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Abstract 
 

Perturbed macrophage function can cause or exacerbate a wide variety of diseases, therefore 

understanding how the function of macrophages is controlled is of great importance. Recent 

studies in Drosophila have shown that increased numbers of engulfed apoptotic cells within 

macrophages inhibit their migration - an important aspect of macrophage behaviour that is 

fundamental to their function. Furthermore, the phagocytosis of apoptotic cells is known to have 

an anti-inflammatory effect on macrophages and aids in the resolution of inflammation. 

Therefore apoptotic cells are clearly able to regulate the function and behaviour of 

macrophages, however the mechanisms by which they exert these effects are incompletely 

understood.  

Utilising the Drosophila embryo, which contain a population of blood cells known as 

hemocytes that are functionally and biochemically similar to vertebrate macrophages, it is 

possible to study the regulation and behaviour of these cells in vivo. Hemocytes are highly 

migratory cells, and upon wounding of the epithelium they rush to the site of injury, mimicking 

the vertebrate immune response. By genetically altering the number of apoptotic cells for 

hemocytes to clear in the embryo, we can dissect the molecular mechanisms involved in their 

regulation of hemocyte function. 

Pathological levels of apoptosis were found to inhibit hemocyte inflammatory migrations to 

wounds, as well as reducing the speed at which they migrate, which were found to be due to 

defects in apoptotic cell clearance. We also show a role for some of the known apoptotic cell 

receptors in Drosophila during hemocyte inflammatory migrations to wounds, and highlight a 

previously unidentified role for the apoptotic cell receptors Scab and Simu in hemocyte 

retention at sites of inflammation. We propose that this may be due to defects in macrophage 

adhesion at wounds, and may also be due to the defective phagocytosis of cellular debris at 

wounds in simu mutants. 
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Chapter 1: Introduction 
 

 

The removal of apoptotic cells, cells that have been instructed to die because they are 

unnecessary, diseased or injured, is an important process throughout development and in tissue 

homeostasis (Poon et al. 2014). Apoptotic cells that are not swiftly cleared may progress to 

secondary necrosis, whereby the cell membrane breaks open and the contents of the cell spills 

into the surrounding environment, stimulating an immune response (Elliott and Ravichandran 

2010). Furthermore, the accumulation of uncleared apoptotic cells can cause chronic 

inflammation and can eventually lead to autoimmunity (Poon et al. 2014; Szondy et al. 2014). 

The clearance of apoptotic cells is carried out by phagocytes, which can be ñprofessionalò such 

as macrophages, or ñnon-professionalò tissue-resident cells such as glia.  

 

Macrophages are highly motile leukocytes that, along with apoptotic cell clearance, have a 

range of important functions such as the deposition of extracellular matrix, engulfment of 

pathogens and cellular debris, and play a part in both the initiation and resolution of 

inflammation (Murray and Wynn 2011). As such, perturbed macrophage function can cause or 

exacerbate a wide variety of diseases such as rheumatoid arthritis, chronic inflammation, cancer 

and lupus (Kinne et al. 2007; Li et al. 2010; Pollard 2004). It is therefore of great importance 

and potential benefit to understand how macrophage function is regulated. 

 

The clearance of apoptotic cells is known to induce an anti-inflammatory phenotype in 

macrophages and aids in the resolution of inflammation (Szondy et al. 2017; Huynh et al. 2002; 

Valerie A. Fadok et al. 1998; Voll et al. 1997). Recent studies have also shown that apoptotic 

cells are capable of reducing the migratory capability of macrophages in vivo, an important 

aspect of their function (Berg et al. 2016; Evans et al. 2013). However how apoptotic cells 

affect macrophage function and behaviour in vivo is incompletely understood. Using the 

Drosophila embryo as a model organism I will explore the relationship between apoptotic cell 

clearance and macrophage function in vivo, and attempt to identify the mechanisms by which 

apoptotic cells control macrophage migration. 



 2 

1.1 Drosophila embryonic hemocytes as a model to study 

macrophage biology in vivo 

 

The fruit fly Drosophila melanogaster has played an important role in the development of our 

understanding of embryonic patterning and morphogenesis. It is also a well-established, 

genetically tractable model used to study the innate immune system (Lemaitre and Hoffmann 

2007). In addition to a systemic innate immune response Drosophila possess a cellular arm, 

which consists of three main types of blood cells: crystal cells, which are required for 

melanisation, lamellocytes that encapsulate invading parasites, and plasmatocytes ï the 

Drosophila equivalent of vertebrate macrophages, hereafter referred to simply as hemocytes 

(Crozatier and Meister 2007). Hemocytes have diverse functions within the organism that are 

similar to those of vertebrate macrophages (Wood and Jacinto 2007), one of their main roles 

being the detection and removal of apoptotic cells. Hemocytes also phagocytose invading 

pathogens, with hemocytes making up the entire cellular arm of the fly innate immune system, 

and are also capable of engulfing cellular debris at sites of injury or damage (Stramer et al. 

2005). The similarity of hemocytes to vertebrate macrophages is demonstrated by their 

specification, which involves molecules related to those used in vertebrate myeloid lineages 

(Evans et al. 2003). For example, hemocyte specification involves the transcription factor 

Serpent, which is a homolog of mammalian GATA factors (Lebestky et al. 2000). Hemocytes 

also express many molecules related to those used in vertebrate myeloid cells such as 

Croquemort and Draper (Franc et al. 1996; Freeman et al. 2003) members of the CD36 and 

CED-1 families respectively. Hemocytes are also morphologically similar to vertebrate 

macrophages. 

 

 

1.1.1 Hemocyte specification  

 

Drosophila possess three different types of blood cells ï crystal cells, lamellocytes and 

hemocytes which are all formed from the same precursors. Hemocytes are first specified in the 

head mesoderm of the embryo at around stage 11 of embryonic development (Tepass et al. 

1994). At this stage, the transcription factor serpent (srp), which is a homolog of mammalian 

GATA transcription factors, is expressed in this area of the embryo and is required for 

haematopoesis (Rehorn et al. 1996).  The expression of srp is in turn required for the expression 

of the AML-1 homolog lozenge (lz), which is a marker for the crystal cell lineage (Lebestky et 

al. 2000). However, it is the expression of the transcription factor glial cells missing (gcm) in 

hemocytes downstream of srp that causes their differentiation into macrophages (Lebestky et al. 

2000; Bernardoni et al. 1997). An additional and related transcription factor, gcm2, is also 
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required in the differentiation of macrophages from hemocytes, and together with gcm is 

required for the expression of the hemocyte-specific gene croquemort (crq) (Alfonso and Jones 

2002). Aside from the initial wave of haematopoesis in the embryo, haematopoesis also occurs 

in both the larval haematopoetic pockets and the lymph gland (Jung et al. 2005; Lanot et al. 

2001; Gold and Brückner 2014), but have only recently been reported to occur in the adult 

(Ghosh et al. 2015). In larval haematopoetic pockets, embryonic-derived macrophages self-

replicate in segmentally repeated patches associated with peripheral neurons (Makhijani et al. 

2011). In contrast, in the lymph gland hemocyte precursors (prohemocytes) are maintained and 

are capable of differentiating into all three Drosophila blood cell types (Gold and Brückner 

2014; Jung et al. 2005). 

 

 

1.1.2 Hemocyte migration  
 

A fundamental feature of macrophages essential to their proper functioning is an ability to 

migrate, and more specifically to respond appropriately to cues and move, or chemotax, towards 

areas where they are required; an attribute conserved in the highly dynamic Drosophila 

hemocytes. Hemocytes are highly migratory and respond to a variety of cues in vivo, including 

PDGF/Vegf homologs used to direct their developmental dispersal (Heino et al. 2001; Cho et al. 

2002), tissue damage (Stramer et al. 2005; Babcock et al. 2008) apoptotic cells (Moreira et al. 

2010) and even sites of cancerous growth (Pastor-Pareja et al. 2008; Cordero et al. 2010). 

Before developmental dispersal Drosophila blood cells are first specified in the embryonic head 

mesoderm, from where the migratory hemocytes move in a well-defined pattern along the 

ventral nerve cord and dorsal vessel before migrating laterally to spread throughout the entire 

embryo (Tepass et al. 1994; Wood et al. 2006). They are also able to migrate towards sites of 

injury in a process that resembles the mammalian inflammatory response (Stramer et al. 2005). 

Interestingly, hemocytes prioritise their embryonic developmental migrations over their wound 

responses in early embryogenesis (Moreira et al. 2010). 

 

The migration of macrophages requires massive changes in the structure and organisation of the 

actin cytoskeleton. The process of cell migration involves several steps that are repeated in 

cycles to produce directional movement of the cell. To move in a given direction macrophages 

must first extend actin rich protrusions of the plasma membrane at the leading edge of the cell. 

It is thought that the main type of such a protrusion that macrophages use are lamellipodia 

(Rougerie et al. 2013), which are sheet-like, spreading protrusions of the plasma membrane. The 

migrating cell then forms integrin-mediated contacts with the substratum across which it is 

moving in order to produce points of adhesion upon which to generate the force to move 

(Lauffenburger and Horwitz 1996). Finally, the rear of the cell must detach from the 
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extracellular matrix and contract by involvement of both actin and myosin, allowing the cell to 

move forward (Lauffenburger and Horwitz 1996). The regulation and timing of these events 

must be tightly controlled in order for cells to migrate efficiently. For example, feedback 

between focal adhesions and actomyosin contraction has been shown to produce the correct 

balance of adhesion and contraction to produce rapid migration (Gupton and Waterman-Storer 

2006). 

 

 

1.1.2.1 Actin cytoskeletal rearrangements in hemocyte migration 

 

Macrophage migration is largely mediated through the lamellipodia: broad, sheet-like 

protrusions at the front, or leading edge, of the cell whose dynamics are controlled through 

rearrangements of the actin cytoskeleton (Evans and Wood 2014). The lamellipodia was first 

described in migrating cultured fibroblasts by Abercrombie who observed sheet-like protrusions 

that contained actin filaments (Abercrombie et al. 1970; Abercrombie et al. 1971) suggesting 

that actin was important in cell migration. Since then it has been shown that actin 

polymerization at the leading edge drives the projection of the lamellipodium and in doing so 

allows cells to migrate (Ridley 2011). The mechanisms controlling lamellipodial-driven cell 

migration are complex and involve many regulators, both positive and negative, and have been 

extensively reviewed (Bugyi and Carlier 2010; Krause and Gautreau 2014). 

 

Actin polymerization is the formation and lengthening of actin filaments (F-actin) from 

monomers of globular actin (G-actin). Branching of the actin network and the subsequent 

elongation of actin filaments at the leading edge produces the flat, sheet-like lamellipodia 

(Krause and Gautreau 2014). There are many known regulators of actin polymerization that 

operate to control lamellipodia projection, many of which have Drosophila homologs. One of 

the most important of these is the actin-related protein 2/3 (Arp2/3) complex  (Mullins et al. 

1998; Suraneni et al. 2012). The Arp2/3 complex is an actin nucleator which binds to a pre-

existing actin filament and acts as a catalyst, bringing together actin monomers to produce a site 

where a new actin filament can branch from (Krause and Gautreau 2014). Indeed, in Drosophila 

the Arp2/3 complex activator WASH has been shown to be required for hemocyte 

developmental migration along the VNC from the posterior end of the embryo, and for their 

normal cell spreading and migration speeds (Verboon et al. 2015; Nagel et al. 2017).  

 

Newly created actin filaments can then be extended via the action of actin elongators such as 

Ena/VASP and Formins (Romero et al. 2004; Breitsprecher et al. 2011). In this process G-actin 

monomers are added to the dynamic, so-called barbed end of the actin filament causing its 

elongation. This process is triggered by signalling from transmembrane receptors that sense 
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migratory cues, which causes the production of the phospholipid phosphatidylinositol-3,4,5-

trisphosphate (PIP3) and the activation of the Rac GTPase (Krause and Gautreau 2014). This 

signalling activates the SCAR/WAVE complex that then recruits the Arp2/3 complex to the 

leading edge, hence mediating its actin nucleating activity and inducing lamellipodial projection 

(Krause and Gautreau 2014). The SCAR/WAVE complex has been shown to be essential for the 

in vivo migration of Drosophila embryonic macrophages through its role in the formation of 

lamellipodia, as SCAR mutant Drosophila macrophages exhibit significantly reduced 

lamellipodia and macrophage migration speeds (Evans et al. 2013). 

 

The growth of new filaments can be prevented by capping proteins that cover the barbed end of 

the filament, blocking the addition of new monomers (Cooper and Sept 2008). However, to 

allow for elongation this capping must be stopped. ENA/VASP proteins protect the barbed 

filament ends from being capped and in doing so promote elongation by recruiting profilin-actin 

(Barzik et al. 2005; Pasic et al. 2008).  For G-actin to be able to polymerize it must have ATP 

bound. Profilin is a protein that causes ADP to dissociate and ATP to bind to G-actin, thus 

priming it for polymerization (Krause and Gautreau 2014). In Drosophila embryonic 

macrophages Ena regulates the dynamics of the lamellipodia, with Ena inactivation causing 

increased stability and persistence of lamellipodia whereas its overexpression decreases 

lamellipodia persistence but increases their protrusion speed (Tucker et al. 2011). This makes 

logical sense as one can imagine that lamellipodia with long filaments caused by elongation by 

Ena may cause fragile, less structurally sound lamellipodia than when they are shorter with a 

higher density of branching. This also provides a further demonstration of the requirement for 

fine regulation of the different components of the migratory machinery to produce optimal 

conditions for migration. 

 

 

1.1.2.2 The role of integrins in hemocyte migration 

 

Integrins are important during the migration of cells, as they represent the link between the 

extracellular matrix components on which they migrate and the intracellular actin network 

(Huttenlocher and Horwitz 2011). Integrin transmembrane receptors are heterodimeric in nature, 

with both an Ŭ subunit and a ɓ subunit required to associate non-covalently in order to form a 

functioning integrin receptor. In mammals 8 different ɓ subunits and 18 Ŭ subunits have been 

identified, whereas Drosophila possess fewer of both subunit types, with only 2 ɓ and 5 Ŭ 

subunits (Bökel and Brown 2002). Integrins are essential components of cellular focal 

adhesions; protein complexes linking cells to the extracellular matrix that represent signalling 

centres mediating cellular interaction with the ECM. Therefore, integrins as well as extracellular 

matrix components are important players in cellular migration.  
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Several roles for integrins have been identified in Drosophila hemocyte migration. Firstly, it is 

known that the Ŭ integrin subunit Inflated (ŬPS2) is required for the penetration of hemocytes 

into the germband during their developmental migration in the embryo (Siekhaus et al. 2010). 

The PDZ-GEF Dizzy has also been found to be important in hemocyte migration, and it is 

thought that this is due to its ability to control integrin-dependent adhesion through Rap-1 

mediated control of the ɓPS integrin mys function (Huelsmann et al. 2006). Indeed, hemocytes 

in mys mutant embryos migrate at slower speeds than controls and also have defects in 

hemocyte developmental migration, most notably along the ventral midline of the embryo 

(Comber et al. 2013). This study also shows that the Ŭ integrin subunits ŬPS1 and ŬPS3 (Scab) 

are required for the normal migration of hemocyte along the ventral midline by embryonic stage 

13, and that this migration is delayed in mutants for these subunits (Comber et al. 2013). In this 

study they also go on to show that mys is required in hemocytes for normal contact inhibition 

during hemocyte migration, a factor that controls the dispersal and distribution of hemocytes in 

the Drosophila embryo (Stramer et al. 2010), with hemocytes remaining in contact with each 

other for longer periods of time (Comber et al. 2013). Finally they also showed that mys is 

required for the normal separation of the VNC from the epidermis (Comber et al. 2013), a 

process that is known to be required for the migration of hemocytes along the ventral midline 

(Evans et al. 2010).  

 

 

1.1.2 Hemocyte developmental dispersal 

 

 

Hemocytes are first specified in the head mesoderm at around stage 11 of embryonic 

development and by stage 12 they begin to migrate away from this area in order to become 

distributed throughout the entire embryo (Tepass et al. 1994). The migratory routes that 

hemocytes follow during embryonic development have been well characterised (Tepass et al. 

1994). One such route is their penetration into the germ band during late stage 11 and stage 12, 

prior to germ band retraction (Tepass et al. 1994; Siekhaus et al. 2010). This transmigration of 

hemocytes across an epithelium requires the expression of RhoL to control the localization of 

the GTPase Rap1 to the cell surface, which in turn promotes integrin binding to cadherin at 

epithelial junctions to allow the transmigration of hemocytes through the epithelium (Siekhaus 

et al. 2010). This shows that the infiltration of hemocytes through the epithelium mimics that of 

vertebrate leukocyte transmigration through the endothelium during inflammation, and uses 

similar mechanisms to do so (Shimonaka et al. 2003).  
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The developmental dispersal of hemocytes during embryogenesis requires their expression of 

PDGF and vascular endothelial growth factor (VEGF) receptor-related (Pvr), and embryos 

mutant for pvr exhibit hemocyte accumulation in the head (Cho et al. 2002; Heino et al. 2001). 

It is also known that Drosophila homologs of VEGF/PDGF ligands (known as Pvfs) are 

expressed along developmental migration pathways in the embryo, and ectopic expression of 

Pvf2 is sufficient to re-route hemocyte migration, suggesting that Pvfs act as chemoattractants 

during the developmental dispersal of hemocytes (Cho et al. 2002). One well-characterised 

route of hemocyte migration during development is their dispersal along the ventral nerve cord 

(VNC). At stage 13 of embryonic development, hemocytes form a continuous line along the 

ventral midline of the embryo, and from here they migrate laterally in a highly regulated fashion 

to form three rows of hemocytes by stage 15 (Wood et al. 2006). This highly directional 

migration is regulated by the tightly controlled spatial and temporal expression of Pvf2 and Pvf3 

ligands along the VNC, and a decrease in Pvf2 expression on the midline coincides with the 

lateral migration of hemocytes (Wood et al. 2006). Indeed, overexpression of Pvf2 along the 

ventral midline in Drosophila embryos blocks the lateral migration of hemocytes (Wood et al. 

2006). Therefore the expression of chemoattractants orchestrates the developmental migration 

of hemocytes throughout the embryo. Interestingly Pvf2 and 3 with their receptor Pvr have also 

been shown to regulate cellular growth, and Pvr signalling is also required for hemocyte 

survival (Sims et al. 2009; Brückner et al. 2004). 

 

As mentioned previously, the process of contact inhibition is also important for ensuring the 

normal dispersal of hemocytes during their developmental migration. Contact inhibition (also 

called contact inhibition of locomotion) is the halting of migration upon colliding with another 

cell that was first observed by Abercrombie in the 1950ôs (Abercrombie and Heaysman 1953). 

In the Drosophila embryo this process has been shown to regulate the dispersal of hemocytes 

along the ventral nerve cord during development and patterns their movements (Stramer et al. 

2010; Davis et al. 2012). When hemocytes collide with each other their microtubules align 

through the lamellipodia, and forcing these microtubules to depolymerize prevents contact 

inhibition and causes hemocytes to clump together (Stramer et al. 2010). The actin cytoskeleton 

is also involved in this process, with the formation of an actin cable occurring between colliding 

cells at an angle perpendicular to their lamellipodia that links the two cells (Davis et al. 2015). 

In fact a very brief adhesion event seems to occur at the point where the actin cables from 

colliding cells meet, and this adhesion is required for the build-up of tension that drives contact 

inhibition (Davis et al. 2015).  
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1.1.4 Inflammatory recruitment of hemocytes 

 

Another example of directed hemocyte migration is the inflammatory migration of hemocytes 

towards sites of tissue damage, which mimics the vertebrate immune response (Fig.1.1). When 

the epithelium of Drosophila embryos is wounded using a laser, there is an immediate and rapid 

migration of hemocytes to the site of the wound where they engulf cellular debris (Stramer et al. 

2005). The earliest known chemotactic cue for this migration is the production of hydrogen 

peroxide (H2O2) from the wound site, which was first reported in zebrafish larvae (Niethammer 

et al. 2009) and that has subsequently been shown to also occur in Drosophila embryos 

(Moreira et al. 2010). Upon wounding, an instantaneous calcium flash occurs within epidermal 

cells at the wound boundary, which spreads as a wave through several rows of cells from the 

wound edge via gap junctions (Razzell et al. 2013). This calcium flash results in the activation 

of the NADPH oxidase DUOX through its EF hand calcium-binding domain and leads to the 

production of H2O2 at wounds (Razzell et al. 2013).  

 

But how do hemocytes sense this wound chemoattractant? The inflammatory migrations of 

hemocytes to sites of tissue damage require the Src family kinase Src42A, which is thought to 

detect H2O2 in a manner similar to Lyn in zebrafish neutrophils (Yoo et al. 2011; Evans et al. 

2015). Src42A subsequently triggers a signalling cascade within hemocytes by phosphorylating 

the intracellular ITAM domain of the phagocytic receptor Draper, leading to the recruitment and 

activation of a downstream kinase called Shark (Evans et al. 2015), itself a Zap70/Syk homolog 

(Ferrante et al. 1995). Interestingly, the expression of Draper by hemocytes has been shown to 

be regulated by the engulfment of apoptotic cells, a process that is therefore required for 

hemocytes to gain the ability to respond to wounds (Weavers et al. 2016). Draper expression is 

thought to be induced in hemocytes upon apoptotic cell engulfment by an increase in 

intracellular calcium that activates JNK signalling which in turn leads to the up-regulation of 

Draper expression (Weavers et al. 2016), a process that is also observed in phagocytosis of glia 

and follicle cells (Etchegaray et al. 2012; MacDonald et al. 2013). 

 

The migration of cells towards chemotactic cues has been shown to be orchestrated by the small 

GTPases Rho, Rac and Cdc42, which are capable of regulating cell migration by controlling 

cytoskeletal rearrangements and cell-substrate adhesion downstream of transmembrane 

receptors detecting migratory cues (Ridley 2001). These proteins are conserved in Drosophila 

and all but one (Cdc42) have been shown to play key roles in the migration of Drosophila 

macrophages to sites of injury in vivo (Stramer et al. 2005). Another important regulator of cell 

chemotaxis, phosphoinositide 3-kinase (PI3K), has also been shown to be required for the 

inflammatory migrations of hemocytes to wounds (Wood et al. 2006). 
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Figure 1.1: Wounding of the Drosophila embryo epithelium triggers a hemocyte 

inflammatory response 

Upon laser ablation of the Drosophila embryo epithelium, hemocytes migrate to the site of 

tissue damage in response that mimics the vertebrate inflammatory response. The images show 

hemocytes on the superficial ventral nerve cord (VNC) in stage 15 embryos prior to wounding 

(left), as well as hemocytes at the wound 60 minutes post-wounding (right). Dashed white line 

represents the wound perimeter.  

 

Altogether Drosophila hemocytes are morphologically, functionally and biochemically similar 

to vertebrate macrophages and behave in many of the same ways. Their mechanisms of 

migration are also highly conserved between that of vertebrate macrophages and they respond to 

very similar cues. As Drosophila are extremely genetically tractable organisms and the 

transparent nature of the embryo allows for high resolution imaging of cellular dynamics in 

vivo, this provides us with an excellent model to study the regulation of macrophage function in 

vivo. 

 

 

1.2 Apoptotic cell clearance 
 

 

Apoptosis, or programmed cell death, is a tightly regulated form of cell death that occurs when 

cells are no longer required or pose a threat to the health of an organism. This is in contrast to 

cellular necrosis when cell lysis occurs, resulting in the spilling of intracellular contents into the 

surrounding environment and triggering an immune response. Characteristics of apoptosis 

include cell shrinkage, DNA fragmentation and cellular blebbing. Cells instructed to undergo 

apoptosis are swiftly removed by phagocytes, a process that is known to be anti-inflammatory 

(Szondy et al. 2017).  
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In Drosophila apoptotic stimuli trigger apoptosis by inducing expression of the three pro-

apoptotic genes head involution defective (hid), reaper and grim (White et al. 1994; White et al. 

1996; Grether et al. 1995; Kornbluth and White 2005; Chen et al. 1996). The proteins encoded 

by these genes then act to inhibit the anti-apoptotic protein Drosophila IAP1 (diap1) (Goyal et 

al. 2000), which ultimately leads to the activation of the executioner caspases Dcp-1 (a Caspase 

7 homologue) and Ice (a Caspase 3 homologue) and so induces apoptosis (Kornbluth and White 

2005). 

 

 

Figure 1.2: The process of apoptotic cell clearance 

Stage 1 of clearance is the detection of ñfind-meò cues (blue triangles) released by apoptotic 

cells (yellow) and the subsequent chemotaxis of macrophages towards the cell. Binding to the 

apoptotic cells then occurs in stage 2, via phagocytic receptor binding to ñeat-meò signals 

displayed on the surface of apoptotic cells. Stage 3 is the formation of a phagosome by 

extension of the membrane around the apoptotic cell, which is driven by actin rearrangements, 

leading to engulfment. Finally in stage 4, the engulfed apoptotic cell is processed via 

phagosome maturation, and eventually degraded. 

 

 

One of the primary functions of macrophages is the removal and degradation of apoptotic cells, 

a multi-step process (Fig. 1.2) (reviewed by Fullard et al. 2009; Poon et al. 2014) beginning 

with the sensing of ñfind-meò cues secreted by apoptotic cells, which alert macrophages as to 

their presence and facilitate their chemotaxis towards the dying cell. The phagocyte then uses 

receptors expressed on its surface to recognise ñeat-meò signals displayed on the cell 

membranes of apoptotic cells, leading engulfment of the dying cell and formation of a nascent 

phagosome. The internalised apoptotic cell is then processed and, after several stages of 

phagosome maturation, degraded (Hochreiter-Hufford and Ravichandran 2013). 
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1.2.1 ñFind-meò signals as chemoattractants for phagocytes 
 

In order for apoptotic cells to be cleared by professional phagocytes, the phagocytes must first 

be able to locate the whereabouts of the dying cells. For this to happen, it is thought that, at least 

in some organisms, apoptotic cells release chemotactic ñfind-meò cues, which phagocytes are 

able to sense and subsequently chemotax towards.  

 

Several cues released by apoptotic cells that are capable of inducing chemotaxis of phagocytes 

have now been found, all using in vitro transmigration assays of monocytes and macrophages 

across a porous membrane towards supernatant taken from apoptotic cells (Gude et al. 2008; 

Truman et al. 2008; Lauber et al. 2003; Elliott et al. 2009). The first to be discovered was the 

phospholipid lysophosphatidylcholine (LPS), which was shown to be released by apoptotic cells 

upon Caspase activation and induced the transmigration of human monocytic cell lines as well 

as primary human macrophages (Lauber et al. 2003). Sphingosine-1-phosphate (S-1-P) and 

fractalkine were also found to be released by apoptotic cells and induce chemotaxis of 

monocytes and/or macrophages (Gude et al. 2008; Truman et al. 2008). Truman et al. also 

demonstrated that the fractalkine receptor CX3CR1 was required by macrophages to chemotax 

towards its ligand, and went on to show a role for fractalkine and its receptor during recruitment 

of macrophages to apoptotic cells in a murine model ï the first time ñfind-meò cues had been 

shown to function in vivo (Truman et al. 2008). Finally, the nucleotides ATP and UTP were also 

shown to be released by apoptotic cells, and act as chemoattractant cues for monocytes and 

macrophages both in vitro and in vivo, and that the nucleotide receptor P2Y2 was required by 

macrophages to migrate towards the cue (Elliott et al. 2009).  It is interesting to note that 

although these four separate studies used similar techniques to identify potential find-me cues, 

the cue identified in each case was unique and non-redundant. This is potentially due to the 

nature of the type of cell in which apoptosis was induced and precise form of cell death, and 

demonstrates the diversity of cues utilised by dying cells to attract phagocytes and the 

complexity that this adds to the process. 

 

 

1.2.2 ñEat-meò signals for the engulfment of apoptotic cells 
 

When cells are programmed to die, they expose ñeat-meò signals on the surface of their plasma 

membrane to facilitate their recognition by phagocytes. Perhaps the best understood ñeat-meò 

signal is Phosphatidylserine (PS); a phospholipid that is usually a constituent of the inner leaflet 

of the plasma membrane, but that during apoptosis comes to be exposed on the outer leaflet 

(Fadok et al. 1992). PS exposure has been shown to be required for the detection and 

engulfment of apoptotic cells by mammalian macrophages ï with a range of receptors for PS 
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involved, such as TIM-4 or BAI1 (Fadok et al. 2001; Hoffmann et al. 2001; Miyanishi et al. 

2007; Park et al. 2007).  The exposure of PS by apoptotic cells is a phenomenon that is 

conserved across species including Drosophila (van den Eijnde et al. 1998; Shklyar, Levy-

Adam, et al. 2013; Tung et al. 2013). 

 

Another ñeat-meò signal is Calreticulin, a protein that is expressed in many compartments 

within viable cells, most notably the endoplasmic reticulum (ER) lumen where is involved in 

protein quality control and Ca2+ homeostasis, and at the cell surface (Bedard et al. 2005; 

Johnson et al. 2001).  Increased Calreticulin expression on the surface of apoptotic cells has 

been observed and has been shown to be involved in the recognition and phagocytosis of 

apoptotic cells by mammalian macrophages via the LRP1/CD91 receptor (Gardai et al. 2005). 

Calreticulin is also expressed on the surface of both viable and apoptotic Drosophila S2 cells; 

when apoptosis is induced, the level of Calreticulin expression is unchanged, but it becomes 

clustered on the cell surface (Kuraishi et al. 2007). When the surface localisation of Calreticulin 

is prevented or its expression is reduced on apoptotic cells, phagocytosis of apoptotic cells is 

inhibited, demonstrating an important role for Calreticulin in apoptotic cell clearance in 

Drosophila (Kuraishi et al. 2007), in addition to its role in vertebrates (Gardai et al. 2005).  

