 1% FBS + a 50% concentration of 

experimental chemokine or vehicle (50% of the experimental dose); this step was required to 

prevent rapid unidirectional chemotaxis towards to first side to be loaded with chemokine for 

double-positive chamber. After washing, reservoirs were filled in a stepwise manner with 

65l of RPMI 1640 supplemented with 1% FBS and filled with 2x 15l of appropriate 

chemokine or vehicle, with equal media aspirated from the other side. After loading with 

chemokine, chambers were sealed with plugs and taken for microscopy. The following 

chemoattracts were used: 1ngmL-1, 500ngmL-1 and 1𝜇gmL-1 N-formyl-Met-Leu-Phe (fMLP in 

DMSO; Sigma-Aldrich) – a  bacterial antigenic peptide (Schiffmann et al., 1975), 1ngmL-1, 

10ngmL-1  and 200ngmL-1 Monocyte Chemoattractant Factor 1 (MCP-1 in DMSO) – an 

established immune chemokine (Audran et al., 1996) and 40nM Complement protein 5a (C5a 

in PBS) – a pro-inflammatory fragment of the complement immune cascade system 
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(Snyderman et al., 1972). For chemotaxis experiments, solvent vehicles were used as 

negative controls. 

2.6.4 Processing and analysis of MDM chemotaxis in -slides 

To accurately track migrating MDMs, both manual and automated tracking were used. For 

MDMs that did not have their nuclei stained, movies were blinded, and 40 cells tracked (10 

per FOV quadrant) using the Fiji manual tracking plug-in. For cells with a nuclear stain, 

automated tracking was performed using the Fiji Trackmate plug-in. A Laplacian of Gaussian 

(LoG) algorithm (Xu et al., 2017) was used to track nuclei movements over the course of 

movies using the following parameters: minimal nuclei size = 5m diameter, estimated nuclei 

diameter = 15m, assumed maximum travel distance per frame = 50m. Migration data was 

extracted from raw tracking values using the Fiji Ibidi chemotaxis tool plug-in with tracks 

filtered between 2-100m travel distance to remove non-migratory dead cells and “loose 

cells” passively moving via flow in the chamber. Migration of MDMs challenged with 

chemoattractant was assessed by comparing the forward migration index (FMI) parallel to 

the gradient (FMI||) against that perpendicular to the gradient (FMI┴). These values were 

calculated according to the following equation: 

 

𝐹𝑀𝐼┴ =
1

𝑛
∑

𝑋𝑖, 𝑒𝑛𝑑

𝑑𝑖, 𝑎𝑐𝑐𝑢𝑚
 

𝑛

𝑖=1
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𝑛
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𝑌𝑖, 𝑒𝑛𝑑

𝑑𝑖, 𝑎𝑐𝑐𝑢𝑚
 

𝑛

𝑖=1

 

 

Where n= number of cells, 𝑋𝑖, 𝑒𝑛𝑑 and 𝑌𝑖, 𝑒𝑛𝑑 denote the average end points of each cell 

track on the x and y-axis, 𝑑𝑖, 𝑎𝑐𝑐𝑢𝑚 is equal to the average total accumulated distance 

moved by each cell (Zengel et al., 2011). 

 

The Rayleigh test (Wilkie, 1983) was also used to test for non-randomised movement of cells. 

This assesses if the migration measured is significantly different to the theoretical pattern 

that would occur if the cells moved randomly from their starting points (Wilkie, 1983). 

Responses were considered chemotactic if they met the following conditions: (1) the 

experimental chamber FMI|| value was significantly greater than from the experimental FMI

┴ with Rayleigh test p values ≤ 0.05; (2) control FMI|| values were not significantly different 

to FMI┴ values with Rayleigh test p-values >0.05. 
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2.7 Data tabulation and statistical analyses 

All manual analysis was conducted on blinded data to prevent observer bias. This includes 

data regarding the assessment of macrophage morphology, macrophage counts, 

macrophage tissue recruitment and cell tracking using the manual tracking plug-in.  

 

Numerical data was collated in Microsoft Excel and statistical analyses performed in 

GraphPad Prism 9. Numerical data was statistically analysed using unpaired, two-tailed 

Student’s t-tests or Mann-Whitney tests to compare means for parametric and non-

parametric data, respectively. Where greater than two means were compared, a one-way 

ANOVA with a Dunnett’s post-test was used. P-values were reported as significant at a 

threshold of p<0.05. For statistics related to experiments using Drosophila, quoted n-

numbers in legends refer to the number of Drosophila embryos analysed, with individual 

macrophage values used to calculate averages per macrophage, per embryo.  

 

All Ibidi chemotaxis data was statistically analysed using either a 2-tailed Student’s t-test or a 

one-way ANOVA with Tukey’s test depending on the number of conditions being compared. 

Comparisons between automated and manual tracking methods were analysed using 

Wilcoxon t-tests for paired non-parametric data. Comparisons between FMI values, migration 

distance or FMI difference were made using the 2-tailed Student’s t-test or 1-way ANOVA 

with Tukey’s test depending on the number of conditions. For all MDM cell migration 

experiments, quoted n numbers refer to the population average for a single migration 

experiment where the average is calculated from tracking data of a minimum of 20 individual 

cells. 
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Chapter 3: Investigating the dynamics of efferocytosis 

during Drosophila embryogenesis 

3.1 Introduction 

3.1.1 Apoptosis in mammals and Drosophila 

Apoptosis is the most common form of programmed cell death (PCD) and is critical to the life 

course of multicellular organisms (Fuchs and Steller, 2011). The activation of apoptosis can 

be induced through a variety of extrinsic or intrinsic stimuli, e.g., through recognition of pro-

apoptotic ligands or DNA damage (Galluzzi et al., 2012; Green and Llambi, 2015). After the 

apoptotic pathway has been stimulated, it is the activity of proteolytic, executor-type caspase 

enzymes (Caspase-3,  -6 and -7) that mediates apoptotic progression through degradation of 

cell components and activation of downstream effectors, such as ROCK1 (Coleman et al., 

2001; Pop and Salvesen, 2009). Drosophila share a highly-conserved apoptotic pathway with 

mammals, with several – but not all – forms of PCD known to occur within the adult fly 

(Jenkins et al., 2013). Like mammals, Drosophila express several pro-caspase enzymes that 

are inhibited during homeostasis through the activity of inhibitor of apoptosis proteins (IAPs). 

Apoptotic stimuli, such as ionising radiation, can activate the expression of the pro-apoptotic 

Reaper, Grim and Hid proteins, collectively referred to as the RHG genes (Abrams, 1999) that 

work to suppress the anti-apoptotic functions of the IAPs. With IAP function repressed, 

caspase zymogens can be activated and begin to proteolytically degrade the cell and progress 

apoptosis e.g., caspase-mediated DNA fragmentation (Steller, 2008). One of the key functions 

of these caspase cascades is the activation and release of chemoattractant molecules, 

collectively referred to as find-me cues, which induce the recruitment of phagocytic cells and 

the clearance of dying cells via phagocytosis, a process known as efferocytosis (Ariel and 

Ravichandran, 2016). While the existence of Drosophila find-me cues has not been 

conclusively shown, it is known that Drosophila embryos possess an efficient efferocytosis 

pathway (Evans and Wood, 2014; Roddie et al., 2019) and a robust immune system 

comprising macrophage-like phagocytes referred to as plasmatocytes or macrophages (Evans 

et al., 2003; Evans and Wood, 2011; Wang et al., 2014). By studying the activity of caspase 
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enzymes, and thus find-me cues in Drosophila embryos, it should be possible to elucidate the 

dynamics behind the find-me phase of efferocytosis and its relationship to caspases. 

3.1.2 Assaying apoptosis via non-genetic methods 

The development of accurate apoptosis reporters has been of great interest to the field for 

decades due to the role of apoptosis in inflammatory diseases such as atherosclerosis (Thorp 

et al., 2011) and its importance during development (Voss and Strasser, 2020). Apoptotic 

detection methods have focused on several different targets, while ex vivo methods typically 

rely on reporting the downstream effects of caspase activation through detection of 

apoptotic progression markers or proteolytic activity. Some of the earlier methods of 

apoptotic detection reported key apoptotic pathway events: these included changes to 

cellular pH (acridine orange) (Palmgren, 1991) damage to nuclear DNA via SYTO probes 

or terminal deoxynucleotidyl transferase-mediated dUTP nick end-labelling (TUNEL) 

(Brambilla et al., 1996; Wlodkowic et al., 2007), phosphatidylserine exposure on the outer 

membrane (Blankenberg et al., 1998) or direct detection of pro-caspase zymogen activation 

(Song et al., 1997a; Amstad et al., 2001) and subsequent protease activity (Florentin and 

Arama, 2012). While these methods are powerful tools to evaluate apoptosis, the key 

drawback regarding these reporters is that they are largely applied ex vivo and thus only 

capture apoptosis at a single time point. The lack of temporal resolution precludes their 

effective use in model organisms to study efferocytosis, although they are still applicable for 

assaying metrics such as the presence of apoptotic bodies within a given tissue or the 

relatively ability of immune cells to remove dead cells in different conditions. 

3.1.3 Genetically-encoded apoptosis reporters 

While ex vivo methods can be highly effective, enhancements in fluorophore design and 

genetic manipulation has driven the development of genetically-encoded reporter systems 

that allow for in vivo visualisation (Berlin and Carroll, 2020). Several approaches have been 

taken to devise genetically encoded apoptosis reporters, primarily designed around the 

detection of caspase activity through exogenous fluorescent substrates (Figure 3.1). 

 

Several published tools rely on caspase-dependent Förster resonance energy transfer (FRET): 

In this design, the excitation of a pair of fluorophores will shift depending on their distance to 

each other (Piston and Kremers, 2007). By linking the FRET pair via a caspase-sensitive 
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sequence, the changes in fluorescence as a result of the pair separating can be used to read-

out caspase activity (Takemoto et al., 2003; To et al., 2016; Zlobovskaya et al., 2016). As an 

alternative to FRET, several groups have used sub-cellular trafficking moieties such as the 

nuclear localisation sequence (NLS) (Imamoto, 2000) to induce the localisation of signal-

tagged fluorophores in the presence of active caspases (Mazzalupo and Cooley, 2006; Bardet 

et al., 2008; Liesche et al., 2018). A more novel method is the use of split GFP, wherein the 

formation of active GFP is dependent on the activation of caspase harbouring a partial GFP 

structure that interacts with the inert freely dispersed half to produce the active fluorophore 

(Anson et al., 2021). One approach of note for in vivo models is the use of caspase-

dependent transcription factors. Despite the alterations to DNA that occur during apoptosis, 

expression has been shown to still be active for particular genes (Bushell et al., 2006). By 

combining caspase-sensitive fluorophores with transcription factors such as GAL4 or the QF 

system, apoptotic cells can be made to produce additional fluorophores thereby boosting the 

signal and providing better resolution on the progression of apoptosis (Tang et al., 2015; 

Baena-Lopez et al., 2018).  
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Figure 3.1 – Genetic methods for assaying apoptosis in vivo 

(A) Schematic diagram of caspase-sensitive fluorophores; in this system, fluorophores are 
expressed as an inactive pro-peptide containing a caspase cleavage sequence (DQVD). Upon 
caspase activation, the sequence separating the domains is cleaved, allowing the protein to 
undergo a conformational change into the fluorescently active form e.g. GC3Ai (Schott et al., 
2017). (B) Schematic diagram of caspase reporters based on Förster resonance energy 
transfer or fluorophore quenching e.g. iCasper (To et al., 2016). In this model, the presence 
of 2 fluorophores linked via a caspase cleavage sequence interact to either exchange 
electrons (FRET) or inhibit the other (quench), as indicated by the curled dashed (---) line. 
When caspases are active, the proteins are separated and can be trafficked to different 
organelles via their localisation sequences. Caspase activity can therefore be measured 
through the active fluorescence or through the change in FRET levels between the differently 
localised reporters. (C) Schematic diagram of transcription-based caspase reporters. This 
system relies on a two-step activation system wherein a transcription factor (TF) is 
sequestered from the nucleus, e.g., tethered to the plasma membrane via a caspase-sensitive 
sequence e.g. CaspaseTracker (Tang et al., 2015). Once caspases are activated, the TF can 
translocate to the nucleus and induce the expression of a reporter fluorophore. (D) 
Schematic diagram of split domain caspase reporters e.g. Caspase-GFP (Anson et al., 2021). 
This system requires the expression two reporter components: a freely available domain and 
a domain suppressed by steric interference on a caspase sensitive protein. When the protein 
is cleaved by caspase, the conformational change exposes the reporter domain, allowing it to 
interact with the freely localised domain and form an active fluorophore.  
  

3.1.4 Assaying efferocytosis during Drosophila embryogenesis 

To understand how macrophages are recruited to apoptotic cells in Drosophila, it is critical to 

use a system that allows for the live reporting of both macrophages and dying cells in vivo 

which captures the entire efferocytosis process from the stimulation of apoptosis to post-

clearance. Genetically-encoded fluorescent apoptosis reporters have been extensively 

utilised in Drosophila (Bardet et al., 2008; Tang et al., 2015; Baena-Lopez et al., 2018; Roddie 

et al., 2019). To study efferocytosis in vivo, it is necessary to use reporters that: 

 

1. specifically label tissues that are entering apoptosis at an early stage 

2. label morphological features required to identify apoptotic progression 

 

To this end, Genetically-encoded, caspase-activated variants of mCherry (CC3Ai), Venus 

(VC3Ai) and GFP (GC3Ai) (collectively referred to as XC3ai), recently developed by Schott et 

al. (2017), were utilised. These fluorescent proteins have been altered to contain a critical 

caspase cleavage DEVD motif within the -barrel structure. This design means that these 



 65 

fluorophores only become fluorescent upon cleavage by caspases within the cytoplasm, 

generating a distinct signal within each cell, marking the beginning of executer caspase 

activity.  

 

The aim of this chapter was to validate and apply these sensors to examine the interplay 

between caspase activation and apoptosis in vivo. I sought to use the XC3Ai sensors in 

conjunction with macrophage reporters including SrpHemo-3X-mCherry, a gene fusion 

reporter that drives the expression of mCherry under the control of the macrophage Serpent 

promoter (Gyoergy et al., 2018) to assay the response of macrophages to “Caspase-ON” cells. 

Using this system, the relationship between caspase activity and the find-me phase of 

efferocytosis can be assayed in vivo to understand if find-me cues are present within the fly 

and if so, the timescales and distances they might act over. Additionally, the cytoplasmic 

nature of the reporters can allow us to study the eat-me phase of efferocytosis, especially 

the macrophage-apoptotic cell interface and post engulfment behaviour. Finally, by tracking 

the outcome of apoptotic cells it should be possible to study how caspase activation is 

related to the fate of the cell e.g., if it is engulfed by macrophages, undergoes necrosis or 

other outcomes.  

3.2 Results 

3.2.1 Development and validation of ubiquitous embryonic GC3Ai recombinants 

To utilise XC3Ai sensors within the Drosophila embryo, UAS-XC3ai was expressed ubiquitously 

using daughterless-GAL4 (da-GAL4) (Ito et al., 1997) or act5C-GAL4 (Wodarz et al., 1995). 

Recombination of the GAL4 and UAS linked elements was performed using standard 

spontaneous Drosophila recombination (Hiraizumi, 1971) and successful recombinants were 

screened using PCR (data not shown). Stable Drosophila stocks were generated for 

w1118;;daughterless-GAL4,UAS-GC3Ai and w1118;;daughterless-GAL4,UAS-VC3ai. These 

constructs will herein be referred to as ubiquitous GC3Ai or VC3Ai expression systems unless 

overwise stated.  

 

To validate expression of recombinant apoptotic sensors during development, embryos 

ubiquitously expressing GC3Ai and VC3Ai were imaged using confocal microscopy and 
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compared to w1118 controls. Both ubiquitous GC3Ai and VC3Ai reported the presence of what 

were presumed to be caspase-positive cell bodies compared to the apoptotic sensor-

negative controls (Figure 3.2A). While some signal was observed in control embryos, this was 

much less intense and likely the result of autofluorescence within the ventral tissues (Figure 

3.2A, left). While both GC3Ai and VC3Ai were able to resolve caspase-positive structures 

within the embryo, GC3Ai appeared to report a greater range of intensities and 

morphologies, including rounded, possibly engulfed cells and caspase-active cells still bearing 

an epithelial morphology (Figure 3.2B). 

 

In addition to GAL4-dependent expression, GC3Ai was cloned downstream of the ubiquitous 

promoter from the armadillo gene (pArmP-PolyA-AttB vector) to produce arm-GC3Ai. arm-

GC3Ai was screened in Drosophila embryos (Figure 3.2C), L3 larvae and adults (data not 

shown). While PCR testing and confocal microscopy confirmed the expression of arm-GC3Ai 

in the embryo, it had a detection threshold near to autofluorescence levels, even when 

multiple gene-copies were present (Figure 3.2C), rendering it sub-optimal for embryonic 

work. Similar detection issues were found in both L3 larvae and adult flies; these transgenics 

were not used further in this chapter. 

 

These results confirm that both GAL4-dependent ubiquitous GC3Ai, VC3Ai and GAL4-

independent arm-GC3Ai were expressed in the Drosophila embryo. Microscopy observations 

found that ubiquitous GC3Ai had a lower detection threshold, i.e., a lower light exposure 

requirement and greater labelling numbers than both VC3ai and arm-GC3Ai. While the 

transgenic arm-GC3Ai constructs were functional, the apparent low expression rate required 

four copies of the transgene to be present within a single embryo, making it unsuitable of for 

practical use. Due to this, ubiquitous GAL4-mediated GC3Ai was chosen going forward for 

validation and efferocytosis assays.  
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Figure 3.2 – Confocal confirmation of embryonic XC3Ai expression 

(A) Cropped ~21μm maximum projections of the embryonic ventral midline of w1118 control 
and embryos with ubiquitous expression of GC3Ai or VC3Ai (homozygous for GAL4 and UAS 
transgenes); magenta asterix indicate corresponding regions in panel B; scale bars denote 
10μm. (B) Cropped, zoomed ~21μm maximum projections of the embryonic ventral midline 
in GC3Ai-expressing embryos with magenta arrows illustrating the reporting of different cell 
morphologies, e.g., caspase activation in an epithelia-like cell and rounded clusters (right) 
presumed to be held within macrophage phagosomes; scale bar denotes 5μm. (C) Single z-
slice of the ventral embryonic midline for w1118 control and w;arm-GC3Ai expressing 
embryos; scale bar denotes 10µm. Genotypes were as follows: controls (w1118), GC3Ai 
(w1118;;da-GAL4,UAS-GC3Ai), VC3Ai (w1118;;da-GAL4,UAS-VC3Ai) and arm-GC3Ai (w1118;arm-
GC3Ai;arm-GC3Ai – i.e., 4 copies of the transgene). 
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3.2.2 Embryonic GC3Ai accurately reports developmental apoptosis compared to 

cDCP-1 

Schott et al. (2017) have previously published that the XC3Ai sensors have a better detection 

threshold compared to immunostaining against cleaved-caspase protein DCP-1 (cDCP-1) in 

the embryonic ectoderm. To validate these data and confirm that GC3Ai was specific to 

apoptosis, embryos expressing ubiquitous GC3Ai were stained for both GC3Ai (anti-GFP) and 

activated caspase (anti-cDCP-1). Several controls were used to test if GC3Ai is specific to 

apoptotic cells and scales with varying levels of apoptosis. To test that GC3Ai was specific to 

apoptosis, three controls were used: w1118 embryos not expressing GC3Ai (GC3Ai negative); 

embryos expressing GC3Ai ubiquitously during embryogenesis (wild-type); and Df(3L)H99 

embryos which carry a genomic deletion that removes the three core pro-apoptotic proteins 

encoded on chromosome 3: reaper, hid and grim (RHG) (Abrams, 1999) and thereby prevents 

the activation of apoptosis within the embryo (Zhou et al., 1995). To assess how GC3Ai 

performs at increased rate of apoptosis, embryos containing CyO hs-hid and expressing 

GC3Ai ubiquitously were tested: hs-hid is a temperature-sensitive genetic construct will 

express the pro-apoptotic gene hid under the control of the heat-shock response protein 

hsp70 promoter when the embryos are incubated at 39oC (Grether et al., 1995; van Doren, 

1996).  

 

Stage 15 embryos were collected, fixed and immunostained prior to confocal imaging. 

Control embryos lacking GC3Ai expression showed no signal above background when 

compared to cDCP-1 staining, which labelled several apoptotic cells in the ventral epithelia 

(Figure 3.3A-A’). Wild-type conditions showed substantial levels of staining and a large 

degree of co-localisation between both GC3Ai and cDCP-1, denoted by the white colouration 

in the merged channel images (Figure 3.3B). Of note, colocalisation appeared to occur more 

within suspected phagosomes, possibly due to the shrinkage of the apoptotic cell body 

concentrating both of the reporters (Figure 3.3B’). At high apoptotic levels, both GC3Ai and 

cDCP-1 reported an increased number of apoptotic bodies compared to wild-type conditions 

(Figure 3.3C). At higher apoptotic levels, cDCP-1 staining appeared to become less specific, 

with non-defined staining occurring (Figure 3.3C’*) in addition to a loss of colocalised 

structures (Figure 3.3C’). As expected, Df(3L)H99 embryos expressing GC3Ai but lacking 
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apoptosis showed no discernible signal in either the GC3Ai or cDCP-1 channels (Figure 3.3D-

D’). To compare the quantification of apoptotic levels using GC3Ai or cDCP-1, Imaris 4D 

rendering software was used to identify the number of positively stained punctae in each 

channel.  Apoptotic body counts (apoptotic burden) show that at wild-type and high levels of 

apoptosis both GC3Ai and cDCP-1 label a comparable number of apoptotic bodies (Figure 

3.3E).  

 

To compare the level of GC3Ai and cDCP-1 colocalisation, the relative signal overlap between 

the two reporters were calculated (% voxels positive for both reporters). This measurement 

reports the extent to which each reporter labels the corresponding xy location in the other 

channel. At both wild-type (p=0.04) and high apoptotic conditions (p=<0.0001), GC3Ai 

colocalised to a greater degree than cDCP-1, e.g., more DCP-1 positive voxels also contained 

GC3Ai compared to GC3Ai positive voxels containing cDCP-1 signal (Figure 3.3F). Taken 

together, these results confirm that GC3Ai accurately reports caspase activation during 

embryogenesis and has greater coverage compared to cDCP-1 staining in high apoptotic 

environments. 
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Figure 3.3 – GC3Ai accurately reports Drosophila embryonic apoptosis compared to cDCP-1 

staining 

(A-D) Maximum projection images of the ventral side of stage 15 Drosophila embryos 
immunostained for GC3Ai (anti-GFP) and cleaved DCP-1 (anti-cDCP-1); (A’-D’) show zooms 
taken from images in (A-D). (A-A’) Control w1118 embryo lacking GC3Ai expression showing 
cDCP-1 staining (A). (B-B’) Embryo expressing GC3Ai ubiquitously (w;;da-GAL4,UAS-GC3Ai) 
showing both cDCP-1 and GC3Ai positive punctae with zooms highlighting individual and 
colocalised (white) regions (B’). (C-C’) hs-hid containing embryos fixed 30 minutes after 10 
minute 39oC heat-shock expressing GC3Ai ubiquitously (w1118;+/CyO hs-hid;da-GAL4,UAS-
GC3Ai) showing GC3Ai and cDCP-1 staining (C) with zoomed sections highlighting dispersal of 
the cDCP-1 signal (*) (C’). (D-D’) Df(3L)H99 embryos lacking apoptosis expressing ubiquitous 
GC3Ai (w;act5C-GAL4/UAS-GC3Ai;Df(3L)H99) (D) with zooms showing no discernible 
structures in either GC3Ai and cDCP-1 channels (D’). (E) Comparison of apoptotic body 
numbers between GC3Ai and cDCP-1 channels per condition. (F) Comparison of percentage 
voxel overlap values for GC3Ai and cDCP-1 as a readout for colocalisation. Statistical 
significance is reported as ns=p>0.05, * = p<0.05 and *** = p<0.0001. Scale bars denote 
10µm for full image panels and 5µm for zooms, respectively.  
 

3.2.3 Embryonic GC3Ai outperforms other live-apoptosis tracking tools 

While anti-cDCP-1 is commonly used for ex vivo analysis of apoptosis, live staining and 

genetically-encoded tools have also been developed that are amenable for use in Drosophila 

embryos. Two commonly used methods are the pH-sensitive vital dye acridine orange (AO) 

(Palmgren, 1991) and UAS-Apoliner (Bardet et al., 2008). Apoliner is a caspase-sensitive 

reporter system that relies on caspase-induced fluorophore localisation. In the absence of 

caspase activity, both the RFP and GFP moieties remain at the cell membrane via a CD8 

membrane tether, while caspase-mediated cleavage between the two fluorophores leads to 

release and delocalisation of NLS-GFP to the nucleus.  

 

To assess the merits of GC3Ai compared to these other reagents, comparative imaging was 

performed on embryos expressing GC3Ai, Apoliner or stained with acridine orange. Since 

both GC3Ai and Apoliner rely on modified versions of GFP, direct comparison of Apoliner and 

GC3Ai comparison was not possible. Instead, stage 15 embryos ubiquitously expressing either 

Apoliner or GC3Ai were imaged at the ventral midline and compared qualitatively. Single z-

slices and maximum projection comparisons highlight that Apoliner requires both 488nm and 

568nm channels to distinguish apoptotic cells (Figure 3.4A-C). Merged images can be used to 

resolve structures such as hemocytes containing apoptotic cells visible in merged images (*, 
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Figure 3.4C’). In contrast, embryos expressing GC3Ai report apoptosis within a single channel 

in a similar pattern to that observed with Apoliner (Figure 3.4D). As with Apoliner, GC3Ai can 

be used to resolve specific structures such as hemocytes that contain apoptotic cells (*, 

Figure 3.4D’). In contrast to Apoliner and GC3Ai, acridine orange staining does not directly 

label a particular apoptotic process and is instead a marker of cellular acidification through a 

poorly defined mechanism (Palmgren, 1991; Arama and Steller, 2006). Stage 13 w1118 

embryos and embryos expressing GC3Ai ubiquitously were mounted and imaged to assess 

apoptotic cell labelling at the ventral midline. Both GC3Ai and AO showed substantial 

labelling at the ventral midline, presumed to be phagosomes within hemocytes that contain 

multiple apoptotic cells (Figure 3.4E-F). The presence of phagosome-like structures in both 

AO and GC3Ai-labelled embryos suggests that AO can permeate phagosomes and that GC3Ai 

is able to survive acidification e.g., both reporters are present within presumed apoptotic 

cells present within the phagosome (Figure 3.4E’-F’). 

 

These results show that while Apoliner and acridine orange are powerful tools to report 

apoptosis within the Drosophila embryo, they both have caveats that can be overcome using 

GC3Ai. Compared to GC3Ai, the 2-channel requirement of Apoliner complicates the use of 

other reporters while the poorly defined mechanism and rapid degradation of acridine 

orange makes it unsuitable for time-lapse imaging of apoptotic processing. 
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Figure 3.4 – Comparison of GC3Ai, Apoliner and AO labelling during Drosophila embryogenesis 

(A-D) Single confocal z-slices and 21μm maximum projection of the stage 15 Drosophila 
embryonic ventral midline showing the 568nm channel (A), the 488nm channel (B) and 
merges of those channels (C) for embryos containing ubiquitous expression of Apoliner 
(w1118;;da-GAL4,UAS-Apoliner), or the 488nm channel for embryos expressing GC3Ai 
ubiquitously (da-GAL4,UAS-GC3Ai) (D). (A’-D’) Zoomed images of the maximum projections 
for the Apoliner channels (A’-C’) and GC3Ai (D’) with suspected hemocytes containing 
phagosomes highlighted with an asterisk (*). (E-F) Maximum projections of the ventral 
midline at stage 15 of a w1118 embryo stained with AO (E) or an embryo expressing GC3Ai 
(w1118;;da-GAL4,UAS-GC3Ai) (F). (E’-F’) Zoom of maximum projections of the ventral midline 
region at stage 15 of embryos stained for AO (E’) or expressing ubiquitous GC3Ai (F’) 
highlighting phagosome-like structures. Full image and zoomed image scale bars denote 
10µm and 5µm, respectively. 
 

3.2.4 Efferocytosis dynamics can be accurately studied in vivo using GC3Ai 

Having confirmed apoptotic sensor functionality within the embryo, I sought to apply them to 

measure the relationship between caspase activation and efferocytosis during 

embryogenesis, particularly how caspase activity is related to cell fate and the timescales 

required for clearance. For these experiments, ubiquitous expression of GC3Ai was used in 

conjunction with the GAL4-independent macrophage label SrpHemo-3X-mCherry (Gyoergy et 

al., 2018). To assay the relationship between caspase activation and apoptotic cell 

morphology, GC3Ai activation was observed and quantified for single cells in stage 12-13 

embryos on the ventral midline. Observations of GC3Ai activation appeared to show three 

distinct fates for cells after caspase activation: fragmentation – wherein the cell underwent 

blebbing and eventually separated into multiple smaller bodies (Figure 3.5); transient caspase 

activation – where there was a loss of caspase activation over time with cells temporarily 

displaying an apoptotic phenotype before losing caspase activity (Figure 3.6); and 

efferocytosis – characterised as engulfment of a caspase-active cell by a macrophage (Figure 

3.7). 

 

Apoptotic cells that underwent fragmentation were tracked over time with an example 

shown with a trace of GC3Ai fluorescence intensity (Figure 3.5). Observations of cell 

morphology showed that GC3Ai activity appeared to rapidly increase over the course of 30 

minutes, with blebbing beginning to occur after 30-50 minutes. From this point, GC3Ai 

intensity continued to grow steadily as the dying cell lost volume through the release of 
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membrane-bound blebs. From 60-minutes onwards, this cell began to fragment with the 

body largely separating out into several blebs (Figure 3.5A). The relative change in GC3Ai 

activation post-detection showed that GC3Ai activity rapidly increased initially (0-20 

minutes), before then reaching a plateau (20-40 minutes) and then increasing once more to a 

peak intensity (50 minutes). After caspase activity had peaked, the cell released several 

exosomes at 60 minutes (Figure 3.5B*). While difficult to measure because of the lost cell 

volume, the remaining GC3Ai volumes have a relatively stable intensity up to 90 minutes post 

activation. The fragmentation of these cells occurs without obvious interventions from 

macrophages suggesting that this behaviour is intrinsic to the dying cell and not reliant on 

macrophage contact. While phagocytosis from adjacent cells or glia is possible, the 

separation and dispersal of the blebs during fragmentation does not support uptake into a 

phagosome.   
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Figure 3.5 – Caspase activation leading to apoptotic cell fragmentation 

(A) Montage of stills taken from a time-lapse movie comprised of maximum projections 
(~21μm deep z-stack) showing activation of a single apoptotic cell present at the stage 13 
Drosophila embryonic ventral midline region. Timepoints post caspase-activation and 
morphological notes are annotated above and below, respectively. Scale bar denotes 5μm. 
(B) Graph showing the GC3Ai intensity values over the course of the timelapse movie as a 
readout of caspase activity. Caspase activity was calculated as the % change in the integrated 
density of the GC3Ai signal compared to the initial detection value set at 0mins. Note that the 
trace ends at the 60-minute timepoint (*): this is because tracking intensity values were 
discontinued after the cell had fragmented. Genotype was w1118; SrpHemo-3X-mCherry; da-
GAL4, UAS-GC3Ai. 
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In contrast to these fragmented cells, another population of GC3Ai-positive cells did not 

undergo large decreases in their volume through apoptotic blebbing. Instead, these cells 

appeared to lose caspase activity over time (Figure 3.6). Tracking the morphology one of 

these cells (Figure 3.6*) showed that there was an initial activation phase of GC3Ai over the 

course of 30 minutes. This was then followed by the changes in cell shape indicative of early 

apoptotic blebbing, however this activity rapidly ceased by 40 minutes and the cell rounded 

and lost GC3Ai intensity over the next 30 minutes (Figure 3.6A). Quantification of the GC3Ai 

intensity shows that caspase activity appears to increase initially (0-10 minutes) before 

stalling (10-20) and then again increasing to a peak intensity value (30 minutes). After this 

peak, which coincides with the cell beginning to round, there is a steady decrease in caspase 

activity (30-50 minutes) that turns into a rapid decline from 50 to 80 minutes (Figure 3.6B). 

 

This cell appears to recover from apoptosis as we see a loss of apoptotic morphology, 

coupled to a decrease in caspase activity. This suggests that the cell is potentially no longer in 

the process of apoptosis and has been prevented from dying. While it could be the case that 

these cells are being cleared by non-macrophages, there are indications that this is not the 

case: observations from macrophage engulfed apoptotic cells suggests that caspase 

activation does not decrease to a noticeable degree within the phagosome over these 

imaging timeframes; and the apoptotic cell does not move in a directed manner as would be 

expected if being pulled into a phagosome. 
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Figure 3.6 – Transient caspase activity in non-macrophage efferocytosed cells 

(A) Montage of stills taken from a time-lapse movie comprised of maximum projections 
(~21μm deep z-stack) showing the activation of a single apoptotic cell present within the 
stage 13 Drosophila embryonic ventral midline region. Timepoints post caspase-activation 
and morphological notes are annotated above and below, respectively. Cell of interest is 
annotated via an asterisk (*) in the first-time frame. Scale bar denotes 5um. (B) Graph 
showing the GC3Ai intensity trace over the course of observation as a readout of caspase 
activity. Caspase activity was calculated as the % change in the integrated density of the 
GC3Ai signal compared to the initial detection value set at 0mins. Genotype was w1118; 
SrpHemo-3X-mCherry; da-GAL4,UAS-GC3Ai. 
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While only 15% of the observed caspase-active cells (n=2 of 13 observed caspase activation 

events) were subject to macrophage-mediated efferocytosis, some clearance events were 

observed and occurred rapidly after caspase activation. Tracking of efferocytosis at stage 12 

illustrated the rapid nature of these phenomena with an example shown below (Figure 3.7A). 

After GC3Ai has become activated, caspase activity increases over the course of 10 minutes 

followed by the onset of changes in cell shape. At this point, a proximal macrophage at the 

ventral midline begins to extend towards the dying cell and binds to it (~20 minutes after 

activation). Phagocytosis of the apoptotic cell shows several notable differences compared to 

classical engulfment of a rigid target such as a bacterial or fungal cell: macrophage 

protrusions appear to bind several expanded sections of the membrane, resulting in a “lasso” 

like structure (*, Figure 3.7A) and as the lasso is retracted, the target cell is separated into a 

series of individual phagosomes over the following 20 minutes. Post engulfment, the 

macrophage appears to resume its previous migration course and continues to engulf other 

nearby apoptotic cell fragments (data not shown). Quantification of caspase activity shows 

that caspase activity initially fluctuates after detection (0-10 minutes) followed by a rapid 

increase and plateau (10-15 minutes) before being bound by the responding hemocyte (~17 

minutes) (Figure 3.7B). The rapid clearance of this cell suggests that if find-me cues are 

active, they act rapidly during the earlier stages of apoptosis. 
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Figure 3.7 – Visualisation of efferocytic processes in real-time 

(A) Montage of a ~21µm maximum projection time-lapse series showing the clearance of an 
apoptotic cell by a migrating macrophage at stage 12 on the embryonic ventral midline. Split 
channels for GC3Ai, SrpHemo-3X-mCherry (macrophage/Mac) and the corresponding merge 
are shown. Note that the formation of the binding cup is annotated with an asterisk (*), with 
stage of efferocytosis noted underneath. All scale bars denote 10µm. (B) Graph showing the 
GC3Ai intensity trace over the course of the timelapse movie as a readout of caspase activity. 
Caspase activity was calculated as the % change in the integrated density of the GC3Ai signal 
compared to the initial detection value set at 0 minutes. Genotype was w1118; SrpHemo-3X-
mCherry; da-GAL4, UAS-GC3Ai. 
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Quantification of the caspase dynamics of GC3Ai-positive cells at stage 13 (n= 13 caspase 

activation events in 3 embryos) showed a generalised intensity curve with caspase activity 

increasing for approximately 30 minutes before reaching a plateau and then decreasing after 

60 minutes post-activation of GC3Ai (Figure 3.8A). Splitting the data into the three defined 

fates of fragmented, transient caspase activation or having undergone efferocytosis shows 

that these cell populations appear to have distinct caspase activation curves. Fragmented 

cells undergo the steepest increase in caspase activity, slowing after 20 minutes and peaking 

on average 50 minutes post activation prior to severe loss of cell volume (Figure 3.8B, 

magenta line). Cells that showed transient caspase activation have a slower and shallower 

increase in caspase activity, again plateauing out at 20 minutes, followed by a decrease in 

caspase activity beginning 60 minutes post activation coupled to the rounding of the cell 

body (Figure 3.8B, black line). Intriguingly, cells that undergo efferocytosis by macrophages 

are engulfed a short time after initial caspase activation, with no such cells lasting more than 

20 minutes post caspase activation before engulfment (Figure 3.8B, cyan line). The activation 

curve gradient for fragmented cells and cells with transient caspase activation are 

significantly different (p=0.0004). These three outcomes are summarised in Figure 3.8C. 

 

Overall, these results suggest that caspase activation is not a guarantor of efferocytosis, and 

different cells undergo different activation curves that are linked to their fate. Since the 

release of find-me cue is intrinsically linked to the activity of caspases (Ravichandran, 2003), 

failure to efferocytose these caspase-active cells would suggest that either find-me cues are 

not present within Drosophila or other factors govern which cells are targeted for clearance. 
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Figure 3.8 – Summary of apoptotic caspase dynamics 

(A) Graph showing the change in caspase activity over time in GC3Ai-positive single cells 
tracked over the course of at least 60 minutes at stage 13 on the embryonic midline. Data 
points represent averages derived from 13 GC3Ai-positive cells tracked from activation to 
outcome (fragmentation, transient activation or efferocytosis) in 3 independent embryos. (B) 
Graph showing the change in caspase activity over time in GC3Ai-positive single cells tracked 
over the course of 60 minutes minimum within the stage 13 Drosophila embryonic midline 



 83 

split according to outcome: magenta line shows average GC3Ai intensity of cells seen to 
undergo fragmentation (n=4 cells from 3 independent embryos); black line shows average 
GC3Ai intensity of cells seen to undergo recovery (n=7 cells from 3 independent embryos); 
cyan line shows average GC3Ai intensity of cells seen to undergo efferocytosis (n=2 cells from 
3 independent embryos). All error bars represent standard deviation; statistics bars indicate 
the difference between the slopes for fragmented and recovered cells (p=0.0004, simple 
linear regression). Genotype of all embryos was w1118; SrpHemo-3X-mCherry; da-GAL4,UAS-
GC3Ai. (C) Schematic diagram outlining observations for the different GC3Ai activation 
phenotypes. After cells become caspase active (1), they appear to undergo three distinct 
fates: rapid increases in caspase activity and blebbing resulting in major losses of cell volume 
(2, fragmentation); the recruitment of migrating hemocytes (red cell) that begin to engulf the 
dying cell before moving on (3, efferocytosis); and a loss of caspase activity and apoptotic 
morphology over time (4, transient activation). 
 

3.2.5 Optimisation of induced apoptosis models to study efferocytosis 

One of the main restrictions to obtaining reproducible measurements of efferocytosis is the 

changing in vivo environment within a developing embryo. Apoptosis frequency and 

macrophage behaviour changes from stage 13-15 with very few apoptotic events observed 

from stage 15 (Figure 3.9A). Stage 15 is preferable for studying macrophage chemotaxis as by 

this point in development the ventral nerve cord (VNC) has separated from the ventral 

epithelium, resulting in less restriction of macrophage movement (Olofsson and Page, 2005; 

Page and Olofsson, 2008; Evans et al., 2010a). At the same time there is a reduction in VEGF-

stimulated migration  due to downregulation of chemoattractive Pvf ligands (Wood et al., 

2006; Mondal et al., 2014), reducing the amount of competing signals in the tissue region. 

Unfortunately, after observation of confocal timelapse movies, it become apparent that by 

this point in embryogenesis apoptosis is more sporadic and infrequent: fewer than 5 GC3Ai-

activation events were detected per hour on average alongside minimal macrophage-

mediated examples of efferocytosis (Figure 3.9B). Due to this, I attempted to modulate levels 

of efferocytosis in a controlled manner using tissue-specific approaches and induction of 

apoptosis. Heat-shock of stage 15 embryos carrying hs-hid and with macrophages and 

apoptosis labelled via SrpHemo-3X-mCherry and ubiquitous expression of GC3Ai, respectively, 

was used to induce large amounts of apoptosis (Figure 3.9C). Timelapse imaging revealed a 

rapid increase in the number of apoptotic cells over the course of an hour. 

 

While an extreme example, these results show that timed heat-shock treatments can be used 

to increase apoptosis in the embryo. Unfortunately, genetic issues with the Drosophila stocks 
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and disruption due to COVID-19 halted this experiment before proper optimisation of the 

heat-shock conditions could be conducted. However, the increase in apoptosis and continued 

migration of macrophages in this system suggests it could be used to efficiently increased 

apoptosis to statistically comparable levels, especially as macrophages appear protected 

from apoptosis via this technique (Evans and Roddie, unpublished data; Roddie et al., 2019). 
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Figure 3.9 – Frequency of apoptosis during developmental and induced apoptotic systems 

(A) Cropped confocal 21µm maximum projection representative images of hemocytes and 
apoptotic cells at the stage 13 and stage 15 Drosophila embryonic midline. Channels have 
been split between GC3Ai, SrpHemo-3X-mCherry (macrophage/Mac) and the corresponding 
merged image. (B) Scattergraph showing the average frequency of caspase-activation events 
and efferocytosis events observed per embryo over the course of one hour at stage 13 and 
stage 15 of embryogenesis. Data points represent single embryos (n=7, 8 for stage 13 and 15 
embryos, respectively) with lines and error bars showing mean and standard deviation, 
respectively. The genotype of embryos was w1118;;da-GAL4,UAS-GC3Ai/SrpHemo-3X-mCherry. 
(C) Cropped confocal 21µm maximum projection images of hs-hid induced apoptosis over the 
course of 1 hour in embryos at stage 15 on the ventral midline. Channels have been split into 
GC3Ai, SrpHemo-3X-mCherry and merge images, respectively, for each time point. Heat-
shocked embryos were of the genotype w1118;+/85y Ohs-hid; da>GC3Ai/SrpHemo-3X-
mCherry. All scale bars denote 10µm. 
 

3.2.6 Tissue-specific apoptosis can be induced to study find-me cue dynamics 

Given that caspase activation in a single cell did not guarantee macrophage-mediated 

efferocytosis at the embryonic ventral midline, the numbers required to reproducibly assay 

efferocytosis required the induction of additional apoptosis. To this end, tissue-specific 

apoptotic induction was used to assess the effect of large-scale apoptosis on the macrophage 

population to assay the ranges and timescales that find-me cues might act to recruit 

hemocytes to a defined site. Temperature-sensitive GAL80ts was expressed ubiquitously 

under the control of the tubulin promoter (Tub-GAL80ts; McGuire et al., 2003) and used in 

conjunction with the pro-apoptotic UAS-Reaper (Aplin and Kaufman, 1997) and UAS-LifeAct 

(Hatan et al., 2011) to create a system wherein embryos can be temperature shifted to 

induce apoptosis under the control of tissue specific drivers, in this instance the embryonic 

anal pad VT45229-GAL4 (Kvon et al., 2014) and cardiocyte-specific TinC-GAL4 (Bodmer, 1993; 

Lo and Frasch, 2001; Qian et al., 2007). In this system, GAL4 driven expression of LifeAct 

(Actin-GFP) and Reaper are suppressed at room temperature by the presence of 

temperature-sensitive GAL80ts, produced under the control of the constituently active Tub 

promoter. When the embryos are temperature shifted to 29oC, the temperature sensitive 

GAL80 was prevented from suppressing GAL4 expression, thereby allowing tissue-specific 

expression of GAL4, in turn leading to expression of the LifeAct and Reaper, which will label 

and induce apoptosis within the specific tissue respectively.  
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For dorsal vessel imaging, heat-shocked embryos were mounted dorsally and imaged over 

the course of two hours. During this time-course there was an observable increase in LifeAct 

levels, suggesting that the temperature shift was acting correctly. Unfortunately, induced 

apoptosis of the dorsal vessel appeared to compromise the structure of the embryo as 

evidenced by the malformation of the gut visible and eventual collapse of the embryo (Figure 

3.10A). The damage sustained to the embryo precluded the accurate measurement of 

macrophage recruitment and this experiment was subsequently discontinued. 

 

To assess macrophage recruitment to the anal pads following induction of apoptosis, 

temperature-shifted embryos were ventrally mounted and imaged for 2 hours. Note that a 

reduced magnification was required due to the depth of the tissue, requiring use of an 

objective lens with a greater working distance. As previously, shifting the temperature 

induced expression of LifeAct within the anal pads over the time-course (Figure 3.10B). To 

quantify potential macrophage recruitment, the relative change in macrophage dispersal 

(number of macrophages per region) was calculated in heat shocked control embryos 

(lacking UAS-reaper, and therefore heat induced apoptosis) and those in which apoptosis was 

induced. To assay overall changes in macrophage localisation after the induction of 

apoptosis, it was necessary to quantify the dispersal of macrophages across the embryo: this 

was done by dividing the embryo into 100m regions (bins) that would allow for consistent 

comparison of macrophage localisation across the embryo. Dispersal counts showed that 

apoptosis of the anal pads did not significant alter macrophage dispersal across three regions 

of the embryo (300-200m, 200-100m and <100m from the embryo posterior) (Figure 

3.10C). While this result is less accurate due to the low magnification, these results do 

suggest that even large clusters of apoptotic cells do not induce obvious recruitment of 

hemocytes. The lack of changes in dispersal might suggest that if find-me cues are being 

released from apoptotic cells, they are acting in an extremely localised manner.  

 

Unfortunately, these experiments were discontinued due to the COVID-19 national 

lockdown. However, this pilot data in which I induced apoptosis using a temperature-shift 

strategy shows promise as a method to assay macrophage recruitment in vivo. The pilot data 

suggests that careful modulation of apoptosis via hs-hid induction can be used to increase 

the rate of apoptosis to levels more appropriate for gathering consistent efferocytosis data. 
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Similarly, tissue-specific cell death can be modulated to accurately track macrophage 

migration in vivo and is therefore suitable to assay immune cell recruitment. While these 

pilot results are therefore encouraging, the data also suggests that find-me cues are acting 

over small distances and would therefore require more sensitive approaches.  