 

 

1.2.3 Drosophila apoptotic cell receptors 
 

Several receptors for the recognition and engulfment of apoptotic cells by macrophages have 

been discovered in Drosophila (Fig. 1.3). The first to be reported was Croquemort (Crq), a 

CD36 superfamily protein homologue expressed specifically by Drosophila embryonic 

macrophages (Franc et al. 1996). Using crq null Drosophila embryos it was shown that Crq is 

required for phagocytosis of apoptotic cells and that its forced specific expression in the 

macrophages of crq null embryos rescues the phagocytic defect (Franc et al. 1999). Intriguingly, 

this study also showed that Crq is specifically required for apoptotic cell phagocytosis and not 

that of bacteria, and that the presence of apoptotic cells causes an upregulation of Crq 

expression on macrophages (Franc et al. 1999). More recently however, Crq has been shown to 

engulf bacteria, and flies mutant for crq have defects in microbial phagocytosis and are more 

susceptible to infection (Guillou et al. 2016). The identity of the ligand present for this receptor 

on the apoptotic surface remains unknown. Interestingly, a recent study suggests that Crq is 

involved in apoptotic corpse degradation, but is not essential for engulfment (Han et al. 2014). 

 

Another phagocytic receptor is Six-microns-under (Simu), which is expressed by both 

macrophages and glia in Drosophila (Kurant et al. 2008). Again, receptor null mutant embryos 

were used to show that Simu is required for the binding and engulfment of apoptotic cells, both 



 13 

by macrophages and glia (Kurant et al. 2008). Interestingly, when the transmembrane domain of 

Simu is deleted and the protein is secreted, it is still able to rescue the phenotype of the simu 

null mutant, suggesting that Simu can act either as a transmembrane receptor for apoptotic cells 

or can act as a secreted bridging molecule between phagocyte and apoptotic cell (Kurant et al. 

2008). It has also been shown that PS is the ñeat-meò signal that is recognised by Simu and to 

which it binds (Shklyar, Levy-Adam, et al. 2013). 

 

Draper, which is a homologue of the C. elegans CED-1 and mammalian LRP1/CD91 

phagocytic receptor, is also expressed in both macrophages and glia of Drosophila and is a 

receptor for apoptotic cell engulfment in Drosophila (Manaka et al. 2004). There is some 

confusion in the literature with regards to the exact role of Draper in the phagocytosis of 

apoptotic cells. Although one study showed that when Draper expression was inhibited in 

Drosophila embryos, the phagocytosis of apoptotic cells in both macrophages and glial cells 

was reduced by 30-40% in each case (Manaka et al. 2004), another showed that the physical 

engulfment of apoptotic particles is not affected when compared to wild type, but that the 

particles accumulated within the phagocytes, suggesting a role for Draper in their degradation 

post-engulfment (Kurant et al. 2008). These differences could be due to the different approaches 

used to investigate phagocytosis in vivo, with Kurant et al. examining phagocytosis on the 

ventral nerve cord in fixed mutant embryos, whereas Manaka et al. used double-stranded RNA 

against Draper and looked at phagocytosis in cells from throughout the embryo that had been 

dispersed (Manaka et al. 2004; Kurant et al. 2008). Kurant et al. suggest that Draper is acting 

downstream of Simu in the same phagocytic pathway, as the draper/simu double mutant 

phenotype resembles that of the simu single mutant in terms of amount and location of apoptotic 

particles (Kurant et al. 2008). Regardless of the exact role for Draper in apoptotic cell clearance, 

it is most certainly involved in apoptotic cell binding at some point in the process of apoptotic 

cell clearance. Despite earlier reports suggesting that PS was not an apoptotic ligand for Draper 

(Manaka et al. 2004), more recent reports have shown that Draper does in fact bind PS (Tung et 

al. 2013). Two separate Drosophila ER proteins, Pret-a-porter and Drosophila melanogaster 

calcium-binding protein 1 (DmCaBP1), have since been shown to be exposed on the surface of 

cells undergoing apoptosis and may also act as ligands for Draper during apoptotic cell 

phagocytosis by hemocytes (Kuraishi et al. 2009; Okada et al. 2012). The ability of Draper to 

bind to multiple apoptotic ligands is a striking example of the redundancy that exists in the 

detection of apoptotic cells. 

  

Finally, the integrin ɓv has also been identified as a phagocytic receptor for apoptotic cells in 

Drosophila embryonic macrophages (Nagaosa et al. 2011). The Ŭ subunit that forms a 

heterodimer with this ɓ subunit to create a functional protein has since been suggested to be 

ŬPS3, as shown by their physical interaction as well as the reduced level of apoptotic cell 
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phagocytosis upon reduced ŬPS3 expression (Nonaka et al. 2013). Similarly to Draper 

(Hashimoto et al. 2009), integrin ŬPS3/ɓv has also been shown to involved in bacterial detection 

and engulfment as well as that of apoptotic cells (Nonaka et al. 2013). 

 

 

 

Figure 1.3: Drosophila phagocytic receptors and their apoptotic cell-derived ligands 

The phagocytic receptors expressed by hemocytes and the apoptotic cell-derived ñeat-meò 

signals to which they bind. Simu= six-microns-under; Crq= Croquemort; ŬPS3/ɓv= Integrin 

ŬPS3/ɓv; PS= phosphatidylserine; CaBP1= Drosophila melanogaster calcium-binding protein 

1; prtp= pretaporter; CalR= calreticulin. Questions marks represent as yet unknown components 

or interactions. 

 

 

1.2.3 Downstream signalling of phagocytic receptors 
 

Drosophila possesses a number of receptors and ligands involved in the detection and 

engulfment of apoptotic cells, with many of these playing related roles in vertebrate cells. 

Downstream signalling from these phagocytic receptors has important consequences, both for 

the physical process of engulfment with signalling leading to the rearrangements of the actin 

cytoskeleton required for apoptotic cell internalisation, and the formation of the phagosome 

(reviewed by Penberthy and Ravichandran 2016). Indeed the detection of PS by phagocytic 

receptors is important for mediating the anti-inflammatory affects of apoptotic cell clearance on 

macrophages (Huynh et al. 2002). 

 

The first insights into the proteins involved in the signalling pathways required for engulfment 

of apoptotic corpses came from studies in C. elegans and identified two partially redundant, 

conserved pathways: the CED-1/6/7 pathway and the CED-2/5/12 pathway (Ellis et al. 1991), 



 15 

both of which have been shown to converge onto CED-10 (Rac1 in Drosophila) (Kinchen et al. 

2005). These pathways are conserved in both Drosophila and mammals, the Drosophila 

homologs of CED-1 and CED-6 being Draper and DCed-6 respectively, whereas the CED-7 

homolog has yet to be identified in flies. The homologs of the CED-2/5/12 pathway in 

Drosophila are Crk, mbc (also known as DOCK180) and ELMO respectively (Kinchen 2010). 

 

The CED-2/5/12 Pathway has been shown to activate Rac1 and hence produce the cytoskeletal 

rearrangements required for the engulfment of apoptotic cells. DOCK180 has been shown to 

bind to Rac and, along with an interaction with the adaptor protein ELMO, causes GTP to bind 

to Rac, hence activating the protein (Brugnera et al. 2002). The involvement of Crk in this 

pathway is not well understood but it has been shown to bind DOCK180 (Matsuda et al. 1996) 

and plays a role in the regulation and assembly of the DOCK180/ELMO complex at the plasma 

membrane (Akakura et al. 2005). In C. elegans two receptors have been shown to act upstream 

of the CED-2/5/12 pathway in the engulfment of apoptotic cells: PSR-1 (PS Receptor 1) and Ŭ 

integrin (Wang et al. 2003; Hsu and Wu 2010). No receptor for the activation of this pathway 

has yet to be found in Drosophila, however the presence of a similar integrin receptor for 

apoptotic cells in Drosophila macrophages (Nagaosa et al. 2011; Nonaka et al. 2013) suggests 

that this could be a candidate. As is the case in C. elegans, the CED-2/5/12 pathway seems 

distinct from that of the CED-1/6/7 pathway in Drosophila (van Goethem et al. 2012). 

 

1.2.3.1 Draper-mediated signalling in hemocyte apoptotic cell clearance  

 

In Drosophila the most well characterized downstream signalling events of a phagocytic 

receptor are those of Draper. Much of this knowledge has come from studies involving the 

pruning of degenerating CNS axons by glia during Drosophila metamorphosis, a process which 

is thought so be very similar to apoptotic cell clearance (Awasaki et al. 2006; Ziegenfuss et al. 

2008). A high level of apoptosis occurs during the development of the CNS, as neuronal 

connections must become highly refined and so unnecessary and excess cells must be removed 

for its proper development. Both glia and macrophages carry out this clearance in Drosophila 

(Sonnenfeld and Jacobs 1995), with each expressing both Draper and Simu (Manaka et al. 2004; 

Kurant et al. 2008), suggesting that phagocytosis occurs via partially common mechanisms in 

each cell type. 

 

The CED-1/6/7 pathway identified in C. elegans provided the first insight into the downstream 

signalling of Draper, the Drosophila homolog of CED-1. In this pathway it is thought that 

ligand binding to the CED-1 receptor causes the association of CED-6 with the intracellular 

NPXY domain of the receptor (Su et al. 2002), which ultimately leads to Rac1 activation and 

apoptotic cell engulfment (Kinchen et al. 2005). In C. elegans several molecules that are usually 
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required for endocytosis, a process not dissimilar to phagocytosis, have been shown to be 

required for apoptotic cell engulfment in a manner dependent on this pathway (Yu et al. 2006; 

Chen et al. 2013; Shen et al. 2013). These proteins have varying roles in the process but some 

are involved in actin cytoskeletal rearrangements, whereas others are involved in vesicle 

delivery to the phagocytic cup, allowing for the formation of a phagosome. This suggests that 

similar proteins may be involved in the process of apoptotic cell engulfment via the CED-1/6/7 

pathway in Drosophila.  

 

Through a series of elegant experiments involving the use of both Drosophila S2 cells (an 

embryonic macrophage cell line) and in vivo embryonic macrophages, Cuttell et al. identified a 

new role for Ca2+ homeostasis in the phagocytosis of apoptotic cells and showed that this is 

mediated via the CED-1/6/7 pathway (Cuttell et al. 2008). Mammalian Junctophilins (JPs) form 

junctions between the plasma membrane and the ER, allowing communication between the Ca2+ 

channels that exist at each of these locations (in the ER these are called Ryanodine receptors), 

facilitating the regulation of Ca2+ homeostasis within the cell (Takeshima et al. 2000). Cuttell et 

al. found that Undertaker, a Drosophila JP homolog, along with Rya-r44F, a Drosophila 

Ryanodine receptor, were required for apoptotic cell engulfment by macrophages and that these 

two proteins interact genetically with Draper and CED-6 (Cuttell et al. 2008). They suggest a 

pathway whereby ligand binding to Draper and its associated CED-6 interaction causes store-

operated extracellular Ca2+ entry via UTA, Rya-r44F, dSTIM (an ER localized Ca2+ sensor) and 

dOrai (a plasma membrane localized Ca2+-activated Ca2+ channel), that this is involved in 

apoptotic cell engulfment (Cuttell et al. 2008). More recently PKD2, a Drosophila TRPP 

channel located at the plasma membrane that is Ca2+ permeable, has also been shown to fit into 

this pathway and is required for the phagocytosis of apoptotic cells by macrophages in vivo (van 

Goethem et al. 2012). Interestingly, this study also suggested a role for Simu in this pathway 

(van Goethem et al. 2012), providing further evidence for the idea that Simu and Draper interact 

in the same phagocytic pathway (Kurant et al. 2008). 

 

 

1.2.4 Post-engulfment processing of the apoptotic corpse 
 

Once apoptotic cells have been internalised by macrophages via phagosome formation, they 

must be processed for their eventual degradation via a process known as phagosome maturation. 

This is a complex process regulated by a plethora of proteins, which involves the progressive 

acidification of the phagosome through its sequential interaction with the early and late 

endosome intracellular compartments, before its eventual fusion to lysosomes, which contain 

the enzymes necessary for degradation (Vieira et al. 2002; Kinchen and Ravichandran 2008). 
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Much of what we now know about apoptotic phagosome maturation has come from studies 

conducted in C. elegans, but the majority of proteins involved are also conserved in Drosophila. 

The first steps involved in phagosome maturation occurs whilst the phagosome is forming, 

when the large GTPase Dynamin as well as the PstIns(3) kinase Vps34 are recruited to the 

phagosome membrane, which leads to the recruitment of inactive, GDP-bound Rab5 (Kinchen 

et al. 2008). Once the phagosome is fully formed, Rab5 is activated which leads to the 

formation of PI(3)P by the activation of Vps34 (Kinchen et al. 2008). It is thought that Rab5 

activation is required for the tethering of early endosomes to phagosomes containing apoptotic 

cells (Lu and Zhou 2012). Indeed, dominant-negative Rab5 Drosophila embryonic macrophages 

are highly vacuolated and show a decrease in the number of acidified vacuoles, suggesting that 

Rab5 is also involved in phagosome maturation in Drosophila (Evans et al. 2013). Rab5 

activation leads to the recruitment of Rab7, which is then activated by the recruitment of the 

HOPS complex, which eventually leads to lysosome-phagosome fusion and the degradation of 

the apoptotic cell (Kinchen et al. 2008; Hochreiter-Hufford and Ravichandran 2013). 

 

A study by Evans et al. investigated the role of SCAR, a complex mentioned earlier that is 

involved in the activation of the Arp2/3 complex to produce cytoskeletal rearrangements 

required for cell migration, in Drosophila embryonic macrophages (Evans et al. 2013). 

Interestingly they found that mutant or dominant-negative SCAR macrophages contained a 

significantly higher number of apoptotic vacuoles compared to wild-type macrophages (Evans 

et al. 2013). Moreover, these mutant or dominant-negative SCAR macrophages contained a 

lower fraction of acidified phagosomes when compared to wild-type, phenocopying the 

dominant-negative Rab5 mutant macrophages (Evans et al. 2013). This suggests that SCAR, 

like Rab5, is essential for phagosome maturation post-engulfment of apoptotic cells and that its 

role in maturation is at an early stage, similar to that of Rab5. 

 

 

1.3 Glial cell apoptotic cell clearance in Drosophila 

 

Another important cell type for the clearance of apoptotic cells in Drosophila are the non-

professional phagocytic glial cells of the central nervous system (CNS). Glial cells in 

Drosophila can be subdivided into two main groups: the midline glia and the lateral glia, the 

latter of which accounts for the vast majority of glia (Stork et al. 2012). During embryonic 

development, programmed cell death plays a critical role in the patterning and sculpting of the 

CNS, and large numbers of neurons undergo apoptosis in order to refine neuronal connections 

(Oppenheim 1991). During Drosophila embryogenesis, a great deal of programmed cell death 
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occurs in the ventral nerve cord (VNC) (Abrams et al. 1993; Rogulja-Ortmann et al. 2007), a 

structure considered to be the equivalent of the vertebrate spinal cord. 

 

 

1.3.1 Glial cell specification 

 

Glial cells of the Drosophila VNC are specified from neuroblast progenitor cells, of which there 

are 30 per VNC hemisegment (Bossing et al. 1996; Schmidt et al. 1997). The differentiation of 

neuroblasts into glial cells is dependent on the expression of the transcription factor gcm, and in 

gcm mutants, cells which would usually become glial cells instead differentiate into neurons 

(Hosoya et al. 1995; Jones et al. 1995). Conversely, ectopic expression of gcm in all neuroblast 

cells results in their differentiation into glial cells, highlighting the important role of gcm in the 

cell fate decision of cells to become glia (Hosoya et al. 1995; Jones et al. 1995). The 

differentiation of neuroblasts into either glia or neurons depends on the asymmetrical 

distribution of gcm RNA prior to cell division, with one progenitor cell inheriting this RNA and 

becoming glial cells, and the other neurons (Bernardoni et al. 1999). gcm then induces the 

expression of target genes required for glial specification such as reversed polarity (repo) 

(Campbell et al. 1994; Xiong et al. 1994; Halter et al. 1995), loco (Granderath et al. 1999) and 

pointed (pnt) (Klaes et al. 1994; Klambt 1993) and also the gene tramtrack that prevents the 

cells from differentiating into neurons (Giesen et al. 1997). 

 

1.3.2 Mechanisms of apoptotic cell clearance in Drosophila glial cells 

 

One aspect of glial cell function that is regulated by repo expression is their phagocytic capacity 

(Shklyar et al. 2014). Indeed, repo is required for glial expression of the apoptotic cell receptor 

Draper, and glial cells lacking repo are much smaller and are unable to clear apoptotic cells 

properly (Shklyar et al. 2014). Draper was first shown to be required for the clearance of 

apoptotic cells by glia in a study from 2003, where drpr mutants showed increased numbers of 

apoptotic cells within the ventral nerve cord (Freeman et al. 2003). However, more detailed 

analysis since then has shown that apoptotic cells actually seem to accumulate within glial cells 

in drpr mutants (Kurant et al. 2008), and seems to also be the case in hemocytes in vivo (Evans 

et al. 2015). Therefore, it seems likely that Draper may be more important physiologically for 

the processing of apoptotic cells post-engulfment as opposed to their actual phagocytosis as was 

originally reported (Manaka et al. 2004).  

 

Apoptotic cell clearance by glial cells in Drosophila is also highly dependent on the apoptotic 

cell receptor Simu (Kurant et al. 2008). In simu mutant embryos, apoptotic cells accumulate 

outside glial cells, suggesting that Simu is required for the phagocytosis of apoptotic cells 
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(Kurant et al. 2008). Interestingly, the glial-specific expression of a truncated version of Simu 

that lacks its transmembrane domain is able to rescue defects in apoptotic cell clearance in simu 

mutants, suggesting that Simu may act as a bridging molecule (Shklyar, Levy-Adam, et al. 

2013). 

 

1.3.3 Draper signalling in glial cell phagocytosis of dying cells 
 

In glial cells, Draper is required both for the engulfment of injured axons and the recruitment of 

glial projections towards injured axons in order for engulfment to occur (MacDonald et al. 

2006), and it is also required for axonal pruning during pupal metamorphosis (Awasaki et al. 

2006). In a hunt for molecules that interact with Draper in Drosophila, the non-receptor tyrosine 

kinase Shark was identified, whose binding to Draper requires the activity of Src42A, an Src 

family kinase (Ziegenfuss et al. 2008). By reducing the expression of either Shark or Src42A 

using RNAi, Ziegenfuss et al. showed that both are required for the phagocytosis of apoptotic 

corpses by glia and that Src42A is able to phosphorylate Draper (Ziegenfuss et al. 2008). This 

information points towards a model in which Src42A-mediated phosphorylation of Draper upon 

binding to its apoptotic ligand leads to the recruitment and binding of Shark, which ultimately 

leads to phagocytosis (Ziegenfuss et al. 2008). Indeed, the intracellular ITAM domain of the 

Draper-I isoform if required for the engulfment of degenerating axons (Logan et al. 2012), and 

Src42A has been shown to phosphorylate the ITAM domain of Draper, at least in the context of 

hemocyte inflammatory responses (Evans et al. 2015). Therefore, it may be that the ITAM 

domain of Draper may be phosphorylated by Src42A, not only in the context of hemocyte 

responses to tissue damage, but also during the phagocytosis of injured neurons. Interestingly 

Draper-I mediated glial cell phagocytosis of damaged axons is repressed by another isoform of 

Draper, Draper-II, which is also expressed in glial cells (Logan et al. 2012). 

 

1.4 Anti-inflammatory properties of apoptotic cell clearance 
 

 

To prevent the onset of chronic inflammation, inflammatory macrophages must be removed 

from sites of resolving inflammation, and it is thought that one mechanism of this clearance is 

the migration of macrophages away from sites of inflammation during resolution (Bellingan et 

al. 1996). In vertebrates, the first cells to be recruited to sites of tissue damage are phagocytic 

cells known as neutrophils, which are key players in acute inflammation and host defence 

(Kolaczkowska and Kubes 2013). Studies using the vertebrate zebrafish model have shown that 

the reverse migration of neutrophils away from sites of injury has an anti-inflammatory effect 

(Robertson et al. 2014; Mathias et al. 2006). Further studies using this model organism have 
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also suggested that neutrophils may actually be chased away from wounds by macrophages, 

aiding the resolution of inflammation (Tauzin et al. 2014). 

 

In vertebrate systems it is known that the clearance of apoptotic cells by phagocytes plays a 

substantial and important role in the resolution of inflammation (Maderna and Godson 2003). A 

groundbreaking study in 1997 showed for the first time that apoptotic cells were able to induce 

increased production of the anti-inflammatory cytokine IL-10 in activated monocytes, and 

decrease their production of the pro-inflammatory cytokines IL-1ɓ, IL-12 and TNF-Ŭ (Voll et 

al. 1997). Another important study published around the same time demonstrated for the first 

time that the phagocytosis of apoptotic cells by macrophages was able to inhibit the production 

of inflammatory cytokines (Fadok et al. 1998). They showed that the phagocytosis of apoptotic 

neutrophils by human macrophages resulted in the production of TGF-ɓ which in turn inhibited 

the production of the pro-inflammatory cytokines TNF-Ŭ and IL-1ɓ, and GM-CSF (Fadok et al. 

1998). In yet another groundbreaking study from the same lab, it was shown that PS-dependent 

phagocytosis of apoptotic cells induced TGF-ɓ1 secretion, which stimulated the early resolution 

of acute inflammation in the lungs of mice by decreasing pro-inflammatory cytokine production 

and reducing inflammatory cell numbers, suggesting a link between efferocytosis and 

inflammation resolution (Huynh et al. 2002). More recently is has been shown that the 

engulfment of apoptotic cells by bronchial epithelial cells in mice leads to the release of anti-

inflammatory mediators such as TGF-ɓ and PGE2, which limit airway inflammation during 

exposure to allergens (Juncadella et al. 2012).  

 

Drosophila also have homologues of some of the molecules mentioned above, or at least ones 

that fulfill similar roles. The Drosophila TGF- ɓ superfamily member decapentaplegic (dpp) is 

secreted by hemocytes and helps to promote resistance to infection (Ayyaz et al. 2015). ddp and 

another TGF- ɓ superfamily member dawdle (daw) have also been shown to be involved in 

regulating the Drosophila immune response (Clark et al. 2011). The only Drosophila TNF 

family member, eiger, can also be expressed in hemocytes, at least when associated with tumors 

(Cordero et al. 2010). Finally, the three unpaired (upd) genes upd, upd2 and upd3, represent the 

Drosophila equivalent of interleukins (Agaisse et al. 2003), and indeed upd3 has been shown to 

be expressed in hemocytes upon both aseptic and septic injury (Agaisse et al. 2003; Pastor-

Pareja et al. 2008). However a link between the clearance of apoptotic cells and the regulation 

of such molecules has yet to be defined. 

 

1.5 Apoptotic Cell Clearance in Disease 
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The defective clearance of apoptotic cells is associated with a plethora of diseases, ranging from 

atherosclerosis to chronic obstructive pulmonary disease (COPD) and autoimmunity (Elliott and 

Ravichandran 2010). Many of these diseases are chronic inflammatory conditions, highlighting 

a role for apoptotic cell clearance in the regulation of inflammation. 

 

1.5.1 Atherosclerosis 
 

Atherosclerosis is the build-up of fatty material in the walls of arteries that causes hardening and 

narrowing of the vessel, and is the main cause of coronary heart diease, peripheral arterial 

disease and ischemic stroke (Brophy et al. 2017). When these areas, also known as 

atherosclerotic plaques, begin to form, circulating monocytes are attracted from the 

bloodstream, which adhere to and subsequently transmigrate through the endothelium where 

they differentiate into macrophages. Here, macrophages begin to ingest the accumulating 

lipoprotein material in the artery wall which results in a build-up of cholesterol with 

macrophages which are then known as foam cells (Chistiakov et al. 2016). Foam cells 

eventually die via apoptosis (HEGYI et al. 1996), and the build-up of these apoptotic cells as 

well as apoptotic endothelial and smooth muscle cells (Van Vré et al. 2012) due to defective 

phagocytosis by macrophages (Schrijvers et al. 2005), drives progression of atherosclerotic 

plaques. The build-up of uncleared apoptotic cells in these plaques, and their subsequent 

necrosis, results in the formation of a necrotic core (Thorp et al. 2008), which in turn helps to 

drive inflammation in the plaque, leading to plaque rupture (van der Wal 1999). Interestingly, 

mutations in the apoptotic cell receptor MerTK has been shown to be promote the accumulation 

of uncleared apoptotic cells in atherosclerotic plaques in Apoe-/- mice and so drive plaque 

necrosis (Thorp et al. 2008). Mutations in apoptotic cell-bridging molecules have also been 

shown to advance the progression of atherosclerotic plaques in mice, including MFG-E8 (Ait -

Oufella et al. 2007) and C1q (Bhatia et al. 2007). Therefore the normal recognition of apoptotic 

cells by macrophages is required to limit the rate of atherosclerotic plaque progression and 

represents a potential therapeutic target. 

 

1.5.2 Chronic obstructive pulmonary disease 
 

Chronic Obstructive Pulmonary Disease (COPD) is a chronic inflammatory condition of the 

lungs associated with increased numbers of apoptotic cells (Demedts et al. 2006). It has been 

shown that the phagocytosis of apoptotic epithelial cells by macrophages in COPD is defective 

(Hodge et al. 2003). Recently, the decreased ability of phagocytes to engulf apoptotic cells in 

COPD has been linked to the ability of cigarette smoke to downregulate the levels of the 

apoptotic cell-phagocyte bridging molecule MFG-E8 (Wang et al. 2017). 
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1.6 Experimental Aims 

 

The efficient phagocytosis of apoptotic cells is essential in order to prevent cellular necrosis and 

the inflammatory response associated with this form of cell death. It is also clear that the 

process of engulfment of apoptotic cells by macrophages changes macrophage biology and 

promotes a shift in their phenotype to being anti-inflammatory that aids in the resolution of 

inflammation. However how apoptotic cells and their clearance affects macrophage behavior 

and function in vivo is incompletely understood.  

 

The Drosophila embryo represents an excellent model to study this relationship in vivo, due to 

the high degree of genetic tractability that allows for the dissection of molecular pathways. This 

model also allows us to perform high-resolution imaging of macrophages in vivo due to the 

transparency of the embryos as well as the superficial nature of the macrophages, which can be 

labeled in vivo using the GAL4-UAS system. 

 

In recent years it has been discovered that when Drosophila hemocytes are overloaded with 

apoptotic cells, either by increasing the number of apoptotic cells for hemocytes to clear or by 

disrupting the processing of apoptotic cells by hemocytes, their motility and ability to respond 

to sites of injury are perturbed (Evans and Wood, unpublished data; Evans et al., 2013).  

 

By genetically manipulating the number of apoptotic cells for macrophages to clear in the 

embryo we aim to study how increased numbers of apoptotic cells affect the migratory ability of 

macrophages. In repo mutants, glial cells are not specified correctly since repo encodes a 

transcription factor critical to their development (Xiong et al., 1994; Halter et al., 1995). 

Consequently, the cells of this glial lineage within the ventral nerve cord are much less able to 

engulf apoptotic cells  - this leaves hemocytes with a greater number of apoptotic cells to clear 

and they become full up with corpses and appear vacuolated (Shklyar et al. 2014). This appears 

to lead to an attenuation of responses to wounds and hemocytes also exhibit slowed basal 

migration in repo mutants (Evans and Wood, unpublished data). Similarly in SCAR mutants, 

Drosophila hemocytes accumulate engulfed apoptotic cells and phenocopy the wound and basal 

motility defects observed in repo mutants (Evans et al., 2013). When apoptosis is prevented in 

theses embryos using the Df(3L)H99 genomic deletion (White et al., 1994), which relieves 

hemocytes of their duty to phagocytose apoptotic cells, vacuolation does not occur in SCAR 

mutant hemocytes and hemocyte lamellipodia are rescued and migration speeds almost fully 

restored to wild type-levels (Evans et al., 2013). This result suggests that apoptotic corpses 

somehow inhibit a SCAR-independent form of motility and turn off pro-inflammatory 

behaviours such as responses to wounds. However the molecular mechanisms by which 
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apoptotic cells exert this anti-inflammatory effect on hemocytes and how they suppress 

hemocyte migration are not clear.  

 

We hypothesise that the binding of hemocytes to apoptotic cells through apoptotic cell receptors 

expressed on their surface, and the subsequent downstream signalling, supresses hemocyte 

migration in the presence of pathological levels of apoptosis. We aim to test this hypothesis by: 

 

1) Inducing pathological levels of apoptosis in the Drosophila embryo using repo 

mutants to ensure that increased levels of apoptosis do indeed suppress 

hemocyte migrations in our hands.  

2) Blocking apoptosis in repo mutant embryos to check for a rescue of hemocyte 

migrations. 

3) Removing hemocyte apoptotic cell receptors in a repo mutant background to 

examine whether the binding of hemocytes to apoptotic cells is responsible for 

reduced hemocyte migrations. 

4) Examining the activation state of candidate signaling pathways within 

hemocytes in a repo mutant background which may be responsible for 

suppressing hemocyte migrations. 
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Chapter 2: Materials and methods 
 

 

2.1 Fly work 
 

 

2.1.1 Drosophila husbandry 
 

Fly stocks were maintained at 18°C in vials containing standard Drosophila medium (recipe in 

appendix 1). Flies were tipped to fresh vials of food every 4 weeks. 

 

 

2.1.2 Fly crosses 
 

Crosses were performed by placing appropriate male and virgin female adult flies in vials 

containing standard Drosophila medium with a pea-sized drop of yeast paste. These were then 

placed at 25°C and the flies tipped to fresh vials every 2 days.  

 

 

2.1.3 Fly sorting 
 

When flies required sorting based on their expression of specific balancers, or when selecting 

virgin females, flies were anaesthetised by placing them on CO2 emitting pads. Selected flies 

were then placed in vials laid on their side to avoid anesthetised flies getting stuck in the food at 

the bottom. Unwanted flies were euthanised by tipping them into a bottle containing 70% IMS 

in water.  

 

 

2.1.4 Harvesting of Drosophila embryos from laying cages 
 

In order to collect embryos with a given genotype, specific male and female adult flies were 

placed in a laying cage with a base composed of a plate of apple juice agar with a pea-sized 

drop of yeast paste on the surface. The cages were then placed at 22°C and the flies were left to 

lay overnight. In cases where RNAi knockdown was required, cages were left at a temperature 

of 25°C overnight. Apple juice agar plates were then removed from the cages and the embryos 

rinsed off the surface using distilled water and sieved through a 40ɛm cell strainer (Corning). 