 



 88 

Figure 3.10 – Optimisation of induced apoptotic models in Drosophila embryos 

(A) Cropped confocal 21µm maximum projection images of the dorsal face of a stage 15 w; 
tub-GAL80ts/+;UAS-reaper/TinC-GAL4,UAS-LifeAct,SrpHemo-3X-mCherry embryo expressing 
heat-induced Reaper within the dorsal vessel over the course of 2 hours. Channels have been 
split into LifeAct, SrpHemo-3XmCherry (macrophage/Mac) and merged images, respectively, 
for each time point. Scale bars denote 10µm. (B) Cropped confocal 50µm maximum 
projection images of the ventral face of a stage 15 w; tub-GAL80ts/+;UAS-reaper VT45229-
GAL4,UAS-LifeAct, SrpHemo-3X-mCherry embryo expressing heat-induced Reaper within the 
anal pad region over the course of 2 hours. Channels have been split into LifeAct, SrpHemo-
3XmCherry (macrophage/Mac) and merged images, respectively, for each time point. Scale 
bars denote 50µm. (C) Scatter graph showing the change in dispersal of hemocytes relative 
to the posterior end of the embryo in controls or 2-hours post-induction of anal pad 
apoptosis in stage 15 embryos. n=6 and 6 for control and Reaper-induced apoptosis 
conditions. Columns show the % change in the number of macrophages in a 100µm distance 
bin (where 0 = posterior end of the embryo) with comparisons between 200-300 (p=0.872), 
100-200 (p=0.990) and 0-100 (p=0.419) regions. Each data point represents a single embryo 
with each embryo generating 1 value per distance bin. Statistical comparisons between bins 
of the same distance were made via a 2 tailed Student’s t-test.  Error bars and lines represent 
the mean and standard deviation. Statistical significance is noted of ns = p>0.05. 

3.3 Discussion 

The aims of this chapter were two-fold: to validate and apply the use of GC3Ai as a tool for 

the study of efferocytosis in the Drosophila embryo and to study the dynamics of 

macrophages in response to local caspase activation. The results presented herein show that 

GC3Ai can be used to accurately assess efferocytosis and that find-me cue dynamics are 

complex and perhaps context-dependent in vivo. I have shown that: GC3Ai reporters can 

used during embryogenesis to accurately label apoptotic cells, with comparable if not 

improved performance compared to contemporary tools; that caspase activity can be 

quantified and linked to apoptotic progression and fate; and we have piloted several induced 

apoptotic systems that might allow us to gather further data on the dynamics of find-me cues 

and efferocytosis. 

3.3.1 GC3Ai accurately reports embryonic apoptosis in Drosophila and is beneficial 

compared to contemporary methods 

In their initial publication, Schott et al. (2017) showed that GC3Ai could be utilised in 

embryonic, L3 larvae and pupal tissues. Given that imaging constraints, gene expression and 

macrophage function differ considerably between the embryonic, larval and adult life stages 

of Drosophila, it was important to further validate the use of these apoptotic sensors within 
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the embryo. To do so, ubiquitously expressed GC3Ai was compared to several of the most 

common tools used to report apoptosis in Drosophila, namely anti-cleaved caspase 

immunostaining (Song et al., 1997a), Apoliner (Bardet et al., 2008) and acridine orange 

(Palmgren, 1991; Arama and Steller, 2006).  Comparison of anti-GFP (GC3Ai) and anti-cDCP-1 

staining showed that both reporters significantly colocalised, were absent in embryos lacking 

apoptosis and that GC3Ai had greater sensitivity (as measured by signal overlap) to DCP-1 at 

higher apoptotic levels. There are several potential explanations for this variation. Firstly, 

higher levels of cDCP-1 could result in a lack of available antibody, although this is unlikely 

due to saturating levels of antibody being used. Secondly, it was observed that cDCP-1 

staining was poorly defined at higher induced apoptotic levels; this could be the result of 

anti-cDCP-1 epitopes being degraded at faster rates than GC3Ai, or because of higher GC3Ai 

concentration compared to cDCP-1 within apoptotic cells. It can also be speculated that 

GC3Ai is more stable than cDCP-1 and is therefore retained in late apoptotic cells after cDCP-

1 has degraded. Taken together, these results confirm that GC3Ai is specific to apoptotic 

caspase activity in the embryo and is comparable or an improvement on anti-caspase 

staining.  

 

While powerful tools, genetically-encoded apoptotic reporters present unique difficulties. 

The choice of expression system must be carefully made as the use of cell-specific expression 

systems may bias results towards certain cell phenotypes in heterogenous tissues. The use of 

artificial substrate reporters that are activated by proteases must also be used with caution 

as they could potentially interfere with the normal activities of these proteins by directly 

competing with the in vivo targets of these proteins. With the quality of apoptotic reporting 

validated, GC3Ai was qualitatively compared to both Apoliner and acridine orange staining as 

a live apoptosis reporter. Acridine orange is a pH-sensitive cell-permeable dye known to 

preferentially label apoptotic cells (Palmgren, 1991) and has been used as a proxy for 

apoptosis in Drosophila (Reed et al., 2004; Arama and Steller, 2006; Evans et al., 2013). 

Apoliner is a caspase-sensitive, dual-colour fluorescent protein developed for use in 

Drosophila and used extensively to assay embryonic apoptosis (Moreira et al., 2010; Shen et 

al., 2013; Roddie et al., 2019). Comparative imaging was used to illustrate the differences 

between these GC3Ai and these other methods. While GC3Ai is undetectable when inactive, 

Apoliner is clearly present within all the expressing cells regardless of status. Additionally, 
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while Apoliner can be used to quantify the number of apoptotic cells via nuclear counts, it is 

difficult to precisely resolve the apoptotic cell morphology compared to the broad 

cytoplasmic coverage seen with GC3Ai. Of practical note, the mechanism of Apoliner 

fluorescence precludes automated thresholding of the apoptotic cell and its use in 

conjunction with other reporters but does allow for nuclear counts to be effectively 

conducted. Comparative staining of acridine orange and GC3Ai-labelled embryos showed 

similar signal patterning, especially on the ventral midline where there is likely a 

concentration of dying cells within macrophage phagosomes. While both reporters 

functioned similarly, the primary advantage of GC3Ai compared to acridine orange is its 

stability under continuous exposure to fluorescent light and defined mechanism of action. 

Embryonic acridine orange staining must be conducted rapidly and is thus only useful for 

short term imaging (Arama and Steller, 2006), while GC3Ai stability has been observed for up 

to 2 hours under confocal laser microscopy. 

 

Overall, the results show that GC3Ai can be used to accurately report apoptosis in the 

Drosophila embryo and is a viable and beneficial alternative to other contemporary in vivo 

methods. It should be noted that the use of caspase-sensitive substrates may impact 

progression of apoptosis through competition with endogenous targets, although this is 

unlikely given that no differences were observed between cDCP-1 and GC3Ai in wild-type 

embryos.  

3.3.2 GC3Ai can be used to study the efferocytosis process in real-time 

To our knowledge, the use of GC3Ai and macrophage labelling is the first example of imaging 

of live macrophage-mediated efferocytosis within the Drosophila embryo (Roddie et al., 

2019). Previous studies have made great progress in understanding this critical process using 

other live tools, however the ability of GC3Ai to report apoptosis in a single channel with 

cytoplasmic coverage opens several avenues of research, notably the role of immune cells in 

the response to find-me cues and the fragmentation of apoptotic cells. All the currently 

identified mammalian find-me cues are known to be released downstream of caspase 

activation, typically through the cleavage of processing enzymes or secretion pathways, e.g., 

Sphingosine-1-phosphate (S1P) generation via caspase activation of Sphingosine kinases 

(Sphk1/2) (Gude et al., 2008; Weigert et al., 2010). Intriguingly, observations of GC3Ai 
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activation showed that caspase activity alone did not guarantee clearance even when 

proximal to macrophages, suggesting that the find-me phase of efferocytosis has additional 

prerequisites. 

 

Tracking of GC3Ai activation in stage 13 embryos found that cells with caspase activity 

underwent three distinct fates: blebbing and fragmentation, rounding and reduced caspase 

activity or efferocytosis via hemocytes. For all three of these fates, the GC3Ai-positivie cells 

underwent an initial phase of caspase activation followed by morphology changes and 

release of membrane blebs, a well-defined apoptotic event triggered by caspase 3-mediated 

activation of ROCK1 (Caruso and Poon, 2018). After the onset on blebbing, apoptotic cell 

behaviour appeared to diverge, leading to different outcomes. The fragmentation of 

apoptotic cells has been observed in a number of cell types in vivo and is thought to be a 

result of controlled changes of the cytoskeletal structure in the dying cell that allow for the 

production of smaller bodies more amenable to engulfment (Atkin-Smith and Poon, 2017; 

Smith et al., 2017). The appearance of transient caspase active cells is likely due to the 

activation of a program leading to the abortion of apoptosis – a process recently coined as 

“anastasis” (Tang et al., 2012). Anastasis is thought to be a mechanism for cells to recover 

from transient apoptotic stimuli through the upregulation of pro-survival genes such as those 

encoding cell cycle components (Sun et al., 2017). Compared to cells that underwent 

fragmentation or recovery, cells cleared by migrating macrophages (efferocytosis) were short 

lived: macrophage-apoptotic cell binding occurred no later than 20 minutes post-caspase 

activation and was followed by engulfment and sorting of individual apoptotic bodies into 

phagosomes. 

 

The prevalence of these caspase-active cells that macrophages failed to clear has implications 

for our understanding of how find-me cues function in vivo. Given the different activation 

curves (GC3Ai intensity) observed for fragmenting and recovered apoptotic cells, it could be 

postulated that the decision to recover is based on the amplitude of pro-apoptotic stimuli 

upstream of caspase activation. While the data presented here did not assay the presence of 

pro-apoptotic factors, the steeper caspase activation curve observed in fragmenting cells 

could be the result of sustained pro-apoptotic signalling that was significantly higher than 
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cells that underwent recovery. This hypothesis is supported by in vitro studies showing 

enhanced recovery of cells exposed to transient apoptotic stimuli (Sun et al., 2017). 

 

Intriguingly, cells that were cleared by macrophages or had transient caspase activity showed 

similar early caspase activation curves, morphology, and broad accessibility to macrophages 

dispersed across the ventral epithelia, suggesting that there are other factors at play that 

dictate outcome. While there appeared to be no obvious spatial preferences related to 

outcome, it is known that the circulating macrophage population is functionally 

heterogenous (Coates et al., 2021) and it could be the case that the chance of being engulfed 

relies on proximity to a pro-clearance macrophage. Since the identity of the dying cells was 

not known, it may be the case that only specific cell-types release find-me cues and are 

designated for clearance by macrophages: studies using specific find-me cue knockdowns 

have suggested that the find-me response could be contextual, depending on the identity of 

the dying and responding cells: for example, inhibition of LPC release completely abrogated 

chemotactic effects of apoptotic MCF7 cells upon THP-1 cells (Lauber, 2003), yet it would 

appear that nucleotides are largely required for the THP-1 migration towards apoptotic 

Jurkat cells (Elliott et al., 2009). This might also suggest that find-me cue act in concert to 

induce efferocytosis. Finally, the activity of caspase-independent processes could drive 

variation in these responses. This could include the processing of cues via other proteases 

such as Calpains (Wang, 2000), or through the upregulation of anastasis-related genes that 

suppress release of find-me cues.   

 

Imaging of macrophage-apoptotic cell interactions found that the protrusions of responding 

macrophages become intertwined on the apoptotic cell surface and uptake appeared to be 

on a piecemeal basis: macrophages were observed binding to several membrane regions and 

not necessarily engulfing the entirety of the cell during a single phagocytic event. Apoptotic 

blebs have been viewed as a pro-phagocytosis morphology (Fransen et al., 2009) and the 

observed interactions fit with data showing that macrophages prefer smaller attachment 

targets (0.5µm) (Pacheco et al., 2013). Several lines of evidence have found that uptake of 

apoptotic cells follows a specialised phagocytic mechanism akin to autophagic degradation, 

dubbed LC3-associated phagocytosis (LAP) (Romao and Münz, 2014). This type of live in vivo 
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imaging could be applied to study the particulars of LAP mediated phagocytosis and the link 

between processing and immune sub-types (Coates et al., 2021). 

 

Overall, the data presented here suggests that clearance of apoptotic cells during Drosophila 

may not simply be mediated by caspase activation and that macrophages conduct the find-

me and eat-me phases of efferocytosis in a similar fashion to the phagocytes found in 

mammals.  

3.3.3 Apoptosis can be artificially induced to study efferocytosis 

From observations of GC3Ai activity during Drosophila embryogenesis, it became apparent 

that the rapid clearance of developmental apoptosis presented a restriction on the possibility 

of obtaining statistically relevant measurements. To remedy this, exogenous means of 

inducing apoptosis were optimised to design a reproducible method of assaying efferocytosis 

and ascertain the timescales and distances potential find-me cues might act over. To this 

end, Tub-GAL80ts in combination with UAS-Reaper was used to induce apoptosis in a tissue 

specific manner (Ryoo et al., 2004; Santabárbara-Ruiz et al., 2015) and heat-shock induced 

hid expression (Fan et al., 2014; Roddie et al., 2019) was used to induce global apoptosis. 

  

Global induction of apoptosis via hs-hid (van Doren, 1996) was used to generate increased 

levels of apoptosis during development. The results showed that induced global hid 

expression can be used to increase the frequency of apoptosis without causing severe 

structural issues in the embryo during imaging. Unfortunately, these experiments had to be 

discontinued due methodological issues related to the genetics and the COVID-19 pandemic. 

Despite this, pilot data suggests that apoptotic frequency can be increased to increase 

replicate number this system could be of use in modelling the immune response to high local 

levels of apoptosis, such as that found in atherosclerotic plaques (Thorp, 2010) or chronic 

obstructive pulmonary disorder (COPD) (Mukaro et al., 2015). To assay the dynamics of 

apoptosis-induced macrophage migration, models of tissue-specific, induced apoptosis were 

optimised using the dorsal vessel and anal pad, both of which are known to be colonised by 

macrophages during their developmental dispersal. While both assays worked in principle, 

high levels of cardiocyte apoptosis appeared to cause severe structural damage to the 

embryo, suggesting it is not appropriate for time-lapse study. Anal pad cell death was 
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reproducible: however, the results showed no significant shifts in the dispersal of hemocytes 

because of apoptosis. There could be number of reasons behind these results: macrophage 

density is partially regulated by contact inhibition (Stramer et al., 2010; Davis et al., 2012) and 

thus an initial attraction of macrophages towards an apoptotic region might act to prevent 

further recruitment via contact inhibition, leading to no gross change in in dispersal; 

chemoattraction of macrophages is highly localised and thus beyond the detection of this 

assay; or the anal pad tissue does not produce find-me cues or is otherwise inaccessible to 

increased numbers of macrophages. While continued data collection for these experiments 

was cut short, the use of induced-apoptotic systems to study find-me cue dynamics can be 

practically applied. 

3.3.4 Future work and COVID-19 impact 

Due to time-constraints and COVID-19 related disruption, it was not possible to obtain data 

on several efferocytosis metrics, however this work could now be carried further because of 

optimisation and observational presented here. One of the most pressing questions related 

to efferocytosis is the mechanisms and dynamics of immune cell recruitment towards 

apoptotic cells. In a biological context, the recruitment of immune cells must strike a fine 

balance between several factors including the prioritisation of signals, the physical range at 

which find-me cues can effectively signal and desired specificity of the responding cell. 

 

As shown here, GC3Ai can be used to elucidate a number of outstanding questions regarding 

apoptosis such as the fragmentation of apoptotic cells (Atkin-Smith and Poon, 2017; Smith et 

al., 2017) and the biophysical impacts of cell death (Hayes and Solon, 2017). While the GAL4-

dependent GC3Ai system used here was adequate for observing efferocytosis, the expression  

of ubiquitous GAL4 independent GC3Ai, through either transgenesis or use of an alternative 

expression system, e.g., QUAS system (Potter et al., 2010) would allow for GC3Ai and 

macrophage labelling in the background of GAL4-dependent manipulation of the find-me 

signal machinery.   

 

The question of the physical range of find-me cue can be more adequately addressed using 

induced-apoptotic models such as the hs-hid or temperature sensitive pro-apoptotic 

expression outlined previously. By activating apoptosis in a spatiotemporally controlled 
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manner, the behaviour of responding cells can be quantified, including the dispersal, 

morphology, or migration speeds. Using tissue-specific induction of apoptosis, it is possible to 

assay the distances over which macrophages will respond in a migratory fashion to a dying 

tissue. By comparing the pre- and post-apoptosis immune cell infiltration and impact on 

known migratory events, such as the stereotypical developmental macrophage dispersal 

pattern, the chemoattractive potential of apoptotic cells can be assessed indirectly. In 

contrast, global induction of apoptosis achieved using hs-hid is of greater value in 

understanding the role of immune cells in the context of a high apoptotic burden and can be 

used to evaluate the limits of effective efferocytosis and the ability of immune cells to 

perform non-efferocytic processing such as secretion of extracellular matrix (Nelson et al., 

1994). To maximise the impact of efferocytosis data, it would be beneficial to use in silico 

modelling systems, such as the Biological Dynamic Modeller (BioDynaMo) (Bauer et al., 2016; 

Breitwieser et al., 2016). Using these platforms, it should be possible to derive the 

mathematical underpinnings of find-me cue mediated recruitment and thus shed light on the 

broader areas of cell motility and signal integration. 

3.3.5 Concluding remarks 

Over the course of this chapter, GC3Ai has been shown to function efficiency as a live 

reporter for apoptosis during Drosophila embryogenesis. The results show that ubiquitously 

expressed GC3Ai has similar accuracy to contemporary methods such as cleaved caspase 

immunostaining, acridine orange and Apoliner. Confocal imaging shows that when used in 

combination with macrophage reporters, GC3Ai can be used to visualise efferocytosis in 

exquisite spatiotemporal detail, with new light shed on the complex nature of apoptotic 

recruitment.  Pilot induced apoptosis models also build on previous systems to allow for 

more accurate study of immune recruitment and disease pathologies associated with 

increased cell death.  
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Chapter 4: Assessing chemotactic competition using a 

2D ex vivo cell model 

4.1 Introduction 

Understanding how motile cells integrate and prioritise the array of signals they face in the 

complex in vivo environment is a fundamental question in biology. For multifunctional cells 

such as macrophages this is a particularly important process, since it determines their 

subsequent behavior, be it migration to sites of damage, or clearance of pathogens and dying 

cells. The integration of a specific cue is highly contextual and depends on a number of 

parameters including crosstalk between signal transduction pathways (Heit et al., 2008), 

calcium levels within cells (Dou et al., 2012; Sieger et al., 2012), and the diffusion properties 

of a given ligand (Foxman et al., 1997). The exact mechanisms governing chemotaxis vary 

depending on the nature of the provocation, although the G-protein coupled receptor (GPCR) 

family of signaling proteins have long been known as key regulators of cell motility in 

response to chemokine gradients (Lämmermann and Kastenmüller, 2019). However, even 

before we can understand how cells prioritise and migrate towards different cues in vivo, it is 

necessary to identify a more complete range of cues to which macrophages can respond.  

 

The removal of apoptotic cells, known as efferocytosis, is a rapid and efficient process 

requiring responding phagocytes to find and engulf the dying cell (Arandjelovic and 

Ravichandran, 2015). Apoptotic tissue must be removed quickly cleared to prevent secondary 

necrosis, which would otherwise create substantial pro-inflammatory trauma (Ariel and 

Ravichandran, 2016). During development, apoptotic cells can be readily detected and are 

critical for proper tissue remodelling and organ function (Fuchs and Steller, 2011), yet they 

are rapidly cleared within mature tissues. To facilitate this rapid response, dying cells are 

thought to release a set of chemotactic pro-efferocytic signals (“find me”) that are able to 

recruit local phagocytes and override other responses such as wounding stimuli (Moreira et 

al., 2010).  Several groups have previously performed chemotactic experiments using 

apoptotic cell signals in vitro (Gude et al., 2008; Peter et al., 2008; Elliott et al., 2009; 

Sokolowski et al., 2014; Casas-Tintó et al., 2015), or have shown a strong chemotactic 
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response to cell-free, apoptotic cell-derived supernatant (Lauber, 2003). Although these 

studies are robust, they do not fully take account of the natural system in which find-me cues 

are active – i.e., within active tissues that are likely saturated with other migration, survival 

and growth factors that must be overcome if immune cells are to successfully find their 

target.  

 

For this study, monocyte-derived macrophages (MDMs) were utilised as an ex vivo primary 

cell model. This cell type has been used in disease modelling (Hsiao et al., 2013; Eltboli et al., 

2014) and cell chemotaxis studies (Audran et al., 1996). Compared to immortalised cell lines, 

MDMs can be generated ex vivo from whole blood monocytes (Bianchi et al., 2008) to 

produce a heterogenous macrophage population (Vogel et al., 2014; Tedesco et al., 2015; 

Eligini et al., 2019) similar in phenotype to tissue resident macrophages (Yona et al., 2013). 

To assess competitive chemotaxis, the Ibidi -slide chemotaxis chamber was chosen as the 

method to challenge MDMs with competing chemokine. This approach was chosen as it can 

be used to observe the migration of slow cells under tissue culture conditions with the 

potential to challenge cells using multiple, linear gradients of chemokines at the same time 

(Zengel et al., 2011).  

 

The aims of this chapter were threefold: firstly, to establish a protocol for the culturing and 

transfer of MDMs into the -slide chamber. Secondly, to perform single chemoattractant and 

competitive chemotaxis assays to begin assessing the place of different chemoattractants 

within a proposed signalling hierarchy. Finally, to assess how known chemoattractants 

compete with apoptotic derived ‘find-me” cues when presented to ex vivo macrophages.  
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4.2 Results 

4.2.1 MDMs undergo chemotaxis towards C5a using the Ibidi -slide chemotaxis 

4.2.1.1 Optimisation of MDM transfer conditions for migration assays 

Human MDMs were differentiated from peripheral blood monocytes for 6-9 days in standard 

tissue culture conditions. Post differentiation, MDMs are strongly adherent cells and thus 

transfer from culture vessels to the chemotaxis chambers required efficient detachment and 

re-adherence procedures to ensure cell viability. The initial transfer methods used a 

combination of cold-shock and chelation at 4oC using EDTA-PBS solution (Hui et al., 2009; 

Leidi et al., 2009) to dissociate MDMS from culture dishes, followed by scraping and transfer 

to chemotaxis chambers. Although this method facilitated detachment of MDMs, recovered 

cells failed to re-adhere to the chemotaxis chamber medium (Figure 4.1).  

 

To overcome this, EDTA-PBS was substituted with Accutase (an alternative dissociation 

reagent). Accutase is a commercially available proteolytic dissociation solution that has been 

shown to increase viability of harvested MDMs compared to EDTA-PBS + cold shock methods 

(Chen et al., 2015). Use of Accutase resulted in a substantial increase in cell re-adherence to 

the chemotaxis chamber substrate in comparison to use of EDTA-PBS (Figure 4.1). It should 

be noted that there was significant donor-donor and cell preparation variation between 

MDMs in terms of viability post transfer. 
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Figure 4.1 – Optimisation of cell culture transfer conditions 

Phase contrast images of Ibidi -slide cell cultures from MDM cultures transferred via two 
different methods: Addition of ETDA-PBS and cold shock (left) and incubation with Accutase. 
After dissociation, cells were scraped and resuspended to a concentration of 6 million cell 

mL-1 before being added to the of Ibidi -slide cell observation chamber. Scale bar denotes 

10m. 

 

4.2.1.2 MDMs undergo chemotaxis towards C5a using the Ibidi -slide chemotaxis 

With transfer methods optimised, I sought to begin establishing a signalling hierarchy. To do 

so, MDMs were first challenged with several established chemokines to investigate which 

could induce chemotaxis in this experimental set-up. Three established macrophage 

chemoattractants were chosen for initial experiments: N-formyl-Met-Leu-Phe (fMLP), 

monocyte chemoattractant protein-1 (MCP-1) and Complement protein fragment 5a (C5a) 

(Snyderman et al., 1972; Schiffmann et al., 1975; Audran et al., 1996). The -slide is 

composed of three migration chambers: a positive control chamber with chemoattractant on 

both sides, a negative control chamber with solvent vehicle control on both sides, and an 

experimental chamber with opposing gradients of chemoattractant and vehicle control 

(Figure 4.2). 
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Figure 4.2 – Ibidi -slide experimental set up for single chemoattractants 

Schematic diagram of the Ibidi -slide experimental design. The slide is composed of three 
independent chambers, each of which has different chemoattractant conditions. Each 
chamber contains a central observation chamber wherein cells (in this case MDMs) are 
seeded and allowed to adhere. Once cell have adhered in the observation area, 
chemoattractant gradients are applied on either side. There are three conditions used when 
testing a single chemoattractant: a chemoattract negative control chamber (1) that has 
opposing gradients of vehicle control, typically the solvent used in preparation of the 
chemoattractant e.g., phosphate buffered saline (PBS); a chemoattract positive control 
chamber (2) that has opposing gradients of the chemoattractant in question applied so that 
the cells are exposed to opposing gradients in the observation area; and an experimental 
chemoattractant chamber (3) wherein a directional chemoattractant gradient is applied in 
one direction. If a chemoattract is effective, it would be expected that in chamber 1 would 
see no net migration, chamber 2 would see either no net migration or migration in both 
directions to a similar degree and chamber 3 would see a directional migration towards the 
chemoattractant side of the chamber.  
 
Differentiated MDMs were transferred to the observation chamber and allowed to adhere 

prior to the application of chemoattractant gradients. After chemoattractant addition, MDM 

migration was recorded for 3 hours; this timescale was chosen based on advice from the 

manufacturer and comparable chemotaxis experiments (Gendelman et al., 2009). MDM 

chemotaxis movies were processed in Fiji (ImageJ) and blinded before manual tracking. Cells 

were tracked and the data analysed via the Ibidi chemotaxis toolkit in ImageJ. Track data was 
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processed, and the forward migration index (FMI) calculated for parallel (FMI||) to and 

perpendicular (FMI┴) to the gradient. If a chemoattractant is effective, the following would 

be predicted: a significant difference between the two FMI values; visible and consistent 

migration of cells; significant changes in the velocity/directionality/distance travelled; and 

movement that is not random. It would also be predicted that the control chambers with 

opposing chemoattractant or vehicle should show no significant differences in these metrics. 

 
MDMs challenged with 20nM recombinant human C5a underwent a reproducible 

chemotactic response over a 3-hour time-course. MDMs were challenged with either PBS 

vehicle (Figure 4.3A left), C5a on both sides (Figure 4.3A centre) or a gradient of C5a (Figure 

4.3A right). FMI analysis showed that MDMs migrated towards the directional C5a gradient 

(FMI|| > FMI┴; p=0.0256) compared to either PBS vehicle (p=0.603) and opposing C5a 

gradients (p=0.649) where there was no preference parallel to the gradient (FMI|| = FMI┴) 

(Figure 4.3B). Comparing the cell migration pattern to the hypothetical random distribution, 

expressed as a Rayleigh value shows that the MDM migration in response to a directional 

gradient of C5a was directed (p<0.05) and not a result of random migration (chemokinesis; 

Sarris and Sixt, 2015) unrelated to the presence of chemoattractants (Figure 4.3C). These 

results confirm that MDMs can efficiently migrate towards a gradient of C5a in the -slide 

system. Due to this robust response, we opted to use 20nM C5a as a positive chemotaxis 

control for proceeding experiments.  
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Figure 4.3 – C5a stimulates MDM chemotaxis using the Ibidi -slide 

(A) Phase contrast images of migrating MDMs 3-hours post-chemokine addition in absence of 
C5a (chemokine null, left), when C5a is applied on both sides (20nM C5a opposing gradients, 
centre) and in the presence of a C5a gradient (directional 20nM C5a gradient, right) with 

associated MDM tracks (lower panels); Scale bars denote 100m and magenta arrows 
indicate ascending chemoattractant gradient. 40 cells were tracked from a sample of each 
quadrant using the Fiji manual tracking and chemotaxis plugins. (B) Scatter graph of forward 

migration indices (FMI) with comparisons made between the FMI┴ (gradient perpendicular) 
and FMI|| (gradient parallel) for MDMs challenged with opposing C5a gradients (n=4, 
p=0.928), PBS control (n=4, p=0.325) and directional C5a gradient (n=4, p=0.0256). (C) 
Scatter graph showing the average Rayleigh value for MDMs challenged with uniform C5a 
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(n=4, p=0.649), uniform PBS (n=4, p=0.603) and directional C5a (n=4, p=0.039). Dotted line 
corresponds to p<0.05, indicating that the migration pattern observed in directed and not 

the result of random movement. All data points denote the average value per -slide. Error 
bars denote the dataset mean and standard deviation per condition. FMI data was compared 

using Student’s t-test between the average FMI|| and FMI┴ values per condition. ns and * 
denote p>0.05 and p<0.05 respectively.  

 

4.2.1.3 Optimisation of MDM chemotaxis tracking and quantification 

Once culture conditions were optimised, chemotaxis assays could be conducted and 

manually quantified, however manual analysis of cell tracking was inefficient and open to 

sample bias. To reduce analysis time and increase throughput, culture conditions were 

further altered to facilitate automated tracking of cells. Pilot experiments were quantified via 

manual tracking of MDMs from phase-contrast time-lapse movies. While this was 

appropriate, it required long processing times and was subject to human and sampling error. 

To overcome this, MDMs were treated with the live-nuclei marker NucBlue (Invitrogen) prior 

to their resuspension and transfer to chemotaxis chambers (Figure 4.4A). This allowed for the 

use of automated tracking software using the Fiji (ImageJ) Trackmate plug-in.  

 

To confirm that automated and manual tracking produced similar results, a representative 

dataset was analysed via both approaches and the results compared. These datasets 

contained FMI values from the additional 20nM directional gradient C5a chemotaxis 

experiments. Per data-point pairwise analysis shows that there is no significant difference 

between the values obtained by manual or automated tracking (p=0.382; Figure 4.4B). When 

comparing full datasets, there are differences in results generated, likely due to increased 

sample size per replicate using the automated method (Figure 4.4C). These results show that 

automated tracking of stained nuclei allows for efficient analysis of MDM migration with 

minimal variation compared to manual methods. In addition, the larger sample size may 

reduce the effect of localised concentration differences and heterogenous cell-seeding which 

might overwise produce sampling bias.  
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Figure 4.4 – Optimisation of cell culture transfer conditions 

(A) Confocal images of Ibidi -slide adhered MDMs with NucBlue stained nuclei showing split 
channels for the phase contrast (left), 460nm blue channel (centre) and merged images 
(right) (B) Graph showing pairwise comparison of forward migration indices (FMI) for MDMs 
challenged with 40nM C5a as per Figure 4.3. Cells migration was tracked via manual and 
automated tracking approaches (Fiji manual tracking and Trackmate plug-in respectively). 
n=12 paired values; paired values are not significantly different with pairing significantly 
effective (p<0.0004) between individual values. Lines and error bars denote the mean and 

standard deviation respectively Comparisons between FMI|| and FMI┴ values for each 
condition were compared via the students 2-tailed t-test. Statistical analysis via a Wilcoxon 
test for paired, non-parametric values. Note that a non-parametric test was used due to the 
non-normal distribution of data for the automated tracking approach. ns, *** and **** 
denote p>0.05, p<0.001 and p<0.0001 respectively.  
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4.2.1.4 MDMs did not chemotax towards fMLP or MCP-1 using the Ibidi -slide  

While 20nM C5a proved effective as an MDM chemoattract in this system, initial attempts to 

challenge MDMs with fMLP and MCP-1 failed to illicit chemotactic responses (data not 

shown). Once assay conditions had been optimised, a range of previously established 

concentrations were tested for both chemoattractants: fMLP was tested at 1ngmL-1, 

500ngmL-1 and 1𝜇gmL-1; MCP-1 was tested a 1ngmL-1, 10ngmL-1  and 200ngmL-1 (Palmer and 

Salmon, 1983; Grimshaw and Balkwill, 2001; Vancraeynest et al., 2003). Neither MCP-1 or 

fMLP were able to induce notable migration of MDMs (Figure 4.5A; Figure 4.6A). None of the 

tested MCP-1 concentrations tested produced visible migration, with small differences in FMI 

values noted (Figure 4.5B). fMLP showed a similar lack of effect (Figure 4.6B), with further 

controlled attempts with opposing 1ngmL-1  fMLP gradients, DMSO control and directional 

1ngmL-1  fMLP having similar FMI differences (Figure 4.6C). Given that these 

chemoattractants have been previously validated at these concentrations, I would suggest 

that either poor reagent quality or changes in MDM sensitivity/viability because of processing 

are potentially responsible for the lack of MDM chemotaxis. Further experiments would be 

required to elucidate the reason behind these results. 
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Figure 4.5 –MCP-1 did not induce migration of MDMs in the Ibidi μ-slide system 

(A) Phase contrast images of migrating MDMs 3-hours post-chemokine addition for a range 
of concentrations of MCP-1 (1ngmL-1/10ngmL-1/200ngmL-1 with associated MDM tracks 
(lower panels); Scale bars denote 50μm and magenta arrows indicate ascending 

chemoattractant gradient. (B) Comparisons of forward migration indices (FMI) for the FMI┴ 
(gradient perpendicular) and FMI|| (gradient parallel) as a measure of directed chemotaxis. 
n=1 µ-slide per condition. Data points represent the mean FMI value for the tracked 
population of cells (minimum 40 individual MDM tracks). n=1 µ-slide per condition, statistics 
non-applicable.  
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Figure 5.6 – fMLP did not induce migration of MDMs in the Ibidi μ-slide system 

(A-B) Phase contrast images of migrating MDMs 3-hours post-chemokine addition for a range 
of concentrations of fMLP (1ngmL-1/500ngmL-1/1μgmL-1) (A) with associated MDM tracks 

(lower panels); Scale bars denote 50m and magenta arrows indicate ascending 

chemoattractant gradient. (C) Comparisons of forward migration indices (FMI) for the FMI┴ 
(gradient perpendicular) and FMI|| (gradient parallel) as a measure of directed chemotaxis. 
n=1 µ-slide per condition. Data points represent the mean FMI value for the tracked 
population of cells (minimum 40 individual MDM tracks). (D) FMI analysis of MDMs 
challenged with 2nM (~1ngmL-1) fMLP gradient compared to chemokine null (DMSO only) 
and gradient null (fMLP loaded on both sides of the chamber). n=1 µ-slide per condition. Data 
points represent the mean FMI value for the tracked population of cells (minimum 40 
individual MDM tracks). Statistics non-applicable.  
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4.2.2 MDMs do not respond to long-range apoptotic signal gradients in 2D chemotaxis 

experiments 

It has been shown that in Drosophila, apoptotic cells can distract macrophages from their 

normal migratory behaviours in vivo (Moreira et al., 2010; Roddie et al., 2019). This 

behaviour suggests that chemoattractants released by dying cells, known as find-me cues, 

are prioritised over other signals. To understand how find-me cues act efficiently in the 

presence of biological noise in a system relevant to vertebrates, we planned to compare 

apoptotic find-me cues against other chemotactic factors in a competition assay. With C5a 

induced MDM chemotaxis established, I sought to test if MDMs will migrate towards find-me 

cues and if so, how they prioritise find-me cues in the presence of a competing 

chemoattractant. To generate find-me cues, neutrophils derived from healthy volunteer 

blood were cultured and aged for 22 hours in order to induce apoptosis: this protocol has 

been previous shown to reliably produce apoptotic cultures with minimal necrosis (Renshaw 

et al., 2003). Apoptotic neutrophils were removed via centrifugation to produce cell-free, 

apoptotic-derived supernatant (ASN) media. To control for the presence of apoptosis 

independent chemoattractants in the ASN, apoptotic null supernatant (ANN) was generated 

from aged neutrophils treated with the pan-caspase inhibitor Q-VD-OPh (Merck) i.e., media 

extracted from aged neutrophils cultures in which apoptosis was prevented.  

 

As per previous experiments, MDMs within the observation chamber were challenged with 

either opposing gradients of ANN, opposing gradients of ASN or a directional gradient of ASN 

and cell movements tracked from the resultant time-lapse movies (Figure 4.7A). FMI analysis 

shows that MDMs did not migrate (FMI|| = FMI┴) in response as control ANN and ASN 

opposing gradients (p=0.282; p=0.387) nor direction ASN (p=0.8567) (Figure 4.7B). To 

confirm that the ageing protocol was indeed producing apoptotic neutrophils, cytospin 

histology was conducted on culture samples. Aging for 22 hours generated significantly 

greater levels of apoptosis (78%) compared to incubation with the anti-apoptotic pan-

caspase inhibitor Q-VD-OPh (31%; p<0.001) (Figure 4.7C). These results suggest that 

apoptotic supernatant generated from primary neutrophil cultures cannot induce the 

recruitment of MDMs when supplied to MDMs as a directional gradient in this assay.  
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Figure 4.7 – Apoptotic supernatant does not induce MDM migration at long range 

(A) Phase contrast images of migrating MDMs 3-hours post-chemokine addition showing 
chemokine null (left), gradient null (centre) and directional ASN gradient (right). Fiji track-
mate plugin automated tracking of stained cell nuclei (lower panels); scale bars denote 

100m and magenta arrows indicate ascending chemoattractant gradient. (B) Comparisons 
of forward migration indices (FMI) as a measure of directed chemotaxis. N=8, 4, and 6 for the 
following conditions: ASN vs ASN (p=0.387), ANN vs ANN (p=0.282) and ASN vs ANN 
(p=0.857). All data points denote the average value per µ-slide. Line and error bars denote 
the dataset mean and standard deviation per condition. FMI data was compared using a two 

tailed Student’s t-test between the average FMI|| and FMI┴ values per condition. (C) 
Percentage of aged neutrophils that had undergone aging stimulated apoptosis after 22 
hours to produce ASN and apoptotic inhibited Q-VD-OPh culture (calculated from cytospin 
histology). Percentage apoptosis was analysed using the 2-tailed Student’s t-test. Note that 
the y-axis is plotted into negative values due to the standard deviation of the dataset.  
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4.2.3 Local apoptotic supernatant partially inhibits the migration of MDMs towards a 

defined source of C5a 

Given that the current literature supports the chemotactic ability of ASN in several cell types, 

including THP-1, Mono Mac 6 and MDMs (Lauber, 2003), we theorised that the lack of an 

MDM response to ASN derived from aged neutrophils (Figure 4.7) may be the result of a lack 

of find-me cue diffusion towards the MDMs or batch-batch variation in the generation of 

ASN. To test if the diffusion distance was responsive for the lack of response to ASN, the 

experimental design was altered so that MDMs were saturated with a local concentration of 

ASN followed by a gradient of C5a: once MDMs were adhered to the chamber, the media 

was aspirated and replaced with ASN, ANN or control media (Figure 4.8).  

 

Figure 4.8 – Ibidi -slide experimental set up for MDM saturation with ASN 

Schematic diagram of the Ibidi -slide experimental design modified to test the effect of 
MDM saturation with apoptotic derived supernatant (ASN). The slide is composed of three 
independent chambers, each of which has different chemoattractant conditions. Each 
chamber contains a central observation chamber wherein cells (in this case MDMs) are 
seeded and allowed to adhere. Once cell have adhered in the observation area, 
chemoattractant gradients are applied on either side. In contrast to the normal single 
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chemoattractant set-up (Figure 4.2), all the chambers have a unidirectional gradient of 
chemoattractant applied, in this case 40nM C5a. There are three conditions used when 
testing the effect of cell saturation with ASN: a saturation negative control chamber (1) 
wherein MDMs saturated with media containing only the vehicle control for the directional 
chemoattract; a apoptotic null control chamber (2) wherein MDMs are saturated with media 
derived from Q-VD-OPh treated neutrophils to produce an apoptotic null supernatant (ANN); 
and an experimental chemoattractant chamber (3) herein MDMs are saturated with ASN. 
Directional C5a gradients were only applied once cells had been saturated in the appropriate 
condition. If ASN is effective in inhibiting MDMs from migrating towards C5a, it would be 
expected that chambers 1 and 2 would see migration towards C5a while chamber 3 would 
see either no net migration or reduced migration.   
 

MDMs were exposed to a 20nM directional gradient of C5a after saturation with either ASN, 

ANN or PBS control media (Figure 4.9A). FMI analysis showed that MDMs saturated with ASN 

did not migrate towards the C5a gradient (FMI|| = FMI┴ ; p=0.484) compared to the cells 

exposed to ANN (p=0.0019) or PBS control media (p<0.0001), which both showed significant 

migration towards the directional C5a gradient (FMI|| >  FMI┴) (Figure 4.9B). Comparison of 

difference between the FMI values per chamber showed a trending but non-significant 

difference between the conditions (p=0.115), likely due to high inter-replicate variation 

(Figure 4.9C).  

 

Since MDM saturation with ASN prevented proper migration towards C5a, correlation 

analysis was performed between the chemotactic response (i.e., the differences between 

FMI|| and FMI┴) and the proportion of neutrophils undergoing apoptosis in the individual 

cultures used to generate batches of ASN (Cytospin histology); a positive correlation between 

levels of apoptosis and inhibition of chemotaxis supports the idea that find-me cues can 

impact MDM migration towards C5a and could also explain batch-batch variation in the assay 

(Figure 4.9D). Correlation of FMI difference (FMI||- FMI┴) to cytospin % apoptotic cell 

counts showed that the reduced MDM response to C5a was linked to the relative 

concentration of ASN (as an indirect readout of find-me cue concentration) added to the cell 

chamber (p=0.0064). These results suggest that ASN can disrupt the migration of MDMs 

towards C5a, however, due to variation in the apoptotic levels in aged neutrophil cultures, it 

is important to test whether the preparation of ASN influenced its ability to alter MDM 

responses to C5a. 
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Figure 4.9 – Exposure to ASN inhibits MDM migration towards C5a 

(A) Phase contrast images of migrating MDMs 3-hours post-chemokine addition (upper 
panel) with their corresponding tracks for this period (lower panel). MDMs were challenged 
with C5a after saturation with either ASN (left), ANN (centre) or PBS (right). Scale bars denote 

100m and magenta arrows indicate ascending chemoattractant gradient. (B) Scattergraphs 
showing the comparisons of forward migration indices (FMI) as a measure of directed 
chemotaxis for MDMs treated with ASN (n=6, p=0.482, ANN (n=6, p=0.0019) and PBS (n=7, 
p=<0.0001). (C) Scattergraph showing the comparison of the FMI differences per chamber 
between ASN, ANN and PBS treated MDMs.  All data points denote the average value per µ-
slide. Line and error bars denote the dataset mean and standard deviation per condition. 
respectively. FMI data was compared using a two tailed Student’s t-test between the average 

FMI|| and FMI┴ values per condition.  (D) Correlation analysis (linear regression) between 
the relative concentration of local ASN and the corresponding MDM response to C5a after 
treatment with ASN (n=13) ANN (n=6) and PBS (n=10). Data is labelled per condition with a 
line of best fit (black --) and 95% confidence limits (-- black curves) with p and r2 values 
shown on graph. Correlation was calculated via simple linear regression. Statistical 
significance is reported as NS = p>0.05, ** = p<0.01 and **** = p<0.0001, respectively. 
 

To confirm that the reduced MDM response to directional C5a gradients in the presence ASN 

was not due to the presence of necrotic factors, purified human neutrophils in media 

suspension were flash-frozen at -80oC to induce lysis and spun down to produce necrotic cell 

supernatant (NSN). As per the previous experiment, MDMs were saturated with either NSN 

or PBS media prior to challenge with C5a (Figure 4.10A) and allowed to migrate for 3 hours. 

FMI analysis showed that saturation of MDMs with NSN migrated towards a directional 

gradient of C5a (p= 0.0461) to a similar degree as those saturation with PBS media (p= 

0.0053) (Figure 4.10B-B’).  

 

For experiments requiring generation of ASN, supernatants were either used immediately 

after harvesting or stored at -80oC for later use. Given the relatively high variation seen with 

ASN treatment of MDMs challenged with C5a, I sought to exclude any freeze-thaw effects on 

the chemotactic potency of ASN. To test this, data obtained using “fresh” and “frozen” ASN 

samples were compared from experiments wherein MDMs saturated with ASN were 

challenged with C5a. FMI analysis showed that MDMs treated with fresh ASN had no 

preference for C5a (0.6779) compared to frozen ASN treated MDMs that showed a small but 

significant migration response (p=0.0072) (Figure 4.10C). Comparison of FMI differences 

showed that the per chamber response was not significantly different (p=0.754) (Figure 4.10-

C’). 
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Figure 4.10 – Necrotic supernatant does not alter MDM migration towards C5a 

(A) Phase contrast images of migrating MDMs 3-hours post-chemokine addition (upper 
panels) with corresponding tracks (lower panels) for MDMs challenged with C5a with and 
without NSN treatment (left and right panels, respectively; scale bars denote 100𝜇m, 
magenta arrow indicates the direction of the C5a gradient (low-high concentration). (B) 
Scattergraphs showing the comparisons of forward migration indices (FMI) as a measure of 
directed chemotaxis; n=3 and 3 for NSN (p= 0.0461) and PBS-treated MDMs (p=0.0053). (B’) 
Scattergraph showing comparison of the FMI differences per chamber between NSN and 
PBS-treated MDMs (p=0.754). (C) Scattergraphs showing the comparisons of forward 
migration indices (FMI) for MDMs challenged with fresh or frozen ASN; n=3 and 3 for fresh 
ASN (0.0072) and frozen ASN-treated MDMs (p=0.6779). (C’) Scatter graph showing the 
comparison of the FMI differences per chamber between NSN and PBS-treated MDMs 
(p=0.754). All data points denote the average value per µ-slide. Lines and error bars denote 
the dataset mean and standard deviation per condition, respectively. FMI data was compared 

using a two-tailed Student’s t-test between the average FMI|| and FMI┴ values or the 
calculated difference between the two values (FMI difference) per condition. Statistical 
significance is reported as * = p<0.05 ** = p<0.01, respectively. 

 

Overall, these results confirm that saturation of MDMs with ASN can inhibit their chemotaxis 

towards a directional gradient. NSN and ANN controls confirm that this inhibition is at least in 

part due to apoptosis and not the release of independent neutrophil factors or the presence 

of necrotic cell debris. While there does appear to be variation between ASN batches, the 

response of MDMs saturated with ASN is nonetheless robust and its ability to inhibit 

responses to C5a correlates with the proportion of apoptotic cell death within the cultures 

used to generate it – which presumably correlates with the relative concentration of find-me 

signals or other modulatory cues within this conditioned media.  

 

4.2.4 The pan-caspase inhibitor Q-VD-OPh reduces MDM migration towards C5a 
To produce the ANN treatment control used in previous experiments, we used the pan-

caspase inhibitor Q-VD-OPh to inhibit apoptosis. MDMs saturated with ANN did not fail to 

respond to C5a to the same degree as ASN. However, when compared to controls, the 

migration was reduced when compared to PBS-media saturated controls, suggesting that the 

presence Q-VD-OPh may reduce the migratory capacity of MDMs (Figure 4.9). While this may 

have been due to lower (but still significant) levels of apoptosis in ANN cultures, it is also 

known that several members of the caspase protein family regulate non-apoptotic processes, 
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including cell migration (Nakajima and Kuranaga, 2017). For these reasons, we investigated 

whether Q-VD-OPh treatment itself impacts migration of MDMs towards C5a. 