Embryos were then dechorionated by submerging in bleach for 2 minutes, followed by 

extensive washing in distilled water to remove the bleach. 
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2.1.5 Staging and sorting of Drosophila embryos 
 

The embryonic stage of development of embryos was assessed by gut and amnioscerosa shape 

as well as and head morphology as described in the Atlas of Drosophila Development 

(Hartenstein 1993). Fluorescent balancers were selected against using a Leica M205 FA 

fluorescent dissection scope. 

  

2.2 Fly stocks 

 

The following are the details of all the stocks used in the work described in this thesis. Specific 

details of all the fly lines created for research can be found in appendix 2. 

 

 

2.2.1 Hemocyte-specific drivers  
 

Genotype Chromosome Source References 

croquemort-GAL4 3 Bloomington 

Stock Centre 

(Stramer et al. 2005) 

serpent-GAL4 2 Bloomington 

Stock Centre 

(Brückner et al. 

2004) 

 

 

2.2.2 Fluorescent labels and reporter constructs 

 

Genotype Chromosome Source References 

UAS-GFP 

 

2 and 3 Bloomington 

Stock Centre 

(Yeh et al. 1995) 

UAS-nuclear red stinger 

 

2 and 3 A gift from 

Brian Stramer, 

KCL, London 

(Barolo et al. 2004) 

P{srp-GMA} 2 Bloomington 

Stock Centre 

(Bloor and Kiehart 

2001) 
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TRE-eGFP 2 Bloomington 

Stock Centre 

(Chatterjee and 

Bohmann 2012) 

 

 

2.2.3 UAS constructs  
 

Genotype  Source References 

P{TRiP.HMJ23355}attP40 

(UAS-simu RNAi) 

2 Bloomington 

Stock Centre 

(Ni et al. 2009) 

P{TRiP.JF02696}attP2 

(UAS-scb RNAi) 

2 Bloomington 

Stock Centre 

(Ni et al. 2009) 

P{TRiP.HMS01997}attP40 

(UAS-crq RNAi) 

2 Bloomington 

Stock Centre 

(Ni et al. 2009) 

P{TRiP.HMS01224}attP2 

(UAS-p38a RNAi) 

2 Bloomington 

Stock Centre 

(Ni et al. 2009) 

UAS-simu 3 A gift from Estee 

Kurant, 

University of 

Haifa, Israel 

(Shklyar, Levy-

Adam, et al. 2013) 

UAS-crq X A gift from 

Natalie Franc, 

The Scripps 

Research 

Institute, USA 

(Franc et al. 1999) 
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2.2.4 Mutant alleles 
 

Genotype Chromosome Source References 

repo03702 3 Bloomington 

stock centre 

(Halter et al. 1995) 

simu2 2 A gift from 

Estee Kurant, 

University of 

Haifa, Israel 

(Kurant et al. 2008) 

crqKO 2 A gift from 

Natalie Franc, 

The Scripps 

Research 

Institute, USA 

(Han et al. 2014) 

scb2 2 Kyoto Stock 

Centre 

(Stark et al. 1997) 

scb01288 2 Bloomington 

Stock Centre 

(Stark et al. 1997) 

ɓɡ1 2 A gift from 

Nick Brown, 

University of 

Cambridge 

(Devenport and 

Brown 2004) 

draperȹ5 3 A gift from 

Estee Kurant, 

University of 

Haifa, Israel 

(Freeman et al. 

2003) 
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2.2.5 Genomic deficiencies and miscellaneous alleles 

 

Genotype Chromosome Source References 

Df(3L)H99 3 Bloomington 

Stock centre 

(White et al. 1994) 

Df(2L)BSC253 2 Bloomington 

Stock Centre 

(Cook et al. 2012) 

w1118 X Bloomington 

Stock Centre 

(Kurkulos et al. 

1991) 

 

 

 

2.3 Live imaging of Drosophila embryos 

 

 

2.3.1 Preparation of embryos for live imaging 
 

Firstly, in order to mount live embryos, a short piece of double-sided sticky tape (Scotch) was 

placed onto a microscope slide (SGL) and two 22mm x 22mm coverslips (SLS) were stuck to 

this at either end Dechorionated embryos of the desired stage were then carefully mounted 

ventral-side-up on the section of sticky tape between the two slides using a tungsten needle. 

Embryos were then covered in a minimal amount of Voltalef oil/halocarbon oil (VWR) to 

prevent them from drying out and also to improve the quality of the imaging. Note that multiple 

embryos can be mounted on a single microscope slide in this way. A final 24mm x 32mm 

coverslip (SLS) was then carefully placed on top of the embryos with each end overlapping the 

two previously placed coverslips, and two spots of nail varnish placed on each end to fix it in 

place. Once this final coverslip had been placed, embryos were left to acclimatise in the dark at 

room temperature for 30 minutes before imaging.  

 

 

2.3.2 Wounding of Drosophila embryos 
  

In order to wound embryos to assess hemocyte inflammatory recruitment to sites of tissue 

damage, stage 15 embryos of the desired genotype were first prepared for live imaging as in the 

previous section. Using an UltraView VOX spinning disc confocal system (Perkin Elmer) with 



 29 

an inverted Olympus IX81 microscope and Velocity imaging software, a pre-wound z-stack 

covering a depth of 25ɛm into the embryo was taken of the superficial hemocytes on the ventral 

side of the embryos with a UplanSApo 40x oil (NA=1.3) objective lens and with a z-spacing of 

1ɛm. A wound was then made in the ventral epithelium of the embryos using a MicroPoint 

nitrogen ablation laser (Andor) and z-stacks were typically taken every 2 minutes for 58 

minutes. At 60 minutes post-wound, another z-stack was taken, this time also using the 

brightfield channel, which was used to identify the wound perimeter. As all embryos wounded 

had hemocytes that were labelled with GFP, a 488nm laser with a GFP emission filter was 

always used to image the hemocytes. However, in cases where hemocytes were also labelled 

with nuclear red stinger, a 561nm laser with a TxRed emission filter was used in addition to 

GFP. 

 

 

2.3.3 Random migration of hemocytes 
 

In order to assess the migratory behaviour of hemocytes in vivo, embryos of the desired stage 

were first prepared for live imaging as previously (2.2.1). Using the same microscope set up as 

above (2.2.2) z-stacks covering a depth of 25ɛm into the embryo were taken of the superficial 

hemocytes on the ventral side of the embryos every 2 minutes for 60 minutes. 

 

 

2.3.4 Assessing hemocyte ROS levels 
 

 

2.3.4.1 Treating live embryos with ROS indicator 

 

To assess the levels of reactive oxygen species (ROS) within hemocytes, embryos were first 

harvested as previously (2.1.4) and then left to sit for 30 minutes on a moist apple juice agar 

plate in the dark. After this time, embryos were transferred to a foil-covered glass vial 

containing 1ml of peroxide-free heptane with 1ml of the ROS marker dihydrorhodamine 123 

(DHR 123; sigma) in PBS at a concentration of 50ɛM, and left on a shaker at 250rpm for 30 

minutes in the dark. Using a Pasteur pipette, embryos were then immediately transferred in a 

minimum volume of staining solution to containing Voltalef/halocarbon oil (VWR). Embryos 

were then mounted on individual slides in a minimum amount of oil as previously (2.2.1). 

However, instead of leaving embryos to acclimatise for 30 mins, embryos were imaged 

immediately. Note that a maximum of 3 embryos were mounted and imaged per staining, as the 

ROS indicator develops rapidly. 
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2.3.4.2 Imaging embryos for ROS 

 

Using lasers of wavelengths 488nm and 562nm with GFP and RFP emission filters to image 

DHR 123 and nuclear red stinger labelled hemocyte nuclei respectively, z-stacks covering a 

depth of approximately 25ɛm were taken of the hemocytes on the superficial surface of the 

VNC. This was done using a Nikon A1 inverted confocal microscope with a CFI Super Plan 

Fluor ELWD 40x oil objective lens (NA= 0.6), with a z-spacing of 1ɛm and using Nikon 

Elements imaging software software. 

 

 

2.4 Microinjection of Drosophila embryos 
 

 

2.4.1 Preparation of Drosophila embryos for injection 

 

In preparation for injection, stage 15 dechorionated embryos were first mounted on microscope 

slides as previously (2.2.1), however embryos were placed in vertical lines and orientated 

horizontally with the anterior end pointing right. Before adding oil to the embryos, the slide was 

placed in a small airtight box (Tupperware) containing silica gel bags for 7 minutes in order to 

dehydrate the embryos. A minimal amount of Voltalef oil/halocarbon oil was then placed on the 

embryos at their anterior end using a tungsten needle, which gradually spreads over the entire 

embryo. 

  

 

2.4.2 Needle pulling 

 

15cm long 1mm glass capillaries (WPI) were placed in a Flaming/Brown P-1000 micropipette 

puller (Sutter) and pulled using a heat of 390 and a pulling tension of 220. The very end of the 

tip was then bevelled by carefully snapping using a pair of forceps while viewing the capillaries 

under a dissection microscope at high magnification. 

 

 

2.4.3 Injecting embryos with apoptotic ófind-meô cues 

 

In order to inject embryos with potential ófind-meô cues or apoptotic supernatant ad examine 

their wound responses, embryos were first prepared as in section 2.3.1. Cues were prepared and 

injected at the concentrations shown in sections 2.4.4. diluted in PBS. The injection solution 

also contained 70kDa rhodamine dextran (2.5mg/ml; molecular probes) diluted at a ratio of 
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1:50. Control embryos were injected with the same solution as their respective cue, except the 

find-me cue was replaced with an equal volume of the solvent used to make up the find-me cue 

stock. Injections were performed into the anterior embryo using a DigiTherm injection system 

(Tritech) powered by a BAMBI 35/20 silent compressor. After injection, a 24mm x 32mm 

coverslip was placed over the embryos and secured with nail varnish as previously (2.2.1). Once 

this final coverslip had been placed, embryos were left to acclimatise in the dark at room 

temperature for 30 minutes before imaging. Wounding was performed as in section 2.2.2. 

 

 

2.4.4 Preparation of find-me cues for injection 
 

Find-me cue Supplier Stock 

diluted in 

Stock 

concentration 

Injected 

concentration 

Lysophosphatidylserine 

(LPC) 

sigma Absolute 

ethanol 

40mM 1.6mM 

Sphingosine-1-phosphate 

(S-1-P) 

sigma methanol 10ɛM 400nM 

Non-hydrolysable ATP 

(N-H ATP) 

sigma MQH2O 1mM 4ɛM 

 

 

2.5 Immunostaining and imaging of fixed Drosophila embryos 

 

 

2.5.1 Fixation of embryos 

 

Dechorionated embryos were fixed for 20 minutes at 150 rpm on a rocker in small glass vials 

containing 1 ml of 4% formaldehyde (Sigma-Aldrich) in PBS and 1ml of peroxide-free heptane 

(Fisher Scientific), which permeabalises embryos and forms an interface on which they sit. The 

lower formaldehyde phase of the fixative was then removed before adding 1 ml of methanol and 

shaking vigorously. Embryos that had popped out of their vitelline membranes and so sunk to 

the bottom of the vial were then transferred to a 1.5 ml eppendorf and washed three times in 500 

ɛl of methanol.  The embryos were then stored in another 500 ɛl of methanol at -20°C until 

required (maximum 2 weeks storage time). 
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2.5.2 Immunostaining of Drosophila embryos 

 

Following fixation and the removal of methanol, embryos were first washed three times in PBT 

(0.1% Triton-X 100 (Sigma) in PBS). Embryos were next blocked by incubation in PATx (1% 

bovine serum albumin (BSA) (Sigma) in PBT) for 20 minutes on a roller. This was repeated 

three times, each time replacing the PATx before incubation. Embryos were then transferred to 

a 500 ɛl eppendorf, PATx removed and embryos incubated in 250 ɛl of primary antibody 

diluted in PATx overnight on a roller at 4°C. The primary antibody solution was then removed 

and embryos washed 3 times in PATx before being incubated in PATx for three separate 20 

minute washes on a roller at room temperature, each time replacing the PATx as before. After 

the final 20 minute wash, PATx was removed and replaced with 250 ɛl secondary antibody 

diluted in PATx. This was then incubated on a roller in the dark for 2 hours at room 

temperature. After this incubation the secondary antibody solution was removed, and embryos 

were again washed three times in PATX before being incubated in PATx for a further three 20-

minute periods on a roller at room temperature as before. Finally, PATx was removed from the 

embryos and replaced with 300 ɛl DABCO mounting medium (Sigma; recipe in appendix 2). 

DABCO was left to penetrate embryos for either 1 hour at room temperature or 24 hours at 4°C 

before mounting for imaging. Immunostained embryos were stored in DABCO in the dark at 

4°C. Details of primary and secondary antibodies can be found below. 

 

 

2.5.3 Antibodies used for Immunostaining 
 

Primary antibodies used: 

 

Antibody  Supplier Code Dilution  Diluted In  

Rabbit anti-GFP Abcam ab290 1:500 PATX 

Mouse anti-GFP Abcam ab1218 1:100 PATX 

Rabbit anti-cDCP1 Cell Signaling 95785 1:500 PATX 
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Secondary antibodies used: 

 

Antibody  Supplier Code Dilution  Diluted In  

Goat anti-rabbit Alexa 

Fluor 488 

Molecular probes a11034 1:200 PATX 

Goat anti-rabbit Alexa 

Fluor 568 

Molecular probes a11036 1:200 PATX 

Goat anti-mouse FITC Stratech 115-095-

146 

1:200 PATX 

 

Goat anti-mouse Alexa 

Fluor 488 

Molecular probes a11029 1:200 PATX 

 

 

2.5.4 Mounting fixed embryos for imaging 

 

Fixed embryos of the desired embryonic stage were mounted using the same microscope slide 

set-up as for live imaging (section 2.2.1; Fig. 2.1), however fixed embryos were mounted in a 

small drop of DABCO instead of oil, and only single embryos were mounted per slide. 

 

 

2.5.5 Imaging DCP-1 stained embryos 

 

Using lasers of wavelengths 488nm and 562nm with GFP and RFP emission filters to image 

GFP labelled hemocytes and cDCP-1 labelled apoptotic cells respectively, z-stacks covering a 

depth of approximately 15ɛm were taken of the hemocytes on the superficial surface of the 

VNC. This was done using a Nikon A1 inverted confocal microscope with a CFI Plan 

Apochromat VC 60x oil objective lens (NA= 1.4), a zoom of 1.6 and z-spacing of 0.25ɛm, with 

Nikon Elements software. These stacks were taken at both the anterior and posterior ends of 

each embryo, allowing imaging of the majority of each embryo. 
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2.5.6 Imaging hemocytes on the VNC in stage 13 embryos 

 

Fixed and Immunostained stage embryos with GFP-labelled hemocytes were mounted as in 

2.4.3 and imaged using the same microscope set-up as in section 2.2.4.2.  

 

 

2.6 Drosophila S2 cell work 

 

2.6.1 Cell culture 

 

Drosophila S2 cells (a gift from David Strutt, University of Sheffield) were cultured in 

Schneiderôs Drosophila medium (Gibco) supplemented with 10% heat-inactivated fetal bovine 

serum (Sigma ïAldrich) and 1% Penicillin-Streptomycin (Gibco) in a 25°C humidified 

incubator. 

 

 

2.6.2 Assessment of Caspase activation post apoptosis induction 

 

2.6.2.1 Induction of apoptosis 

 

In order to work out the timing of apoptosis post-UV treatment, 150ɛl of S2 cells at a 

concentration of 1x106 cells/ml in S2 media were first seeded to each of 9 wells of a 96-well cell 

culture plate, and left to adhere at for 2 hours at 25°C. The media was then removed from the 

wells and replaced with 100ɛl PBS. With the lid of the plate removed, cells were then irradiated 

with 100 mJ/cm2 UV using a Stratalinker 2400 UV crosslinker. As a control, 3 of the wells were 

covered with aluminium foil during this treatment to prevent them from being exposed to UV. 

PBS was then removed from the wells and replaced with 100ɛl of S2 media containing 5 ɛM 

CellEvent Caspase -3/7 green detection reagent (Invitrogen) and propidium iodide (BIOlegend) 

(2ɛg/ml). As a further control, 3 of the UV-treated wells also contained the pan-caspase 

inhibitor Z-VAD-FMK (ApexBio) at a concentration of 100ɛM in order to prevent the 

activation of caspases.  
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2.6.2.2 Imaging 

 

Time-lapse imaging of Caspase activation and PI staining in UV-treated cells prepared as above 

was then performed. Imaging was done with a Nikon Ti-E with Intensilight fluorescent 

illumination with ET/sputtered series fluorescent filters 49002 (Chroma), and a CFI Plan 

Apochromat ɚ 20X, N.A.0.75 objective lens with Perfect Focus system. Images were 

captured every 15 minutes for approximately 14 hours using NIS-Elements software (Nikon). 

 

 

2.6.3 Collection of apoptotic cell supernatant for injection 

 

To induce apoptosis of S2 cells, 1.2 x 107 cells suspended in Schneiderôs Drosophila medium 

were first plated to 60mm cell culture dishes (Sigma-Aldrich) and left to adhere for 3 hours at 

25°C. The media was then carefully removed from the dishes and replaced with 2ml of PBS. 

With the lid of the cell culture dishes removed, cells were then irradiated with 100 mJ/cm2 UV 

using a Stratalinker 2400 UV crosslinker. PBS was then removed and replaced with 2ml of 

fresh Schneiderôs Drosophila medium before the dishes were returned to the 25°C incubator. As 

a control, one of the dishes of cells was treated in exactly the same way as above but without 

treating with UV irradiation. Cells were then left for 13 hours before the cell supernatant was 

transferred to a 15ml falcon tube and put on ice. These were then centrifuged at 1000xg for 3 

minutes at 4°C. The supernatant from this was then transferred to a fresh 15ml falcon tube and 

the centrifugation repeated. The supernatant of this was then removed and placed on ice until 

ready for injection. 

 

 

2.7 Image processing and analysis 

 

All image processing and analysis was performed using Fiji (ImageJ).   

 

 

2.7.1 Analysis of hemocyte wound responses 
 

Hemocyte responses to wounds at 60-minutes post-wounding (and other timepoints as required) 

were analysed by first blinding all post-wound images using a Python script obtained from the 

Whitworth Laboratory (University of Cambridge). The brightfield channel image was then used 

to locate the wound perimeter, which was drawn around using the polygon selection tool in Fiji. 

The area of the wound was then measured and the wound perimeter drawn on every z-slice of 
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the GFP channel. 15 z-slices (15ɛm depth) were then counted from and including the first non-

wound hemocyte (i.e. those that are not touching the wound perimeter in any way) to come into 

focus in the stack, and every slice after this was deleted. The number of hemocytes at the wound 

was then counted by scrolling through the z-stack and identifying hemocytes within or with any 

part of them touching the wound perimeter, and marking them using the multi-point tool in Fiji 

as they were counted. The density of hemocytes at the wound was then quantified by dividing 

the number of hemocytes present at the wound by the wound area for each embryo. This was 

then normalised to control embryo hemocyte densities. Wounds with an area of less than 1500 

ɛm2 were not used. 

 

 

2.7.2 Analysis of time-lapse movies of hemocytes responding to wounds 
 

In order to gain a better insight into the dynamics of hemocyte responses to wounds, the 60-

minute time-lapse movies of hemocytes responding to the wounds taken as part of the wounding 

assay were sometimes analysed. The movies were first prepared for analysis by creating a 

maximum projection of the GFP channel. The corresponding post-wound image was then 

opened and the brightfield channel used to identify the wound perimeter as above. This 

selection was then added to the manager in Fiji and transferred onto the maximum projection 

movie in order to visualise the location of the wound. A number of analyses were then 

performed in these processed movies: 

2.7.2.1 Percentage responders  

 

To analyse the percentage of hemocytes that respond to the wound at any given point during the 

60-minute time-lapse movie, each hemocyte present at the first time point (t=0) was tracked 

over the duration of the movie. If any part of the hemocyte came into contact with the wound 

perimeter during the course of the movie, then it was counted as having responded. The 

percentage of hemocytes actively responding to the wound was then calculated for each embryo. 

This was done by subtracting the number of hemocytes already at the wound at t=0 by the total 

number of hemocytes tracked (giving us the number of hemocytes with the potential to actively 

respond to the wound), and then dividing the number of hemocytes who responded to the 

wound by this number, and finally multiplying by 100.  

 

 

2.7.2.2 Percentage of hemocytes leaving the wound 

 

Hemocytes were tracked in the wounding movies as above, however this time every hemocyte 

that was present at the wound at any point during the movie, but who left at any point (i.e. no 

single part of the hemocyte was touching the wound perimeter) was counted. The percentage of 
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hemocytes leaving the wound per embryo was then calculated by dividing the number of 

hemocytes deemed to have left the wound by the number of hemocytes that were already at or 

responded to the wound during the movie (i.e. the number there at t=0 plus the number that 

were to deemed to have responded), and multiplying by 100. 

 

 

2.7.3 Pre-wound hemocyte density on the VNC 
 

The density of hemocytes in pre-wound images was analysed by first counting 15 z-slices 

(15ɛm depth) from and including the first hemocyte to come into focus in the z-stack, and 

deleting all subsequent slices. A maximum projection of the remaining slices was then created 

and the number of hemocytes counted using the multi-point tool in Fiji.  The area of the embryo 

was then measured by using the polygon selection tool to draw around the embryo boundary, 

which was defined as the area where the auto-fluorescence from the vitelline membrane ends. 

Finally, hemocyte density was calculated by dividing the number of hemocytes by the embryo 

area and then multiplying this by 100 

 

 

2.7.4 Stage 13 hemocyte density on the VNC 

 

The density of hemocytes on the VNC in stage 13 embryos was analysed as above but using 

fixed embryos. 

 

 

2.7.4 Analysis of hemocyte random migration speeds 
 

In order to analyse the random migratory behaviour of hemocytes, maximum projection time-

lapse movies were first created using the GFP channel. Hemocyte migrations were then tracked 

using the manual tracking plug-in in Fiji, which involved tracking each individual hemocyte 

over the course of the movie by clicking on the centre of the hemocyte at each time point. The 

ImageJ chemotaxis plugin was then used to calculate the speed of migration for each hemocyte 

tracked and an embryo average was also calculated. It must be noted that only hemocytes on or 

close to the midline were analysed, as those located more laterally are capable of migrating 

down the sides of the embryo, which would cause hemocyte velocity readings to be inaccurate 

as they may appear to be migrating very little, when in fact they may be migrating in a different 

plane of view.   

 

 



 38 

 

2.7.5 Analysis of apoptotic cell clearance 

 

In order to assess the engulfment of apoptotic cells by hemocytes, the two channels of each 

stack were first separated and de-speckled. 41 z slices were then counted from and including the 

slice in which the first hemocyte came into focus, which represents a depth of 10ɛm, and all 

remaining slices removed from both channels. The green and red channels of each stack were 

then re-merged to allow engulfed apoptotic cells to be seen within hemocytes. For each 

hemocyte that is fully in view in both the XY and Z planes, the number of engulfed apoptotic 

cells is quantified by scrolling through the stack and counting the number of red cDCP-1 

punctae that are located fully within the hemocytes. This data is then used to calculate the 

average number of engulfed apoptotic cells per hemocyte per embryo. Untouched apoptotic 

cells were quantified by counting the number of red cDCP-1 punctae that are located within the 

above z-stacks but are in no way touching hemocytes.  

 

 

2.7.6 Analysis of embryo ROS 

 

In order to analyse the levels of DHR 123 ROS indicator fluorescence, 15 z-slices from and 

including the first nuclear red stinger labelled hemocyte nuclei to come into focus were counted 

and all other slices deleted for all channels. Maximum projections of each channel were then 

made and merged. Hemocyte ROS levels were then assessed by measuring the mean gray value 

of the green channel in a 6 ɛm diameter circle centred over each hemocyte nuclei. Background 

ROS levels were assessed using the same method except random areas of the embryo not 

containing hemocyte nuclei measured.  

 

 

2.7.7 Analysis of Caspase activation and PI staining post-UV irra diation of 

Drosophila S2 cells 

 

In order to analyse the activation of Caspases, and also PI staining of cells post-UV irradiation, 

each channel was first separated and despeckled in Fiji. A mask was then created of both the red 

and green channels before watershedding each. These masks were then used to quantify the 

number of cells Caspase (green channel) or PI (red channel) positive cells at each timepoint. In 

order to estimate the percentage of cells positive for each marker, the brightfield channel was 

then used to estimate the total number of cells in view. This was done by setting a zoom of 

150% and counting the number of cells in the top right-hand section of the image at the first 
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timepoint. As the top right-hand corner at this zoom represents approximately one ninth of the 

entire image, the number counted in this area was multiplied by nine to get an estimate of the 

overall cell number. Finally, this was used to calculate the percentage of cells positive for each 

marker at each timepoint.  

 

2.8 Experimental Repeats 
 

At least three experimental repeats were done for every experiment, each on separate days. 

 

2.9 Statistical analysis 

 

All statistical analysis was performed using Prism software (GraphPad Prism 7). A non-

parametric Mann-Whitney U test was performed when comparing two sets of data. When 

multiple comparisons between data sets were required a Kruskal-Wallis one-way ANOVA with 

Dunnôs multiple comparison test was used. Data was deemed to be statistically significant if 

p<0.05. 
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Chapter 3: Overloading macrophages 

with apoptotic cells affects their 

function and behaviour 
 

 

3.1 INTRODUCTION  

 

Programmed cell death during embryonic development, and the subsequent removal of these 

dying cells by phagocytes is a fundamental and essential process that occurs in all multi-cellular 

organisms. During embryonic development, programmed cell death plays a critical role in the 

patterning and sculpting of the central nervous system, and large numbers of neurons undergo 

apoptosis in order to refine neuronal connections (Oppenheim 1991). During Drosophila 

embryogenesis, a great deal of programmed cell death occurs in the ventral nerve cord (VNC) 

(Abrams et al. 1993; Rogulja-Ortmann et al. 2007), a structure widely-considered to be the 

equivalent of the vertebrate spinal cord. 

 

Apoptotic cells can first be observed in the VNC at stage 11 of Drosophila embryonic 

development, and from here the number increases until around stage 14, when there is a plateau 

in apoptosis that continues until the end of embryogenesis (Rogulja-Ortmann et al. 2007). In 

order to prevent secondary necrosis of apoptotic cells, and to prevent their contents from 

spilling into the surrounding environment, they must be swiftly and efficiently cleared by 

phagocytes. In the central nervous system (CNS) of Drosophila embryos, apoptotic cells are 

efficiently cleared by glial cells ï which operate as non-professional phagocytes (Freeman et al. 

2003; Kurant et al. 2008). In order for glia to perform this essential role, they must first acquire 

the ability to recognise and engulf apoptotic cells.  

 

Glial cells in Drosophila can be subdivided into two main groups: the midline glia and the 

lateral glia, the latter of which accounts for the vast majority of glia (Stork et al. 2012). The 

specification of lateral glia requires the transcription factor Glial cells missing (Gcm) (Jones et 

al. 1995; Hosoya et al. 1995). Gcm then induces the expression of target genes in lateral glia 

such as reversed polarity (repo), a transcription factor expressed in all lateral glial cells that is 

required for their normal function and differentiation (Campbell et al. 1994; Xiong et al. 1994; 

Halter et al. 1995). In fact in repo mutants there are normal numbers of glia but their 

morphology is abnormal and their volume is significantly decreased (Shklyar et al. 2014).  As 

well as being required for normal morphology, repo is also important in regulating the 

phagocytic capacity of glial cells in the CNS (Shklyar et al. 2014). repo is required for the 
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expression of the apoptotic cell receptor Draper (Drpr) and for normal expression levels of 

another apoptotic cell receptor, Simu, in glial cells, and in repo mutant embryos increased 

numbers of apoptotic cells can be found in the VNC due to the decreased ability of glia to clear 

apoptotic cells (Shklyar et al. 2014). Interestingly, restoring expression of Simu and Drpr 

specifically in glial cells in repo mutants rescues their defective phagocytosis of apoptotic cells 

(Shklyar et al. 2014). Therefore, repo is required for the normal expression of the apoptotic cell 

receptors Drpr and Simu on glial cells, important effectors of apoptotic cell clearance. 

 

On the ventral side of the embryo, macrophages migrate on the surface of the VNC in close 

contact with glial cells. Prior to the VNC becoming fully ensheathed by surface glial cells by 

approximately stage 16 of embryonic development (Schwabe et al. 2005), which seals the VNC 

from coming into direct contact with macrophages, it seems that these two phagocytic cell types 

work in concert to clear apoptotic neurons in this location. This seems true as in repo mutants, 

where glial cell specification is disrupted and they are much less able to phagocytose apoptotic 

cells, macrophages seem to increase their clearance of apoptotic cells in this area, suggesting 

that they are clearing those that would otherwise have been cleared by glial cells (Shklyar et al. 

2014). This study also suggests that, unlike in control embryos, macrophages can occasionally 

be found within the VNC in repo mutant stage 16 embryos, which demonstrates that the sealing 

of the VNC by surface glia is perhaps disrupted in repo mutants (Shklyar et al. 2014). Together 

this suggests that prior to the ensheathment of the VNC (i.e. before around stage 16 of 

embryonic development), macrophages are able to clear apoptotic cells of the CNS together 

with glia.  