 

To understand if Q-VD-OPh was interfering with the migratory capacity of MDMs, these cells 

were saturated with media containing 20nM Q-VD-OPh at the same concentration used to 

inhibit apoptosis of aging neutrophil cultures prior to challenge with C5a. MDMs were 

saturated in media containing 20nM Q-VD-OPh, ASN or PBS-media and challenged with a 

directional gradient of 40nM C5a (Figure 4.11A). FMI analysis shows that Q-VD-OPh 

treatment inhibited MDM migration towards C5a (p=0.843) similarly to ASN treatment 

(p=0.0718) and in contrast to PBS-treated cells (p=0.0023) (Figure 4.11B). Comparison of FMI 

value differences shows that MDMs saturated with ASN (p=0.0166) or Q-VD-OPh media 

(p=0.0029) had a significant reduction in their response to C5a, compared to controls (Figure 

4.11B’). In addition, ASN (p=0.0085) or Q-VD-OPh (p=0.005) saturation significantly reduced 

MDM motility, as measured by the average travel distance (Figure 4.11C). These data 

suggests that the inhibition of caspase enzymes can affect the non-apoptotic functions of 

these enzymes and prevent proper MDM migration, at least in response to C5a. 
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Figure 4.11 – Treatment with Q-VD-OPh reduces the chemotactic response of MDMs to C5a 

(A) Phase contrast images of migrating MDMs (upper panels) 3-hours post-chemokine 
addition after treatment with either Q-VD-OPh (left), ASN (centre) or PBS (right) with 
corresponding tracks (lower panels). Direction of the chemokine gradient (low – high 
concentration) is annotated as magenta triangles to the side. Scale bars denote 100𝜇m. (B) 

Scattergraph of forward migration indices (FMI) with comparisons made between the FMI┴ 
(gradient perpendicular) and FMI|| (gradient parallel) for MDMs treated with Q-VD-OPh 
(n=7, p=0.843), ASN (n=6, p=0.0718) and PBS (n=7, p=0.0023) prior to challenge with C5a. 
(B’) Scattergraph showing the average FMI difference per chamber value for MDMs treated 
with Q-VD-OPh (n=7, p=0.0029 compared to PBS, p=0.699 compared to ASN), ASN (n=6, 
p=0.0166 compared to PBS) or PBS (n=7). (C) Scattergraph showing the average distance that 
each MDM migrated over the course of 3 hours (µm) after treatment with Q-VD-OPh (n=7, 
p=0.005 compared to PBS, p=0.479 compared to ASN), ASN (n=6, p=0.0085 compared to PBS) 
and PBS (n=7). All data points denote the average value per µ-slide. Lines and error bars 
denote the dataset mean and standard deviation per condition, respectively. FMI data was 

compared using two-tailed Student’s t-test between the average FMI|| and FMI┴ values per 
condition. FMI difference data and Euclidian distance comparisons were analysed using a 
one-way ANOVA with Tukey’s test. Statistical significance is reported as * = p<0.05, ** = 
p<0.01, *** = p<0.001, respectively.  

4.3 Discussion 

Over of the course of this chapter, I have shown how we have optimised the Ibidi -slide 

micro-fluidic chamber for use with primary differentiated macrophages. Initial results show 

that viable MDMs could be transferred into the -slide system and undergo chemotactic 

behaviour in response to at least one validated chemokine (C5a). It was also shown that the 

presence of apoptotic-derived supernatant was able to override macrophage chemotactic 

responses towards C5a. Of a practical note for the field, these data also suggest that the 

commonly used apoptotic inhibitor Q-VD-OPh may also exert inhibitory effects on 

macrophage migration. 

4.3.1 MDMs can undergo chemotaxis in response to 2D chemokine gradients 

The use of in vitro chambers for assaying cell migration has become more assessable due to 

ongoing system development in recent decades (Irimia and Ellett, 2016). Since the inception 

of the early Boyden type chamber (Boyden, 1962), migration chambers have expanded to 

assay several motile cell functions, including wound healing (Barbero et al., 2008), ECM 

interactions (Wolf et al., 2013) and chemotaxis (Muinonen-Martin et al., 2010). Herein, I have 
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used Ibidi -slides, as the design of this system enables direct challenging of cells with 

different signals, facilitating competition assays.  

 

The initial protocol underwent several rounds of optimisation as there was no known 

examples of ex vivo MDM migration using this system. This optimisation was largely 

concerned with conserving the viability of MDMs after transfer from differentiation 

conditions to the migration chamber and streamlining analysis through automated tracking. 

Initial attempts to maintain MDM viability post transfer failed due to a lack of MDM 

attachment to the collagen substrate. Standard scraping procedures or cold-shock resulted in 

MDMs failing to re-adhere post treatment – successful transfer was ultimately achieved using 

Accutase dissociation solution (Chen et al., 2015). Having successfully optimised MDM 

transfer conditions, I validated chemotaxis towards established macrophage chemokines. 

Experiments using a range of fMLP, or MCP-1 concentrations failed to illicit chemotactic 

responses, however the addition of 20nM C5a did induce robust MDM movement towards 

this cue. This macrophage response towards C5a is consistent with previous reports using the 

Ibidi -slide system with peritoneal mural macrophages (Kronlage et al., 2010). Querying 

recent RNA sequencing data of MDMs generated from whole blood monocytes, suggests that 

MDMs that are differentiated according to similar protocols to those used in this study (6-9 

days in culture with RPMI 1640 containing 10% FCS and 1% penicillin/streptomycin), express 

the fMLP, but not MCP-1 receptor (Baidžajevas et al., 2020). While this may explain why 

MDMs failed to migrate to MCP-1, the lack of a response to fMLP may be due to changes in 

the MDM expression profile because of transferring culture conditions for migration assays.  

4.3.2 Apoptotic-derived signals are short range and can inhibit chemotaxis towards 

C5a 

As stated previously, we used an ex vivo migration chamber approach to test a variety of 

chemotactic ligands. For those that elicited a chemotactic response I then analysed the ability 

of apoptotic cell supernatant to impair that response. This is a proxy to address whether find-

me cues can override other chemokines and characterise whether the hierarchies/signal 

prioritisation that have been identified in simpler model organisms (Moreira et al., 2010; 

Roddie et al., 2019) are paralleled in vertebrates. We chose to generate apoptotic 

supernatant (ASN) via ageing of primary neutrophils (Renshaw et al., 2003), with apoptotic-
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null media (ANN) derived from neutrophils aged in the presence of a caspase inhibitor (Q-VD-

OPh); necrotic supernatant (NSN) was generated by lysing neutrophils via freeze-thaw cycles. 

 

To test the chemotactic potential of apoptotic find me cues, I initially challenged MDMs with 

a directional gradient of ASN. Interestingly, MDMs did not respond to these signals and did 

not significantly migrate down the gradient. There are several explanations for this: 

given that in vivo apoptosis does not result in inflammation or the mass infiltration of 

immune cells, it has been theorised that find-me cues act in a relatively local manner 

(Morioka et al., 2019), and thus it could be the case that any find-me cues present in ASN are 

not able to diffuse the ~1mm distance towards the MDM observation chamber to a 

detectable level; It is also known that certain cues such ATP/UTP nucleotides are relatively 

unstable and require propagation within a tissue e.g., Ca2+ secondary messengers and ATP-

mediated ATP release through the activation of pannexin channels (Zimmermann, 2000; Dou 

et al., 2012; Sieger et al., 2012), meaning that the find-me cues might not be at a high 

enough concentration if extracted from apoptotic cells alone; finally, various groups have 

shown that inhibition of single cues can significantly abolish the chemotactic potential of ASN 

(Lauber, 2003; Elliott et al., 2010), suggesting that a cocktail of structurally-divergent, non-

redundant cues may act in concert to exert their effects most efficiently. To rule out these 

factors, there are a several potential experiments that could be conducted: direct addition of 

apoptotic cells into the chemoattract chamber could allow for find-me cues to be released 

over time and form gradients more akin to those that might occur within a tissue; or 

challenging MDMs with singular purified find me cues could be done to confirm they can 

diffuse and form gradients within this assay, however since the composition of ASN remains 

unknown this would be of limited relevance.  

 

Since ASN did not appear to be chemotactic when applied as a direct gradient, I decided to 

saturate MDMs with ASN prior to challenge with C5a to test if MDMs within an apoptotic 

environment are still able to respond effectively to other chemoattractive signals. The results 

show that MDMs saturated in ASN had a blunted response to C5a which was due to 

apoptosis and not necrosis or other factors released during neutrophil aging. One potential 

explanation is that the find me cues present within ASN signal via pathways that take 

precedence over C5aR signalling; this form of signalling hierarchy has been explored in 
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neutrophils, with studies showings that p38 signal transduction is prioritise over signals 

requiring the PI3K pathway  e.g. neutrophil chemotaxis towards a gradient of fMLP is 

prioritised via p38 over IL-8 mediated PI3K signalling  (Heit et al., 2002; Kim and Haynes, 

2012). Interestingly, It has been suggested that one of the known find-me cues could be act 

through C5aR, namely the ribosomal derived peptide RP-S19: RP-S19 is a small ribosomal 

subunit that has previously been established as one of the causative mutations in Diamond-

blackfin congenital erythroblastopenia (Choesmel et al., 2007), a disease characterised by 

dysfunctional erythrocyte haematopoiesis. Dimeric RP-S19 is known to interact with the C5a 

receptor expressed on macrophages (Nishimura et al., 2001; Yamamoto, 2007). It has been 

suggested that this peptide acts as an apoptotic find-me cue, in particular during the 

resolution of inflammation, wherein neutrophils undergoing apoptosis might release it to 

both induce efferocytosis and reprogram macrophages that arrive at such sites to an anti-

inflammatory state (Yamamoto, 2007). While further experimentation would be required, 

this could provide a mechanism for the observed loss of MDM saturated in ASN migration 

towards C5a (direct competition for binding to the C5a receptor). This mechanism could be 

explored in this assay by challenging MDMs with opposing gradients of C5a and purified 

dimeric RP-S19 or protein-interaction assay e.g., Glutathione S-transferases (GST)-pulldown 

with dimeric RP-S19 and C5aR.  

4.3.3 Pan-caspase inhibition can perturb macrophage motility 

To control for the apoptosis-independent changes to aged neutrophil media, the pan-caspase 

inhibitor Q-VD-OPh was used. During our initial ASN experiments, it was observed that cells 

treated with ANN containing Q-VD-OPh had a reduction in their overall movement. MDMs 

treated with Q-VD-OPh alone also showed a loss of motility, suggesting the C5a chemotactic 

response was partly caspase-dependent. It has been shown that certain members of the 

caspase family such as Caspase-11 and 8, are linked to actin-dependent migration processes 

and that these functions do not strictly depend on their proteolytic activity (Gdynia et al., 

2007; Li et al., 2007; Barbero et al., 2008). Q-VD-OPh is known to bind irreversibly to the 

catalytic domain of caspase enzymes and thus could result in conformational changes to the 

proteins structure that alter the function of the other domains. This result is of technical 

value to the field as the use of anti-apoptotic drugs is commonplace in the inhibition of 

apoptosis in culture and as control conditions. Our data suggests that the application of 
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caspase inhibitors of this type may not be appropriate in circumstances where cell migration 

is being assayed. 

4.3.4 COVID-19 impact statement and future work 

At the time of writing, there has been major disruption to university access and public life 

due to the ongoing COVID-19 pandemic (March 2020 – present). This has unfortunately 

affected cell-culture work in several ways including a fall in the availability of blood donors 

and phlebotomists, in addition to access to cell culture and microscopy facilities. As a result 

of this disruption, there are several further experiments that would have been conducted 

which shall be discussed here as to highlight the direction of ongoing work and as a 

foundation for possible resumption of research in the future.  

 

Although we challenged MDMs with several different chemoattractants, only C5a produced a 

robust chemotactic response. Unfortunately, the lack of broad chemoattractant sensitivity 

precluded the establishment of a signalling hierarchy using this cell model. Due to this, it is 

recommended that further attempts to achieve this aim should attempt to utilise other cell 

model systems such as mouse bone marrow-derived macrophages (BMDMs) (Ocana-

Morgner et al., 2011) . Given the highly variable viability of human MDMs after transfer into 

the -slide, it would be recommended to use a migration assay that does not require 

detachment of cells from the culture substrate, such as Insall migration chambers 

(Muinonen-Martin et al., 2010). Alternatively, other read-outs could be utilised to measure 

the effect of chemoattractants on MDMs, such as western-blotting to assess the expression 

of migration-associated genes or immunostaining for receptor activation (Bagher et al., 

2018). Such experiments might reveal the relative strength of chemoattractants through 

comparison of their downstream target expression and receptor activation levels.  

 

As previously discussed, the results showed that MDMs treated with ASN had a reduced 

response to C5a, possibly because of the presence of RP-S19. To further evaluate this finding, 

it would be recommended to first test for the presence of RP-S19 in neutrophil generated 

ASN through standard western blotting procedure and if present, confirm MDM chemotaxis 

towards purified recombinant RP-S19 and towards RP-S19 depleted ASN. These data would 
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confirm if the reduced MDM response to C5a in the presence of ASN is wholly the result of 

RP-S19 – C5a receptor binding or if other ASN constituents are acting in a similar manner.  

4.3.5 Concluding remarks 

In summary, the data presented here shows that ex vivo cells such as MDMs can be 

effectively used in the Ibidi -slide for chemotactic and signal prioritisation experiments. Our 

experiments using apoptotic supernatant have produced results consistent with the 

hypothesised role of find-me cue signal superiority (Moreira et al., 2010; Roddie et al., 2019) 

and the interaction between find-me cues and C5a agree with data from previous studies 

(Nishimura et al., 2001; Yamamoto, 2007). In addition, our finding that pan-caspase inhibitors 

can interfere with such experiments are of useful technical note to the field as such drugs are 

commonly used as controls in experiments involving apoptotic cells. 
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Chapter 5: The epidermal growth factor ligand Spitz 

modulates macrophage efferocytosis, wound 

responses and migration dynamics during Drosophila 

embryogenesis 

5.1 Introduction 

5.1.1 Drosophila immunity, apoptosis and efferocytosis 

Drosophila melanogaster fruit flies have a robust cellular immune response, composed 

principally of motile and highly-phagocytic plasmatocytes (Evans and Wood, 2011), which 

perform many analogous functions to vertebrate macrophages, e.g., phagocytosis of 

apoptotic cells and pathogens, migration to wounds and secretion of extracellular matrix 

(Buchon et al., 2014; Weavers et al., 2016a). These cells (referred to hereafter as embryonic 

macrophages) have been extensively used to investigate cell polarisation and migration in 

vivo, although we are yet to understand the full complement of cues that regulate their 

behaviours. Post hematopoiesis, embryonic Drosophila macrophages undertake stereotypical 

patterns of dispersal across the embryo. This dispersal is governed by PDGF/Vegf-related 

ligands (Pvfs) that act both as chemoattractants and pro-survival signals (Cho et al., 2002; 

Brückner et al., 2004; Wood et al., 2006), cell-cell repulsion between macrophages (Davis et 

al., 2012), and access to physical spaces created during organogenesis (Evans et al., 2010a). 

Once dispersed over the embryo (stage 15 onwards), macrophages become competent to 

respond to wounding stimuli (Moreira et al., 2010) and undergo “random migration”, a 

process driven in part by cell-cell repulsion (Stramer et al., 2010). Two further migration-

dependent functions of these macrophages that require their polarisation and migration 

towards a specific target are clearance of apoptotic cells (efferocytosis) and responses to 

acute wound stimuli.  
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Apoptosis is the major form of programmed cell death in multicellular organisms (Fuchs and 

Steller, 2011; Galluzzi et al., 2012) and rapid efferocytosis is required to prevent secondary 

necrosis, a highly pro-inflammatory event that can lead to subsequent tissue damage 

(Degterev and Yuan, 2008; Ariel and Ravichandran, 2016). Failures in efferocytosis are linked 

to a range of disease pathologies in humans, particularly those associated with chronic 

inflammation, including atherosclerosis and chronic obstructive pulmonary disease (Eltboli et 

al., 2014; Morioka et al., 2019). The recruitment of macrophages to apoptotic cells is 

mediated by a family of chemoattractants released as part of the apoptotic cell death 

program and collectively referred to as “find-me” cues (Ravichandran, 2003). While find-me 

cues have been extensively studied in mammals, e.g., ATP or sphingosine-1-phosphate 

(Lauber, 2003; Elliott et al., 2009), the identity of such signals remains unknown in 

Drosophila. Drosophila embryonic macrophages also undertake polarised migration when 

responding to tissue damage (Stramer et al., 2005). This process requires the generation of 

reactive oxygen species (Razzell et al., 2013; Evans et al., 2015), resembling inflammatory 

responses in other model organisms, including zebrafish (Niethammer et al., 2009; Yoo et al., 

2011). Again, the precise nature of wound cues remains to be determined in flies. 

5.1.2 Epidermal growth factor signalling in Drosophila 

Recent evidence in Drosophila suggested that an epidermal growth factor (EGF) ligand 

homolog, Spitz, is secreted from midgut cells undergoing apoptosis. This facilitates 

recruitment of stem cells to replenish the cells in those apoptotic regions, thereby 

maintaining gut integrity (Liang et al., 2017). A chemoattractive role for EGF ligands is 

conserved across evolution with, amongst others, both human whole blood monocytes and 

border cells in the developing Drosophila oocyte shown to chemotax towards EGF ligands 

(Duchek and Rørth, 2001; Lamb et al., 2004). In contrast to mammalian EGF receptor 

signalling, which is composed of multiple heterodimeric ErbB receptors and ligands (Burgess 

et al., 2003; Citri and Yarden, 2006), Drosophila possess only a single EGF receptor (Torpedo). 

Torpedo is activated by several partially redundant ligands (Spitz, Vein, Keren and Gurken) 

that are expressed in a tissue-specific manner (Price et al., 1989). In both flies and humans, 

secretion of active EGF ligands is tightly regulated via activation of the proteolytic enzymes 

Rhomboid (Shilo, 2016) and ADAM17 (Scheller et al., 2011; Rose-John, 2013). During 

Drosophila development, Spitz is ubiquitously expressed. However, the key processing 
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enzyme Rhomboid is expressed in a tissue-specific pattern, including by the cells of the 

ventral midline (Tomancak et al., 2007; Frise et al., 2010). This post-translational control 

enables spatial specificity of action, for instance the role of Spitz in development of the 

midline glia (Raz and Shilo, 1992). The combined evolutionary and developmental evidence 

suggested to us that Spitz might have a role as a chemoattractant regulating Drosophila 

macrophage behaviour. 

 

I hypothesised that EGF signalling, and most likely Spitz, can act as a macrophage 

chemoattractant during Drosophila embryogenesis and may play a role in efferocytosis, 

either as an apoptotic find-me cue or as a modulator of macrophage behaviour. In this 

chapter, I have used tissue-specific expression of two active variants of the EGF ligand Spitz 

to investigate how high levels of EGF signalling can alter the migration and function of 

Drosophila macrophages in vivo.  

5.2 Results 

5.2.1 Screening for EGF activity using disruption of eye development 

Of the four cardinal EGFR activating ligands, all except Vein are produced as inactive pro-

peptides (Price et al., 1989; Reich and Shilo, 2002). To understand if active EGF signalling 

does alter macrophage function, it was necessary to first identify which ligands/transgenic 

constructs were biologically active. To do so, eyeless-GAL4 (Hazelett et al., 1998) was used to 

drive the misexpression of several EGF pathway components in the developing Drosophila 

compound eye, with changes in eye-shape and size taken as a marker of proliferative activity 

(Freeman, 1996; Lyko et al., 1999). Several proteins were tested via misexpression: these 

included signalling apparatus, such as the EGFR receptor and a dominant negative variant 

(EGFR and  EGFRDN), and constitutively active (RasV12) and dominant negative (RasN17) variants 

of Ras85D (Buff et al., 1998; Frise et al., 2010; Pérez et al., 2017), ligand processing 

components, such as Star and Rasp (Kolodkin et al., 1994; Miura et al., 2006) and the ligands 

themselves: Spitz (mSpitzCS, sSpitzCS and Spitzsec), Keren, Vein and Gurken (Ghiglione et al., 

2002; Donaldson et al., 2004; Brown et al., 2007; Steinhauer et al., 2013; Adrain and 

Freeman, 2014; Kim et al., 2017). 
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Significant eye tissue overgrowth (“rough eye”) was observable in adults expressing 

Ras85DN17 or sSpitzcs (Figure 5.1A-C), with a reduction in eye-area also noted (Figure 5.1D). 

Unexpectantly, several of experimental genotypes appeared to be partially or completely 

lethal with a severe reduction or complete lack of hatched adults: this included both 

protease-independent variants of Spitz (sSpitzCS and Spitzsec) as well as signalling components 

EGFR and Ras85DV12 (Figure 5.1D). There also appeared to be a degree of sex-specificity as 

Ras85DN17 and sSpitzCS were only male lethal.  

 

These results suggested that the non-regulated variants of Spitz (sSpitzCS and Spitzsec) were 

biologically active (Figure 5.1). Since Spitz is the most widely tissue expressed ligand in 

Drosophila, it was chosen going forward as the best candidate for testing embryonic 

macrophage responses to EGF. Lethal phenotypes are indicative of overexpression activity as 

the eyeless enhancer element is known to have a role in neuronal development, a process 

that is highly sensitive to EGF signalling (Hazelett et al., 1998). The variation between 

phenotypes in males and females was unexpected, suggesting some degree of sex-specificity 

in the activity of these ligands, although at what stage in the life cycle this occurs would 

require additional experimentation.  
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Figure 5.1 – Identification of active UAS lines through eye-specific proliferation assay 

(A-C) Representative brightfield still images of female adult Drosophila expressing EGF 
signalling components under the control of the eyeless-GAL4 enhancer element. Example 
“rough eye” phenotypes are shown for control flies (A) and flies expressing the dominant 
negative variant RasN17 (B) and the unregulated, non-palmitoylated variant of Spitz (sSpiCS) 
(C). Scale bar denotes 0.2mm. (D) Scattergraphs showing the quantification of eye 
phenotypes as a measure of total eye area. Statistics were performed using a 1-way ANOVA 
between sex-matched controls. Note that several genotypes appeared partially lethal with 
minimal progeny hatching (male flies expressing Rasv12 or EGFR) and no adults hatched 
expressing Spitzsec. Significant loss in area was observed in adult female flies expressing 
RasN17 and sSpitzCS (p<0.0001 for both genotypes). Statistical significance is reported as **** 
= p<0.0001; absence of a bar denotes lack of a significant difference compared to control 
(p>0.05).   Genotypes and n numbers were as followed: w;ey-GAL4/+ (female and male 
control, n=13, 16 for males and females respectively), w;ey-GAL4/UAS-rasv12 (Rasv12 , n=1 
male, 0 female), w;ey-GAL4/UAS-mSpitzCS (mSpiCS, n=16 males), w;ey-GAL4/+;UAS-Spitzsec 
(Spisec, n=0 due to lethality), w;ey-GAL4/UAS-EGFR (EGFR, n=2), w;ey-GAL4/UAS-Keren (Krn, 
n=14 males), w;ey-GAL4/UAS-Rasp (Rasp, n=14 males), w;ey-GAL4/UAS-Star (Star, n=16 
males), w,UAS-RasN17;ey-GAL4/+ (RasN17 n=14 female), w;ey-GAL4/UAS-Vein (Vn, n=18 males), 
w;ey-GAL4/UAS-Gurken (Grk, n=16 males), w;ey-GAL4/UAS-argos;UAS-argos/+ (Aos, n=9 
males) , w;ey-GAL4/UAS-EGFRDN;UAS-EGFRDN/+ (EGFRDN, n=16 males). 
 

5.2.2 Spitz alters the morphology and migration dynamics of Drosophila embryonic 

macrophages 

Given the role of Drosophila EGFs in regulation of border cell migration in the oocyte and 

stem cell migration in the midgut (Duchek and Rørth, 2001; Liang et al., 2017), I hypothesised 

that Spitz may also regulate macrophage behaviour in the developing Drosophila embryo. 

Since Spitz requires proteolytic cleavage for activation, two constituently-active variants of 

Spitz were used: Spitzsec and sSpitzCS (Ghiglione et al., 2002; Miura et al., 2006). In contrast to 

wild-type Spitz, these variants do not require cleavage via Rhomboid for their activation and 

secretion. Additionally, sSpitzCS lacks a post-translational palmitoylation modification that 

normally restricts diffusion of wild-type ligand via interactions with plasma membranes 

(Miura et al., 2006). Comparison of these variants also enables investigation of how the 

diffusion properties of Spitz contribute to alterations in macrophage behaviour. 