 

There are a multitude of chronic inflammatory diseases where the clearance of apoptotic cells 

by macrophages is perturbed, including atherosclerosis, COPD and autoimmune diseases such 

as Systemic lupus erythematosus (SLE) (Poon et al. 2014). To better understand how the build-

up of apoptotic cells affects macrophage function and behaviour in vivo, we sought to use 

Drosophila as a model organism to study this. In Drosophila, the build-up of engulfed apoptotic 

cells within macrophages in SCAR mutant embryos caused by defective corpse processing, 

results in their migration speeds being slowed, which can be partially rescued by blocking 

apoptosis (Evans et al. 2013), suggesting that apoptotic cells have the ability to affect 

macrophage migration, an essential aspect of macrophage function. Therefore, we aim to further 

examine how pathological levels of apoptosis affects macrophage function in vivo by 

genetically increasing the number of apoptotic cells for macrophages to clear in the Drosophila 

embryo. We hypothesise that repo mutant embryos represent a good model to study this as 

macrophages in such mutants have been reported to phagocytose increased numbers of 

apoptotic cells (Shklyar et al. 2014). We aim to study how macrophage migration and 
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inflammatory responses to wounds are affected in repo mutants and hypothesise that both of 

these migratory behaviours are perturbed in these embryos. 

 

3.2 RESULTS 
 

 

3.2.1 Macrophages clear increased numbers of apoptotic cells in the absence 

of normal glial cell specification 
 

As we wished to study how pathological levels of apoptosis affect macrophage function and 

behaviour in vivo, we first needed to find a way of increasing the number of apoptotic cells for 

hemocytes to clear in the Drosophila embryo. We hypothesised that as hemocytes on the 

superficial VNC seem to work in concert with glial cells to clear apoptotic cells, then disrupting 

glial cell specification may lead to an increased number of apoptotic cells for hemocytes to 

clear. Therefore, we hypothesised that repo mutant embryos may represent a good model in 

which macrophages are overloaded with apoptotic cells. As this was being looked in to, a study 

by Shklyar et al. examining the developmental regulation of glial cell phagocytosis was 

published, which briefly noted that there is an increased volume of apoptotic cells per 

macrophage in repo mutant embryos (Shklyar et al. 2014). This supported our hypothesis and so 

we sought to examine apoptotic cell clearance in more detail in these mutants. To do this control 

and repo03702 null mutant (Halter et al. 1995) embryos in which hemocytes were labelled using 

UAS-GFP expression under the control of the hemocyte specific crq-GAL4 driver, were fixed 

and immunostained for cleaved DCP-1 (a downstream effector caspase cleaved during apoptosis 

(Song et al. 1997)) to label apoptotic cells and also for GFP to visualise hemocytes (Fig. 3.1 A-

Bô). To quantify the engulfment of apoptotic cells by hemocytes in these embryos, the number 

of cleaved DCP-1 particles found within the hemocytes on the VNC was counted. When we 

analysed engulfment in this way we found that hemocytes in repo03702 mutants contained on 

average over double the number of corpses of those in control embryos (n=6 and 5 embryos for 

control (w;;crq-GAL4,UAS-GFP) and repo03702 mutants (w;;repo03702,crq-GAL4,UAS-GFP), 

respectively; p=0.0043 via Mann-Whitney test) (Fig. 3.1 C). We also counted the number of 

apoptotic cells that remained untouched by hemocytes in these embryos as a measure of the 

level of uncleared apoptotic cells and found that, although there was a trend towards an increase 

in the number untouched by hemocytes in the space between the epithelium and developing 

CNS in repo03702 mutant embryos, this was not statistically significant compared to controls 

(n=4 and 9 embryos for control and repo03702 mutants respectively; p=0.106 via Mann-Whitney 

test; Fig. 3.1 D). This data shows that hemocytes in repo mutants contain increased numbers of 

apoptotic cells, presumably because many of the glial cells can no longer phagocytose apoptotic 

cells efficiently, leaving more to be cleared by the hemocytes. We term this an increased 
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ñapoptotic cell burdenò, as there is no evidence that there are enhanced levels of apoptotic cell 

death in repo mutants (Shklyar et al. 2014). This suggested to us that repo03702 mutants represent 

a useful model to understand how increased numbers of apoptotic cells affect macrophage 

function in vivo, particularly as hemocytes do not express repo (Xiong et al., 1994; Armitage 

and Evans, unpublished data) and their initial specification at least should be unperturbed in this 

genetic background, as supported by the fact that the expression of hemocyte-specific genes 

serpent and croquemort seem normal in repo mutants. 
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Figure 3.1: DCP-1 staining in repo03702 mutants reveals an accumulation of apoptotic cells 

within hemocytes 

(A and B) Representative projections from confocal stacks of hemocytes (in green; crq>GFP) 

and apoptotic cells (in magenta; DCP-1) superficial to the VNC in control and repo03702 fixed 

stage 15 embryos, showing greatly increased numbers of apoptotic cells within hemocytes in 

repo03702 mutants. Scale bars represent 20ɛm. (Aô and Bô) Zoomed images from A and B 

demonstrating the accumulation of apoptotic cells within hemocytes in repo03702 mutants. Scale 

bars represent 5ɛm. (C) Scatterplot of the average number of DCP-1 particles engulfed per 

hemocyte, per embryo (referred to as the óphagocytic indexô (PI)). Lines and error bars represent 

mean±SD; n=6 and 5 embryos analysed for controls and repo03702 mutants respectively. (D) 

Scatterplot of the number of DCP-1 particles that remain uncleared by hemocytes in control and 

repo03702 mutant embryos. Lines and error bars represent mean±SD; n=4 and 9 embryos 

analysed for control and repo03702 mutants respectively.  

Asterisks indicate statistical significance as determined by Mann-Whitney test; ****p < 0.0001 

and ns = not significant. 

 

 

3.2.2 Macrophage inflammatory responses to wounds are decreased in repo 

mutants 
 

As we found that the engulfment of apoptotic cells by hemocytes is increased in repo03702 

mutants, and it is known that the engulfment of apoptotic cells by vertebrate macrophages 

induces an anti-inflammatory phenotype (Szondy et al. 2017), we sought to examine hemocyte 

inflammatory responses to wounds in repo03702 mutant embryos. To do this we wounded control 

(w;;crq-GAL4,UAS-GFP) and repo03702 mutant (w;;repo03702,crq-GAL4,UAS-GFP) stage 15 

embryos at the ventral epithelium using an ablation laser, and analysed the inflammatory 

response of hemocytes by quantifying the density of hemocytes at wounds 60 minutes post-

wounding. In control embryos, hemocytes respond by robustly migrating to the wound and at 60 

minutes post-wound there is a high density of hemocytes at the wound site (Fig. 3.2 A). In 

contrast, hemocytes in repo03702 mutants exhibit a decrease in their inflammatory migrations to 

wounds (Fig. 3.2 A, B), and at 60 minutes post-wound the density of hemocytes at the wound is 

significantly decreased by approximately 50% when compared to controls (n=23 and 17 

embryos for controls and repo03702 mutants respectively; p<0.0001 via Mann-Whitney test) (Fig. 

3.2 B). This shows that hemocyte inflammatory responses to wounds are reduced in repo03702 

mutants where there are increased numbers of apoptotic cells engulfed by hemocytes, 

suggesting that increased exposure to or engulfment of apoptotic cells by hemocytes may be 

reducing their ability to mount an inflammatory response.  

 

The repo03702 allele represents the strongest loss-of-function allele currently available (Halter et 

al. 1995), and since the previous phenotypes were all found in repo03702 homozygous embryos it 

was of paramount importance to confirm that these were specifically due to loss of repo 

function and not a second site mutation elsewhere on chromosome 3. To address this embryos 

trans-heterozygous for both the repo03702 mutation and a deficiency removing the repo gene 
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(Df(3R)BSC638) were wounded and hemocyte wound responses analysed (Armitage and Evans, 

unpublished data). This showed that there was a decrease in hemocyte wound responses at 60 

minutes post-wounding, which was similar to repo03702 mutant homozygotes, with 

approximately a 50% reduction in hemocyte density at wounds compared to controls, showing 

that it is indeed the repo03702 mutation that is causing hemocyte inflammatory responses to be 

reduced in repo03702 mutant embryos. Hemocytes in these trans-heterozygous embryos also 

appear highly vacuolated, suggesting that the repo03702 mutation also causes there to be 

increased numbers of apoptotic cells within hemocytes (data not shown). 
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Figure 3.2: Hemocyte inflammatory migrations to wounds are perturbed in repo03702 

mutants 

(A) Representative stills of GFP-labeled hemocyte responses to wounds at 60 minutes post-

wound in control and repo03702 mutant stage 15 embryos. (B) Scatterplot of hemocyte wound 

responses per embryo shown as the number of hemocytes per ɛm2 wound area at 60 minutes 

post-wounding normalized to the control average. Lines and error bars represent mean±SD; 

n=23 embryos for controls and n=17 for repo03702 mutants. 

White dashed ovals represent wound perimeter; scale bars represent 20ɛm; asterisks indicate 

statistical significance as determined by Mann-Whitney test; ****p < 0.0001. 

 

 

 

3.2.3 Total number of macrophages in repo mutant embryos is unchanged, 

however less reach the ventral nerve cord 
 

When wounding repo mutant embryos, we noticed that there seemed to be fewer hemocytes on 

the ventral nerve cord (VNC) around the wounding area compared to controls. Therefore we 

decided to analyse this by counting the number of hemocytes present in the pre-wound images 

taken as part of the wounding assay in control (w;;crq-GAL4,UAS-GFP) and repo03702 mutant 

(w;;repo03702,crq-GAL4,UAS-GFP) embryos (Fig. 3.3 A), and calculating hemocyte density by 

normalising according to the area of the embryo in the field of view. We found that the density 

of hemocytes in these pre-wound images was indeed reduced in repo03702 mutants, with 

approximately a 40% decrease compared to control embryos (n=23 and 15 for control and 

repo03702 mutants respectively; p<0.0001 via Mann-Whitney test) (Fig 3.3 B). This suggests that 

the wound response defect observed in repo mutants may be due to decreased numbers of 

hemocytes in the wound vicinity prior to wounding.  

 

In light of this result, we wondered whether there was perhaps a decrease in the total numbers of 

hemocytes in repo mutants. To examine this we flattened embryos whose hemocytes were 

labelled using the nuclear-specific marker UAS-nuclear red stinger that was specifically 

expressed in hemocytes using crq-GAL4. Flattening of the embryos then allowed us to count the 

number of red nuclei in the entire embryo and therefore the total number of hemocytes (Fig. 3.3 

C). We found that, compared to control embryos (w;;crq-Gal4,UAS-nuclear red stinger), there 

was no difference in the total numbers of hemocytes in the whole embryo in repo03702 mutants 

(w;;repo03702,crq-Gal4,UAS-nuclear red stinger; n=10 and 13 embryos for controls and repo 

mutants respectively; p=0.455 via Mann-Whitney test; Fig. 3.3 D), with both genotypes having 

around 700 hemocytes per embryo which is in line with published data (Brückner et al. 2004). 

 This was also the case in repo03702/Df(3R)BSC638 trans-heterozygotes (Armitage and Evans, 

unpublished data). This shows that the decreased number of hemocytes in pre-wound images in 

repo03702 mutants is not due to a decrease in overall numbers of hemocytes in the embryo. 
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If not for decreased numbers of hemocytes in the embryo, we wondered what might possibly be 

the reason for decreased numbers of hemocytes on the ventral midline at stage 15 of 

development (Fig. 3.3 A, B).  So, we next hypothesised that the decreased numbers were due to 

defects in the developmental dispersal of hemocytes. Hemocytes have been shown to migrate 

along well characterised routes through the embryo during embryonic development, to 

eventually become dispersed throughout the entire embryo (Tepass et al. 1994). By embryonic 

stage 13, a continuous line of hemocytes usually forms on the ventral midline of the embryo, 

and this line is formed by the migration of hemocytes from both the anterior and posterior ends 

of the embryo (Wood et al. 2006; Tepass et al. 1994). Therefore, we first decided to assess 

developmental dispersal by checking for this line of hemocytes on the ventral embryo.  We did 

this by fixing and staining control (w;;crq-GAL4,UAS-GFP) and repo03702 (w;;repo03702,crq-

GAL4,UAS-GFP) embryos for GFP and imaging stage 13 embryos laterally, in the plane of 

focus that allows us to see the hemocytes along the ventral midline (Fig. 3.3 F). We then 

calculated the percentage of embryonic segments that contained hemocytes in this location, as a 

measure of the extent to which the hemocytes had managed to migrate along the midline. When 

we did this, we found that hemocytes in repo03702 mutant embryos could be found in 100% of 

segments, which was also true for controls (n=15 and 17 embryos for controls and repo03702 

mutants respectively; p>0.999 via Mann-Whitney test) (Fig. 3.3 E). We also quantified the 

number of hemocytes in the central 5 segments at the VNC in stage 13 embryos (Fig. 3.3 G). 

This quantification showed that as well as in stage 15, stage 13 repo03702 mutant embryos also 

have decreased numbers of hemocytes in this area compared to controls (n=13 embryos for both 

controls and repo03702 mutants; p<0.0001 via Mann-Whitney test) (Fig. 3.3 H). Altogether this 

data suggests that fewer hemocytes are reaching the superficial VNC area of the embryo in repo 

mutants. One explanation may be due to hemocytes being preoccupied by clearing the increased 

numbers of apoptotic cells elsewhere in these embryos, as apoptosis can be observed from as 

early as embryonic stage 11 in the Drosophila CNS (Rogulja-Ortmann et al. 2007). Hemocytes 

also migrate slower in repo mutants (see Fig. 3.9), therefore fewer hemocytes may be present on 

the VNC at both stage 13 and 15, as they simply cannot get there as quickly as in controls. Since 

hemocytes do not migrate more rapidly than controls in the absence of apoptosis (Evans et al., 

2013; see also figure 3.10 below), it seems less likely that engulfment restricts migration speeds 

per se, though of course larger hemocytes that are full of apoptotic cells as in repo mutants, may 

find it more difficult to move through more spatially constricted regions, for example during 

entry into the germband (Ratheesh et al. 2015). 
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Figure 3.3: Hemocyte numbers on the VNC in stage 15 embryos are reduced in repo03702 

mutants, but total numbers are not affected 

 

(A) Representative pre-wound stills of GFP-labeled hemocytes on the superficial VNC in 

control and repo03702 mutant stage 15 embryos. (B) Scatterplot of hemocyte densities in stage 15 

pre-wound images shown as the number of hemocytes per ɛm2 embryo area normalized to the 

control average. Lines and error bars represent mean±SD; n=23 embryos for controls and n=15 

for repo03702 mutants. (C) crq>redst labeled hemocyte nuclei in control and repo03702 mutant 

squashed stage 15 embryos embryos, showing the total number of hemocytes in the embryos. 

(D) Scatterplot of the total number of hemocytes per embryo. (E) Quantification of the % of 

embryonic segments containing hemocytes on the superficial VNC. (F) GFP-labeled hemocytes 

in immunostained control and repo03702 mutant embryos. (G) GFP-labeled hemocytes on the 

VNC in immunostained control and repo03702 mutant stage 13 embryos. (H) Scatterplot of the 

number of hemocytes on the VNC in stage 13 embryos. Lines and error bars represent 

mean±SD; n=10 and 13 embryos for controls and repo03702 mutants respectively. 
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3.2.4 The percentage of hemocytes migrating to wounds is decreased in repo 

mutants 
 

As there are decreased numbers of hemocytes in the area of the embryo typically ablated in the 

wounding assay, we wanted to assess whether the decreased wound response seen in repo 

mutants was due simply to there being less hemocytes in the surrounding area. To do this we 

made time-lapse movies of hemocytes as they responded to wounds in repo03702 mutant 

(w;;repo03702,crq-GAL4,UAS-GFP) and control (w;;crq-GAL4,UAS-GFP) embryos, and 

calculated the percentage of hemocytes present in the frame of view at the beginning of the 

movie that actively migrated to the wound. When we did this, we found that the percentage of 

hemocytes responding to wounds at any point during the wounding movie was significantly 

decreased in repo03702 mutants when compared to controls (n=7 and 9 embryos for controls and 

repo03702 mutants respectively; p=0.0003 via Mann-Whitney test; Fig. 3.4 A, B). The percentage 

of hemocytes that are at or migrate to the wound that subsequently leave was also analysed. We 

found that hemocytes in repo03702 mutants are no more likely to leave the wound than in controls 

(n=7 and 9 embryos for controls and repo03702 mutants respectively; p>0.999 via Mann-Whitney 

test; Fig. 3.4 C), suggesting that the decreased wound response in repo03702 mutants is not due to 

hemocytes migrating to and then leaving the wound. Together this data suggests that the 

defective wound responses of hemocytes in repo mutants are unlikely to be due solely to a 

decrease in hemocyte density in the surrounding area, as the hemocytes that are present in this 

area in these mutants are still much less likely to migrate to wounds. It is possible that a certain 

number of hemocytes need to migrate to wounds in order to relay a signal that attracts further 

hemocytes to the wound. However, we have found that a reduction in hemocytes in the 

wounding area does not always correlate with a decrease in the % of those responding to 

wounds (for example in crq mutants; Chapter 6, Figure 6.4), therefore this is unlikely to be the 

case. 

 

 

3.2.5 Absence of JNK signalling in hemocytes does not correlate with failure 

to migrate to wounds 
 

In repo03702 mutants, hemocytes contain on average over double the number of apoptotic corpses 

seen in control hemocytes (see Figure 3.1). We hypothesised that this may induce stress 

signalling in hemocytes, which might in turn affect the ability of macrophages to mount an 

inflammatory response to wounds. One well-known stress signalling pathway is the JNK 

pathway, which controls essential cellular processes such as proliferation, apoptosis and 

inflammation (Johnson and Nakamura 2007). Further to this, a study by Weavers et al. showed 

that corpse engulfment by hemocytes induces JNK signalling within the hemocytes, and that  
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Figure 3.4: The percentage of hemocytes migrating to wounds during the 58-minute time 

period post-wounding is reduced in repo03702 mutants  

(A) Representative tracks of hemocyte wound responses over 58 minutes from the time of 

wounding in control and repo03702 mutant stage 15 embryos. Coloured lines represent the course 

of migration of each hemocyte tracked and coloured dots show the final position of hemocytes 

at 58 minutes post-wound. (B) Scatterplot of the % of hemocytes present at t=0 minutes post-

wound who actively migrate to the wound at any point during the wounding movie. Lines and 

error bars represent mean±SD; n=7 movies analysed for control embryos, n=9 for repo03702 

mutants. (C) Scatterplots of the % of hemocytes present at t=0 minutes post-wound who are at 

and then migrate away from the wound at any point during the wounding movie. Lines and error 

bars represent mean±SD; n=7 movies analysed for control embryos, n=9 for repo03702 mutants. 

White dashed ovals represent wound perimeter; scale bars represent 20ɛm; asterisks indicate 

statistical significance as determined by Mann-Whitney test; ***p < 0.001 and ns = not 

significant. 
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this is required for subsequent inflammatory responses to wounds (Weavers et al. 2016). They 

also showed that most hemocytes in stage 14 control embryos have active JNK signalling due to 

the engulfment of apoptotic corpses (Weavers et al. 2016). Therefore we sought to examine the 

activation of JNK signalling in hemocytes in repo03702 mutants to see whether abnormal 

activation might explain their lack of a wound response. To do this we used flies carrying TRE-

eGFP - a JNK signalling transgenic reporter construct that results in GFP expression induction 

in cells where JNK signalling is active (Chatterjee and Bohmann 2012). When we examined 

hemocytes in stage 15 embryos for active JNK signalling, we found that approximately 3% of 

hemocytes exhibit active JNK signalling in control embryos (w;TRE-eGFP;crq-Gal4,UAS-

nuclear red stinger), whereas this increased to around 7% in repo mutants (w;TRE-

eGFP;repo03702,crq-Gal4,UAS-nuclear red stinger; Fig. 3.5 A, B), and although this increase in 

the percentage of GFP-positive hemocytes was only very slight, this was significantly different 

from controls (n=16 and 13 embryos for controls and repo03702 mutants respectively; p=0.0264 

via Mann-Whitney test; Fig. 3.5 B). As an internal control to confirm that TRE-eGFP construct 

was indeed present and functionally correctly, we examined the dorsal side of the embryo, 

where JNK signalling is required for dorsal closure (Sluss et al. 1996). Here we found very 

strong GFP expression in the most dorsal epithelia in both control and repo mutant embryos 

(data not shown), confirming that the TRE-eGFP construct was functional in these embryos. 

Furthermore, Together this data suggests that, in contrast to published data (Weavers et al. 

2016), JNK signalling is generally not active in hemocytes in stage 15 embryos and very minor 

differences in the numbers of JNK positive cells per embryo (a difference of on average only 

one extra JNK-positive cell per embryo) seem unlikely to account for the phenotypes associated 

with repo loss-of-function. 

 

Imaging JNK signalling activation in hemocytes during wounding using the TRE-eGFP 

reporter, we assessed whether hemocytes activate JNK signalling in response to wounds and 

whether this is a pre-requisite for their inflammatory migrations, which may be perturbed in 

repo03702 mutants. In this case time-lapse wounding movies were recorded for 120 minutes 

instead of the usual 60 minutes to allow time for GFP to be expressed upon JNK signalling 

activation. We were confident that this was enough time to visualise JNK signalling activation 

as by 60 minutes post-wound GFP expression was observed in the epithelial cells around the 

periphery of the wound (Fig. 3.5 Cô, Dô), which was extremely bright by 120 minutes. This also 

acts as a further control to ensure that the TRE-eGFP reporter is functional as it is known that 

JNK signalling becomes active in cells at the edge of wounds in Drosophila (Rämet et al. 2002). 

When we observed these time-lapse wounding movies we noticed that very few hemocytes 

migrating to wounds in control embryos became GFP-positive during their response to wounds 

over 60 or 120 minutes, and that the same was true for hemocytes in repo03702 mutants (Fig. 3.5 

C-Dô;), suggesting that JNK signalling is not activated in hemocytes upon their migration to 
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wounds. We also observed that active JNK signalling in hemocytes prior to wounding does not 

preclude migration to wounds, as GFP-positive hemocytes were observed responding to 

wounds.  This data suggests that JNK signalling is not activated upon hemocyte migration to 

wounds, and that this is not a pre-requisite for hemocytes to be able to respond to wounds. 

Therefore the repo mutant inflammatory response defect is unlikely due to deregulated JNK 

signalling in hemocytes. 

 

 

3.2.6 ROS levels are unaffected in repo mutant embryos 
 

Engulfment of apoptotic cells by macrophages has been shown to induce a shift in macrophage 

phenotype to a more anti-inflammatory state, and results in the secretion of anti-inflammatory 

cytokines and inhibition of pro-inflammatory cytokine production (Voll et al. 1997; Valerie A. 

Fadok et al. 1998; Szondy et al. 2017). Therefore, another possible explanation for a decrease in 

the inflammatory response of hemocytes in repo mutants may be that the engulfment of 

increased numbers of apoptotic cells is shifting the phenotype of hemocytes to a more anti-

inflammatory state.  One important mediator of this are Reactive Oxygen Species (ROS), whose 

increased presence is associated with the promotion and function of óM1ô type macrophages, 

which are considered to be pro-inflammatory (Tan et al. 2016). The ROS hydrogen peroxide 

(H2O2) is also known to be the chemoattractive cue produced at wounds that forms a gradient 

mediating hemocyte migration to sites of tissue damage (Moreira et al. 2010), therefore changes 

in embryo ROS levels may affect the ability of hemocytes to respond to wounds. With this in 

mind we sought to stain repo03702 mutant (w;;repo03702,crq-GAL4,UAS-nuclear red stinger) and 

control (w;;crq-GAL4,UAS-nuclear red stinger) embryos for ROS. To do this we used the ROS 

indicator Dihydrorhodamine 123 (DHR 123) to stain live, stage 15 embryos. DHR 123 is 

oxidised by ROS within cells, causing it to localise to mitochondria and become fluorescent. 

When the degree of DHR 123 fluorescence in hemocytes on the superficial surface of the VNC 

was analysed compared to embryo background levels, we found that these were no different in 

repo03702 embryos when compared to controls (n=9 and 10 embryos analysed for control and 

repo03702 respectively; p=0.905 via Mann-Whitney test; Fig. 3.6 A, B). The levels of DHR 123 

fluorescence in the background (i.e. levels extracellular to hemocytes) of repo03702 mutant 

embryos were also no different to controls (n=9 and 10 embryos for control and repo03702 

respectively; p=0.604 via Mann-Whitney test; Fig. 3.6 A, C). This data therefore suggests that 

the decrease in hemocyte inflammatory responses in repo mutants cannot be explained by 

differing levels of hemocyte ROS levels, or indeed levels extracellular to hemocytes in the 

embryo. 
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Figure 3.5: Very few hemocytes exhibit active JNK signalling at the VNC in Drosophila 

embryos and its activity does not correlate with hemocyte migrations to wounds 

(A) Representative projections from confocal stacks of stage 15 embryos (whose hemocyte 

nuclei are shown in red; crq>nuclear red stinger) fixed and stained for GFP to label cells 

expressing the TRE-eGFP JNK signalling reporter construct, showing very minimal numbers of 

GFP labelled hemocytes in control and repo03702 mutants. (B) Quantification of the percentage 

of hemocytes on the VNC with active JNK signalling. Data represented as mean+SD; n=16 and 

13 embryos for controls and repo03702 mutants respectively. (C and D) Representative pre-

wound and 60 minute post-wound (Cô and Dô) stills of nuclear red stinger labelled hemocytes 

on the VNC in embryos carrying the TRE-eGFP JNK signalling reporter construct, showing that 

hemocytes in control and repo03702 mutant stage 15 embryos do not activate JNK signalling in 

the 60 minute time period following wounding. Note the expression of GFP in the epithelial 

cells surrounding the wound in Cô and Dô. 
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Figure 3.6: Hemocyte ROS levels are unchanged in repo03702 mutants 

(A) Representative projections from confocal stacks of live stage 15 embryos (whose hemocyte 

nuclei are shown in red) treated with the ROS indicator DHR 123 (green), showing similar 

levels of ROS in hemocytes compared to the rest of the embryo in repo03702 compared to 

control. (B) Scatterplot of embryo average background corrected hemocyte DHR 123 indicator 

intensities. Lines and error bars represent mean±SD; n=9 and 10 embryos for controls and 

repo03702 mutants respectively. (C) Scatterplot of embryo average DHR 123 indicator 

background intensity. Lines and error bars represent mean±SD; n=9 and 10 embryos for 

controls and repo03702 mutants respectively. 

Scale bars represent 20ɛm; asterisks indicate statistical significance as determined by Mann-

Whitney test; ns= not significant. 
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3.2.7 Removal of individual apoptotic cell receptors fails to rescue hemocyte 

inflammatory responses 

 

Another hypothesis was that hemocyte migration to wounds is decreased in repo mutants due to 

increased downstream signalling from apoptotic cell receptors in hemocytes. To examine this 

we analysed hemocyte wound responses in embryos mutant for both one of the known apoptotic 

cell receptors (Croquemort, Scab, Simu or Beta-nu Integrin) and repo03702 (Fig. 3.7 A), with the 

idea that doing so may prevent downstream signalling from that particular receptor and so 

rescue inflammatory responses. No double mutant combination tested (crqKO;repo03702 

(w;crqKO;repo03702,crq-GAL4,UAS-GFP), scb2;repo03702 (w;scb2;repo03702,crq-GAL4,UAS-GFP), 

simu2;repo03702 (w;simu2;repo03702,crq-GAL4,UAS-GFP)and ɓɡ1;repo03702 (w; ɓɡ1;repo03702,crq-

GAL4,UAS-GFP)) was able to rescue repo-dependent  (w;;repo03702,crq-GAL4,UAS-GFP) 

hemocyte wound responses (Fig. 3.7 B). This suggests that downstream signalling from any one 

of these apoptotic cell receptors is unlikely to be responsible for dampening hemocyte 

inflammatory responses, though of course removal of clearance receptors may also exacerbate 

the problem in repo mutants. It still may be the case that there is redundancy in the function of 

apoptotic cell receptors and that you may need to remove multiple receptors to fully block 

downstream signalling from apoptotic cells receptors. Note that we did not examine the 

apoptotic cell receptor Drpr in these experiments, as the drpr and repo mutations are on the 

same chromosome, and despite a large mapping distance between these loci we have been 

unable to recover draper 5,repo03702 recombinants, potentially suggesting synthetic lethality 

between the alleles used. 

 

 

3.2.8 p38 MAPK signalling in hemocytes is not responsible for decreased 

inflammatory responses in repo mutants 
 

As macrophages fail to migrate normally to sites of tissue damage in repo03702 mutants we 

wondered whether this was perhaps due to the decreased ability of hemocytes to prioritise 

chemotactic cues. In Drosophila embryos a hierarchy of cue prioritisation by hemocytes seems 

to exist, with apoptotic cells at the top, then development chemoattractants and finally wound 

cues (Moreira et al. 2010). Vertebrate neutrophils have also been shown to prioritise migratory 

cues, as they favour migration towards bacterial and necrotic cell-derived fMLP over 

endogenous IL-8 (Campbell et al. 1997). It has been shown that the p38 MAPK and PI3K/Akt 

signaling pathways are responsible for determining the hierarchy of responsiveness towards 

chemotactic cues, with p38 MAPK signalling mediating response to so-called óend targetô 

chemoattractants such as fMLP, whereas PI3K/Akt signaling mediates the response to 

óintermediateô ones (Heit et al. 2002). In Drosophila PI3K signalling has been shown to be  
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Figure 3.7: Removing either of the apoptotic cell receptors Simu, Crq, Scab or ɓɡ integrin 

is unable to rescue repo03702 mutant inflammatory responses 

(A) Representative stills of GFP-labeled hemocyte responses to wounds at 60 minutes post-

wound in control and repo03702 mutant stage 15 embryos, as well as simu2; repo03702, 

scb2;repo03702, ɓɡ1;repo03702 and crqKO;repo03702 double mutants. (B) Scatterplot of hemocyte 

wound responses per embryo shown as the number of hemocytes per ɛm2 wound area at 60 

minutes post-wounding normalized to the control average. Lines and error bars represent 

mean±SD; n=31, 26, 24, 11, 12 and 16 embryos per the above genotypes respectively. 

White dashed ovals represent wound perimeter; scale bars represent 20ɛm; asterisks indicate 

statistical significance compared to repo03702 mutants as determined by Kruskal-Wallis one-way 

ANOVA test; ***p < 0.001, **p<0.01, *p<0.05 and ns = not significant. 
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Figure 3.8: Hemocyte-specific RNAi knockdown of p38a MAPK is unable to rescue 

repo03702 mutant hemocyte inflammatory responses 

(A) Representative stills of GFP-labeled hemocyte responses to wounds at 60 minutes post-

wound in control stage 15 embryos as well as those in which p38a expression had been knocked 

down specifically in hemocytes using UAS-p38a RNAi expression under the control of the crq-

GAL4 driver (p38a RNAi), repo03702 mutants and p38a RNAi;repo03702 embryos. 

(B) Scatterplot of hemocyte wound responses per embryo shown as the number of hemocytes 

per ɛm2 wound area at 60 minutes post-wounding normalized to the control average. Lines and 

error bars represent mean±SD; n=13, 17, 6 and 9 embryos per the above genotypes respectively.  

White dashed ovals represent wound perimeter; scale bars represent 20ɛm; asterisks indicate 

statistical significance as determined by Mann-Whitney test;*p<0.05 and ns = not significant. 

 

 

 

required for hemocyte migration to wounds, but not for their developmental migration in 

response to Pvfs (Wood et al. 2006). As apoptotic cells seem to represent an important cue for 

macrophage migration in the Drosophila embryo, we hypothesised that p38 MAPK signalling is 

responsible for determining this hierarchy, and that hemocytes in repo mutants are utilising p38 

MAPK signalling to migrate towards apoptotic cells rather than wounds. To test this, we 

reduced the expression of one of three Drosophila p38 MAPK proteins, p38a, specifically in 

hemocytes in repo03702 using RNAi-mediated knockdown to see whether this was able to rescue 

repo mutant wound responses. Compared to repo03702 mutants alone (w;;repo03702;crq-

GAL4,UAS-GFP) p38a RNAi;repo03702 embryos (w;UAS-p38a RNAi;crq-GAL4,UAS-GFP) 

showed similar defects in hemocyte inflammatory responses (n=6 and 9 embryos for repo03702 

and p38a RNAi;repo03702 respectively; p>0.999 via Mann-Whitney test; Fig. 3.8 A, B). 

Interestingly, compared to control embryos (w;;crq-GAL4,UAS-GFP), those in which p38a 

RNAi is expressed specifically in hemocytes (w;p38a RNAi;crq-GAL4,UAS-GFP) show a slight 

but significant decrease in hemocyte inflammatory responses to wounds (n=13 and 17 embryos 

for controls and p38a RNAi embryos respectively; p=0.0313 via Mann-Whitney test; Fig. 3.8 A, 

B). Altogether this data suggests that p38a MAPK is required by hemocytes for their normal 

inflammatory responses in Drosophila, but that p38a MAPK signalling in hemocytes in repo 

mutants is not the factor causing a reduction in inflammatory responses. However, as we have 

not tested the other p38 MAPK proteins (p38b and p38c), and as there seems to be some 

redundancy in their function at least in host defence (Chen et al. 2010), we cannot conclusively 

conclude that p38 MAPK signalling in hemocytes in repo mutants is not causing hemocyte 

inflammatory migrations to be perturbed.  

 

 

3.2.9 Macrophage basal migration speeds are reduced in repo mutants 
 

In repo mutants, where there are increased numbers of apoptotic cells for hemocytes to clear, 

we observed that hemocyte inflammatory migrations to wounds were perturbed. We therefore  
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Figure 3.9: Hemocyte random migration speeds are reduced in repo03702 mutant embryos 

(A) Representative tracks of GFP-labeled hemocytes migrating on the superficial VNC over a 

30-minute time period in control and repo03702 mutants. Coloured lines represent the course of 

migration of each hemocyte tracked and coloured dots show the final position of hemocytes. 

(B) Scatterplot of the mean migration speeds of individual hemocytes. Lines and error bars 

represent mean±SD; n=280 and 147 hemocytes tracked for controls and repo03702 mutants 

respectively. 

Scale bars represent 20ɛm; asterisks indicate statistical significance as determined by Mann-

Whitney test; ****p < 0.0001. 
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wanted to see how other essential hemocyte behaviours were affected in repo mutants. One such 

behaviour is the ability of hemocytes to migrate around within the embryo, a fundamental 

aspect of hemocyte function that allows them to perform the vast majority of their essential 

roles such as depositing matrix, and patrolling for pathogens and indeed apoptotic cells. It has 

previously been shown that the accumulation of apoptotic cells within hemocytes causes their 

migration to be slowed, such as in SCAR mutants that have defects in processing apoptotic cells 

once engulfed (Evans et al. 2013), and similarly in drpr mutants, which also seem to have 

defects in apoptotic cell processing (Evans et al. 2015). As hemocytes in repo mutants have 

increased numbers of engulfed apoptotic cells, we hypothesise that their migration may be 

slowed. To examine this we made 60-minute time-lapse movies of hemocytes migrating on the 

superficial surface of the VNC in repo03702 mutant (w;;repo03702,crq-GAL4,UAS-GFP) and 

control (w;;crq-GAL4,UAS-GFP) embryos. We then tracked hemocyte migrations using the 

manual tracking plugin in Fiji, which allowed us to calculate hemocyte migration speeds (Fig. 

3.9). When we did this we found that hemocytes migrated significantly more slowly in repo03702 

mutants when compared to those in control embryos (n=280 and 147 hemocytes for control and 

repo03702 respectively; p<0.0001 via Mann-Whitney test; Fig 3.9). This shows that hemocyte 

migration speeds are reduced in repo mutants, which may be a consequence of their increased 

engulfment of, or exposure to, apoptotic cells.  

 

 

3.2.10 Removal of apoptosis rescues macrophage migration speeds in repo 

mutants 
 

In order to clarify whether it is indeed increased numbers of apoptotic cells in repo mutants that 

is causing the slowed migration of hemocytes, we sought to remove apoptosis from these 

embryos to see what effect this would have on hemocyte migration. To do this we used the 

genomic deletion mutant Df(3L)H99, which removes the three pro-apoptotic genes hid, reaper 

and grim and in doing so prevents all apoptosis in the embryo (White et al. 1994). When we 

analysed random migration (Fig 3.10 A), we once again observed that hemocytes in repo 

(w;srp-GAL4,UAS-GFP/srp-GAL4,UAS-nuclear red stinger;repo03702)  mutants were 

significantly slower than those in control (w;srp-GAL4,UAS-GFP/srp-GAL4,UAS-nuclear red 

stinger) embryos, and we also found that hemocytes in Df(3L)H99 (w;srp-GAL4,UAS-GFP/srp-

GAL4,UAS-nuclear red stinger;Df(3L)H99) embryos migrated at slightly higher speeds when 

compared to controls (n=6 embryos analysed for both controls and Df(3L)H99; p=0.0152; Fig 

3.10 B). Most interestingly, we were able to show that by removing apoptosis in a repo mutant 

background using the H99 deletion (w;srp-GAL4,UAS-GFP/srp-GAL4,UAS-nuclear red 

stinger;repo03702,Df(3L)H99), repo mutant hemocyte migration speeds could be partially 

rescued (n=9 and 8 embryos for repo03702 and repo03702,Df(3L)H99 mutants respectively;  
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Figure 3.10: Blocking apoptosis using the Df(3L)H99 genomic deletion rescues hemocyte 

migration speeds in repo03702 mutants 

(A) Representative tracks of hemocytes migrating on the superficial VNC over a 60-minute time 

period in control, Df(3L)H99, repo03702 and repo03702,Df(3L)H99 mutant embryos. Coloured 

lines represent the course of migration of each hemocyte tracked and the white outline 

represents the edge of the embryo. (B) Scatterplot of embryo average hemocyte migration 

speeds. Lines and error bar represent mean±SD; n=6, 6, 9 and 8 embryos per the above 

genotypes respectively. (C) Scatterplot of the mean migration speeds of individual hemocytes. 

Lines and error bars represent mean±SD; n=80, 65, 97 and 78 hemocytes tracked for each of the 

above genotypes respectively. 

Scale bars represent 20ɛm; asterisks indicate statistical significance as determined by Mann-

Whitney test; ****p < 0.0001, ***p<0.001 and *p<0.05. 

p=0.0002; Fig 3.10 B).   

 

 

This shows that a build-up of apoptotic cells in repo mutants slows hemocyte migrations, but is 

unable to completely explain the migratory defect observed.  Finally, this data also shows that 

hemocytes that have never come into contact with apoptotic cells migrate at slightly increased 

speeds compared to controls. Together this data suggests that there is a possible correlation 

between the number of apoptotic cells engulfed by hemocytes and the speed at which they 

migrate, although this would need to be tested further to prove. 

 

 

3.2.11 Removal of apoptosis is unable to rescue repo mutant wound 

responses 
 

As the removal of apoptosis using the Df(3L)H99 deletion was able to rescue hemocyte 

migration speeds in repo03702 mutants, we wanted to check whether this was also able to rescue 

repo03702 hemocyte inflammatory responses. However, it has previously been shown that 

Df(3L)H99 mutant embryos have reduced hemocyte inflammatory responses due to a lack of 

drpr expression in hemocytes, caused by them having never engulfed apoptotic cells (Weavers 

et al. 2016). To confirm this result and as a control for our experiment, we wounded Df(3L)H99 

(w;srp-GAL4,UAS-GFP/srp-GAL4,UAS-nuclear red stinger;Df(3L)H99) embryos alongside the 

other genotypes. When we analysed the wound response in Df(3L)H99 embryos, in contrast to 

published data, we found that there was no difference in the density of hemocytes at wounds 60 

minutes post-wound when compared to controls (w;srp-GAL4,UAS-GFP/srp-GAL4,UAS-

nuclear red stinger) (n=15 and 7 embryos for controls and Df(3L)H99 mutants respectively; 

p=0.630 via Mann-Whitney test; Fig. 3.11 A, B). This data suggests that hemocytes do not need 

to be exposed to apoptotic cells in order to mount a normal inflammatory response as previously 

published (Weavers et al. 2016). A possible explanation for this is that in order to produce flies 

with both the Df(3L)H99 deletion and the repo03702 mutation, we had to recombine these two 

elements as both are located on chromosome 3. During the process of recombination it is  
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Figure 3.11: Blocking apoptosis using the Df(3L)H99 genomic deletion is unable to rescue 

macrophage wound responses at 60-minutes post-wound in repo03702 mutants 

(A) Representative stills of GFP and nuclear red stinger labeled hemocyte responses to wounds 

at 60 minutes post-wound in control, Df(3L)H99, repo03702, and repo03702,Df(3L)H99 mutant 

stage 15 embryos. (B) Scatterplot of hemocyte wound responses per embryo shown as the 

number of hemocytes per ɛm2 wound area at 60 minutes post-wounding normalized to the 

control average. Lines and error bars represent mean±SD; n=15, 7, 9 and 15 embryos per 

genotype for the above genotypes respectively. 

White dashed ovals represent wound perimeter; scale bars represent 20ɛm; asterisks indicate 

statistical significance as determined by Mann-Whitney test; ns= not significant. 
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possible that a second site mutation responsible for the published wound phenotype in 

Df(3L)H99 was removed, or a suppressor mutation generated/recombined in. In order to address 

this, we have wounded and analysed hemocyte inflammatory responses in the original 

(unrecombined) Df(3L)H99 line used in the study by Weavers et al. and were also able to obtain 

wound response defects as published (Weavers et al., 2017; Armitage and Evans, unpublished 

data). However, wounding of trans-heterozygotes containing this original line and one of two 

deletions that also remove the pro-apoptotic genes hid, rpr and grim (Df(3L)H99/Df(3L)cat or 

Df(3L)H99/Df(3L)BSC775) did not produce a wound response defect (Armitage and Evans, 

unpublished data). This supports the idea that a second site mutation contributes to the 

Df(3L)H99  published phenotypes, but without a molecular lesion this is impossible to prove. 

However, even using the recombined Df(3L)H99 chromosome we sometimes observe a mild 

wound response defect (for an example see Chapter 4, Figure 4.13), although it seems likely 

that this decreased wound response is due solely to a decrease in hemocyte numbers in the 

wounding area in Df(3L)H99 embryos, as the percentage of hemocytes that migrate to the 

wound is always similar to controls. 

 

My analysis also showed that the removing apoptosis from repo03702 mutant embryos using the 

Df(3L)H99 deletion was unable to rescue the wound response defect observed in repo mutants 

(n=9 and 15 embryos for repo03702 and repo03702,Df(3L)H99 respectively; p<0.999 via Mann-

Whitney test; Fig. 3.11 A, B). This suggests that the decreased wound response in repo mutants 

is not due to the increased numbers of apoptotic cells alone, and that another defect unrelated to 

apoptosis is sufficient to impair wound responses. 

 

 

3.2.12 The percentage of hemocytes responding to wounds in repo mutants 

cannot be rescued by removing apoptosis 
 

In order to check that the lack of a rescue in wound responses in repo mutants by the removal of 

apoptosis was not due to hemocytes migrating to the wound and then leaving again, we 

examined the behaviour of hemocytes as they responded to these wounds. To do this the 

percentage of hemocytes present in the first time frame of the time-lapse wounding movies that 

migrate to the wound at any point during the movie was first analysed (termed % responders). 

Firstly, this revealed that although there was a trend towards there being an increased 

percentage of hemocytes responding to wounds in Df(3L)H99 embryos (w;srp-GAL4,UAS-

GFP/srp-GAL4,UAS-nuclear red stinger;Df(3L)H99) when compared to controls (w;srp-

GAL4,UAS-GFP/srp-GAL4,UAS-nuclear red stinger), this was not statistically significant (n=9 

and 4 wounding movies analysed for control and Df(3L)H99 embryos respectively; p=0.0545 

via Mann-Whitney test; Fig. 3.12 A-E). This analysis also showed that, compared to repo03702  
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Figure 3.12: Blocking apoptosis using the Df(3L)H99 genomic deletion is unable to rescue 

the percentage of hemocytes migrating to the wound in repo03702 mutants 

(A-D) Representative tracks of hemocyte wound responses over 58 minutes from the time of 

wounding in control, Df(3L)H99, repo03702, and repo03702,Df(3L)H99 mutant stage 15 embryos. 

Coloured lines represent the course of migration of each hemocyte tracked and coloured dots 

show the final position of hemocytes at 58 minutes post-wound. (Aô-Dô) Corresponding 

representative stills of GFP and nuclear red stinger labeled hemocyte responses to wounds at 58 

minutes post-wound in control, Df(3L)H99, repo03702, and repo03702,Df(3L)H99 mutant stage 15 

embryos. (E) Scatterplot of the % of hemocytes present at t=0 minutes post-wound who actively 

migrate to the wound at any point during the first 58 minutes post-wounding. Lines and error 

bars represent mean±SD; n=9, 4, 6 and 9 movies analysed for each of the above genotypes 

respectively. (F) Scatterplots of the % of hemocytes present at t=0 minutes post-wound who are 

present at and then migrate away from the wound at any point during the above wounding 

movie. Lines and error bars represent mean±SD. 

White dashed ovals represent wound perimeter; scale bars represent 20ɛm; asterisks indicate 

statistical significance as determined by Mann-Whitney test; ns = not significant. 
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mutants alone (w;srp-GAL4,UAS-GFP/srp-GAL4,UAS-nuclear red stinger;repo03702), those in 

which apoptosis had been blocked using the Df(3L)H99 deletion (w;srp-GAL4,UAS-GFP/srp-

GAL4,UAS-nuclear red stinger;repo03702,Df(3L)H99) had a slightly higher average percentage 

of hemocytes responding to wounds, however, this was not significantly different (n=6 and 9 

wounding movies analysed for repo03702 and repo03702,Df(3L)H99 mutants respectively; p=0.171 

via Mann-Whitney test; Fig. 3.12 A-E). Whilst analysing the wounding movies in this way we 

also quantified the percentage of hemocytes that migrated away from the wound at any point 

during the wounding movie, as a way of assessing hemocyte retention at wounds. When we did 

this we found that although lower, the percentage of hemocytes leaving wounds in Df(3L)H99 

embryos (4.3% ± 5.1) was statistically similar to that of controls (15% ± 10.1) (n=9 and 4 

wounding movies analysed for control and Df(3L)H99 embryos respectively; p=0.0560; Fig. 

3.12 F). Similarly, we found that the percentage of hemocytes leaving wounds in 

repo03702;Df(3L)H99 embryos (14.3% ± 11) was similar to that of repo03702 mutants (16% ± 

16.9) (n= and 6 wounding movies analysed repo03702,Df(3L)H99 and repo03702 mutants 

respectively; p>0.999 via Mann-Whitney test; Fig. 3.12 F).  

 

Together this data suggests that blocking apoptosis in a repo03702 mutant background using the 

Df(3L)H99 deletion is unable to rescue the percentage of hemocytes migrating to wounds, thus 

providing further evidence that repo03702 mutant wound response phenotpyes are due to another 

defect that is unrelated to apoptosis. It also shows once again that there is no defect in hemocyte 

retention at wounds in repo03702 mutants, therefore the wound response defect in repo03702 

mutants is likely due to a decreased ability of hemocytes to migrate to wounds. Furthermore, the 

recruitment of hemocytes to wounds is normal in Df(3L)H99 embryos and there is also no 

defect in wound retention in the absence of apoptosis. This provides further evidence that the 

pre-exposure of hemocytes to apoptotic cells is not required for hemocytes to migrate to 

wounds. 

 

 

3.3 DISCUSSION 

 

The work presented in this chapter has provided a new line of evidence showing that a build-up 

of apoptotic cells within hemocytes causes their migration speeds to be decreased - this is in 

addition to data that has already been published (Evans et al. 2013). It also reveals that 

hemocytes in repo mutant embryos have an inflammatory response defect that is unrelated to 

increased numbers of apoptotic cells within hemocytes, but this does not rule out a role for 

apoptotic cells in dampening hemocyte inflammatory responses. Finally, this work shows that 
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the developmental dispersal of hemocytes along the VNC is slightly disrupted in repo mutants, 

with decreased numbers reaching this area. 

 

 

3.3.1 The use of repo mutants to induce pathological levels of apoptosis 
 

By analysing the clearance of apoptotic cells by hemocytes in repo mutant embryos we were 

able to show that apoptotic cell engulfment by hemocytes is greatly increased. This analysis 

adds a further level of detail to the study by Shklyar et al., which focused mainly on the glial-

specific defects in apoptotic cell clearance of repo mutants (Shklyar et al. 2014). As a result of 

this, we were able to confirm that apoptotic cell clearance is perturbed in repo mutants and we 

are therefore able to use repo mutants as a model to study how increased numbers of apoptotic 

cells affects macrophage function and behaviour in vivo. This model is particularly useful to 

understand how macrophage function is altered in pathologies associated with increased 

numbers of apoptotic cells that are engulfed efficiently by macrophages, such as at sites of 

inflammation.  

 

 

3.3.2 Apoptosis-dependent perturbation of hemocyte wandering migration 
 

We found that macrophage migration speeds in repo mutants were reduced (Fig. 3.9) and that 

this could be partially rescued by blocking apoptosis in the embryo (Fig. 3.10), suggesting that 

the presence of increased numbers of apoptotic cells in repo mutants contributes to their slowed 

migration. This result is in line with a previous study in which showed that the accumulation of 

apoptotic cells within macrophages causes their migration to be slowed (Evans et al. 2013). 

However, there are several explanations as to why increased numbers of apoptotic cells may 

slow macrophage migrations in repo mutants.  

 

Firstly, apoptotic cells within phagosomes may be capable of signalling through receptors for 

apoptotic cells and may be acting to reduce the migration of macrophages. This makes sense if 

you use the analogy of having eaten a big meal and needing time to digest before exerting 

yourself physically. Despite testing to see whether removing apoptotic cell receptors would 

rescue macrophage inflammatory responses in repo mutants, we did not examine whether this 

would rescue their migration, therefore this remains to be tested in future.  

 

Macrophages full of apoptotic cells may also migrate more slowly due to their increased load, 

or they may be simply physically larger which restricts their migration through the tightly-

confined space between the epithelium and the VNC (Evans et al. 2010). A study from as far 
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back as 1966 suggested that the phagocytosis of bacteria or latex beads was able to slow 

leukocyte migration speeds (Bryant et al. 1966). Macrophages from a zebrafish model of 

lysosomal storage disease are unable to digest phagocytosed material properly which results in a 

build-up of undigested lysosomal material and macrophages appear larger with an increased 

number of vacuoles (Berg et al. 2016). Interestingly, engulfed apoptotic cells accumulate in 

these macrophages, which slows their general migration and abolishes their ability to migrate to 

chemotactic cues (Berg et al. 2016), suggesting that increased loads within macrophages 

impairs their migration. The increased numbers of phagosomes within macrophages in repo 

mutants may also mean that the amount of cell membrane available for the cellular protrusions 

required for cell migrations is decreased, resulting in slowed migration. Alternatively, perhaps 

components required for migration are being sequestered on the inside of cells in phagosomes, 

as many components required for migration are also required for phagocytosis. 

 

 

3.3.3 What is causing hemocyte inflammatory responses to be decreased in 

repo mutants? 
 

My analysis showed that although hemocyte migration speeds can be partially rescued by 

removing apoptosis in repo mutants, their inflammatory migrations to wounds cannot. 

Therefore, the defective inflammatory responses observed in repo mutants cannot be explained 

by the presence of increased numbers of engulfed apoptotic cells within hemocytes or in their 

surroundings. Again, there are many possible explanations as to why this might be the case.  

 

It is known that upon wounding of the epithelium in Drosophila embryos, an instantaneous 

wave of calcium travels from the wound, through epithelia, to several rows of cells back from 

the wound edge (Razzell et al. 2013). This calcium flash travels through epithelial cells via gap 

junctions and is required for the production of the wound attract H2O2, and so disrupting this 

wave results in reduced hemocyte inflammatory responses (Razzell et al. 2013). Work in our lab 

has shown that, as well as calcium flashes occurring in the ventral epidermis upon wounding of 

Drosophila embryos, a calcium wave also occurs through the VNC (Armitage and Evans, 

unpublished data), showing that calcium flashes also occur in tissues below the epidermis. It is 

possible that in repo mutants, where glial cell specification is disrupted and they exhibit altered 

morphology (Shklyar et al. 2014), glial cells do not form proper junctions between each other 

and the calcium flash, and subsequently H2O2 production, may be disrupted leading to a 

reduction in hemocyte inflammatory responses. Therefore, live calcium imaging in the VNC 

upon wounding should be performed in a repo mutant background to examine whether this is 

disrupted. 

 



 69 

Another explanation may be that the substrate on which hemocytes are migrating in repo 

mutants may be disrupted. The sealing of the VNC is performed by Repo-positive surface glia 

which form intercellular septate junctions to ensheath and insulate the VNC (Schwabe et al. 

2005; Carlson et al. 2000). This cell layer acts as the substrate on which macrophages migrate 

on the ventral embryo. In repo mutants, the proper specification of glial cells is disrupted and 

their phagocytic function and morphology are severely affected, with glial cells having a much-

reduced volume (Shklyar et al. 2014). Therefore, the cell layer ensheathing the VNC may not be 

properly formed in repo mutants. This is supported by the fact that usually, at late stages of 

embryogenesis, macrophages cannot enter the CNS due to this physical barrier (Kurant et al. 

2008; Shklyar et al. 2014). In repo mutants however, macrophages can be seen inside the VNC 

(Shklyar et al. 2014), suggesting that this barrier is not properly formed. The disruption of 

proper glial cell specification in repo mutants also leads to a reduction in the amount of the 

ECM protein Trol on the VNC (Comber 2014). As chemoattractants are known to activate 

integrins which bind to components of the ECM to aid cellular chemotaxis (Laudanna et al. 

2002), it may be that reduced levels of ECM proteins in repo mutants result in a decrease in the 

ability of hemocytes to chemotax towards migratory cues such as those emanating from 

wounds. Indeed, the ECM component laminin has been shown to be required for the normal 

inflammatory recruitment of hemocytes to wounds in Drosophila embryos. However, this is 

thought to be due to their slowed migration (Sánchez-Sánchez et al. 2017). It is also known that 

the degradation of ECM components by chemotaxing cells through the action of matrix 

metalloproteinases (MMPs) are involved in creating chemokine gradients by cleaving 

chemokines which have bound to ECM components (Van Lint and Libert 2007). The products 

of the breakdown of ECM components themselves also have chemotactic properties, and have 

been associated with inflammatory conditions such as COPD (OôReilly et al. 2008). Therefore, 

it is possible that reduced levels of ECM components in repo mutants alters the production of 

chemokine gradients and thus affects hemocyte inflammatory recruitment. Of course, the levels 

and expression patterns of other ECM proteins on the VNC in repo mutants would first have to 

be analysed before this hypothesis could be followed-up, although a genome-wide microarray 

comparison of repo and control embryos did in fact reveal a significant reduction in expression 

of the ECM component papilin in repo mutant embryos (data not shown). 

 

Homozygous repo03702 mutants are embryonic lethal due to defective glial cell function (Xiong 

et al. 1994). Therefore, stress signalling within tissues in repo mutants may be increased, which 

in turn may affect macrophage function. To address this, we attempted to examine some 

common pathways often up-regulated in stressed tissues, and found that both JNK signalling 

and oxidative stress were not increased in macrophages in repo mutants. We also tested whether 

a reduction in p38 signalling within macrophages by macrophage-specific RNAi knockdown of 

p38a could rescue the inflammatory response of repo mutants. This was originally performed as 
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before we showed that removing apoptosis was unable to rescue hemocyte inflammatory 

responses, we hypothesised that, as in neutrophils, p38 signalling was involved in the 

prioritisation of chemotactic cues (Heit et al. 2002) by macrophages which may have explained 

the wound response defect. Knockdown of p38 signalling in hemocytes was unable to rescue the 

repo mutant inflammatory response defect, but caused a small but significant reduction in 

hemocyte inflammatory responses in a control background (Fig. 3.8). Therefore it is unlikely 

that p38 activation in hemocytes is responsible for their inflammatory defects. However, there 

are a range of other stress signalling pathways that could be acting to disrupt hemocyte function 

in repo mutants, that could be examined in the future. These could include oxidative stress 

pathways, NF kappa B signalling, MAPK signalling, AKT or PI3K signalling, among others, of 

which PI3K signalling has already been shown to be required for hemocyte migration to 

wounds (Wood et al. 2006). 

 

 

3.4 CONCLUSIONS 
 

 

The data presented in this chapter adds further evidence to an increasing body of data that 

suggests increased numbers of engulfed apoptotic cells within macrophages causes their 

migration to be slowed. It also reveals a role for proper glial cell specification in controlling the 

general migration and developmental dispersal of macrophages, as well as their inflammatory 

migrations to wounds, at least when macrophages are in close proximity to glial cells. In 

contrast to published data (Weavers et al. 2016), we also show that the engulfment of apoptotic 

cells by hemocytes does not seem to be a prerequisite for them to be able to migrate to sites of 

tissue damage. 
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Chapter 4: Regulation of macrophage 

behaviour and function by inefficient 

clearance of apoptotic cells 
 

4.1 INTRODUCTION  

 

An important step in the clearance of apoptotic cells is the binding of the phagocyte to the dying 

cell through receptor-ligand interactions. In Drosophila, one such receptor for apoptotic cells 

that has been identified is Six-microns-under (Simu) (Kurant et al. 2008), which is a member of 

the Nimrod family of conserved proteins that also includes the apoptotic cell receptors Draper 

(CED-1), Jedi-1 and MEGF10 (Freeman et al. 2003; Wu et al. 2009; Hamon et al. 2006; Kurant 

et al. 2008), and is a homologue of the apoptotic cell receptor Stabilin-1 (Park et al. 2009). Simu 

is expressed in all three phagocytic cell types in Drosophila embryos: ectodermal cells, glia and 

macrophages, and has been shown to bind specifically to apoptotic cells (Kurant et al. 2008). 

More recently, Simu has been shown to bind to phosphatidylserine (PS) (Shklyar, Levy-Adam, 

et al. 2013), a well-recognised óeat-meô signal exposed on the surface of apoptotic cells which 

acts as a ligand for many apoptotic cell receptors (Segawa and Nagata 2015). 

 

Using simu null mutant embryos Kurant et al. were able to show that Simu is required for the 

phagocytosis of apoptotic cells by both glia and macrophages in Drosophila embryos, and in 

such embryos there are greatly increased numbers of apoptotic cells that remain uncleared by 

both macrophages and glia (Kurant et al. 2008). They were also able to confirm that the overall 

morphology and scavenging behaviour of glia and macrophages in simu null mutants was 

normal, but that these cells are unable to recognize and engulf apoptotic particles (Kurant et al. 

2008). Interestingly, the SIMU protein lacks an intracellular signalling domain, and a truncated 

version of SIMU lacking its transmembrane domain can rescue the apoptotic cell clearance 

defects seen in simu2 mutants, suggesting that Simu can act as both a soluble and tethered 

bridging molecule between phagocytes and apoptotic cells (Kurant et al. 2008). Finally, as Simu 

lacks an intracellular signalling domain, it is likely to work in concert with other co-receptors in 

order to facilitate the engulfment of apoptotic cells. Kurant et al. provide evidence that Simu 

works upstream of the phagocytic receptor Draper in the phagocytosis of apoptotic cells, as 

embryos mutant for both simu and drpr have similar defects in the clearance of dying cells as 

simu mutants alone (Kurant et al. 2008). However, it remains quite possible that other receptors 

are also capable of interacting with Simu in the recognition and engulfment of apoptotic cells, 
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or that it mediates engulfment through other mechanisms such as inducing membrane curvature 

through membrane clustering. 

 

The apoptotic cell receptor Draper has also been shown to have a seemingly separate function as 

a damage receptor required for macrophage inflammatory migrations to wounds in Drosophila 

(Evans et al. 2015). It has been shown that H2O2 produced at sites of tissue damage acts as a 

migratory cue for macrophages (Moreira et al. 2010) and that the Src family kinase Src42a is 

responsible for macrophage detection of this cue (Evans et al. 2015). Active Src42a then 

phosphorylates Draper on its ITAM domain which in turn leads to the recruitment of a Syk-

related kinase named Shark, which induces the migration of macrophages towards wounds 

(Evans et al. 2015). Interestingly, macrophage Draper expression has been shown to be induced 

by the engulfment of apoptotic cells in Drosophila, and macrophages within embryos in which 

apoptosis has been genetically blocked have low levels of Draper expression and are less able to 

migrate to wounds (Weavers et al. 2016).  