Consequently, we expressed these Spitz variants specifically in macrophages to provide a 

local source of this growth factor, imaging fluorescently-labeled macrophages within 

developing embryos.  
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Given that Spitz is a pro-proliferative factor in Drosophila (Kim et al., 2017), total macrophage 

counts were performed to test if Spitz overexpression altered haematopoiesis rates and gross 

macrophage dispersal. Embryos with macrophages expressing the nuclear marker Red 

Stinger and either sSpitzCS or Spitzsec were imaged laterally at stage 13 and 15 with ventral 

images also taken to assess ventral midline (VML) dispersal (Figure 5.2A-F). Quantification of 

the number of macrophages on the ventral midline at stage 15 showed no differences in the 

ability of macrophages to disperse over the embryo in the presence of either Spitz variant 

(Figure 5.2G-G’) nor any difference in total macrophage numbers (Figure 5.2H). Observations 

at stage 13 also confirmed that there was not a delay in macrophage dispersal due to Spitz 

release pre-dispersal (data not shown). 

 

The initial findings showed that developmental dispersal of macrophages was grossly normal 

on expression of either sSpitzCS or Spitzsec, compared to controls at both stage 13 and stage 

15/16 (Figure 5.2). However, while macrophages were able to reach the ventral midline, the 

expression of Spitz appeared to alter their distribution, polarisation, and morphology in this 

region when these cells were imaged at higher resolution (Figure 5.3A).  
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Figure 5.2 – Macrophage-specific expression of Spitz does not alter developmental dispersal 

or total numbers of macrophages in the embryo 

(A-F) Lateral images showing developmental dispersal of macrophages at stage 13 (A-C) and 
stage 15/16 (D-F) in controls (A, D) and in the presence of macrophage-specific expression of 
sSpiCS (B, D) or Spisec (C, E). (G-G’) Scattergraphs showing number of macrophages per 
embryo on the ventral midline at stage 15 in controls and in the presence of macrophage-
specific expression of sSpiCS (n= 15, 17 embryos; p = 0.417 via an unpaired, two-tailed 
Student’s t-test) (G) or Spisec (n= 15, 18 embryos; p = 0.939 via an unpaired, two-tailed 
Student’s t-test) (G'). (H) Scattergraph showing number of macrophages per embryo at stage 
15 in the indicated genotypes. Number of Red Stinger (nuclear RFP) labelled macrophages 
scored per half of an embryo – imaged laterally from most superficial side to midline (n = 12 
control, 14 sSpiCS and 12 Spisec embryos; one-way ANOVA with a Dunnett’s post-test used to 
compare control group with Spitz embryos; control vs. sSpiCS p = 0.82, control vs. Spisec p = 

0.056). Scale bars denote 50m (A-F); ns denotes not significant; lines and error bars 
represent mean and standard deviation, respectively. Embryo genotypes are as follows: 
w;Srp-GAL4,UAS-GFP/+;Crq-GAL4,UAS-GFP/+ (control; A, D, G-G’), w;Srp-GAL4,UAS-GFP/UAS-
sSpitzCS;Crq-GAL4,UAS-GFP/+ (sSpiCS; B, E, G-G’), w;Srp-GAL4,UAS-GFP/+;Crq-GAL4,UAS-
GFP/UAS-Spitzsec (Spisec; C, F-G’), w;Srp-GAL4,UAS-red stinger/+;Crq-GAL4,UAS-red stinger/+ 
(control; H), w;Srp-GAL4,UAS-red stinger/UAS-sSpitzCS;Crq-GAL4,UAS-red stinger/+ (sSpiCS; H) 
and w;Srp-GAL4,UAS-red stinger/+;Crq-GAL4,UAS-red stinger/UAS-Spitzsec (Spisec; H). 
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Analysing the number of touching macrophages on the ventral midline showed that, while 

sSpitzCS-expressing macrophages displayed a “wild-type-like” distribution, Spitzsec significantly 

increased the number of macrophages contacting other macrophages, leading to the 

formation of cell clusters (Figure 5.3A-B’). It has previously been shown that overexpression 

of EGFR in larval blood cells drives their overproliferation, presumably via autoactivation of 

this receptor tyrosine kinase (Zettervall et al., 2004). Similarly, removal of a negative 

regulator of EGFR signalling (Graf) also leads to expansion of larval blood cells (Kim et al., 

2017). However, an increase in cell numbers cannot explain the clustering phenotype in the 

embryo (Figure 5.3A-B’), as we could not detect an increase in cell numbers on the ventral 

side of the embryo at stage 15 (Figure 5.3C-C’), nor was there an increase in overall numbers 

of macrophages in the embryo (Figure 5.2). This also suggests that, in contrast to the 

situation in larvae, EGFR signalling does not have the potential to drive macrophage 

proliferation in the embryo. To analyse changes in macrophage morphology in more detail, 

macrophage elongation was assessed by measuring the aspect ratio (AR) of the cell body: in 

the presence of either sSpitzCS or Spitzsec, macrophages were more elongated compared to 

control ls lacking expression of either variant (Figure 5.3A, D-D’). Additionally, macrophages 

also appeared to contain fewer vacuoles in the presence of Spitz, structures previously 

established to contain engulfed apoptotic cells that can be used as an indirect read-out of 

macrophage efferocytosis (Evans et al., 2013). Quantification of the numbers of vacuoles per 

cell showed that in the presence of Spitzsec, but not sSpitzCS, macrophages contained fewer 

vacuoles and likely fewer apoptotic cells (Figure 5.3E-E’). To assess if Spitz perturbed 

macrophage migration, macrophage movements (“random migration”) on the ventral 

midline of the embryo were tracked for 1 hour at stage 15 (Figure 5.3F). Expression of 

sSpitzCS increased macrophage random migration speeds, but no difference was seen on 

expression of Spitzsec (Figure 5.3G-G’). 
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Figure 5.3 – Spitz stimulates macrophage elongation, impairs efferocytosis and alters 

migration dynamics 

(A) Maximum projections of GFP-tagged macrophages on the ventral midline at stage 15 in 
control embryos and in embryos with macrophage-specific expression of sSpitzCS or Spitzsec; 
asterisk (∗) shows cluster of macrophages on midline; anterior is left. (B,B’) Scattergraphs 
showing degree of macrophage clustering via number of macrophage-macrophage contacts 
per embryo in the presence of sSpitzCS (B) (n = 16, 20; p = 0.0977) or SpitzSec (B’) (n = 38, 35; p 
< 0.0001). (C,C’) Scattergraphs showing number of macrophages in the ventral midline region 
(VML) per embryo at stage 15 in the presence of sSpitzCS (C) (n = 35, 43; p = 0.229) or Spitzsec 
(C’,D) (n = 73, 65; p = 0.247). (D,D’) Scattergraphs showing aspect ratio per macrophage per 
embryo in the presence of sSpitzCS (D) (n = 16, 18; p = 0.0018) or SpitzSec (D’) (n = 35, 34; p < 
0.0001). (E,E’) Scattergraphs showing average numbers of vacuoles per macrophage per 
embryo in controls in the presence of sSpitzCS (E) (n = 18, 18; p = 0.574) or Spitzsec (E’) (n = 
19, 19; p < 0.0001). (F) Maximum projections and macrophage tracking data of GFP-labelled 
macrophages on the ventral midline at stage 15 in control embryos and in embryos with 
macrophage-specific expression of sSpitzCS or Spitzsec; anterior is up. (G,G’) Scattergraphs of 
speed per macrophage per embryo over a 1-h period of random migration in controls and in 
the presence of sSpitzCS (G) (n = 15, 17; p = 0.0229) or Spitzsec (G’) (n = 15, 18; p = 0.858). 
Scale bars denote 10µm (A,F); lines and error bars represent mean and standard deviation on 
scattergraphs, respectively; significance bars denote ns p > 0.05, ∗p < 0.05, ∗∗p < 0.01, and 
∗∗∗∗p < 0.0001, respectively; statistical comparisons made via unpaired, two-tailed Student’s 
t-test (C,E,E’,G,G’) or Mann–Whitney test (B,B’,C’,D,D’). Embryo genotypes are as follows: w; 
Srp-GAL4,UAS-GFP/+; Crq-GAL4,UAS-GFP/+ (Control), w; Srp-GAL4,UAS-GFP/UAS-sSpitzCS; 
Crq-GAL4,UAS-GFP/+ (sSpiCS), w;Srp-GAL4,UAS-GFP/+;Crq-GAL4,UAS-GFP/UAS-Spitzsec (Spisec). 
 

Taken together, these results show that macrophage-specific expression of active Spitz alters 

macrophage elongation, induces clustering, and affects macrophage migration and 

phagocytosis in a variant-specific manner. The stimulation of macrophage elongation, 

clustering and increase in speed potentially indicates a role for Spitz as a macrophage 

chemoattractant, such as previously observed for border cells and gut stem cells in this 

organism (Duchek and Rørth, 2001; Liang et al., 2017). Alternatively, Spitz could operate as a 

chemokinetic molecule with a specific role in increasing migration speeds, though it is not 

clear how this might drive cluster formation. 
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5.2.3 Cleavage is necessary for Spitz-mediated regulation of macrophage behaviour 

To investigate whether release from the processing via Rhomboid is required for Spitz-

induced changes in macrophage behaviour, a membrane-bound variant was expressed in 

macrophages (mSpitzCS; Miura et al., 2006). Expression of mSpitzCS did not alter macrophage 

clustering, numbers of cells in the ventral region, their morphology, vacuolation or migration 

speeds on the ventral midline (Figure 5.4). Interestingly, expression of the Spitz-like ligand 

Keren, which is functionally redundant to Spitz is certain tissues (Brown et al., 2007) did show 

an increase in macrophage clustering (Figure 5.5), suggesting that some EGF effects are 

independent of cleavage.   

 

These results suggest that cleavage and release of Spitz from the plasma membrane are 

needed for induction of macrophage phenotypes and that these phenotypes are not a non-

specific consequence of overexpression of Spitz. However, the increase in clustering seen in 

Keren-expressing embryos suggests this regulation may not completely prevent EGF ligand 

activity.  



 136 

 

Figure 5.4 – Expression of a membrane-bound form of Spitz fails to induce changes in 

embryonic macrophage behaviour 

(A,A′) Representative images of GFP-labeled macrophages in control embryos (A) and 
embryos containing macrophages expressing mSpiCS-GFP (A′) on the ventral midline at stage 
15; mSpiCS-GFP macrophages appear more defined due to additional GFP expression due to 
the GFP tag that is part of the mSpiCS-GFP transgene; scale bars represent 10μm. (B–F) 
Scattergraphs showing number of macrophage-macrophage contacts per embryo to assay 
macrophage clustering (B) (n = 11, 13;p = 0.690), numbers of macrophages on the ventral 
midline (C) (n = 14, 17; p = 0.188), cell body aspect ratio per macrophage, per embryo (D) (n 
= 18, 14;p = 0.464), vacuoles per macrophage, per embryo € (n = 14, 13; p = 0.926) and 
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random migration speed in μm per minute (F) (n = 14, 17; p = 0.743) at stage 15 in controls 
and embryos with macrophage-specific expression of mSpitzCS. Lines and error bars represent 
mean and standard deviations on Scattergraphs respectively; significance bars denote p > 
0.05 (ns); statistical comparisons made via Mann–Whitney test (D) or unpaired, two-tailed 
Student’s t-test (B,C,E,F). Embryo genotypes are as follows: w; Srp-GAL4,UAS-GFP/+; Crq-
GAL4,UAS-GFP/+ (Control), w; Srp-GAL4,UAS-GFP/+; Crq-GAL4,UAS-GFP/UAS-mSpitzCS-GFP 
(mSpiCS ). 
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Figure 5.5 – Expression of a regulated EGF ligand Keren increases macrophage clustering but 

does not alter other behaviour during embryogenesis 

(A,A′) Representative images of GFP-labeled macrophages in control embryos (A) and 
embryos containing macrophages expressing Keren (A′) on the ventral midline at stage 15; 
scale bars represent 10μm. (B–F) Scattergraphs showing number of macrophage-
macrophage contacts per embryo to assay macrophage clustering (B) (n = 13, 20;p = 0.0005), 
numbers of macrophages on the ventral midline (C) (n = 11, 23; p = 0.0931), cell body aspect 
ratio per macrophage, per embryo (D) (n = 13, 20;p = 0.2790), vacuoles per macrophage, per 
embryo (E) (n = 13,20; p = 0.7771) and random migration speed in μm per minute (F) (n = 11, 
23; p = 0.5063) at stage 15 in controls and embryos with macrophage-specific expression of 
Keren. Lines and error bars represent mean and standard deviations on Scattergraphs 
respectively; significance bars denote p > 0.05 (ns); statistical comparisons made via 
unpaired, two-tailed Student’s t-test (B,C,D,E,F). Embryo genotypes are as follows: w; Srp-
GAL4,UAS-GFP/+; Crq-GAL4,UAS-GFP/+ (Control), w; Srp-GAL4,UAS-GFP/UAS-Keren; Crq-
GAL4,UAS-GFP/+ (Keren). 
 

5.2.4 Macrophages express EGFR and show increased ERK activity in the presence of 

Spitz 

While Spitz signalling through the EGFR (Torpedo) has been observed in larval macrophages 

(Kim et al., 2017), it has not been confirmed whether embryonic macrophages express this 

receptor. To test this, embryos expressing a GFP-tagged version of the EGFR protein (knocked 

into the endogenous EGFR locus; Revaitis et al., 2020) were fixed and stained for 

macrophages (anti-Fascin) and the EGFR-GFP (anti-GFP). The results found that embryos 

expressing EGFR-GFP did have visibly detectable levels of the receptor within macrophages at 

the stage 15 ventral midline compared to controls, and that this expression is consistent with 

the expected surrounding epithelial tissue expression (Figure 5.6A). While we were unable to 

confirm the presence of EGFR on live macrophages due to time-constraints, these data 

suggests that embryonic macrophages do indeed express EGFR.  

 

With macrophage expression of the EGFR confirmed, it was critical to show if the Spitz-

induced phenotypes observed in macrophages were the result of macrophage-specific EGFR 

activation. Canonical Spitz signalling occurs via the MAPK pathway following EGFR activation 

(Shilo, 2003, 2014). To assess if the phenotypes observed in macrophages expressing Spitz 

were the result of MAPK activity, embryos with macrophages expressing spitz were fixed and 

immunostained for the activated form of ERK: di-phospho-ERK (dpERK), a critical component 
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in the Drosophila embryonic MAPK pathway (Lim et al., 2015). The data shows that while 

there are high levels of dpERK even within macrophages in control embryos (Figure 5.6B), the 

presence of either sSpitzCS or Spitzsec enhances this read-out of EGFR activity within 

macrophages (Figure 5.6B’). These results suggest that the exogenous expression of Spitz 

does lead to the release of active Spitz into the local tissue area and the activation of MAPK 

signalling in surrounding cells.  To control for any non-specific genetic effects of the 

exogenous Spitz constructs or proteolytic stress in the macrophage, it was important to show 

that macrophages expressing exogenous Spitz were producing an intact peptide. To confirm 

that active Spitz was being produced, embryos with GFP-tagged macrophages expressing 

Spitzsec were fixed and immunostained for GFP (anti-GFP) and Spitz (anti-Spitz) (Figure 5.6C). 

The results show that macrophages expressing exogenous Spitz had significantly higher levels 

of Spitz immunostaining, suggesting that the exogenous protein was indeed being expressed 

within macrophages (Figure 5.6C’). It should be noted that only embryos expressing Spitzsec 

were tested as the only available antibody was raised against an epitope containing the 

palmitoylation region, rendering it inappropriate for the detection of sSpitzCS, which contains 

mutations in this region. 

 

Taken together, these results show that embryonic macrophages express EGFR and that the 

exogenous expression of Spitz does result in the generation of Spitz peptide, with increased 

MAPK activity occurring as a result within the macrophages. While this does not exclude the 

possibility of EGFR independent MAPK signalling, it confirms that the canonical pathway 

appears to be active in the observed phenotypes.  

 

 

 

 
 
 
 
 
 
 



 140 

 



 141 

Figure 5.6 – Embryonic Macrophages express EGFR and exogenous Spitz activates ERK 

signalling 

(A) Images of macrophages on the ventral midline at stage 15 in embryos containing GFP-
tagged EGFR (EGFR-sfGFP) under the control of its endogenous promoter and a control 
embryo lacking a modified EGFR locus. Embryos were immunostained for GFP (green in 
merge) and Fascin (magenta in merge) to reveal EGFR-sfGFP expression and identify 
macrophages, respectively; panels to the right of the merged images show contrast 
enhanced GFP channel. Scale bar denotes 5µm. (B) Images of single 0.1µm thick optical 
sections of GFP-labelled macrophages on the ventral midline at stage 15. Optical sections 
taken of embryos immunostained for GFP (green in merge) and activated ERK (DpERK; 
magenta in merge) to show macrophage localisation and as a read-out of EGFR activation, 
respectively. Top row shows control embryo; middle row shows overexpression of sSpiCS; 

bottom row shows overexpression of Spisec. Scale bars denote 5m; dotted magenta lines 
show edge of macrophages in DpERK channels. (B’) Scattergraph showing quantification of 
dpERK staining (total intensity per macrophage, per 𝝁m3, per embryo) in indicated genotypes 
(n = 3 embryos). Lines and error bars represent mean and standard deviation, respectively. 
Statistical analysis via one-way ANOVA with a Dunnett’s post-test used to compare control 
group with Spitz embryos; control vs. sSpiCS p = 0.0253, control vs. Spisec p = 0.0016). (C) 
Images of single 0.1µm thick optical sections of GFP-labelled macrophages on the ventral 
midline at stage 15. Optical sections taken of embryos immunostained for GFP (green in 
merge) and cleaved spitz (Spitzsec; magenta in merge) to show macrophage expression of 
UAS-Spitzsec. (C’) Scattergraph showing quantification of anti-Spitz staining (total intensity per 
macrophage, per mm3, per embryo) in indicated genotypes (n = 6 embryos). Lines and error 
bars represent mean and standard deviation, respectively. Statistical analysis via a 2-tailed 
Student’s t-test to compare control group with Spitz embryos; control vs. Spisec p = 0.0135). 
Significance values are denoted as  ∗p < 0.05 and ∗∗p < 0.01 respectively. Genotypes were as 
followed: w; EGFR-sfGFP and w1118 (A) and w;Srp-GAL4,UAS-GFP/+ ; Crq-GAL4,UAS-GFP/UAS-
Spitzsec (B-C). 
 

5.2.5 Tissue-specific release of Spitz alters macrophage localisation and vacuolation 

Under normal developmental conditions, macrophages may not be the source of activated 

Spitz within the embryo. To test if the effect of Spitz on macrophages was not due to 

macrophage specific expression, Spitz was expressed in an alternative tissue that 

macrophages encounter during their dispersal. Thus, sSpitzCS or Spitzsec were expressed in 

several regions in a tissue-specific manner: the developing heart, a structure called the dorsal 

vessel, using TinC-GAL4, a driver derived from the enhancer region of Tinman (Lo and Frasch, 

2001), the embryonic salivary gland, using Fkh-GAL4, a driver derived from the fork head 

enhancer region (Henderson and Andrew, 2000), and the embryonic anal-pads, using 

VT45229-GAL4, an Vienna tiling array reporter identified to be active in the anal pad tissue 

(Kvon et al., 2014). We hypothesised that misexpression of Spitz in these tissues would alter 
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macrophage morphology and behaviour, enabling us to determine whether cell-autonomous 

expression was necessary for the effects of Spitz expression and confirm our previous results 

using macrophage-specific expression. 

 

Tinman encodes a transcription factor expressed across the early embryonic mesoderm 

before becoming restricted to the progenitor heart and lateral visceral muscles by stage 15 

(Bodmer, 1993). During development, clusters of cardiocytes begin to form the dorsal vessel, 

which is then colonised by migrating macrophages (Figure 5.7A). Embryos with LifeAct-

labelled cardiocytes expressing either sSpitzCS or Spitzsec were mounted dorsally and imaged 

at the most-medial point of the developing dorsal vessel and compared to controls lacking 

Spitz expression (Figure 5.7B-B’); macrophages were labelled using the SrpHemo-3X-mCherry 

reporter construct (Gyoergy et al., 2018). The presence of either sSpitzCS or Spitzsec appeared 

to inhibit phagocytic uptake of apoptotic cells, since dorsal vessel-associated macrophages 

contained significantly fewer vacuoles compared to controls (Figure 5.7C-C’), consistent with 

phenotypes achieved using macrophage-specific expression of Spitz. Quantification of 

macrophage dispersal showed that the presence of Spitzsec, but not sSpitzCS altered the total 

numbers of macrophages recruited to this dorsal region (Figure 5.7D-D’). To assess local 

macrophage recruitment, numbers of dorsal vessel-associated macrophages were quantified: 

expression of Spitzsec but not sSpitzCS decreased the number of dorsal vessel-associated 

macrophages (Figure 5.7E-E’). The reduction in macrophages at the dorsal vessel in the 

presence of Spitzsec would appear counterintuitive to the hypothesis that Spitz may operate 

as a macrophage chemoattractant, however TinC-GAL4 also drives expression in regions 

lateral to the dorsal vessel (Azpiazu and Frasch, 1993) (asterisk in Figure 5.7A) and this may 

be responsible for recruitment of macrophages away from the dorsal vessel. Interestingly, 

the observed phenotypes corroborate the loss of apoptotic clearance by macrophages in the 

presence of Spitz at the ventral midline but are more obvious with sSpitzCS driving this 

phenotype.  

  



 143 

 



 144 

Figure 5.7 – Expression of Spitz in the developing fly heart alters macrophage localisation and 

vacuolation 

(A–B’’) Maximum projections of dorsal side of stage 15 embryos showing the dorsal vessel 
(labeled using TinC-GAL4,UAS-LifeAct; green in merge) and associated macrophages (labeled 
via SrpHemo-3X-mCherry) in controls (A,B) and embryos with TinC-GAL4 mediated expression 
of sSpitzCS (B’) or Spitzsec (B’’). Anterior is right; asterisk (∗) denotes TinC-GAL4 driven 
expression in lateral regions away from the dorsal vessel. (C,C’) Scattergraphs of vacuole 
counts per macrophage in controls and in the presence of dorsal vessel-expressed sSpitzCS (C) 
(n = 24, 22; p < 0.0001) or Spitzsec (C’) (n = 27, 18; p = 0.0020). (D,D’) Scattergraphs of the 
total number of macrophages present in the field of view at the dorsal face in controls and in 
the presence of dorsal vessel-expressed sSpitzCS (D) (n = 14, 19; p = 0.497) or SpitzSec (D’) (n = 
15, 14; p = 0.0170). (E,E’) Scattergraphs of the number of macrophages contacting the dorsal 
vessel in controls and in the presence of dorsal vessel-expressed sSpitzCS (E) (n = 14, 18; p = 
0.221) or SpitzSec (E’) (n = 14, 21; p = 0.0312). Scale bars denote 20µm (A) and 10µm (B–B’’); 
lines and error bars represent mean and standard deviation on scattergraphs, respectively; 
significance bars denote ns p > 0.05, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗∗p < 0.0001, respectively; 
statistical comparisons made via a Mann–Whitney test (C,D) or unpaired, two-tailed 
Student’s t-test (C’,D’,E,E’). Embryo genotypes are as follows: w;; TinC-GAL4,UAS-LifeAct, 
SrpHemo-3X-mCherry/+ (Control), w;+/UAS-sSpitzCS; TinC-GAL4,UAS-LifeAct, SrpHemo-3X-
mCherry/+ (sSpiCS) and w;;TinC-GAL4,UAS-LifeAct, SrpHemo-3X-mCherry/UAS-Spitzsec (Spisec). 
 