 

In the previous chapter we showed that macrophages engulf increased numbers of apoptotic 

cells in repo mutants, where glial cell phagocytic function is disrupted. By blocking apoptosis in 

repo mutant embryos we were able to show that this build-up of apoptotic cells caused 

macrophage migration speeds to be slowed. However, the macrophage inflammatory response 

defect observed in repo mutants could not be rescued by removing apoptosis, suggesting that 

other unknown mechanisms must be in play that are preventing macrophages from migrating to 

wounds in these mutants. In order to further examine how increased numbers of apoptotic cells 

affect the function of macrophages in vivo, we sought to further examine how this might be 

controlled. We hypothesised that perhaps apoptotic cells are capable of exerting their effects on 

macrophage function prior to being engulfed and therefore sought to find a way of increasing 

the number of uncleared apoptotic cells in Drosophila embryos. As receptors for apoptotic cells 

are required for their engulfment by phagocytes, we further hypothesised that embryos mutant 

for such receptors may exhibit an accumulation of uncleared apoptotic cells. As discussed 

above, Simu functions as a receptor for apoptotic cells and removing this single receptor leads 

to a significant build-up of un-cleared apoptotic cells (Kurant et al. 2008). Furthermore, as 

macrophages superficial to the VNC in the Drosophila embryo clear apoptotic cells in concert 

with glial cells, it seemed that mutants for this receptor may be most likely to have increased 

numbers of uncleared apoptotic cells in the vicinity of macrophages in this area. Therefore, we 

set out to use simu mutant embryos as a model to study the effects of pathological levels of 

uncleared apoptotic cells on macrophage function and behaviour. 
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4.2 RESULTS 

 

4.2.1 Impairing the ability of hemocytes and glia to engulf apoptotic cells 

leads to an accumulation of uncleared apoptotic cells 

 

It has previously been shown that simu2 homozygous mutant embryos have increased numbers 

of uncleared apoptotic cells in the vicinity of macrophages on the VNC (Kurant et al. 2008), 

therefore ahead of using simu2 mutants to test the effect of uncleared apoptotic cells on 

hemocyte behaviour we first confirmed these results. To do this control and simu2 mutant 

embryos whose hemocytes were labelled using UAS-GFP expression under the control of the 

hemocyte specific crq-GAL4 driver, were fixed and immunostained for cleaved DCP-1 (a 

downstream effector caspase cleaved during apoptosis (Song et al. 1997)) to label apoptotic 

cells and also for GFP to visualise hemocytes (Fig. 4.1 A-Bô). The number of untouched 

apoptotic cells surrounding hemocytes on the VNC in stage 15 embryos was then quantified by 

counting the number of cleaved DCP-1 positive particles that remained untouched by 

hemocytes. When comparing the average number of untouched apoptotic cells per embryo 

between the two genotypes we found that simu2 mutant embryos had 10 times more particles 

than controls (n=7 embryos for both control and simu2; p=0.0006 via Mann-Whitney test; Fig. 

4.1 C), suggesting that simu2 mutants have a severe defect in their ability to clear apoptotic cells 

efficiently. As part of this analysis, the engulfment of apoptotic cells by hemocytes was also 

quantified by counting the number of cleaved DCP-1 particles found within the hemocytes on 

the VNC in these embryos. Surprisingly, when engulfment was compared between control and 

simu2 mutants, we found that hemocytes in simu2 mutants had engulfed over double that of 

control hemocytes (n= 6 and 5 embryos for control and simu2 respectively; p=0.0173 via Mann-

Whitney test; Fig 4.1 D). This result suggests that hemocytes lacking the Simu apoptotic cell 

receptor are still capable of phagocytosing apoptotic cells, and suggests that there is redundancy 

in the genes required to engulf apoptotic cells. It is possible that the increased number of 

engulfed apoptotic cells observed in simu mutant macrophages may be due to defects in 

phagosome maturation, as seems to be the case in both drpr and crq mutants (Kurant et al. 

2008; Evans et al. 2015; Han et al. 2014). However when considering these two results together 

it is obvious that hemocytes in simu mutants are much less efficient at engulfing apoptotic cells 

than in controls as there is a significant accumulation of apoptotic cells that remain untouched. 

Overall, analysis of apoptotic cell clearance in simu mutants has revealed that there is an 

accumulation of untouched apoptotic cells in these mutants, and therefore we can use simu 

mutant embryos as a model to study how inefficient clearance apoptotic cells affect macrophage 

function.  
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Figure 4.1: DCP-1 staining in simu2 mutants reveals an accumulation of uncleared 

apoptotic cells 

(A and Aô) Representative projections from confocal stacks of hemocytes (in green) and 

apoptotic cells (in magenta; DCP-1) superficial to the VNC in control and simu2 fixed stage 15 

embryos, showing increased numbers of apoptotic cells in simu2 mutants. Scale bars represent 

20ɛm. (B and Bô) Zoomed images from A and B demonstrating the accumulation of apoptotic 

cells surrounding hemocytes in simu2 mutants. Scale bars represent 5ɛm. (C) Scatterplot of the 

number of DCP-1 particles that remain untouched by hemocytes in control and simu2 mutant 

embryos. Lines and error bars represent mean±SD; n=7 embryos analysed for each genotype.  

Asterisks indicate statistical significance as determined by Mann-Whitney test; ***p < 0.001 

and *p<0.05. (D) Scatterplot of the average number of DCP-1 particles engulfed per hemocyte, 

per embryo (referred to as the óphagocytic indexô (PI)). Lines and error bars represent 

mean±SD; n=6 embryos and n=96 hemocytes for controls and n=5 embryos and n=64 

hemocytes for simu2 mutants. 

 

 

4.2.2 Macrophage inflammatory responses to wounds are decreased in simu 

mutants 

 

As we discovered that there are defects in apoptotic cell clearance in simu2 mutant embryos, we 

wanted to examine what effect this might have on the ability of hemocytes to respond to 

wounds. To do this we wounded the ventral epithelium of control (w;;crq-GAL4,UAS-GFP) and 

simu2 mutant embryos (w;simu2;crq-GAL4,UAS-GFP), and examined the density of hemocytes 

present at the wound site 60 minutes post-wounding (Fig. 4.2 A). When we did this we found 

that there was a significantly decreased density of hemocytes at wounds in simu2 mutants 

compared to controls (n=23 and 15 embryos for control and simu2, respectively; p<0.0001 via 

Mann-Whitney test), with simu mutants showing approximately a 50% decrease (Fig. 4.2 B). 

This therefore suggests that hemocyte inflammatory responses in simu2 mutants are perturbed. 

 

 

4.2.3 simu trans-heterozygotes phenocopy simu mutant wound response 

defects 

 

In order to confirm that the wound response defect observed in simu2 mutants was due 

specifically to the mutation in the simu gene, rather than other mutations on the simu2-bearing 

chromosome, we wounded embryos which were trans-heterozygous for the simu2 mutation and 

a genetic deletion, Df(2L)BSC253 (w;simu2/ Df(2L)BSC253;crq-GAL4,UAS-GFP), a deletion of 

approximately 180bp between segments 34E1 to 34F3 that removes the entire simu gene . When 

we did this and analysed the density of hemocytes at the wound 60-minutes post-wounding, we 

found that there was a very similar defect in wound responses to simu2 mutants with 

approximately a 50% reduction in hemocyte wound density compared to controls (n=19 and 16  
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Figure 4.2: Hemocyte inflammatory migrations to wounds are perturbed in simu mutants 

(A) Representative stills of GFP-labelled hemocyte responses to wounds at 60 minutes post-

wound in control and simu2 mutant stage 15 embryos. (B) Scatterplot of hemocyte wound 

responses per embryo shown as the number of hemocytes per ɛm2 wound area at 60 minutes 

post-wounding normalized to the control average. Lines and error bars represent mean±SD; 

n=23 embryos for controls and n=16 for simu2 mutants. 

White dashed ovals represent wound perimeter; scale bars represent 20ɛm; asterisks indicate 

statistical significance as determined by Mann-Whitney test; ****p < 0.0001. 
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Figure 4.3: Hemocyte inflammatory migrations to wounds are perturbed in 

simu2/deficiency transheterozygotes  

(A) Representative stills of GFP-labelled hemocyte responses to wounds at 60 minutes post-

wound in control, simu2 heterozygote, Df(2L)BSc253 heterozygote and simu2/Df(2L)BSC253 

transheterozyogte stage 15 embryos. (B) Scatterplot of hemocyte wound responses per embryo 

shown as the number of hemocytes per ɛm2 wound area at 60 minutes post-wounding 

normalized to the control average. Lines and error bars represent mean±SD; n=19, 20, 19 and 

16 embryos for each of the above genotypes respectively. 

White dashed ovals represent wound perimeter; scale bars represent 20ɛm; asterisks indicate 

statistical significance as determined by a Kruskal-Wallis one-way ANOVA test; ****p < 

0.0001, ***p < 0.001 and ns= not significant. 

 

 

embryos for control and simu2/ Df(2L)BSC253 respectively; p<0.0001 via Kruskal-Wallis 

ANOVA with Dunnôs multiple comparisons test; Fig. 4.3 A, B), suggesting that the causative 

mutation is in simu or another gene close by that is also removed by the deficiency. RNAi and 

rescue data shown in Figures 4.4 and 4.5 provide further support that the mutation in simu is 

responsible for the defective wound response phenotype. Interestingly, simu appears 

haploinsufficient as both simu2/+  and Df(2L)BSC253/+ heterozygotes exhibit a decrease in 

wound responses compared to controls although the latter is not statistically significant (n=19, 

20 and 19 embryos for control, simu2/+  and Df(2L)BSC253/+ respectively; p=0.0002 for 

simu2/+  and p=0.481 for Df(2L)BSC253/+ via Kruskal-Wallis ANOVA with Dunnôs multiple 

comparisons test; Fig. 4.3 A, B). Since the simu2/Df(2L)BSC253 trans-heterozygotes do not 

show a significantly stronger wound response defect when compared to simu2/+ heterozygotes, 

we speculate that being heterozygous for the simu2 allele is enough to produce a strong wound 

response defect.  

 

 

4.2.4 simu is required cell-autonomously by hemocytes for their normal 

inflammatory migrations to wounds 

 

As hemocytes in simu2 mutants exhibit a defect in their inflammatory responses to sites of tissue 

damage, we wanted to assess whether there is a cell autonomous requirement for simu in 

hemocyte responses to wounds. In order to do this, embryos in which simu expression was 

reduced specifically in hemocytes using UAS-simu RNAi (w;UAS-simu RNAi;crq-GAL4,UAS-

GFP) were wounded and hemocyte responses to wounds were quantified and compared to 

controls (w;;crq-GAL4,UAS-GFP) (Fig. 4.4 A, B). At 60 minutes post-wounding, the density of 

hemocytes at wounds was significantly reduced by approximately 25% when compared to 

control embryos (n=13 and 17 embryos for control and simu RNAi respectively; p=0.0003 via 

Mann-Whitney test; Fig. 4.4 A, B). This defect in hemocyte inflammatory responses is 25% less  
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Figure 4.4: Hemocyte-specific RNAi knockdown of simu results in a wound response 

defect  

(A) Representative stills of GFP-labeled hemocyte responses to wounds at 60 minutes post-

wound in control stage 15 embryos and those in which simu expression has been reduced 

specifically in hemocytes using RNAi knockdown. (B) Scatterplot of hemocyte wound 

responses per embryo shown as the number of hemocytes per ɛm2 wound area at 60 minutes 

post-wounding normalized to the control average. Lines and error bars represent mean±SD; 

n=13 embryos for controls and n=17 for simu RNAi. 

White dashed ovals represent wound perimeter; scale bars represent 20ɛm; asterisks indicate 

statistical significance as determined by Mann-Whitney test; ***p < 0.001. 
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severe than that observed in simu2 homozygous embryos, which could possibly be explained by 

the incomplete knockdown of simu by RNAi. Alternatively, if the inflammatory defect observed 

in simu2 mutants is due to the accumulation of uncleared apoptotic cells caused by the loss of 

simu in both glia and hemocytes then perhaps the loss of simu solely in hemocytes causes this 

accumulation to be reduced. This seems likely as there is no noticeable accumulation of 

apoptotic cells in simu RNAi embryos when compared to controls (data not shown). However, 

this data does suggest that Simu is required in part to be expressed by hemocytes for their 

normal inflammatory migrations to sites of tissue damage. 

 

 

4.2.5 Re-expression of simu in hemocytes partially rescues inflammatory 

responses 

 

In order to further validate this result, we also wounded simu2 mutant embryos in which simu 

expression had been rescued specifically in hemocytes using the GAL4-UAS system. When 

hemocyte inflammatory responses to wounds were quantified we found that re-expression of 

simu in hemocytes was able to significantly rescue simu mutant wound responses (w;simu2,srp-

GAL4,UAS-nuclear red stinger/simu2;crq-GAL4,UAS-GFP/+ compared to w;simu2,srp-

GAL4,UAS-nuclear red stinger/simu2;UAS-simu/crq-GAL4,UAS-GFP) although this rescue 

appears to be relatively weak (n=16 and 18 embryos for simu2 and simu2,UAS-simu respectively; 

p=0.0167 via Mann-Whitney test; Fig. 4.5 A, B). Together with the previous result showing that 

RNAi-mediated knockdown of simu specifically in hemocytes results in a wound response 

defect, the evidence suggests that Simu is required specifically in hemocytes for their normal 

inflammatory migrations to wounds. 

 

 

4.2.6 Hemocyte numbers on the VNC are reduced in simu mutants 

 

As we observed a reduction in the number of hemocytes present at wounds in simu2 mutant 

embryos at 60 minutes post-wounding, we wanted to check that this was not due simply to a 

decrease in the number of hemocytes available to respond in the vicinity of the wound. To do 

this we counted the number of hemocytes present in the pre-wound images and calculated their 

density in this area of the embryo. Comparing simu2 mutants with controls (w;simu2;crq-

GAL4,UAS-GFP with w;;crq-GAL4,UAS-GFP), we found that there was a slight but significant 

decrease (n=23 and 13 embryos for control and simu2 respectively; p=0.04 via Mann-Whitney 

test) in the density of hemocytes present prior to wounding (Fig. 4.6 A, Aô, D). However, the 

severity of the wounding defect is much greater than the decrease in hemocyte numbers,  



 81 

 



 82 

 

Figure 4.5: Hemocyte-specific re-expression of simu in simu2 mutants partially rescues 

hemocyte inflammatory responses to wounds 

(A) Representative stills of GFP-labelled hemocyte responses to wounds at 60 minutes post-

wound in control and simu2 mutant stage 15 embryos, and in those in which UAS-simu has been 

expressed specifically in hemocytes in a control and simu2 mutant background. 

(B) Scatterplot of hemocyte wound responses per embryo shown as the number of hemocytes 

per ɛm2 wound area at 60 minutes post-wounding normalized to the control average. Lines and 

error bars represent mean±SD; n=14 embryos for controls, n=15 for UAS-simu, n=16 for simu2 

and n=18 for simu2;UAS-simu. 

White dashed ovals represent wound perimeter; scale bars represent 20ɛm; asterisks indicate 

statistical significance as determined by Mann-Whitney test; *p < 0.05 or ns= not significant. 
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Figure 4.6: Hemocyte numbers on the VNC and total numbers in embryos 

(A and Aô) Representative pre-wound stills of GFP-labelled hemocytes on the superficial VNC 

in control and simu2 mutant stage 15 embryos. (B and Bô) Projections from confocal stacks of 

GFP-labelled hemocytes on the superficial VNC in control and simu2 fixed stage 13 embryos. 

(C and Cô) nuclear red stinger labelled hemocyte nuclei in control and simu2 mutant squashed 

stage 15 embryos embryos, showing the total number of hemocytes in the embryos. (D) 

Scatterplot of hemocyte densities in stage 15 pre-wound images shown as the number of 

hemocytes per ɛm2 embryo area normalized to the control average. Lines and error bars 

represent mean±SD; n=23 embryos for controls and n=13 for simu2 mutants. (E) Scatterplot of 

hemocyte numbers on the VNC in stage 13 fixed embryos. Lines and error bars represent 

mean±SD; n=13 and 23 embryos controls and simu2 mutants respectively. (F) Scatterplot of the 

total number of hemocytes per embryo. Lines and error bars represent mean±SD; n=10 and 13 

embryos for controls and simu2 mutants respectively. 

Scale bars represent 20ɛm; asterisks indicate statistical significance as determined by Mann-

Whitney test; **p < 0.01, *p < 0.05, and ns= not significant. 
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suggesting that the wound response defect cannot be explained simply by there being fewer 

hemocytes around. 

 

In order to check whether there were a similar number of hemocytes in simu2 mutants compared 

to controls, we sought to quantify total hemocyte number in the embryos. To examine this we 

flattened embryos whose hemocytes were labelled using the nuclear-specific marker UAS-

nuclear red stinger that was specifically expressed in hemocytes using the crq-GAL4 driver. 

Flattening of the embryos then allowed us to count the number of red nuclei in the entire 

embryo and therefore the number of hemocytes in simu2 mutants (w;simu2;crq-GAL4,UAS-

nuclear red stinger) and controls (w;;crq-GAL4,UAS-nuclear red stinger) (Fig. 4.6 C, Cô). 

Surprisingly, when we did this we found that, compared to control embryos, simu2 mutants 

contained approximately 20% fewer hemocytes (n=10 and 13 for control and simu2 respectively; 

p=0.0055 via Mann-Whitney test; Fig. 4.6 F), suggesting that simu may be involved in the 

normal proliferation or specification of hemocytes. However, there is not sufficient evidence for 

this as the clustering of hemocytes in specific locations and/or differences in crq-driven nuclear 

red stinger expression levels may also cause a reduction in the total number of macrophages 

counted. More detailed analysis perhaps using light-sheet microscopy would need to be 

performed in order to identify a role for simu in hemocyte specification or proliferation. 

 

In order to try to establish whether the decreased number of hemocytes on the VNC was due to 

a development migration defect, or whether it may solely be due to a decrease in overall 

hemocyte numbers, we examined hemocytes on the VNC in stage 13 embryos, comparing 

controls (w;;crq-GAL4,UAS-GFP) with simu2 mutants (w;simu2;crq-GAL4,UAS-GFP) (Fig. 4.6 

B, Bô). By stage 13 of embryonic development hemocytes usually form a continuous line along 

the midline of the ventral embryo (Tepass et al. 1994). When we quantified the number of 

hemocytes in the central 5 embryonic segments on the ventral midline in stage 13 control and 

simu2 mutant embryos, we found that there was no significant difference (n=13 and 23 embryos 

for control and simu2 respectively; p=0.145 via Mann-Whitney test; Fig. 4.6 E).  

 

Altogether this data suggests that hemocyte numbers on the VNC in stage 15 embryos are 

slightly reduced in simu2 mutants, and that there may be a slight reduction in total hemocyte 

numbers also, but that further analysis would need to be performed in order to confirm this. It is 

possible that altering simu expression may also alter expression of the apoptotic cell receptor 

and hemocyte-specific driver crq. Therefore, as total hemocyte numbers were counted using 

marker expression under the control of the crq-GAL4 driver, this may result in an artificial 

decrease in hemocyte numbers. A more detailed analysis could be performed using alternative 

hemocyte-specific drivers such as srp or pxn. 
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4.2.7 The percentage of hemocytes responding to wounds is reduced in simu 

mutants 

 

In order to rule out that the inflammatory defect observed in simu2 mutants is not solely due to 

decreased numbers of hemocytes at the VNC, we sought to characterise the ability of hemocytes 

to respond to wounds in more detail. To do this we made time-lapse movies of hemocytes as 

they responded to wounds in simu2 mutant (w;simu2;crq-GAL4,UAS-GFP) and control embryos 

(w;;crq-GAL4,UAS-GFP) over a 58 minute time period, and calculated the percentage of 

hemocytes present in the frame of view at the beginning of the movie that actively migrated to 

the wound (Fig. 4.7). We found that compared to controls, 33% fewer hemocytes migrated to 

wounds in simu2 mutants (Fig. 4.7 C). This shows that although there are slightly fewer 

hemocytes in the wound vicinity in simu mutants, a significantly decreased proportion of these 

are able to migrate to wounds (n=7 and 9 embryos for control and simu2 respectively; p=0.0006 

via Mann-Whitney test). It is possible that a certain number of macrophages are required to 

migrate to the wound in order to relay an amplification signal that leads to the recruitment of 

more hemocytes. However, in crq mutants (see Chapter 6, Fig. 6.4), despite there being fewer 

hemocytes in the wound vicinity, the percentage that migrate to the wound is no different to 

controls, suggesting that this is not the case. Therefore it seems likely that hemocytes in simu 

mutants have a reduced ability to respond to sites of tissue damage. 

 

4.2.8 Macrophage JNK signalling is normal in simu mutants 

 

A study by Weavers et al. showed that JNK signalling within Drosophila embryonic hemocytes 

is required for their inflammatory responses to wounds, and also showed that most hemocytes in 

stage 14 control embryos have active JNK signalling due to the engulfment of apoptotic corpses 

(Weavers et al. 2016). As shown in the previous chapter (Chapter 5, Figure 3.5), we found that 

control stage 15 embryos carrying the TRE-eGFP JNK signalling reporter construct (Chatterjee 

and Bohmann 2012) contained very few GFP-positive hemocytes, showing that few hemocytes 

on the VNC had active JNK signalling. In the previous chapter we also found that hemocytes do 

not seem to require active JNK signalling in order to respond to wounds, and that hemocytes do 

not seem to activate JNK signalling when mounting an immune response to wounds. 

 

Given that previous studies implicate JNK signalling in control of hemocyte fate (Weavers et al. 

2016) and that JNK could equally activate stress signalling in the embryo (Johnson and 

Nakamura 2007) that might also affect hemocyte behaviour, we investigated JNK signalling in a 

simu2 mutant background. Therefore to address whether hemocyte JNK signalling activation  
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Figure 4.7: The percentage of hemocytes migrating to wounds during the 58-minute time 

period post-wounding is reduced in simu2 mutants  

(A) Representative tracks of hemocyte wound responses over 58 minutes from the time of 

wounding in control and simu2 mutant stage 15 embryos. Coloured lines represent the course of 

migration of each hemocyte tracked and coloured dots show the final position of hemocytes at 

58 minutes post-wound. (B) Corresponding stills of GFP-labelled hemocytes at wounds 58 

minutes post-wounding in control and simu2 embryos. (C) Scatterplot of the % of hemocytes 

present at t=0 minutes post-wound who actively migrate to the wound at any point during the 

wounding movie. Lines and error bars represent mean±SD; n=7 movies analysed for control 

embryos, n=9 for simu2 mutants. 

White dashed ovals represent wound perimeter; scale bars represent 20ɛm; asterisks indicate 

statistical significance as determined by Mann-Whitney test; ***p < 0.001. 

 

 

 

 

 

 

 

Figure 4.8: Very few hemocytes exhibit active JNK signalling at the VNC in control and 

simu mutant embryos  

(A) Representative projections from confocal stacks of stage 15 embryos (whose hemocyte 

nuclei are shown in red) fixed and stained for GFP to label cells expressing the TRE-eGFP JNK 

signalling reporter construct, showing very minimal numbers of GFP labelled hemocytes in 

control and simu2 mutants. (B) Quantification of the percentage of hemocytes on the VNC in 

stage 15 embryos with active JNK signalling. Data represented as mean+SD; n=16 and 14 

embryos for controls and simu2 mutants respectively. Control data is the same as in Fig. 3.5, 

Chapter 3 as these experiments were carried out in parallel. 

Scale bars represent 100ɛm; asterisks indicate statistical significance as determined by Mann-

Whitney test; **p < 0.01. 
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was abnormal in simu2 mutant embryos, we compared JNK activation in simu2 mutant (w;TRE-

eGFP,simu2;crq-GAL4,UAS-nuclear red stinger) and control (w;TRE-eGFP;crq-GAL4,UAS-

nuclear red stinger) embryos (Fig. 4.8 A, B). To do this we again used flies carrying the TRE-

eGFP ubiquitous JNK signalling reporter construct and examined stage 15 embryos for GFP-

positive hemocytes; we found that simu2 mutants contained slightly fewer hemocytes with 

active JNK signalling than in controls (n=16 and 14 embryos for control and simu2 respectively; 

p=0.004 via Mann-Whitney test; Fig. 4.8 B). However, as GFP-positive hemocytes only made 

up about 3% of the total hemocytes on the VNC in control embryos, and this was reduced by 

2.5% in simu2 mutants, it seems unlikely that this difference would explain the 50% decrease in 

hemocyte wound responses observed in simu2 mutants. 

 

 

4.2.9 Macrophage ROS levels are decreased in simu mutants 

 

As in the previous chapter, we hypothesised that the decrease in inflammatory responses of 

hemocytes in simu2 mutants may be due to a shift in the inflammatory state of hemocytes caused 

by the presence of increased numbers of apoptotic cells. As ROS are an important mediator of 

vertebrate macrophage polarisation (Tan et al. 2016), we further hypothesised that hemocyte 

ROS levels may be altered in simu2 mutants. Furthermore, changes in ROS levels in simu 

mutant embryos may alter the ability of hemocytes to respond to wounds, as the ROS H2O2 is 

the chemotactic signal produced at wounds (Moreira et al. 2010). To examine ROS levels in 

embryos, simu2 mutant (w;simu2;crq-GAL4,UAS-nuclear red stinger) and control (w;;crq-

GAL4,UAS-nuclear red stinger) embryos were treated with the ROS indicator 

Dihydrorhodamine 123 (DHR 123), which is oxidised by ROS within cells, causing it to 

localise to mitochondria and produce green fluorescence (Fig. 4.9 A). When the degree of DHR 

123 fluorescence in hemocytes on the superficial surface of the VNC was analysed compared to 

embryo background levels, we found that this was significantly decreased in simu2 mutant 

hemocytes when compared to controls (n=9 and 10 embryos for control and simu2 respectively; 

p=0.001 via Mann-Whitney test; Fig. 4.9 A, B). However the overall levels of DHR 123 

fluorescence in the background (i.e. levels extracellular to hemocytes) of simu2 mutant embryos 

was no different to controls (n=9 and 11 embryos for control and simu2 respectively; p=0.604 

via Mann-Whitney test; Fig. 4.9 A, C). Interestingly, this data suggests that hemocyte ROS 

levels are reduced in simu2 mutants, but that the levels of ROS extracellular to hemocytes in 

embryos are no different to controls. Decreased ROS levels in hemocytes in simu2 mutants 

represent a potential mechanism to explain the reduced inflammatory responses of hemocytes in 

simu2 mutants, as reduced macrophage ROS production is a known marker of óM2ô type anti-

inflammatory macrophages (Tan et al. 2016). 
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Figure 4.9: Hemocyte ROS levels are decreased in simu2 mutants 

(A) Representative projections from confocal stacks of live stage 15 embryos (whose hemocyte 

nuclei are shown in red) treated with the ROS indicator DHR 123 (green), showing reduced 

levels of ROS in hemocytes compared to the rest of the embryo in simu2 compared to control. 

(B) Scatterplot of embryo average background corrected hemocyte DHR 123 indicator 

intensities. Lines and error bars represent mean±SD; n=9 and 10 embryos for controls and simu2 

mutants respectively. (C) Scatterplot of embryo average DHR 123 indicator background 

intensity. Lines and error bars represent mean±SD; n=9 and 11 embryos for controls and simu2 

mutants respectively. Control data is the same as in Fig. 3.6, Chapter 3 as these experiments 

were carried out in parallel. 

Scale bars represent 100ɛm; asterisks indicate statistical significance as determined by Mann-

Whitney test; ***p < 0.001 and ns= not significant. 
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4.2.10 Macrophage basal migration speeds are decreased in simu mutants 

 

In repo03702 mutant embryos where there is a build up of apoptotic cells inside hemocytes, we 

observed that hemocytes migrate a lot more slowly than in control embryos (Chapter 3, Fig. 

3.9). Therefore, we wanted to see whether an accumulation of apoptotic cells that remained 

mostly unengulfed, as is the case in simu2 mutants, was also able to affect hemocyte migration 

speeds. To do this we tracked the basal migrations of hemocytes in control (w;;crq-GAL4,UAS-

GFP) and simu2 mutant embryos (w;simu2;crq-GAL4,UAS-GFP) over a 60-minute time period 

using the Fiji manual tracking plug-in, and then calculated their average migration speeds (Fig. 

4.10 A-C). In simu2 mutant embryos we found that hemocyte basal migration speeds were 

significantly lower than those of hemocytes in control embryos (n=7 and 8 embryos for controls 

and simu2 mutants respectively; p=0.0003 via Mann-Whitney test; Fig. 4.10 A, B), suggesting 

that Simu is required for normal hemocyte migration speeds in Drosophila embryos. These 

slower migration speeds are unlikely to explain the wound response defect in simu2 mutants as 

in mys mutant embryos, where macrophage migration speeds are significantly slowed, hemocyte 

numbers at wounds 60-minute post-wounding are normal (Comber et al. 2013). In the previous 

chapter we showed that defects in apoptotic cell clearance reduce hemocyte migrations speeds 

(Fig. 3.9), and this has also previously been demonstrated in SCAR mutants (Evans et al. 

2013).Therefore it is possible that the build-up of apoptotic cells in simu2 mutants is causing 

migration speeds to be reduced. 

 

 

4.2.11 Simu is not required cell-autonomously by hemocytes for their 

general migratory behaviour 

 

In order to examine whether Simu is required cell-autonomously in hemocytes for their normal 

migration, we performed RNAi-mediated knock-down of simu specifically in hemocytes by 

expressing UAS-simu RNAi under the control of the crq-GAL4 driver, and examined hemocyte 

migrations in these embryos (w;UAS-simu RNAi;crq-GAL4,UAS-GFP) compared to controls 

(w;;crq-GAL4,UAS-GFP). After calculating average hemocyte speeds as previously, we found 

that there was no difference between basal migration speeds in control embryos and embryos in 

which hemocytes expressed a RNAi construct targeting simu (n= 8 and 10 embryos for control 

and simu RNAi respectively; p=0.408 via Mann-Whitney test; Fig. 4.11 A, B). Therefore it is 

likely that Simu is not required cell-autonomously in hemocytes for them to migrate at normal 

speeds. However, as discussed previously, RNAi knockdown of simu in hemocytes may be 

incomplete, resulting in low levels of simu expression that may be sufficient for normal 

macrophage migration. 
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Figure 4.10: Hemocytes migrate at reduced speeds in simu2 mutants 

(A) Representative tracks of hemocytes migrating on the superficial VNC over a 60-minute time 

period in control and simu2 mutants. Coloured lines represent the course of migration of each 

hemocyte tracked and coloured dots show the final position of hemocytes. (B) Scatterplot of 

embryo average hemocyte migration speeds. Lines and error bar represent mean±SD; n=7 and 8 

embryos for controls and simu2 mutants respectively. (C) Scatterplot of the mean migration 

speeds of individual hemocytes. Lines and error bars represent mean±SD; n=90 and 78 

hemocytes tracked for controls and simu2 mutants respectively. 

Scale bars represent 20ɛm; asterisks indicate statistical significance as determined by Mann-

Whitney test; ***p < 0.001 and ****p < 0.0001. 
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Figure 4.11: Macrophage-specific RNAi knockdown of simu has no affect on macrophage 

migration speeds 

(A) Representative tracks of hemocytes migrating on the superficial VNC over a 60-minute time 

period in control stage 15 embryos and those in which simu expression has been reduced by 

RNAi knockdown specifically in hemocytes. Coloured lines represent the course of migration of 

each hemocyte tracked and coloured dots show the final position of hemocytes. (B) Scatterplot 

of embryo average hemocyte migration speeds. Lines and error bar represent mean±SD; n=8 

and 10 embryos for controls and simu RNAi respectively. (C) Scatterplot of the mean migration 

speeds of individual hemocytes. Lines and error bars represent mean±SD; n=97 and 84 

hemocytes tracked for control and simu RNAi embryos respectively. 

Scale bars represent 20ɛm; statistical significance determined by Mann-Whitney test; ns= not 

significant. 
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Together this data suggests that Simu expression must be completely lost in the entire embryo in 

order to affect hemocyte migration. I hypothesise that this is because in simu2 mutants neither 

glial cells nor hemocytes can efficiently engulf apoptotic cells, which leads to the build up of 

uncleared apoptotic cells observed in these mutants, and it is this build-up that causes hemocyte 

migrations to be slowed. However, when simu expression is knocked-down specifically in 

hemocytes, glial cells are presumably still able to clear apoptotic cells efficiently and there may 

be a reduction in the accumulation of uncleared apoptotic cells, which seems likely as there is 

no noticeable accumulation of apoptotic cells in simu RNAi embryos when compared to controls 

(data not shown). Therefore it is possible that the accumulation of apoptotic cells in simu 

mutants causes hemocyte migration speeds to be decreased. 

 

 

4.2.12 Removal of apoptosis rescues simu mutant hemocyte migration speeds 

 

As we hypothesised that the build up of apoptotic cells in simu2 mutants may be causing 

hemocyte migration speeds to be reduced, we sought to remove apoptosis from simu2 mutant 

embryos using the widely-used Df(3L)H99 genomic deletion as described in the previous 

chapter, which blocks all developmental apoptosis in the embryo (White et al. 1994). Time-

lapse movies were then made of hemocytes labelled using UAS-GFP expression under the 

control of crq-GAL4 migrating on the VNC at stage 15 in simu2 mutant embryos (w;simu2;crq-

GAL4,UAS-GFP) and in simu mutant embryos that also had the Df(3L)H99 deficiency 

(w;simu2;Df(3L)H99,crq-GAL4,UAS-GFP), to see whether removing apoptosis might rescue the 

slowed migration of hemocytes seen in simu2 mutants. After tracking and analysing their 

migration we found that hemocytes in simu2;Df(3L)H99 embryos did indeed migrate at 

significantly higher speeds than those in simu2 mutants (n=8 and 10 embryos for simu2 and 

simu2;Df(3L)H99 respectively; p=0.0062 via Mann-Whitney test; Figure 4.12 A, B). We were 

also able to show that hemocytes in Df(3L)H99 embryos (w;;Df(3L)H99,crq-GAL4,UAS-GFP) 

migrate at similar velocities to those in controls (w;;crq-GAL4,UAS-GFP), indicating that 

removing apoptosis does not affect hemocyte migration speeds (n=7 and 9 embryos for control 

and Df(3L)H99 respectively; p=0.252 via Mann-Whitney; Fig. 4.12 A, B). Together this data 

suggests that it is the increased numbers of apoptotic cells in simu2 mutants that causes 

hemocytes to migrate more slowly, thus providing further evidence that apoptotic cells are able 

to alter the migration of hemocytes in vivo. 
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Figure 4.12: Blocking apoptosis using the Df(3L)H99 genomic deletion rescues 

macrophage migration speeds in simu2 mutants  

(A) Representative tracks of hemocytes migrating on the superficial VNC over a 60-minute time 

period in control, Df(3L)H99, simu2, and simu2 mutant stage 15 embryos.. Coloured lines 

represent the course of migration of each hemocyte tracked and coloured dots show the final 

position of hemocytes. (B) Scatterplot of embryo average hemocyte migration speeds. Lines and 

error bar represent mean±SD; n=7, 9, 8 and 10 embryos analysed per genotype for the above 

genotypes respectively. (C) Scatterplot of the mean migration speeds of individual hemocytes. 

Lines and error bars represent mean±SD; n=90, 50, 78 and 108 hemocytes tracked per genotype 

for the above genotypes respectively. 

Scale bars represent 20ɛm; asterisks indicate statistical significance as determined by Mann-

Whitney test; **p < 0.01, ****p < 0.0001 and ns= not significant. 

 

 

4.2.13 Removal of apoptosis in simu mutants is unable to rescue hemocyte 

wound responses at 60 minutes post-wound 

 

In light of the previous result, we then sought to test whether removing apoptosis in simu2 

mutants was also able to rescue hemocyte inflammatory response defects. To examine this we 

wounded both simu2 mutants (w;simu2;crq-GAL4,UAS-GFP) and simu2;Df(3L)H99 double 

mutants (w;simu2;Df(3L)H99,crq-GAL4,UAS-GFP), analysing hemocyte density at wounds 60 

minutes post-wounding (Fig 4.13). We found that simu2;Df(3L)H99 hemocyte wound densities 

were similar and not significantly different to those in simu2 mutants alone (n=18 and 19 

embryos for simu2 and simu2;Df(3L)H99 respectively; p=0.298 via Mann-Whitney test; Fig 4.13 

A, B). As per previous publications there was a mild impairment of the inflammatory response 

in Df(3L)H99 homozygotes compared to controls (n=22 and 26 for control and Df(3L)H99 

respectively; p=0.0387 via Mann-Whitney test; Fig. 4.14 A, B; Weavers et al. 2017)). These 

results suggest that it is not apoptotic cells in simu2 mutants that are causing hemocyte 

migrations to wounds to be perturbed, at least by this form of analysis, and that removal of 

apoptotic cells does not rescue responses even to the level of mildly-affected Df(3L)H99 

homozygotes. 

 

4.2.14 Removal of apoptosis does not rescue prewound hemocyte numbers in 

simu mutants 

 

In order to confirm that the lack of a rescue in wound responses in simu mutants by the removal 

of apoptosis was not due to differences in hemocyte numbers in the surrounding area, we also 

analysed pre-wound hemocyte densities as previously. We found that compared to simu2  
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Figure 4.13: Blocking apoptosis using the Df(3L)H99 genomic deletion is unable to rescue 

macrophage wound responses at 60-minutes post-wound in simu2 mutants 

(A) Representative stills of GFP-labelled hemocyte responses to wounds at 60 minutes post-

wound in control, Df(3L)H99, simu2, and simu2;Df(3L)H99 mutant stage 15 embryos. (B) 

Scatterplot of hemocyte wound responses per embryo shown as the number of hemocytes per 

ɛm2 wound area at 60 minutes post-wounding normalized to the control average. Lines and 

error bars represent mean±SD; n=22, 26, 18 and 19 embryos per genotype for the above 

genotypes respectively. 

White dashed ovals represent wound perimeter; scale bars represent 20ɛm; asterisks indicate 

statistical significance as determined by Mann-Whitney test; *p < 0.05 and ns= not significant. 
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Figure 4.14: Blocking apoptosis using the Df(3L)H99 genomic deletion is unable to rescue 

pre-wound macrophage numbers in simu2 mutants 

(A) Representative pre-wound stills of GFP-labelled hemocytes on the superficial VNC in 

control, Df(3L)H99, simu2, and simu2;Df(3L)H99 mutant stage 15 embryos. (B) Scatterplot of 

hemocyte densities in stage 15 pre-wound images shown as the number of hemocytes per ɛm2 

embryo area normalized to the control average. Lines and error bars represent mean±SD; n=23, 

18, 23 and 23 embryos per genotype for the above genotypes respectively. 

Scale bars represent 20ɛm; asterisks indicate statistical significance as determined by Mann-

Whitney test; ****p < 0.0001 and ns= not significant. 

 

 

 

mutants alone (w;simu2;crq-GAL4,UAS-GFP) those in which apoptosis had been blocked using 

the Df(3L)H99 genomic deletion (w;simu2;Df(3L)H99,crq-GAL4,UAS-GFP) had similar 

numbers of hemocytes in the pre-wound images (n=23 embryos for both simu2 and 

simu2;Df(3L)H99; p=0.0952 via Mann-Whitney test; Fig. 4.14 A, B). Therefore it is unlikely 

that the lack of rescue in inflammatory responses is not down to there being fewer hemocytes in 

simu2;Df(3L)H99 embryos. Surprisingly we also found that, when compared to controls 

(w;;crq-GAL4,UAS-GFP), Df(3L)H99 embryos (w;;Df(3L)H99,crq-GAL4,UAS-GFP) have 

decreased hemocyte densities in this area (n=23 and 18 embryos for control and Df(3L)H99 

respectively; p<0.0001 via Mann-Whitney test; Fig. 4.14 A, B). This suggests that the slight 

wound response defect seen in Df(3L)H99 embryos may be due to a reduction in the number of 

hemocytes in the surrounding area. 

 

 

4.2.15 The percentage of hemocytes that migrate to the wound is partially 

rescued by removing apoptosis in simu mutants 

 

Whilst examining the time-lapse wounding movies taken as part of the wounding assay, we 

noticed that hemocyte responses to wounds in simu2;Df(3L)H99 double mutant embryos seemed 

more pronounced than those in simu2 mutants: it seemed as though the initial migration of 

hemocytes to wounds in simu2;Df(3L)H99 mutants might be more effective than in simu2 

mutants. Therefore to examine this further the percentage of hemocytes present in the first time 

frame of the time-lapse wounding movies that migrate to the wound at any point during the 

movie was analysed (termed % responders). Interestingly, we found that the percentage of 

hemocytes responding to wounds in simu2;Df(3L)H99 embryos was significantly higher than in 

simu2 mutant embryos, (n=25 and 18 embryos for simu2 and simu2;Df(3L)H99 respectively; 

p=0.0190 via Mann-Whitney test; Fig 4.15 A, B). This result was particularly interesting as it 

suggested that hemocytes in simu2 mutants lacking apoptosis were better able to respond to 

wounds than those in simu2 mutants. To determine whether the slight wound response defect  
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Figure 4.15: Blocking apoptosis using the Df(3L)H99 genomic deletion rescues the 

percentage of hemocytes migrating to wounds during the 60-minute time period post-

wounding in simu2 mutants 

(A) Representative tracks of hemocyte wound responses over 58 minutes from the time of 

wounding in control, Df(3L)H99, simu2, and simu2 mutant stage 15 embryos. Coloured lines 

represent the course of migration of each hemocyte tracked. (B) Corresponding representative 

stills of GFP-labelled hemocyte responses to wounds at 58 minutes post-wound in control, 

Df(3L)H99, simu2, and simu2;Df(3L)H99 mutant stage 15 embryos. (C) Scatterplot of the % of 

hemocytes present at t=0 minutes post-wound who actively migrate to the wound at any point 

during the wounding movie. Lines and error bars represent mean±SD; n=18, 27, 25 and 18 

movies analysed per genotype for the above genotypes respectively. (D) Scatterplots of the % of 

hemocytes present at t=0 minutes post-wound who migrate away from the wound at any point 

during the wounding movie. Lines and error bars represent mean±SD; n=18, 27, 25 and 18 

movies analysed per genotype for the above genotypes respectively. (E) Line graph of the 

number of hemocytes per ɛm2 wound area at specified time-points in minutes post-wounding. 

Data points and error bars represent mean±SD; n= 6, 16, 10 and 10 movies analysed per 

genotype for the above genotypes respectively. 

White dashed ovals represent wound perimeter; asterisks indicate statistical significance as 

determined by Mann-Whitney (B and D) or by a Kruskal-Wallis one-way ANOVA test (C); *p 

< 0.05, **p < 0.01 and ns=not significant.  

 

 

 

observed in Df(3L)H99 embryos was due simply to decreased numbers of hemocytes in the 

wounding area, we also examined the % of hemocytes migrating to wounds in Df(3L)H99 

embryos compared to controls. This analysis showed that the % of hemocytes responding to 

wounds in Df(3L)H99 was no different to controls (n=18 and 27 embryos for control and 

Df(3L)H99 respectively; p=0.796 via Mann-Whitney test; Fig. 4.15 A, B), suggesting 

hemocytes in Df(3L)H99 embryos are just as able to respond to wounds as those in controls, and 

that the wound response defect observed is likely due solely to decreased numbers of hemocytes 

in the wounding location.  

 

One explanation for the discrepancy between hemocyte numbers at the wound at 60 minutes and 

the percentage responders in simu2;Df(3L)H99 embryos may be that hemocytes are leaving the 

wound, a process termed ñresolutionò, at a higher rate. An emerging idea in the field of 

inflammation is that resolution is controlled, at least in part, by retention signals (Nourshargh et 

al. 2016). In light of this and our own observations of hemocyte behaviour at wounds, we also 

examined the percentage of hemocytes that migrated away from the wound at any point during 

the wounding movie, as a way of assessing hemocyte retention at wounds. We found that in 

simu2 mutants a greater percentage of hemocytes leave the wound during the 60 minute time-

frame postwound when compared to controls (n=18 and 25 for control and simu2 respectively; 

p=0.0465 via Kruskal-Wallis ANOVA; Fig 4.15 C). We also found that, when compared to 

Df(3L)H99 embryos, a greater percentage of hemocytes migrated away from the wound in 

simu2;Df(3L)H99 embryos (n=27 and 18 embryos for Df(3L)H99 and simu2;Df(3L)H99 

respectively; p=0.0015 via Kruskal-Wallis ANOVA; Fig 4.15 C). 
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Together this suggests that, regardless of the levels of apoptosis present, hemocytes in simu2 

mutant embryos do indeed have defects in their retention at wounds; to our knowledge this is 

the first time that a gene has been shown to be involved in hemocyte retention at wounds in 

Drosophila embryos. 

 

In order to gain a better understanding of how hemocytes respond to wounds in simu2 mutants, 

and how this is affected by the removal of apoptosis, the density of hemocytes present at 

wounds over time was analysed. This was done by calculating the density of hemocytes at 

wounds immediately after wounding (t=0), and at 10-minute intervals thereafter up to and 

including 60 minutes post-wounding. In contrast to published data (Weavers et al. 2016), this 

analysis showed that the pattern of hemocyte wound recruitment over time in Df(3L)H99 

embryos is almost identical to controls, suggesting that there is no defect in hemocyte wound 

recruitment over time in Df(3L)H99 embryos. In simu2 mutants, however, there is an extremely 

minimal increase in hemocyte densities over time (Fig. 4.14 D), however when apoptosis is 

removed in simu2 mutants (simu2;Df(3L)H99), there is significantly increased hemocyte 

recruitment compared to simu2 mutants at 20, 30, 40 and 50 minutes post-wound (Fig. 4.14 D).  

 

Taken together, this analysis suggests that hemocyte recruitment to wounds is improved in 

simu2 mutants when apoptosis is blocked, suggesting that to some extent, apoptotic cells play a 

role in preventing hemocytes from migrating to wounds in simu2 mutants. However, hemocyte 

recruitment in simu2;Df(3L)H99 embryos remains much lower than controls at every timepoint, 

demonstrating that Simu is needed for normal hemocyte responses to wounds. As Simu has no 

intracellular signalling domain (Kurant et al. 2008) it is not possible for Simu to act alone as a 

receptor for wounds, however it may work in concert with other damage receptors, the only 

known one of which is Draper (Evans et al. 2015). Altogether this data shows that there is no 

defect in hemocyte wound recruitment over time in Df(3L)H99 embryos when compared to 

controls. 

 

 

4.2.16 Simu may act in a separate pathway to Draper during hemocyte 

inflammatory responses 

 

It has previously been reported that Simu acts upstream of Draper in the same genetic pathway 

during glial phagocytosis of apoptotic cells (Kurant et al. 2008). As it is known that Draper is 

required cell-autonomously by hemocytes for their inflammatory responses to wounds in  
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Figure 4.16: Wound phenotypes of simu2;drprȹ5 double mutants compared to simu2 and 

drprȹ5 single mutants 

(A) Representative stills of srp-GMA labelled hemocyte responses to wounds at 60 minutes 

post-wound in control, simu2, drprȹ5 and simu2;drprȹ5 double mutant stage 15 embryos. 

Manually drawn red dots indicate the location of hemocyte cell bodies to aid in identifying 

individual hemocytes. (B) Scatterplot of hemocyte wound responses per embryo shown as the 

number of hemocytes per ɛm2 wound area at 60 minutes post-wounding normalised to the 

control average. Lines and error bars represent mean±SD; n=23, 18, 21 and 19 embryos per 

genotype for the above genotypes respectively. 

White dashed ovals represent wound perimeter; scale bars represent 20ɛm; asterisks indicate 

statistical significance as determined by Kruskal-Wallis one-way ANOVA with Dunnôs 

multiple comparison test; *p < 0.05 and ns= not significant. 

 

 

 

Drosophila (Evans et al. 2015), we hypothesised that Simu may also be required upstream of 

Draper during hemocyte inflammatory migrations to wounds. To test this we wounded embryos 

that were mutant for both simu2 and drprȹ5, (w;simu2,p{srp-GMA}; drprȹ5) and compared 

hemocyte inflammatory responses with those of simu2 (w;simu2,p{srp-GMA}) and drprȹ5 

(w;p{srp-GMA}; drprȹ5) single mutant embryos as well as controls (w;p{srp-GMA})  (Fig. 4.16 

A, B). Firstly, this analysis showed that the wound response defect in simu2 mutants is no more 

severe than that of drprȹ5 mutants (n=18 and 21 embryos for simu2 and drprȹ5 respectively; 

p=0.315 via Kruskal-Wallis ANOVA; Fig. 4.16 A, B). It also revealed that the wound response 

in simu2;drprȹ5 double mutants was slightly decreased when compared to simu2 mutants alone 

(n=21 and 19 embryos for simu2 and simu2;drprȹ5 respectively; p=0.0177 via Kruskal-Wallis 

ANOVA) but that this was not the case compared to drprȹ5 mutants (n=18 and 19 embryos for 

drprȹ5 and simu2;drprȹ5 respectively; p=0.8578 via Kruskal-Wallis ANOVA) (Fig. 4.16 A, B). 

This additive effect suggests that Simu may be acting in a separate genetic pathway to Draper 

during hemocyte inflammatory responses, although as the wound response defect in 

simu2;drprȹ5 is no different to drprȹ5 mutants, this would certainly need further investigation. 

 

 

4.2.17 Simu is required for the engulfment of cellular debris by hemocytes at 

wounds 

 

As hemocytes are statistically more likely to migrate away from wounds in simu2 mutants, 

suggesting a requirement for Simu in hemocyte retention at wounds, we sought to examine its 

role in this process. Work in our lab and others has shown that Caspase active-positive/apoptotic 

cells can seldom be found at the wound, at least during the 60 minutes after the wound has been 

induced (Abreu-Blanco et al. 2012; Weavers et al. 2017a; Armitage and Evans, unpublished 

data), however PS exposure is high at wounds suggesting high levels of necrotic cellular debris  



 105 

 

 

Figure 4.17: Simu is required in hemocytes for normal levels of hemocyte vacuolation at 

wounds 

(A and B) Representative individual slices from stills of GFP-labelled hemocytes at wounds in 

order to observe vacuoles within hemocytes. Scale bars represent 20ɛm. (Aô and Bô) Zoomed 

sections of images from A and B demonstrating the decreased vacuolation of hemocytes at 

wounds in simu2;Df(3L)H99 mutants or embryos in which simu expression has been reduced 

specifically in hemocytes by RNAi-mediated knockdown in a Df(3L)H99 background (UAS-

simu RNAi;Df(3L)H99), compared to their respective Df(3L)H99 controls. Scale bars represent 

10ɛm. (C and D) Scatterplots of the average number of vacuoles per hemocyte at wounds 60-

minute post-wounding per embryo. Lines and error bars represent mean±SD; ( n=11 and 9 

embryos for Df(3L)H99 and simu2;Df(3L)H99 respectively; (D) n=10 and 9 embryos for 

Df(3L)H99 and UAS-simu RNAi;Df(3L)H99 respectively. 

White dashed ovals represent wound perimeter; asterisks indicate statistical significance as 

determined by Mann-Whitney test; ****p < 0.0001. 
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(Armitage and Evans, unpublished data). As PS acts as the ligand for Simu on apoptotic cells, 

we hypothesised that Simu also acts as a receptor for necrotic cells and that this interaction acts 

as a retention signal at wounds. 

 

In Df(3L)H99 embryos hemocytes contain no vacuoles, as there are no apoptotic bodies for 

them to engulf (see Fig. 4.14 A), however when Df(3L)H99 embryos are wounded, hemocytes 

at the wound become highly vacuolated. Therefore as wounds induced in embryos are sterile, 

the vacuolation seen in hemocytes at wounds in H99 embryos is likely due to the engulfment of 

necrotic cellular debris. To test whether Simu is required for the engulfment of necrotic cells, 

we quantified the number of vacuoles in hemocytes present at the wound at 60-minutes post-

wound in Df(3L)H99 and simu2;Df(3L)H99 embryos (the same post wound images collected for 

wound response analysis in Fig. 4.13), as any vacuoles present will be due to engulfment at 

wounds. This analysis showed that, compared to hemocytes at wounds in Df(3L)H99 embryos, 

those in simu2;Df(3L)H99 embryos contained significantly fewer vacuoles (n=11 and 9 embryos 

for Df(3L)H99 and simu2;Df(3L)H99 respectively; p<0.0001 via Mann-Whitney test; Fig. 4.17 

A-C). Therefore it seems that Simu is required for the efficient engulfment of cellular debris by 

hemocytes at wounds. This is the first time that Simu has been shown to be involved in the 

clearance of necrotic cells in addition to apoptotic cells.  

 

In order to assess whether Simu is required cell-autonomously in hemocyte engulfment of 

cellular debris at wounds, the vacuolation of hemocytes at wounds in Df(3L)H99 embryos and 

in those in which RNAi-mediated knockdown of simu had been performed specifically in 

hemocytes in a Df(3L)H99 background was analysed. As before, hemocytes at wounds in 

Df(3L)H99 embryos were highly vacuolated (Fig. 4.17 D, Dô). In contrast, however, wound 

hemocytes contained substantially fewer vacuoles in Df(3L)H99 embryos in which hemocyte 

simu was targeted by RNAi (n=10 and 9 embryos for Df(3L)H99 and simu RNAi;Df(3L)H99 

respectively; p<0.0001 via Mann-Whitney test; Fig. 4.17 D-F). This suggests that Simu is 

required cell-autonomously in hemocytes for engulfment of debris at wounds. 
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4.3 DISCUSSION 

 

4.3.1 Modulation of macrophage inflammatory and basal migrations by 

apoptotic cells 

 

Analysis of macrophage wandering migrations in simu loss-of-function mutant embryos showed 

that macrophage migration speeds were reduced (Fig. 4.10), but that Simu was not required cell-

autonomously for normal hemocyte migrations (Fig. 4.11). By blocking apoptosis in simu 

mutants using the Df(3L)H99 genomic deletion that removes the three pro-apoptotic genes hid, 

grim and reaper (White et al. 1994) it was possible to show that this slowed migration was 

indeed due to apoptotic cells, be it directly or indirectly, as their removal resulted in a rescue of 

macrophage migration speeds (Fig. 4.12). Macrophages in simu mutants also showed a reduced 

ability to migrate to sites of tissue damage - a defect that could be partially improved by 

blocking apoptosis in the embryo. Therefore it is clear that apoptotic cells disrupt hemocyte 

migratory behaviour in vivo, however the mechanisms by which they do so are yet to be 

discovered.  

 

There are many potential hypotheses as to how apoptotic cells affect macrophage migratory 

behaviour. Firstly, it may well be the case that apoptotic cells are secreting chemotactic ófind-

meô cues that are capable of slowing or antagonising typical macrophage migrations. As 

hemocytes in simu mutants seem to become surrounded by multiple uncleared apoptotic cells 

(Fig. 4.1) it is likely that they are receiving cues that are trying to direct their migration in 

multiple different directions all at once. This may be confusing the hemocytes, and instead their 

migration may be stalling. Some evidence for this kind of behaviour comes from a study using 

Dictyostelium discoideum, in which the migratory speed of cells were slowed when the cells 

were exposed to chemotactic gradients which were quickly being altered both spatially and 

temporally, leading to what they call ócell trappingô (Meier et al. 2011). It has also been shown 

that hemocytes have a hierarchical response to chemotactic cues in the Drosophila embryo, with 

apoptotic cells seemingly placed at the top of the hierarchy followed by development migration 

cues and finally wound chemoattractants (Moreira et al. 2010). Therefore, as uncleared 

apoptotic cells accumulate in the area surrounding hemocytes in simu mutants (Fig. 4.1), it may 

be that they are being inundated with the find-me cues being released by apoptotic cells, and are 

prioritising these over those diffusing from the wound. However, these hypotheses would be 

difficult to test as the find-me cues released by apoptotic cells in Drosophila remain to be 

identified (see Chapter 5), therefore blocking them is not currently feasible. A possible 

experiment to test the role of find-me cues in modulating macrophage migratory behaviour 

would be to inject embryos with known vertebrate find-me cues such as the nucleotides ATP 
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and UTP, sphingosine-1-phosphate and lysophosphatidylcholine (Elliott et al. 2009; Gude et al. 

2008; Lauber et al. 2003), which have the potential to also act as ófind-meô cues in Drosophila. 

This approach is explored in Chapter 5. 

 

 In simu mutants, there is a highly significant increase in the number of apoptotic cells that 

remain untouched by hemocytes (a measure of uncleared apoptotic cells), but there is also an 

increase in the number of engulfed apoptotic cells (Fig. 4.1).  Therefore in order to attempt to 

address whether apoptotic cells are capable of modulating hemocyte inflammatory responses 

prior to their engulfment by hemocytes, an experiment was performed whereby apoptosis was 

induced throughout the embryo by heat treating embryos carrying heat shock-hid genomic 

construct (Armitage and Evans, unpublished data). These embryos were then wounded at a 

time-point after caspase activation, but before the apoptotic cells had begun to be engulfed by 

hemocytes, and it was found that hemocyte inflammatory responses were greatly reduced in 

such embryos (Armitage and Evans, unpublished data), adding strength to the hypothesis that 

uncleared apoptotic cells dampen macrophage inflammatory responses. Therefore, it is possible 

that uncleared apoptotic cells in simu mutants are capable of dampening hemocyte inflammatory 

responses, but the increased engulfment of apoptotic cells in these mutants cannot be ruled out 

as also having an affect on hemocyte inflammatory migrations. For example, the defective 

processing of apoptotic cells in SCAR mutant hemocytes causes their migration to be slowed 

(Evans et al. 2013), as does the build-up of apoptotic cell material in macrophages from a 

zebrafish model of lysosomal disorders (Berg et al. 2016). In dendritic cells, which patrol their 

environment and engulf antigens, the capture of antigens is associated with a decrease in their 

migration speeds caused by the recruitment of myosin IIA to the front of the cells (Chabaud et 

al. 2015). Together, this provides evidence that phagocyte migration can be slowed during the 

process of phagocytosis and also by the build-up of apoptotic cells within hemocytes, two 

potential explanations as to why macrophage migratory behaviour may be perturbed in simu 

mutants.  

 

Another explanation is that macrophages in simu mutants may be in contact with apoptotic cells 

through binding of other apoptotic cell receptors such as Draper, Croquemort, Scab or Beta-nu 

integrin (Manaka et al. 2004; Franc et al. 1999; Nagaosa et al. 2011; Nonaka et al. 2013). 

Therefore the binding of apoptotic cells, either from within hemocytes or extracellularly, may 

be inducing downstream signalling from apoptotic cell receptors, which may perturb their 

migratory behaviour. In order to examine whether hemocyte-apoptotic cell interactions may be 

important in the suppression of hemocyte immune responses, an attempt was made to block so-

called óeat-meô signals on the surface apoptotic cells to prevent their interactions with 

hemocytes. The most well-characterised eat-me signal exposed on the surface of apoptotic cells 

is phosphatidylserine (PS) (Segawa and Nagata 2015), which has been shown to be a ligand for 
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both Simu and Draper and may well also be a ligand for the other known apoptotic cell 

receptors in Drosophila (Shklyar, Levy-Adam, et al. 2013; Tung et al. 2013). Therefore 

AnnexinV, a protein that binds to and masks PS, was injected prior to wounding in control and 

simu mutant embryos, to examine whether this might result in a rescue of inflammatory 

responses in simu mutants. However, it was found that the injection of AnnexinV was unable to 

rescue hemocyte migrations to wounds in simu mutants (Armitage and Evans, unpublished 

data). This suggests that the binding of hemocytes to the apoptotic eat-meô signal PS does not 

preventing hemocytes from migrating to wounds in simu mutants. It is also possible that other 

eat-me signals may still be binding to apoptotic cell receptors in this case. For example, 

Calreticulin and Pret-a-porter have both been shown to be exposed on the surface of apoptotic 

cells in Drosophila (Gardai et al. 2005; Kuraishi et al. 2007; Kuraishi et al. 2009). A tethering 

molecule, DmCaBP1, has also been shown to be released by apoptotic cells (Okada et al. 2012), 

therefore masking PS alone may be insufficient to prevent macrophages from binding to 

apoptotic cells.  