Forkhead is a developmental transcription factor that is expressed during embryogenesis in 

the Drosophila salivary gland from stage 10 onwards within the secretory cell population 

(Andrew et al., 2000; Chandrasekaran and Beckendorf, 2003). During the developmental 

dispersal, macrophages colonise the surrounding tissue and can be observed in contact to 

the gland lobes (Figure 5.8A). Since forkhead-GAL4 was used to express Tdtomato and Spitz 

in the salivery gland, macrophages were labelled using the globular actin-binding domain of 

Moesin fused to GFP (GMA) (Dutta et al., 2002) under the control of Serpent (SrpGMA). Due 

to technical limitations in assessing macrophage numbers associated with the gland (tissue 

depth and low SrpGMA fluorescence makes microscopy of the region difficult), it was not 

possible to accurately assess macrophage-salivary gland association. Since macrophages 

migrate proximal to the salivary gland during their dispersal, the stage 13 ventral midline was 

used as a proxy to screen for reductions in macrophage numbers that might be indicative of 

Spitz mediated chemoattraction towards the salivary gland. Imaging of the stage 13 VML 

showed no obvious differences in macrophage dispersal (Figure 5.8B) and quantification of 

the number of macrophages in the ventral region showed no differences between control 

embryos and embryos expressing spitz in the salivary gland (Figure 5.8B’).  
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The embryonic rectum and anal pads are formed during the development of the wider hind-

gut organ (Lengyel and Iwaki, 2002) and are located at the posterior of the developing 

embryo. VT45229 is an enhancer fragment that was identified as part of the Vienna Tiling 

array (VT) screen (Kvon et al., 2014), with expression occurring from stage 13 onwards in the 

anal pads. This tissue was chosen as a source of Spitz as it has a small, defined structure (i.e., 

may act as a point source) and local macrophages with the potential to be recruited. To 

assess macrophage recruitment to the anal pads, cell counts were performed in control 

embryos and embryos expressing Spitzsec from the anal pads (Figure 5.8C). To assess 

macrophage recruitment to the anal pads, the number of macrophages present within 

100μm of the posterior embryo were counted. Cell counts showed no significant difference 

in the number of macrophages associated with the anal pad (Figure 5.8C’). 

 

Taken together these results suggest that the phenotypes seen with Spitz-secreting 

macrophages is not intrinsic and is likely due the activity of Spitz, independent of the source 

of Spitz. While expression of Spitz from the dorsal vessel disrupted dispersal and 

efferocytosis, salivary gland and anal pad assays did not show increased macrophage 

recruitment. The reason for the differences in recruitment may be related to what extend 

macrophages are able to infiltrate the tissue and at which point in development the assay 

was conducted e.g., weather developmental dispersal signals are still active.  

 

While evidence of chemotactic effects of Spitz from other tissues was mixed, the consistent 

reduction of efferocytosis in macrophages exposed to Spitzsec at the ventral midline and 

dorsal vessel drove us to examine how Spitz affects apoptotic cell-macrophage interactions in 

more detail. 
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Figure 5.8 – Spitz secretion from the Salivary gland and anal pad does not affect macrophage 

dispersal 

(A) 1µm thick single z-slice of the stage 13 embryonic ventro-lateral anterior showing the 
development of the salivary gland (labeled via tdTomato) and colonisation of the tissue by 
macrophages (labeled via SrpGMA, *) with the corresponding merged image. Anterior is up, 
scale bar denotes 20µm. (B) 1µm thick single z-slice of the embryonic ventral midline of stage 
15 embryos showing macrophages (labelled via SrpGMA) in controls and embryos with Fkh-
GAL4 mediated expression of Spitzsec. Anterior is right, scale bars denote 10µm. (B’) 
Scattergraph of total number of ventral macrophage counts per embryo in controls and in 
the presence of salivary gland derived Spitzsec (n = 14, 9; p = 0.159). (C) Maximum projections 
of ventral side of stage 15 embryos showing the anal pads (labeled using VT45229-GAL4,UAS-
LifeAct; green in merge) and associated macrophages (labeled via SrpHemo-3X-mCherry; 
magenta in merge) in controls and embryos with VT45229-GAL4 mediated expression of 
Spitzsec. Anterior is up, scale bars denote 10µm, region of interest is annotated on the 
merged image (white box). (C’) Scattergraphs of the total number of macrophages present 
within 100µm of the embryonic posterior = in controls and in the presence of anal pad-
expressed Spitzsec (n = 15, 12; p = 0.824). Lines and error bars represent mean and standard 
deviation on scattergraphs, respectively; lack of significance bars denote not significant, 
p>0.05. Statistical comparisons made via unpaired, two-tailed Student’s t-test. Embryo 
genotypes are as follows: w;SrpGMA; Fkh-GAL4,UAS-t-d-Tomato/+ (Control), w;SrpGMA;Fkh-
GAL4,UAS-t-d-Tomato/UAS-Spitzsec (Spisec), w;;VT45229-GAL4,UAS-LifeAct, SrpHemo-3X-
mCherry/+ (Control), w;;VT45229-GAL4,UAS-LifeAct, SrpHemo-3X-mCherry/UAS-Spitzsec 
(Spisec). 
 

5.2.6 Spitz exposure reduces efferocytic capacity of macrophages 

Expression of Spitz in macrophages or the dorsal vessel induced a loss of vacuoles assumed 

to contain apoptotic cells within macrophages on the ventral midline or dorsal surface, 

respectively, suggesting that Spitz can interfere with efferocytosis. It is also possible that 

expression of this growth factor alters overall levels of apoptosis in the developing embryo, 

such that there are fewer corpses for macrophages to clear. Therefore, to address the effects 

of Spitz on apoptotic cell clearance, embryos with or without macrophage-specific expression 

of either sSpitzCS or Spitzsec were immunostained for the cleaved form of the Drosophila 

caspase DCP-1 (cDCP-1), used as a proxy for apoptotic cells (Song et al., 1997b) (Figure 5.9A-

A’’). To quantify the efficiency of efferocytosis, we manually counted the total number of 

cDCP-1 punctae on the ventral side of the embryo at stage 15 and calculated the proportion 

of these engulfed by macrophages. Macrophage-specific expression of either Spitz variant did 

not alter the total numbers of apoptotic cells in these regions compared to control embryos 

(Figure 5.9A-B). This suggests that Spitz does not inhibit apoptosis of surrounding cells, nor 
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does it cause a dramatic build-up of apoptotic corpses due to the reduction in engulfment by 

macrophages. As per the analysis of macrophage vacuolation (Figure 5.3E-E’), there was a 

decrease in the relative efficiency of apoptotic cell clearance specific to the expression of 

Spitzsec, with a lower proportion of cDCP-1 punctae present within macrophages in this 

genotype (Figure 5.9C). The reduction of efferocytosis in macrophages in the presence of 

Spitzsec was associated with an expected increase in the number of non-engulfed (uncleared) 

apoptotic cells (Figure 5.9D). 

 

To check that the decrease in vacuoles and cDCP-1 punctae was not a consequence of more 

rapid phagosome maturation, acidification of phagosomes was investigated using lysotracker 

staining (Figure 5.10A). As per cDCP-1 staining, there was a significant decrease in the 

number of acidified phagosomes in the presence of Spitzsec but not sSpitzCS, compared to 

controls (Figure 5.10B). Importantly, there was no difference in the sizes of lysotracker-

positive phagosomes between experimental conditions (Figure 5.10C), suggesting it is not the 

case that phagosomes mature and fuse at a faster rate in the presence of Spitz. 

 

These data therefore support the idea that less apoptotic cell clearance is being carried out 

by macrophages in the presence of Spitz, but without the consequence of large changes in 

the number of cells undergoing cell death or remaining uncleared by phagocytes. That these 

phenotypes were again specific to Spitzsec reinforces the idea that differences between these 

two Spitz variants is due to the loss of the palmitoyl modification on sSpitzCS, which may 

prevent this variant from signalling in some contexts. Having established that Spitzsec alters 

the efficiency of macrophage-mediated efferocytosis in addition to morphology, I sought to 

establish if Spitz was able to disrupt macrophage chemotaxis to non-developmental stimuli. 
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Figure 5.9 – Spitz impairs macrophage-mediated apoptotic cell clearance 

(A) Maximum projections of the ventral region of stage 15 embryos immunostained for 
cleaved DCP-1 (cDCP-1; magenta in merge) and GFP (green in merge). Control embryos (A) 
were compared with embryos in which sSpitzCS (A′) or Spitzsec (A′′) were specifically expressed 
in macrophages. (B) Scattergraph showing the total numbers of cDCP-1 positive punctae 
present within the ventral field of view per embryo (B) (n = 16, 13, 14; p = 0.265 and p = 
0.519 for comparison of control vs. sSpiCS and control vs. Spisec, respectively). (C) Scattergraph 
showing efficiency of apoptotic cell clearance/efferocytosis (percentage of cDCP-1 punctae 
engulfed by macrophages per field of view, per embryo, normalized according to numbers of 
macrophages in the field of view; n = 16, 13, 13; p = 0.994 and p = 0.0125 for comparison of 
control vs. sSpiCS and control vs. Spisec, respectively). (D) Scattergraph showing average 
number of cDCP-1 punctae not engulfed by macrophages per field of view, per embryo (n = 
16, 13, 14; p = 0.142 and p = 0.0386 for comparison of control vs. sSpiCS and control vs. Spisec, 
respectively). Scale bars denote 10μm; lines and error bars represent mean and standard 
deviation on scattergraphs, respectively; significance bars denote not significant (ns) p > 0.05, 
and ∗ p < 0.05, respectively; all statistical comparisons made via one-way ANOVA with a 
Dunnett’s post-test. Embryo genotypes are as follows: w; Srp-GAL4,UAS-GFP/+;Crq-
GAL4,UAS-GFP/+ (Control), w;Srp-GAL4,UAS-GFP/UAS-sSpitzCS;Crq-GAL4,UAS-GFP/+ (sSpiCS) 
and w;Srp-GAL4,UAS-GFP/+;Crq-GAL4,UAS-GFP/UAS-Spitzsec (Spisec). 
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Figure 5.10 – Spitz does not alter phagosome volume in macrophages 

(A) Images of macrophages (green in merge) with acidified phagosomes labeled using 
lysotracker red (magenta in merge) at stage 15 on the ventral midline in genotypes indicated. 
(B) Scattergraph showing numbers of lysotracker-positive punctae per macrophage, per 
embryo in the presence and absence of Spitz expression (n = 16, 11, 14; p = 0.678 and p = 
0.0009 for comparison of control vs. sSpiCS and control vs. Spisec, respectively). (C) 
Scattergraph showing average volume of lysotracker-positive phagosomes per macrophage, 
per embryo in the presence and absence of Spitz expression (n = 10, 7, 8; p = 0.873 and p = 
0.284 for comparison of control vs. sSpiCS and control vs. Spisec, respectively). Scale bars 
denote 10μm; lines and error bars represent mean and standard deviation on scattergraphs, 
respectively; significance bars denote nsp > 0.05, and ∗∗∗p < 0.001, respectively; all statistical 
comparisons made via one-way ANOVA with a Dunnett’s post-test. Embryo genotypes are as 
follows: w;Srp-GAL4,UAS-GFP/+;Crq-GAL4,UAS-GFP/+ (Control), w;Srp-GAL4,UAS-GFP/UAS-
sSpitzCS;Crq-GAL4,UAS-GFP/+ (sSpiCS) and w;Srp-GAL4,UAS-GFP/+;Crq-GAL4,UAS-GFP/UAS-
Spitzsec (Spisec). 
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5.2.7 Spitz exposure dampens wound responses in macrophages in a distance-

dependant manner 

Drosophila embryonic macrophages exhibit robust wound responses by polarising towards 

and then migrating to sites of tissue damage (Stramer et al., 2005). These cells are refractile 

to wounding stimuli prior to late stage 14 due to persisting developmental signals, although 

they are still able to chemotax towards and engulf cells undergoing apoptotic cell death at 

this point in development (Moreira et al., 2010). This suggests that a hierarchy between 

different signals and that the integration of those signals can impact wound responses. 

Therefore, to address the effects of Spitz on inflammatory responses to injury, controls and 

embryos containing macrophage-specific expression of sSpitzCS or Spitzsec were laser 

wounded on the ventral surface of the embryo at stage 15 and the subsequent responses of 

GFP-labelled macrophages imaged (Figure 5.11A). One-hour post wounding, there was a 

significant reduction in the macrophage wound response (number of macrophages at the 

wound divided by wound area, normalised to the control average) in the presence of either 

Spitzsec or sSpitzCS compared to controls (Figure 5.11A-B’). As previously, cleavage of Spitz 

appears necessary to induce changes in macrophage behaviour, since expression of a 

membrane-bound form of Spitz (mSpitzCS) failed to impact macrophage recruitment to 

wounds (Figure 5.11B’’). The decrease in wound responses was paralleled by a decrease in 

the percentage of cells present in the field of view prior to wounding that are able to respond 

to injury for Spitzsec but not sSpitzCS (Figure 5.11C-C’), again highlighting the stronger effect of 

this variant. 

 

Given the lack of a dramatic change in the numbers of apoptotic cells in the embryonic 

environment on expression of Spitz (Figure 5.9), it seems unlikely that distraction of 

macrophages by apoptotic cells (e.g., as observed in Roddie et al., 2019) accounts for this 

phenotype. Instead, a loss of sensitivity to wound signals at more distal sites, where wound 

cues may be weaker, could explain why a smaller proportion of macrophages respond. 

Therefore, to assess whether the loss of responses from regions further away from the 

wound site explained the reduction in numbers of macrophages reaching wounds, the 

distances of non-responsive macrophages from wound edges was measured. There were no 

differences in these measurements when sSpitzCS and control embryos were compared 
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(Figure 5.11C). However, the average distances of non-responding macrophages from the 

wound were significantly lower in the presence of Spitzsec compared to controls (Figure 

5.11D’) – i.e., more macrophages further away from the wound fail to respond in the 

presence of Spitzsec compared to those within controls. Therefore, a loss recruitment of more 

distal macrophages to wound sites in the presence of Spitzsec contributes to impaired wound 

responses. The variation between the reduction in macrophages at the wound but not a 

corresponding reduction in percentage recruitment in sSpitzCS embryos may be due to a 

failure in the recruitment of distal macrophages to the wound.  

 

In conclusion, the impairment of macrophage inflammatory responses in the presence of 

either Spitzsec or sSpitzCS highlights the capacity of this molecule to regulate a range of innate 

immune behaviours that depend on efficient polarisation and migration in the developing 

Drosophila embryo. The fact that Spitz specifically impacts the recruitment of more distal 

macrophages to wound sites would indicate it modulates or overrides the ability of these 

important cells to sense or respond to those signals produced at wound sites or by apoptotic 

cells. 
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Figure 5.11 – Spitz impairs macrophage wound responses 

(A) Maximum projections showing images of GFP-labeled macrophages on the ventral 
midline region in controls and in embryos containing macrophages expressing sSpitzCS or 
Spitzsec; upper panels show stage 15 embryos immediately prior to wounding; lower panels 
show corresponding embryo 1-h post wounding. (B–B’’) Scattergraphs showing macrophage 
wound responses (number of macrophages responding to the wound normalized to wound 
area and to control responses) in controls and embryos with macrophage-specific expression 
of sSpitzCS (B) (n = 16, 14; p = 0.0020), Spitzsec (B’) (n = 24, 19; p = 0.0160), or mSpitzCS (n = 9, 
10; p = 0.406). (C,C’) Scattergraphs showing percentage of macrophages responding to 
wound per embryo (% of those in the field of view that reach the wound) per embryo for 
control embryos compared to embryos with macrophage specific-expression of sSpitzCS (C) (n 
= 12, 12; p = 0.159) or Spitzsec (C’) (n = 19, 18; p = 0.0105). (D,D’) Scattergraphs showing 
average distance from the wound edge (immediately prior to wounding) of those 
macrophages that fail to respond, per embryo, for control embryos compared to embryos 
with macrophage specific-expression of sSpitzCS (D) (n = 12, 8; p = 0.678) or Spitzsec (D’) (n = 
16, 12; p = 0.0421). Scale bars denote 10µm; lines and error bars represent mean and 
standard deviation on scattergraphs, respectively; significance bars denote not significant 
(ns) p > 0.05, ∗ p < 0.05, and ∗∗ p < 0.01, respectively; statistical comparisons made via a 
Mann–Whitney test (B’,B’’,D,D’) or an unpaired, two-tailed Student’s t-test (B,C,C’). Embryo 
genotypes are as follows: w;Srp-GAL4,UAS-GFP/+;Crq-GAL4,UAS-GFP/+ (Control), w; Srp-
GAL4,UAS-GFP/UAS-sSpitzCS;Crq-GAL4,UAS-GFP/+ (sSpiCS), w;Srp-GAL4,UAS-GFP/+;Crq-
GAL4,UAS-GFP/UAS-Spitzsec (Spisec) and w;Srp-GAL4,UAS-GFP/+;Crq-GAL4,UAS-GFP/UAS-
mSpitzCS-GFP (mSpiCS). 

5.3 Discussion 

Here we show for the first time that the Drosophila epidermal growth factor pathway 

modifies immune cell function in the developing embryo, representing a new cue regulating 

the behaviour of this organism’s macrophages in vivo. De-regulated release of Spitz disrupts 

macrophage migration, induces elongation, and perturbs the ability of macrophages to 

respond to wounds and clear apoptotic cells. The experiments presented herein have 

undergone peer review and been published in Tardy et al. (2021). In this study, two variants 

of protease-independent Spitz with different diffusion properties were used to assess the 

role of Spitz as a macrophage chemoattractant in the Drosophila embryo. Surprisingly, 

macrophage phenotypes varied according to the Spitz isoform used, suggesting different 

physical properties of this cue can influence macrophage behaviour in subtle ways. These 

phenotypic differences are summarised below in Figure 5.12 
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Table 5.1 – Summary of de regulated spitz phenotype differences 

5.3.1 Spitz as a chemoattractant and its possible mechanisms of action 

Two non-mutually exclusive scenarios may explain how Spitz alters macrophage morphology 

and speed: regulation of macrophage chemotaxis by Spitz, which causes an override of 

endogenous signals, and/or reprogramming of macrophages to different activation states 

with different migratory and morphological characteristics. EGF ligands can function as 

chemoattractants in a number of situations: human EGF and the Drosophila EGF ligand 

Gurken regulate monocyte chemotaxis and Drosophila border cell migration, respectively 

(Duchek and Rørth, 2001; Lamb et al., 2004), while Spitz was itself identified as a stem cell 

attractant released by Drosophila midgut cells undergoing apoptosis (Liang et al., 2017). We 

found that, in the presence of Spitz, macrophages on the ventral midline became more highly 

polarised and migrated at greater speeds (sSpitzCS specifically). The changes in cell shape 

could be indicative of a chemotactic response towards a gradient (Sarris and Sixt, 2015), 

through enhanced formation or stabilisation of a cell’s leading edge, or may be the result of 
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macrophage reprogramming events that have previously been linked to morphological 

distinctions between pro-inflammatory and anti-inflammatory macrophages (McWhorter et 

al., 2013). Single-cell RNA-sequencing studies have shown that blood cell populations may be 

more complicated in Drosophila than previously anticipated (Cattenoz et al., 2020; Cho et al., 

2020; Tattikota et al., 2020). At present these approaches are limited to larval stages, 

although recent work suggests that subpopulations of functionally-distinct macrophages may 

also exist in the developing fly embryo (Coates et al., 2021). The expression of Spitz under the 

control of TinC-GAL4 corroborated midline efferocytosis defects and revealed that 

macrophage-specific expression was not necessary for an impact on this behaviour. The 

reduction in the numbers of macrophages at the dorsal vessel on expression of Spitzsec is 

possibly the result of distal TinC-GAL4 activity within the lateral visceral muscles (Bodmer, 

1993) attracting macrophages away from this tissue. Again, the fact that Spitzsec, but not 

sSpitzCS altered macrophage recruitment potentially reflects the stronger phenotypes 

obtained with Spitzsec, which may in turn relate to the differences in diffusion of these two 

variants (see below). 

5.3.2 Spitz as a potential apoptotic-derived find-me cue 

EGF signalling can block apoptosis through its action as pro-survival signal (Henson and 

Gibson, 2006) and can also stimulate compensatory proliferation (Fogarty and Bergmann, 

2017). However, Spitz expression did not dramatically alter the total number of apoptotic 

cells in vivo but did impair clearance by macrophages. This may reflect reprogramming to an 

activation state that is less efficient at engulfing dying cells, since the capacity to clear 

apoptotic cells can vary across macrophage subpopulations in some organisms (Zizzo et al., 

2012).  

 

Alternatively, chemotaxis towards Spitz or signal integration mechanisms may impair 

detection of apoptotic corpses – if Spitz represents a chemoattractant it may distract 

macrophages from their clearance duties (e.g., towards each other leading to clustering or 

increased migration speeds). Intriguingly, Spitz and human EGF share similar processing and 

secretion mechanisms to a known find-me cue for apoptotic cells, Fractalkine (Sokolowski et 

al., 2014). Both Fractalkine and EGFs require activation via caspase-regulated proteases – 

Rhomboid and ADAM-17, respectively (Rose-John, 2013; Liang et al., 2017). The changes in 
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macrophage shape and their responses to stimuli that are induced by Spitz, and the 

similarities in how Spitz and other find-me cues are secreted, raises the potential role of Spitz 

as a chemoattractant used in the “find-me” phase of efferocytosis (Ravichandran, 2003). High 

levels of this cue may therefore interfere with detection of apoptotic cells (i.e., signals from 

apoptotic cells are “drowned out” by misexpressed Spitz), though considerably more work 

would be required to establish Spitz as a find-me cue. Furthermore, these experiments are 

not straightforward given the role of EGF signalling in midline development (Golembo et al., 

1996) and the fact that disruption of that process blocks macrophage dispersal (Paladi and 

Tepass, 2004; Evans et al., 2010a). 

 

Similarly, we have shown that the presence of Spitzsec or sSpitzCS, inhibits the ability of 

macrophages to respond to wounding stimuli. Uncleared apoptotic cells can impair wound 

responses in the developing embryo (Roddie et al., 2019). However, since no substantial 

changes in overall levels of apoptosis were detected in the presence of either Spitz variant, 

nor did SpitzCS expression impact efferocytosis on the ventral midline, we do not favour the 

explanation that uncleared apoptotic cells undermine macrophage inflammatory responses 

to injury in this context. Instead impairment of wound responses may result from 

competition between Spitz and the damage-associated molecular signals released at wound 

sites (Koh and DiPietro, 2011), or macrophage reprogramming as discussed above. Indeed, 

our results showed that Spitz prevented more distal macrophages from responding to the 

wound, supporting the idea of competing chemotactic gradients as opposed to a general 

reprogramming of macrophages that results in desensitisation to wound signals. This 

disruption of macrophage responses may be specific to regions of the embryo more distal to 

wound sites, as wound signals may be present at lower concentrations in those 

environments. 

5.3.4 Effect of post-translational modification on Spitz function 

The phenotypic differences observed between Spitzsec and sSpitzCS likely reflect the absence 

of a palmitoyl group in the latter (Miura et al., 2006). Palmitoylation is known to increase 

tethering of ligands at the plasma membrane post-secretion (Salaun et al., 2010). 

Additionally, mutation in the palmitoylation site of signalling proteins is known to alter cell-

cell signalling, e.g., Fas-mediated cell death (Guardiola-Serrano et al., 2010), and significantly 
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reduce diffusion speed of ligands (Sowa et al., 1999). This may allow sSpitzCS to diffuse 

further from its source, forming shallower gradients over longer distances. In contrast, 

Spitzsec would remain more highly concentrated at its source leading to steeper gradients 

over a shorter range. This potentially explains why Spitzsec can drive macrophage clustering 

between neighbouring macrophages and effect larger changes in macrophage AR and 

vacuolation and why sSpitzCS may impair inflammatory migration further away from wound 

sites. Shallower, more long-range gradients may enable increased migration speeds with 

sSpitzCS, whereas Spitzsec promotes clustering more locally. While our initial screen in using 

ey-GAL4 confirmed the effects of Spitz, there is no current reason to restrict these effects to 

this ligand alone without further experimentation with Rhomboid processing ligands e.g., 

secreted Gurken.  

5.3.5 Future work and COVID-19 impact 

Due to disruption resulting from the COVID-19 pandemic, there were several experiments 

that had to discontinued. Chief among these were genetic complementation experiments 

using the dominant negative variant of EGFR to confirm that the phenotype seen in 

macrophages in the presence of Spitz were in fact the result of EGFR activation and not 

working through an indirect mechanism. Initial experiments were conducted to rescue the 

macrophage secreted spitz phenotypes using UAS-EGFRDN (Buff et al., 1998), however despite 

PCR validation of construct it was not possible to confirm dominant negative activity in the 

ey-GAL4 proliferation screen discussed earlier. In addition, it would be useful to confirm 

downstream effects of EGFR signalling such as the release of the Spitz sequestering  protein 

Argos (Jin et al., 2002). Further experimentation would be required to study the role of Spitz 

as an apoptotic derived find me cue. The use of EGF component loss of function mutants 

such as Spitz1 (Rutledge et al., 1992) or RhomboidVE-1 (Sturtevant et al., 1993) would allow for 

the role of Spitz in efferocytosis to be further examined by assaying apoptotic clearance of 

cells unable to secrete active Spitz. To confirm if Spitz is acting to polarise macrophages into 

specific sub-types, it would be useful to test the effect of Spitz secretion on macrophage 

labelled using the VT array e.g., to see if macrophages exposed to Spitz undergo changes in 

enhancer element expression and if so, what affect this might have on their behaviour. 
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5.3.6 Conclusions 

Taken together, these results show that Spitz can alter macrophage migration and functional 

responses to wounds and apoptotic cells during Drosophila development. These processes 

are important immune cell behaviours that can become dysregulated in a diverse array of 

human conditions including cancer, atherosclerosis, and chronic inflammatory conditions. 

These results therefore have clear implications for our understanding of the role that EGF 

ligands play during development and in the progression of chronic inflammation. 

Furthermore, these findings have implications and relevance to therapeutic strategies that 

seek to interfere with EGF signalling – indeed, targeting the EGF pathway shows promise as a 

therapeutic strategy in models of chronic inflammation (Qu et al., 2012; Omachi et al., 2017; 

Rahman et al., 2019). Future work will establish the exact mechanisms of actions via which 

Drosophila EGFs regulate macrophage function and whether these functions are conserved 

through evolution. 

 

 

 

 

 

 

 

 

 

 



 160 

Chapter 6 - Final discussion 

6.1 Project summary and discussion 

The aims of this thesis were to examine the regulation and dynamics of apoptotic cell 

clearance using Drosophila as an in vivo model and to optimise the use of ex vivo primary cell 

culture to understand signalling prioritisation. This project took the form of three distinct 

experimental strands: using novel fluorescence tools in Drosophila to study the dynamics of 

apoptotic progression and efferocytosis in real time (chapter 4); challenging MDMs with 

apoptotic derived signals to understand how signals are prioritised (chapter 5); and using 

Drosophila to evaluate the chemotactic potential of EGF signalling during development 

(chapter 6).  

 

Each line of inquiry has yielded interesting and novel data related to the conserved function 

of efferocytosis. Live imaging of efferocytosis using GC3Ai caspase reporters confirmed the 

value of these tools compared to contemporary methods and has shown that embryonic 

efferocytosis by macrophages is not guaranteed, with dying cells seen to undergo a variety of 

different outcomes. While initial optimisation proved arduous, I was able to optimise the use 

of Ibidi µ-slide chemotaxis chambers for use with monocyte derived macrophage (MDMs) 

and showed that the presence of apoptotic find me cues did indeed dull the migration of 

MDMs towards pro-inflammatory stimuli (C5a). Screening for novel find-me cues in 

Drosophila led us to EGF signalling, with Spitz now shown to be able to modulate Drosophila 

embryonic macrophage function and migration in vivo. 

6.1.1 Live imaging of caspase dynamics underlines the complexity of efferocytosis in 

Drosophila 

To understand the relationship between caspase activation and the recruitment of 

macrophages in the Drosophila embryo, the genetically encoded caspase reporter GC3Ai was 

used (Schott et al., 2017). All of the known find-me cues are either directly or indirectly 

dependent on the activation of caspases to initiate their release (Ravichandran, 2010): 
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by measuring caspase dynamics during apoptosis and the subsequent behaviour of local 

macrophages, I sought to assess the timescales and ranges required for efferocytosis and 

thereby elucidate the potential properties of the active find-me cues (chapter 4) 

 

Validation experiments confirmed that GC3Ai was suitable for assaying apoptotic death and 

had comparable sensitivity to other contemporary methods both ex-vivo (cDCP-1 

comparison) and in vivo (AO and Apoliner). These experiments showed that the ubiquitous 

expression of GC3Ai had a higher sensitivity for apoptotic cells compared to anti cleaved 

caspase staining (cDCP-1) and had the key advantage of single-channel imaging over AO and 

Apoliner live methods.  

 

Imaging of efferocytosis during embryogenesis found that apoptotic cells within the ventral 

midline region appeared to undergo three distinct outcomes which were associated with 

caspase activation patterns. These outcomes were described as: efferocytosis, wherein a 

short caspase activation period was rapidly followed by engulfment of the apoptotic cell by 

migratory macrophages; transient caspase activation, observed as a brief increase in caspase 

activity and the development of apoptotic morphology followed by a loss of cell blebbing and 

decrease of caspase activity; and disassembly, characterised by a rapid increase in caspase 

activity followed by the collapse of the cell and release of suspected membrane exosomes.  

 

The speed at which macrophages responded to apoptotic cells that were engulfed (>20 

minutes) is informative to what find-me cues may be active at this point in embryogenesis. 

The time-frame largely negates the possibility of apoptosis induced de novo translation 

(Bushell et al., 2006), suggesting that any released cues are already present within the dying 

cell in an inactive or controlled form. This could point to either the activation of find-me cue 

processing enzymes such as Shpk2 or ADAM17 (Gude et al., 2008; Rose-John, 2013) or the 

“venting” of molecules present at high concentrations within the dying cell e.g. Pannexin-1 

cleavage and cytoplasmic ATP/UTP externalisation (Chekeni et al., 2011; Qu et al., 2011; 

Penuela et al., 2013).  The identity of any release cues could be further examined in several 

ways. To assay the activation of cues via caspase activated enzymes, fluorescent artificial 

substates could be expressed in conjunction with GC3Ai. The expression of probes against 

nucleotides e.g. ATP-reporters (Tsuyama et al., 2013) would allow for the relative level of 
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nucleotides to be assessed during apoptosis, giving an indication of any substantial caspase 

linked release.  

 

Tracking of apoptotic outcomes found that, despite the relative abundance of local 

macrophages within the ventral epithelia, several apoptotic cells did not undergo 

efferocytosis via macrophages. The structural disassembly of dying cells has been recognised 

as a distinct apoptotic process (Atkin-Smith and Poon, 2017; Caruso and Poon, 2018). While it 

would appear that the release of membrane vesicles into the extracellular space is 

independent of efferocytosis, it is known that such exosomes can contain a variety of 

bioactive molecules (Norling and Dalli, 2013) and may interact with immune cells to facilitate 

sub-type modulation or enhance the efferocytic response. 

 

The presence of cells that appear to undergo transient caspase activation could be indicative 

of two processes: transient caspase activation (anastasis) or efferocytosis via adjacent non-

professional phagocytes. Anastasis has been identified as a “abort program” for apoptosis, 

with cells showing the initial stages of death (detachment, blebbing, caspase activity etc.) 

before recovering through the upregulation of pro-survival genes (Tang et al., 2012; Sun et 

al., 2017). This process has been observed to occur during Drosophila embryogenesis and 

could explain the presence of these transient caspase active cells (Sun et al., 2017). The 

clearance of dying cells in Drosophila by non-professional phagocytes has been observed to 

occur in both the ovary and CNS (Han et al., 2014; Serizier and McCall, 2017): while it could 

therefore be the case that these cells are indeed being eaten by their neighbours e.g. 

adjacent epithelial or glial cells present in the VNC, there is provisional evidence that such 

non-professional phagocytosis occurs on a longer timescale (hours) to what has been 

observed here (Parnaik et al., 2000). 

 

Several assays could be conducted to further elucidate the relationship between caspase 

activity and efferocytosis. While the data presented here has largely focussed on the stage 

13-15 embryonic ventral midline as a region of interest, it would important to assay the 

progression of apoptosis in other contexts, such as within the ventral nerve cord where glia 

process apoptotic cells (Armitage et al., 2020). In addition, while this thesis has tested the 

effectiveness of GC3Ai in the Drosophila embryo, these reporters have been validated by tool 
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developers for use in other Drosophila life-stages: it would be of interest to see if the 

observations made in the embryo translate into larval or adult Drosophila which have distinct 

haematopoiesis and immune processes such as sessile macrophages (Lanot et al., 2001). 

 

The results of this chapter have several implications for our understanding of in vivo 

efferocytosis. In healthy tissues, efferocytosis has been viewed as a rapid process that 

requires the removal of apoptotic cells prior to the onset of secondary necrosis 

(Ravichandran, 2003); the data presented here suggests that during Drosophila 

embryogenesis at least, apoptotic clearance by macrophages makes up only a part of the 

efferocytic response, although the rapid nature of macrophage-apoptotic cell engulfment 

does support the idea of find-me cues being highly prioritised. The combined used of 

macrophage markers with cystolic caspase reporters has allowed for the direct visualisation 

of efferocytosis within the developing embryo, a process which appears to occur in a distinct 

mechanical fashion dissimilar to the phagocytic cup formation typically observed when 

macrophages engulf other targets such as bacteria.  

6.1.2 Ex vivo migration chambers can be used to investigate how macrophages 

prioritise apoptotic cell signals 

The rapid removal of dying cells in vivo had led to the idea that find me cues are highly 

prioritised signals that are able to override other migratory cues to ensure efferocytosis and 

prevent secondary necrosis. To study the existence and structure of this proposed signalling 

hierarchy, ex-vivo monocyte derived macrophages (MDMs) were challenged with 

chemoattractants using the Ibidi µ-slide micro-fluidic migration chamber (chapter 5). 

 

After initial issues surrounding the viability of MDMs, the transfer methods were eventually 

optimised and MDMs were successfully generated in culture and adhered within the 

migration chamber. Initial attempts to induce migration to established chemokines fMLP and 

MCP-1 failed to illicit a response, however the use of human recombinant C5a at 20nM 

produced a robust chemotactic effect on MDMs. Given that fMLP and MCP-1 have been 

extensively shown to induce chemotaxis at the tested concentrations (Schiffmann et al., 

1975; Audran et al., 1996), it is possible that the transfer procedure altered the receptor 

expression pattern of the MDMs. There are changes that could be made to the transfer 
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technique that might mitigate against short-term alterations in receptor expression. For 

example, the time between seeding and the migration assay was kept relatively short (~45 

minutes) in line with manufacturers instruction and increasing this may allow the cells to 

better equilibrate.  Although given the small volume of culture medium in the chamber (6µl), 

media may be lost due to evaporation, making this challenging. Alternatively, monocytes 

could be directly seeded into the Ibidi chamber and differentiated in situ, although this has 

not been established by others and would require considerable optimisation.  

 

To assess the chemotactic potential of find me cues, apoptotic neutrophils were aged to 

produced apoptotic supernatant (ASN) for use in chemotaxis experiments (Renshaw et al., 

2003). Interestingly, our results found that ASN alone was not able to induce the migration of 

MDMs. There are several explanations for this lack of response: the concentration of aged 

neutrophils used (5 million cells mL-1 ) produced a relatively dilute concentration of find-me 

cues that were not within the detection threshold of MDMs; MDMs are not responsive to the 

find-me cues released by neutrophils; the time-scales of apoptosis via neutrophil aging (22 

hours at 37oC/5% CO2) leads to the degradation of the majority of the find-me cues present 

within the ASN (especially potentially unstable nucleotide tri-phosphates). The first option 

can be easily tested by increasing the ratio of aging neutrophils to media to produce a higher 

concentration ASN. To address the relationship between cell type and ASN, it would be useful 

to use other cell types that have been used  for the generation of ASN e.g. cells lines 

including AsPC-1 or W3 (Nishimura et al., 2001; Yamaguchi et al., 2014) or another primary 

cell model such as germinal centre B-cells (Segundo et al., 1999). While the aging procedure 

has been shown to produce consistent apoptotic cultures, the use of more rapid apoptotic 

induction techniques could be used to produce ASN in a short period e.g., the addition of 

pro-apoptosis drugs such as staurosporine or via exposure to ultraviolet radiation (Schlatter 

et al., 2009; To et al., 2016). 

 

The results showed that while ASN in of itself did not produce a chemoattractive response, 

the saturation of MDMs with ASN prior to challenge did blunt their migratory response 

towards a directional gradient of 20nM C5a. This suggested that ASN was able to alter the 

migratory behaviour of MDMs, although this may be the result of either find-me cue 

competition with C5a or the modulation of the MDM sub-type via ASN to a C5a insensitive 
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phenotype. One potential reason for this response is the presence of RP-S19 within the ASN, 

a find-me cue peptide derived from the ribosomal machinery that is known to bind the C5a 

receptor (Revollo et al., 2005; Choesmel et al., 2007; Yamamoto, 2007; Filip et al., 2009). To 

test if this were the case, RPS-19 presence would need to be confirmed via western blotting 

of ASN combined with MDM treatment with ASN depleted of RPS-19. While this effect could 

be the result of direct chemotactic competition between ASN constituents and C5a, it is 

known that find-me cues are able to reprogram immune cells towards an anti-inflammatory 

phenotype (Bours et al., 2006; Kolb and Martinez, 2016). This modulation could reduce the 

relative expression of the C5aR on MDMs, thereby preventing them from responding to the 

C5a gradient proper. RNAseq analysis of MDMs treated with ASN could be used to assess 

changes in gene expression and better define any phenotypic shift.  

 

To control for the non-apoptotic effects of ASN addition to MDMs, the pan-caspase inhibitor 

Q-VD-OPh was added to aging neutrophils. The results showed that while ASN + Q-VD-OPh 

(ANN) treatment did not inhibit the MDM response to C5a, but nor did it is rescue migration 

to control levels. Given that non-apoptosis caspase activity has been implicated in cell 

migration (Gdynia et al., 2007; Li et al., 2007; Barbero et al., 2008), it was postulated that the 

presence of Q-VD-OPh within ASN may be acting to inhibit MDM migration independently of 

find-me cues. Treatment of MDMs with Q-VD-OPh confirmed that the drug was indeed 

inhibiting the migration of MDMs, although this is likely not specific to C5a and instead a 

general loss of motility through disruption of caspase activity.  

 

In summary, while there were initial optimisation issues relating to culture conditions and the 

validation of chemoattracts, the results show that MDMs can be used in the Ibidi µ-slide 

microfluidic chamber, and this assay can be used to understand how find-me cues released 

from apoptotic cells are prioritised in multi-signal environments.  

6.1.3 Epidermal growth factor as an immuno-chemoattractant in Drosophila  

One of the aims of this project was to examine the role of epidermal growth factor signalling 

on the Drosophila immune system during embryogenesis. This was driven by previous reports 

that showed EGF ligands were chemoattractive in Drosophila and humans in certain tissues 

(Duchek and Rørth, 2001; Lamb et al., 2004; Liang et al., 2017). Since EGFs are critical for the 
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proper development of the Drosophila embryo, we sought to understand if and how it 

interacts with the developing immune system (Schweitzer et al., 1995; Golembo et al., 1996; 

Buff et al., 1998; Spencer et al., 1998; Yogev et al., 2008). 

 

Overexpression of EGF signalling during Drosophila embryogenesis showed that the cardinal 

Drosophila EGF ligand, Spitz, did have some impact on the migration and function of 

embryonic macrophages in vivo. While we were unable to firmly conclude a chemotactic 

effect of Spitz, the phenotypes exhibited by macrophages in the presence of Spitz (increased 

clustering, changes in migration speeds, cell body elongation) are all indicative of changes in 

migration dynamics. In addition, our results showed that in the presence of Spitz, 

macrophages had a reduced capacity to clear apoptotic cells and respond to wounds, 

suggesting either a modulation in macrophage sub-type or the presence of a competing 

chemoattractant, i.e., Spitz.  

 

The loss of effective efferocytosis was of particular interest as Spitz is known to be released 

from apoptotic cells as part of the compensatory proliferative response that is activated in 

response to apoptosis (Ryoo et al., 2004; Fan et al., 2014; Fogarty and Bergmann, 2017; Liang 

et al., 2017) and shares similar processing mechanism to certain members of the “find me 

cue” group of apoptotic derived chemoattractants. The release of find-me to facilitates 

efferocytosis has been well studied in mammalian systems (Ariel and Ravichandran, 2016). 

These cues are structurally diverse, with lipoprotein, small peptides and nucleotides all 

implicated in the recruitment of phagocytes to apoptotic cells (Lauber, 2003; Truman et al., 

2008; Chekeni et al., 2011). Of note, the mammalian find-me cue Fractalkine shares similar 

secretory mechanism to Spitz: The generation of active Fractalkine or Spitz require 

proteolytic cleavage by metalloprotease enzymes (ADAM17 and Rhomboid respectably), 

proteases that are tightly regulated and appear to become active during apoptosis as a result 

of caspase activity (Chalaris et al., 2007; Liang et al., 2017).  

 

Since find-me cues are thought to be highly prioritised, the loss of efferocytosis in spitz-

secreting macrophages suggests that Spitz is either preventing macrophages from registering 

find me cues, altering macrophages phenotypes resulting in a reduced efferocytotic capacity 

or Spitz is acting as a pro-survival signal and is directly suppressing local apoptosis through. 
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cDCP-1 and lysotracker red staining showed that apoptotic levels and macrophage 

phagosome processing remains intact, largely ruling out decreased apoptosis as a causative 

factor in these phenotypes. Given that the release of Spitz has been shown to occur in dying 

gut cells, it would seem unlikely that it would act to reduce the efferocytic capacity of 

macrophages since it is probably acting in concert with pro-recruitment find-me cues 

released by the same cell. This leaves competition between Spitz and other find-me cues as 

the most viable explanation for the observed macrophage phenotypes, although there are 

several experiments that would be required to confirm this.  

 

To confirm that Spitz is acting as a find-me cue during Drosophila embryogenesis, several 

conclusions would first need to be drawn from other experiments. Firstly, we would need to 

establish that Spitz is being released by apoptotic cells during embryogenesis. One way to 

detect this would be the detection of active rhomboid within apoptotic cells; this assay could 

be conducted via co-immunostaining for apoptotic cells (cDCP-1/GC3Ai) and activated spitz 

(anti-Spitz) or rhomboid (antibodies not currently available). Alternatively, the induction of 

apoptosis in cultured S2 cells could be used to show if dying cells lead to enriched Spitz in the 

culture media. If Spitz is confirmed to be released during apoptosis, it would be important to 

show that there is a loss of efficient efferocytosis in embryos lacking proper spitz secretion. 

Due to the developmental functions of Spitz, the use of ubiquitous knockouts via RNAi or 

genomic deficiency would likely be unsuitable. Using GAL4 driven siRNA or dominant 

negative variant of Spitz processing e.g., siRNA against Rhomboid, it would be possible to 

remove proper Spitz processing in a tissue specific manner and compare efferocytosis rates. 

In addition, using GC3Ai in concert with these methods, it would be possible to track the role 

of Spitz in efferocytosis in real time and screen for defects in recruitment, binding or 

processing of apoptotic cells within macrophages. 

6.1.4 Perspectives for future work 

While the work presented within each chapter of this thesis stand as they are, there is great 

potential for the combination of these techniques, some of which was planned prior to the 

COVID-19 pandemic.  
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Since GC3Ai can be used to during live imaging, I planned to use the reporter in conjunction 

with Spitz mis expression to better assess the defective efferocytosis phenotypes that were 

observed (DCP-1; Figure 5.9): this approach might have allowed us to assess if the presence 

of Spitz altered macrophage recruitment or the engulfment of apoptotic cells, which in turn 

would have shed light on potential mechanisms e.g., if Spitz was acting in a chemoattractive 

manner or somehow reducing the macrophages ability to bind apoptotic cells. While the 

work presented here suggests a role for Spitz as a macrophage chemoattractant, this 

evolutionary conservation of this activity could be confirmed by translating these 

experiments into human models using the Ibidi µ-slide chemotaxis assay optimised for use 

with MDMs. Previous experiments have been shown to human EGF can attract macrophages 

ex vivo (Lamb et al., 2004). Using the C5a challenge system described previously (chapter 4), 

MDMs challenged with C5a could be treated with ASN with or without the addition of ErBB 

inhibitors such as Gefitinib (Rahman et al., 2019). If apoptotic derived EGF was present and 

playing a chemoattractive role, the loss of EGFR activity in MDMs may result in the loss in the 

potential of ASN to reduce migration towards C5a. 

6.1.5 Limitations and caveats of this study 

In this study we have utilised Drosophila melanogaster as a model organism, and specifically 

the mid-stages of embryogenesis (stages 12-15). While this stage is ideal for the study of 

embryonic macrophage function, it should be noted that the later life-stages of Drosophila 

(Larvae, Imago/adult) have distinct hematopoietic processes and macrophage mobility (Lanot 

et al., 2001). The motility of macrophages could have implications on how efferocytosis is 

conducted and thus is it important to be aware of these differences. For several assays 

including macrophage random migration, wounding and tracking of apoptosis, the ventral 

epithelial midline has been used as a region of interest. The main reason for this is that 

structure and macrophage dispersal in this region is stereotypical and thus easily screened 

for phenotypic change. While this region is useful for understanding macrophage migration 

dynamics, there are alternative models including the pupal notum that could be used to 

assay apoptosis in a monolayered tissue (Valon et al., 2021). 

 

For ex vivo migration experiments, MDMs were used as a cell model for tissue resident 

macrophages that typically perform efferocytosis in vivo. Due to the requirement for initial 
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optimisation of MDMs for use in the Ibidi u-slide, a 2D model was used. While this was 

sufficient to assay the prioritisation of different chemoattractants, it should be noted that in 

vivo, tissue resident macrophages will be present in an extracellular matrix which will 

feedback into mobility by presenting different adhesion factors as well as mechanical 

properties such as stiffness and porosity (Wolf et al., 2013). 

6.1.6 Conclusion 

In this thesis, I have investigated the process of efferocytosis and the role of find me cues 

using a combined model organism and primary cell culture approach. The results of this 

thesis have added to our understanding of efferocytosis as a conserved biological process 

and how it plays a role in the function of the immune system. Using novel apoptosis 

reporters, I have found a relationship between the caspase levels within cells and their 

behaviour in vivo. In addition, by using these reporters in conjunction with macrophage labels 

it has been possible to image and dissect the efferocytosis process in real time. Building on 

previous observations on EGF, the results of the effect of Spitz on macrophages has provided 

evidence that Spitz is chemoattractive and a possible member of the find me cue family. 

Finally, I have optimised the use of the microfluidic Ibidi µ-slide chamber for use with MDMs 

and developed a novel assay for competing chemoattraction. 
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Appendix 

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. 

 

DNA digestion buffer: 4890µl MQ H2O + 50µl 1M Tris-cl pH 8.2 + 10µl 0.5M EDTA + 25µl 5M 

NaCl + 25µl 20mg/ml Proteinase K. 
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