 

There are also a plethora of other potential explanations as to how apoptotic cells affect the 

migratory behaviour of macrophages. One hypothesis is that, as discussed in the previous 

chapter, increased numbers of apoptotic cells induces the expression of stress signalling in 

hemocytes, and that this may cause hemocyte inflammatory responses or indeed their general 

migration to be perturbed. One such stress signalling pathway is JNK signalling, which was also 

explored in the previous chapter. However as JNK signalling is generally not active in 

hemocytes in both controls and simu mutants, nor is it activated in hemocytes in response to 

wounds (Fig. 4.8), it is unlikely that disregulated JNK signalling explains the migratory defects 

seen in simu mutants. There are a range of other stress signalling pathways besides JNK which 

may be playing a role in disrupting hemocyte migratory behaviour in simu mutants, such as p38 

MAPK, NF kappa B signalling, AKT or PI3K signalling, however these have not yet been 

explored and represent a line of future study.  

 

Another possible mechanism is that apoptotic cells are altering the polarisation of macrophages 

to a more anti-inflammatory state, a process that is known to occur in vertebrate macrophages 

upon the phagocytosis of apoptotic cells (Szondy et al. 2017). It is also known that macrophage 

heterogeneity exists in vertebrate systems and that they possess a spectrum of polarisation states 

from the pro-inflammatory óM1ô phenotype to the anti-inflammatory and pro-resolving óM2ô 

phenotype (Mosser and Edwards 2008). The phenomenon of macrophage heterogeneity has yet 

to be identified in Drosophila however one important mediator of vertebrate macrophage 

polarisation are Reactive Oxygen Species (ROS), whose increased presence is associated with 

the promotion and function of óM1ô type macrophages, which are considered to be pro-

inflammatory (Tan et al. 2016). When we examined hemocyte ROS levels in simu mutants, we 
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found that this was reduced compared to hemocytes in control embryos (Fig. 4.9). Therefore it 

is possible that the inflammatory state of hemocytes in simu mutants is being shifted to that of a 

more anti-inflammatory phenotype and that this is affecting the ability of hemocytes to mount 

inflammatory responses to wounds. However, in order to further confirm this, ROS levels in 

hemocytes in control embryos would have to be reduced, perhaps by knocking down expression 

of the NADPH oxidase Nox or by treating them with a ROS scavenging agent, to see whether 

this would reduce hemocyte inflammatory responses. To confirm that the reduction in ROS 

levels in simu mutants is due to the effect of apoptotic cells, those in which apoptosis has been 

removed (simu2;Df(3L)H99 embryos) would have to be compared to those in simu2 mutants. If 

the removal of apoptosis were to rescue ROS levels in hemocytes, then it is likely that apoptotic 

cells are somehow capable of reducing ROS levels in hemocytes. Unfortunately the appropriate 

crosses were not finished in time for me to examine this before the end of my PhD. 

Interestingly, a genome-wide microarray comparison of simu2 mutant and control embryos did 

in fact reveal a significant alteration in the expression profile of a range genes involved in 

cellular redox homeostasis (data not shown), further suggesting that the redox state of cells in 

simu mutants may be altered. However, I did not have time to validate these results by qPCR or 

to assess the affect of changes in the expression of any of these genes on hemocyte 

inflammatory responses in control embryos, therefore this represents an avenue of further study.  

 

As many of the genes involved in macrophage polarisation in vertebrate systems are not 

expressed in Drosophila, it is difficult to assess the activation state of macrophages in this 

system. However, perhaps macrophage polarisation does exist in Drosophila but that the 

markers and mechanism governing this are different to vertebrate systems. It would be 

interesting to study whether apoptotic cells are capable of shifting macrophage polarisation 

states in Drosophila and this is something that other members of the lab are working towards 

identifying.  

 

 

4.3.2 A cell-autonomous role for Simu in macrophage inflammatory 

responses 

 

By wounding embryos in which Simu expression had been reduced specifically in hemocytes 

using RNAi knockdown, we were able to show that Simu is required cell-autonomously by 

hemocytes for their inflammatory migrations to wounds (Fig. 4.4). This is in contrast to general 

hemocyte motility, where Simu is not required cell-autonomously (Fig. 4.11), suggesting that 

the requirement for Simu by hemocytes is specific to inflammatory responses. In simu2 mutant 

embryos, the blocking of apoptosis is only partially able to rescue hemocyte recruitment to 
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wounds (Fig. 4.15), further suggesting that simu2 mutants also have a defect in hemocyte 

inflammatory responses that is not mediated by apoptotic cells.  

 

As the apoptotic cell receptor Draper has also been shown to function as a receptor for the 

detection of wound cues (Evans et al. 2015), it is possible that Simu also has a role in this. 

Indeed, Simu has already been shown to act upstream of Draper in the phagocytosis of apoptotic 

cells (Kurant et al. 2008), therefore may also act in the same pathway as Draper during wound 

responses. When this was tested by examining wound response phenotypes in simu;drpr double 

mutants compared to the single mutants alone, we found that the double mutant wound 

phenotype was slightly but significantly more severe than simu mutant wound responses, but 

not those of drpr mutants (Fig. 4.16). This suggests that Simu and Draper may act in distinct 

pathways during hemocyte inflammatory responses. However, as Simu lacks an intracellular 

signalling domain (Kurant et al. 2008), it must work in concert with one or more other receptors 

to be able to induce an inflammatory response. As we have found that the apoptotic cell 

receptors Scab and ɓɡ integrin are also required for hemocyte inflammatory responses to 

wounds (Chapter 6), it is possible that Simu may act in concert with them during inflammatory 

responses. Assessing the inflammatory responses in double mutants for simu and either of these 

receptors may shed light on this. Alternatively, Simu may be acting alongside an as yet 

unidentified receptor required for hemocyte inflammatory responses.   

 

4.3.3 Recognition of necrotic cellular debris as a retention signal at wounds? 

 

Analysis of hemocyte vacuolation at wounds showed that vacuolation in simu mutants was 

decreased (Fig. 4.17), and that Simu is required cell-autonomously in hemocytes for normal 

vacuolation at wounds (Fig. 4.17). This suggested that Simu is required in hemocytes for the 

normal engulfment of necrotic cellular debris at wounds. 

 

PS is usually only found on the inner leaflet of the cell membrane, but during apoptosis is 

flipped to the outer membrane where it acts as an apoptotic óeat-meô signal (Fadok et al. 2001). 

In the case of cellular necrosis, PS also becomes exposed due to the rupturing of the cellular 

membrane and is required for the engulfment of necrotic cells by macrophages (Brouckaert et 

al. 2004). As Simu has been shown to bind PS in the engulfment of apoptotic cells (Shklyar, 

Levy-Adam, et al. 2013), it is likely that Simu may also required for the efficient PS-dependent 

phagocytosis of necrotic cellular debris at wounds. The other apoptotic cell receptors identified 

in Drosophila have all been shown to be involved in the phagocytosis of other targets, in this 

case bacteria (Guillou et al. 2016; Nonaka et al. 2013; Hashimoto et al. 2009), therefore it is 

possibile that Simu may also be involved in the phagocytosis of other targets such as necrotic 

cells.  
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Furthermore, I would hypothesise that perhaps hemocyte binding of PS at wounds is required in 

order to retain hemocytes at wounds, as hemocytes lacking Simu, which has been shown to bind 

to PS (Shklyar, Levy-Adam, et al. 2013), show reduced retention at wounds (Fig. 4.15). The 

retention of inflammatory cells at sites of inflammation is an emerging field and it is now 

known that neutrophil reverse migration away from sites of inflammation represents an anti-

inflammatory mechanism (Robertson et al. 2014; Mathias et al. 2006). The mechanisms of 

reverse migration of neutrophils away from sites of inflammation are now beginning to be 

understood in more detail, but it is thought that a combination of different mechanism may play 

a part in this, including signal desensitisation, the presence of repellent chemokines and the loss 

of cues which brought neutrophils to the inflammation site in the first place (Nourshargh et al. 

2016). Although to my knowledge a role in the recognition or phagocytosis of cellular debris for 

macrophage retention at wounds has never been found. Again, this would be a rather difficult 

hypothesis to test as it is impossible to make a wound without inducing cellular necrosis. 

However, a foci of H2O2 could be generated artificially to mimic a wound lacking necrotic 

cellular debris, and macrophage retention at this locally generated signal could be assessed. This 

could be done by perhaps activating the H2O2 producing enzyme DUOX in a spatially regulated 

manner. Another approach would be to try and prevent hemocytes from being able to bind to PS 

at wounds. This was attempted by injecting the PS masking agent Annexin-V prior to 

wounding, however this had no significant affect on hemocyte wound densities at 60 minutes 

post-wound (data not shown). Alternatively, Simu may be involved in recognising a retention 

signal produced at wounds, however in Drosophila, whether retention signals are produced at 

sites of tissue damage and the identity of such signal is as yet unknown.  

 

 

4.4 CONCLUSIONS 
 

In this chapter we have shown that the accumulation of apoptotic cells in Drosophila embryos 

affects multiple aspects of macrophage migratory behaviour. By impairing the ability of both 

macrophages and glia to clear apoptotic cells using mutants for the apoptotic cell receptor Simu, 

we were able to cause apoptotic cells to accumulate in the vicinity of hemocytes. We show that 

the accumulation of apoptotic cells causes macrophage migration speeds to be slowed and also 

alters their ability to migrate to sites of tissue damage, which represents a dampening of 

macrophage inflammatory responses. Finally, we also show that Simu itself is required by 

macrophages for their normal inflammatory responses to wounds, and that it is also involved in 

their retention at sites of tissue damage, possibly through its interaction with necrotic cellular 

debris. 
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Chapter 5: Exploring the modulation of 

hemocyte inflammatory responses by 

apoptotic ñfind-meò cues  
 

 

5.1 INTRODUCTION  

 

In order for apoptotic cells to be cleared by professional phagocytes, the phagocytes must first 

be able to locate the whereabouts of the dying cells. For this to happen, it is thought that, at least 

in some organisms, apoptotic cells release chemotactic ófind-meô cues which phagocytes are 

able to sense and subsequently chemotax towards.  

 

Several cues released by apoptotic cells that are capable of inducing chemotaxis of phagocytes 

have now been found, all using in vitro transmigration assays of monocytes and macrophages 

across a porous membrane towards supernatant taken from apoptotic cells (Gude et al. 2008; 

Truman et al. 2008; Lauber et al. 2003; Elliott et al. 2009). The first to be discovered was the 

phospholipid lysophosphatidylcholine (LPC), which was shown to be released by apoptotic 

cells upon Caspase activation and induced the transmigration of human monocytic cell lines, as 

well as primary human macrophages (Lauber et al. 2003). Sphingosine-1-phosphate (S-1-P) and 

fractalkine were also found to be released by apoptotic cells and induce chemotaxis of 

monocytes and/or macrophages (Gude et al. 2008; Truman et al. 2008). Truman et al. also 

demonstrated that the fractalkine receptor CX3CR1 was required by macrophages to chemotax 

towards its ligand, and went on to show a role for fractalkine and its receptor during recruitment 

of macrophages to apoptotic cells in a murine model ï the first time ñfind-meò cues had been 

shown to function in vivo (Truman et al. 2008). Finally, the nucleotides ATP and UTP were also 

shown to be released by apoptotic cells, and act as chemoattractant cues for monocytes and 

macrophages both in vitro and in vivo, and that the nucleotide receptor P2Y2 was required by 

macrophages to migrate towards the cue (Elliott et al. 2009).  It is interesting to note that 

although these four separate studies used similar techniques to identify potential ñfind-meò cues, 

the cue identified in each case was unique. This is potentially due to the nature of the type of 

cell in which apoptosis was induced, and demonstrates the diversity of cues utilised by dying 

cells to attract phagocytes and the complexity that this adds to the process. 

 

As migrating phagocytes come across a plethora of different chemokines during their journey to 

their desired destination, they must be able to prioritise cues to create a hierarchy of importance 

in order to reach their end target. An excellent example of this is neutrophil migration to sites of 
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infection. During their journey neutrophils must be able to prioritise so called óend targetô 

chemoattractants being released from the site of infection over endogenous chemoattractants 

that are encountered en-route to such sites. For example, neutrophils have been shown to 

prioritise migration towards bacterial and necrotic cell-derived fMLP over endogenous IL-8 

(Campbell et al. 1997). It has also been shown that the p38 MAPK and PI3K/Akt signaling 

pathways are responsible for determining the hierarchy of responsiveness towards chemotactic 

cues, with p38 MAPK signaling mediating response to end target chemoattractants, whereas 

PI3K/Akt signaling mediates the response to intermediate ones (Heit et al. 2002). Furthermore, 

it has been shown that PTEN is the molecule responsible for prioritizing which chemoattractant 

neutrophils should respond to (Heit et al. 2008).  

 

Drosophila hemocytes also possess the ability to prioritise competing chemotactic cues in vivo. 

As part of their developmental migration through the embryo, hemocytes migrate along the 

midline of the ventral embryo to form a continuous line of hemocytes by stage 13. From here 

they then migrate laterally and by stage 15, when they have reached their developmental 

destination within the embryo, they begin migrating randomly on the superficial surface of the 

VNC (Tepass et al. 1994; Wood et al. 2006). The chemoattractant ligands Pvf2 and Pvf3 are 

expressed in the CNS and are required to direct the migration of hemocytes along the midline of 

the VNC during developmental dispersal, and by stage 15 their expression is greatly decreased 

(Wood et al. 2006). Before stage 15 when these chemoattractants are down-regulated, 

hemocytes are unable to respond to sites of tissue damage due to their prioritisation of these 

developmental cues over H2O2 being produced at wounds (Moreira et al. 2010). However, when 

apoptosis is induced using UV-irradiation, hemocytes can be seen to be distracted from their 

developmental migration route and instead migrate towards and phagocytose apoptotic cells 

(Moreira et al. 2010). Therefore it seems that in Drosophila there is a hierarchy of prioritisation 

of cues by hemocytes, with apoptotic cells being the highest priority, followed by their 

developmental migration cues and finally those from wounds (Moreira et al. 2010). 

 

As demonstrated in the previous chapter, increased numbers apoptotic cells such as in simu 

mutant embryos, causes a reduction in hemocyte migration to sites of tissue damage. Removal 

of apoptosis in these embryos using the Df(3L)H99 genomic deletion rescues the ability of 

hemocytes to respond to such wound sites. Furthermore, induction of apoptosis in otherwise 

wild type embryos causes hemocyte wound responses to be reduced prior to the engulfment of 

the dying cells (Armitage and Evans, unpublished data). Apoptotic cells have also been shown 

to be able to distract hemocytes from their developmental migrations (Moreira et al. 2010). 

Together this data strongly suggests that hemocytes are able to prioritise migration to apoptotic 

cells over other chemoattractive cues, which led us to hypothesise that find-me cues released by 

apoptotic cells cause hemocytes to be distracted from migrating to wounds, instead prioritising 
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migration towards these cues. In an attempt to investigate this hypothesis, we sought to inject 

potential ófind-meô cues into the Drosophila embryo prior to wounding. We hypothesised that 

flooding the embryo with find-me cues in this way may be able to reduce the ability of 

hemocytes to migrate to wounds. As no such ófind-meô cues have been characterised in 

Drosophila, we turned to those that have been discovered in vertebrate systems and that have 

the potential to also act as ófind-meô cues in Drosophila. Therefore, the work in this chapter 

represents efforts to investigate whether established find-me cues have an evolutionarily-

conserved role in the Drosophila embryo. It also showcases work I have done to set-up a novel 

experimental approach that could potentially be used to identify novel molecules released by 

apoptotic cells that modulate hemocyte behavior in vivo. 

 

 

5.2 RESULTS 
 

 

5.2.1 Injection of LPC prior to wounding has no affect on hemocyte 

inflammatory responses 

 

The first known find-me cue to be tested was lysophosphatidylcholine (LPC), which was 

injected into embryos whose hemocytes were labelled using UAS-GFP expression under the 

control of the hemocyte specific crq-GAL4 driver (w;;crq-GAL4,UAS-GFP). 

In vitro LPC elicited the strongest migratory response of monocytes at a concentration of 20-

30ɛM (Lauber et al. 2003). Therefore, as it is known that Latrunculin A, a chemical used to 

sequester monomeric actin, needs to be injected into Drosophila embryos at concentrations 40 

times higher than those used in vitro studies (I. Evans, personal communication), each cue was 

injected at a concentration 40x higher than that shown to produce a maximal response in vivo, 

presumably as there is limited volume within the fly embryo to contain drug solutions. In order 

to visualise successful injection of LPC, and as a way of assessing the amount of LPC injected, 

fluorescent Dextran was also included in the injection solution.  

 

As throughout this thesis, hemocyte inflammatory responses to wounds were assessed by 

quantifying the density of hemocytes present at wounds 60 minutes post-wounding. Compared 

to embryos injected with a control solution, there was no difference in the density of hemocytes 

recruited to sites of tissue damage when injected with LPC at a concentration of 1.6mM ï 40 

times the concentration shown to produce a maximal response in the original study identifying  
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Figure 5.1: Injection of lysophosphatidylcholine into embryos prior to wounding has no 

effect on hemocyte inflammatory responses 

(A) Representative stills of GFP-labelled hemocyte responses to wounds at 60 minutes post-

wound in control and LPC injected embryos (both w;;crq-GAL4,UAS-GFP). Dextran (red) can 

also be seen in these embryos, indicating successful injection. In place of LPC, control embryos 

were injected with absolute ethanol diluted in PBS, as LPC was dissolved in ethanol prior to 

dilution in PBS. (B) Scatterplot of hemocyte wound responses per embryo shown as the number 

of hemocytes per ɛm2 wound area at 60 minutes post-wounding normalised to the control 

average. Lines and error bars represent mean±SD; n=16 and 20 embryos for control and LPC 

injection respectively. 

White dashed ovals represent wound perimeter; scale bars represent 20ɛm; statistical 

significance determined by Mann-Whitney test; ns= not significant. 
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LPC as a find-me cue (Lauber et al. 2003) (n=16 and 20 embryos for control and LPC injection 

respectively; p=0.140 via Mann-Whitney test; Fig. 5.1 A, B). This shows that the injection of 

LPC into embryos in this way, at the concentrations used in this experiment, does not prevent 

hemocytes from migrating to wounds. This suggests therefore that LPC may not be acting as a 

find-me cue in flies, although further evidence would be required to prove this. 

 

 

5.2.2 Injection of sphingosine-1-phosphate prior to wounding has no effect 

on hemocyte inflammatory responses 

 

Another identified apoptotic find-me cue is the bioactive lipid sphingosine-1-phosphate (S-1-P), 

which has been shown to be released by apoptotic cells and induce the migration of monocytes 

(Gude et al. 2008). Therefore we hypothesised that perhaps S-1-P injection prior to wounding 

may distract hemocytes from migrating to wounds. When we analysed the density of hemocytes 

at wounds 60 minutes post-wounding, we found that as with LPC injection, there was again no 

difference in the density of hemocytes at wounds between the control and embryos injected with 

400nM S-1-P ï 40 times the concentration shown to produce a maximal response in the original 

study identifying S-1-P as a find-me cue (Gude et al. 2008) (n=14 and 16 embryos for control 

and S-1-P injected embryos respectively; p=0.728 via Mann-Whitney test; Fig. 5.2). This shows 

that the injection of S-1-P into embryos in this way, at the concentrations used in this 

experiment, is not capable of distracting hemocytes from migrating to wounds. Therefore S-1-P 

may not be acting as a find-me cue in Drosophila, although more evidence would be required to 

definitively prove this. 

 

 

5.2.3 Injection of non-hydrolysable ATP prior to wounding does not affect 

inflammatory responses 

 

ATP has also been identified as a find-me cue capable of inducing the migration of monocytes 

and macrophages both in vitro and in vivo (Elliott et al. 2009). However, previous work in the 

lab has shown that the injection of ATP prior to wounding has no effect on hemocyte 

inflammatory responses (I. Evans, unpublished data). We hypothesised that one explanation as 

to why the injection of find-me cues does not seem to affect the inflammatory migration of 

hemocytes is that they are being degraded within the embryo before they have chance to have an 

effect (e.g. by aparase). ATP is hydrolysed by ATPase enzymes that break it down into ADP 

and phosphate, which can then be further broken down to AMP and adenosine. In order to 

address this we injected a form of ATP that cannot be hydrolysed (N-H ATP) at a concentration  
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Figure 5.2: Injection of sphingosine-1-phosphate into embryos prior to wounding has no 

affect on hemocyte inflammatory responses 

(A) Representative stills of GFP-labelled hemocyte responses to wounds at 60 minutes post-

wound in control and sphingosine-1-phosphate (S-1-P) injected embryos (both w;;crq-

GAL4,UAS-GFP). Dextran (red) can also be seen in these embryos, indicating successful 

injection In place of S-1-P, control embryos were injected with methanol diluted in PBS, as S-1-

P was dissolved in methanol prior to dilution in PBS. 

 (B) Scatterplot of hemocyte wound responses per embryo shown as the number of hemocytes 

per ɛm2 wound area at 60 minutes post-wounding normalised to the control average. Lines and 

error bars represent mean±SD; n=14 and 16 embryos for control and S-1-P injection 

respectively. 

White dashed ovals represent wound perimeter; scale bars represent 20ɛm; statistical 

significance determined by Mann-Whitney test; ns= not significant. 
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Figure 5.3: Injection of non-hydrolysable ATP into embryos prior to wounding has no 

affect on hemocyte inflammatory responses 

(A) Representative stills of GFP-labelled hemocyte responses to wounds at 60 minutes post-

wound in control and non-hydrolysable ATP injected embryos (both w;;crq-GAL4,UAS-GFP). 

Dextran (red) can also be seen in these embryos, indicating successful injection. In place of N-H 

ATP, control embryos were injected with MQH2O in PBS, as N-H ATP was dissolved in 

MQH2O prior to dilution in PBS. (B) Scatterplot of hemocyte wound responses per embryo 

shown as the number of hemocytes per ɛm2 wound area at 60 minutes post-wounding 

normalized to the control average. Lines and error bars represent mean±SD; n=9 and 19 

embryos for control and N-H ATP injection respectively. 

White dashed ovals represent wound perimeter; scale bars represent 20ɛm; statistical 

significance determined by Mann-Whitney test; ns= not significant. 
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of 4ɛM (40 times the concentration shown to produce a maximal response in the original study 

identifying ATP as a find-me cue (Elliott et al. 2009)), and again examined the effect of this on 

hemocyte inflammatory responses (Fig. 5.3). When we did this we found again that there was 

no significant difference in hemocyte densities at wounds 60 minutes post-wounding when 

compared to controls (n=9 and 19 for control and N-H ATP injection respectively; p=0.410 via 

Mann-Whitney test; Fig. 5.3 A, B). This shows that the degradation of ATP does not explain 

why hemocyte inflammatory responses are not affected when ATP is injected prior to 

wounding. Furthermore, this suggests that ATP may not act as an apoptotic find-me cue in 

Drosophila, although more evidence is required to prove this.  

 

Overall the injection of known vertebrate find-me cues prior to wounding does not prevent 

hemocytes from migrating to wounds. This suggests that vertebrate find-me cues do not act as 

such in Drosophila, therefore the find-me cues released by apoptotic cells in Drosophila may be 

distinct from those in vertebrates.  

 

 

5.2.4 UV-irradiation induces apoptosis in Drosophila S2 cells  

 

As none of the candidate find-me cues injected into embryos were able to perturb hemocytes 

from migrating to wounds, we sought to further investigate whether find-me cues were in fact 

capable of doing so, and developed a screen to attempt to identify novel cues. The find-me cues 

released by apoptotic cells in Drosophila have yet to be identified and our candidate approach 

suggests those identified in other systems are unlikely to be used in the fly embryo (Figures 5.1-

5.3). However the fact that hemocytes are able to be distracted from their developmental 

migrations by the induction of apoptosis (Moreira et al. 2010) and the data presented elsewhere 

in this thesis suggests that they do exist in this system. One reason why the injection of known 

vertebrate find-me cues is unable to affect hemocyte inflammatory responses is that find-me 

cues in Drosophila are distinct from those in vertebrates. As an alternative approach to screen 

for novel cues, we hypothesised that apoptotic supernatants derived from cultures of apoptotic 

Drosophila S2 cells would contain find-me cues relevant to Drosophila. Therefore we 

established a protocol for Ultra Violet (UV)-induced S2 cell apoptosis in order to harvest 

apoptotic supernatants. The aim was then to inject this supernatant prior to wounding to 

investigate its effect on hemocyte inflammatory responses. Should the supernatants exhibit an 

anti-inflammatory effect the subsequent aims were to fractionate the supernatant to identify the 

critical molecules, which could then be investigated by RNAi of S2 cells prior to UV-induced 

cell death 
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Figure 5.4: UV-irradiation induces apoptosis and associated caspase activation in 

Drosophila S2 cells  

(A and Aô) DIC images of S2 cells 800 minutes (13 İ hours) post-UV irradiation, with or 

without the addition of the pan-caspase inhibitor ZVAD. Note the cellular blebbing in A 

compared to Aô, a hallmark of apoptosis which is prevented with the addition of ZVAD. (B and 

Bô) Propidium Iodide (PI) staining (red) of S2 cells 800 minutes (13 İ hours) post-UV 

irradiation, with or without the addition of the pan-caspase inhibitor ZVAD.  (C and Cô) 

CellEvent Caspase-3/7 indicator-positive cells (green) 800 minutes (13 ½ hours) post-UV 

irradiation, with or without the addition of the pan-caspase inhibitor ZVAD. Note the hugely 

increased number of green cells in C compared to Cô. (D) Line graph of the percentage of 

CellEvent Caspase-3/7 indicator positive cells over time post-UV treatment (mins) in untreated 

cells (blue) and those that had been treated with 100mJ/cm2 UV, with (yellow) or without the 

addition of ZVAD (orange). Data points and error bars represent mean±SD from two 

experimental repeats. (E) Line graph of the percentage of PI positive cells over time post-UV 

treatment (mins) in untreated cells (blue) and those that had been treated with 100mJ/cm2 UV, 

with (yellow) or without the addition of ZVAD (orange). Data points and error bars represent 

mean±SD from two experimental repeats. 

 

 

 

One widely used method of inducing apoptosis in cells is to treat them with UV radiation, a 

method which has also been shown to induce apoptosis in Drosophila S2 cells (Kiessling and 

Green 2006a). This allows for the induction of apoptosis without the need to treat the cells with 

apoptosis-inducing drugs, which if injected into embryos, may affect hemocyte behaviour. As 

100mJ/cm2 UVC was used to induce S2 cell apoptosis in the study by Kiessling and Green, we 

used this dose as a starting point to induce apoptosis (Kiessling and Green 2006b). When S2 

cells were treated with either 0, 50, 100 or 200mJ/cm2 UVC and left overnight, only those 

treated with 100 or 200mJ/cm2 showed signs of cell blebbing ï a hallmark of apoptosis (data not 

shown). This confirmed that, as published, 100mJ/cm2 UVC was capable of inducing apoptosis 

in S2 cells (Kiessling and Green 2006b).  

 

Since the release of apoptotic find-me cues seems to require the activation of Caspases (Lauber 

et al. 2003; Elliott et al. 2009; Gude et al. 2008), we wished to examine the timing of Caspase 

activation in S2 cells following UV-irradiation; this would also further confirm induction of 

apoptosis. To do this, S2 cells were treated with UV and the activation of caspases post-UV 

treatment was assessed using the CellEvent Caspase-3/7 Green Detection Reagent (Molecular 

Probes) ï a substrate that becomes fluorescent green once cleaved by Caspase-3/7 and bound to 

DNA, indicating the activation of Caspases. Using this indicator we found that Caspases 

become active in S2 cells at around 6 ½ hours (400 minutes) post-UV irradiation and by around 

13 hours approximately 80% of cells are Caspase positive (Fig. 5.4 C, D). Furthermore, the 

addition of the pan-Caspase inhibitor Z-VAD completely blocked the Caspase detection reagent 

from becoming fluorescent and also prevented cells from blebbing, suggesting that activated 

Caspases do indeed drive the observed increase in fluorescence (Fig. 5.4 Aô, Cô, D). To check 

that cells are not dying by necrosis using this method, propidium iodide (PI) staining post-UV 
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treatment was also assessed, as viable cells are impermeable to this agent and become 

permeable during necrosis, leading to the binding of PI to DNA. We found that the percentage 

of PI positive cells also began to increase at around the same time as Caspase activation 

(approximately 400 minutes post-UV treatment), however unlike the percentage of cells 

positive for Caspase activation, which rose by around 80% between 400 and 800 mins post-UV 

treatment (Fig. 5.4 D), the percentage of PI positive cells rose by only 15% in this time (Fig. 5.4 

E). This suggests that treating cells with UV causes cells to die by apoptosis, but that this also 

triggers a low level of cellular necrosis, perhaps due to some apoptotic cells progressing to 

secondary necrosis.  

 

Overall this assay shows that Caspase activation commences at around 6 ½ hours post UV-

treatment and increases rapidly so that by 13 hours post-treatment around 80% of cells are 

Caspase-positive. Therefore, in order to inject embryos with supernatant from apoptotic cells 

with active Caspases, we will leave UV-treated cells for 13 hours before collecting the 

supernatant for injection. 

 

 

5.2.5 Injection of apoptotic cell supernatant prior to wounding has no effect 

on hemocyte inflammatory responses 

 

Once we had identified the time-course of Caspase activation post-UV irradiation of S2 cells, 

we wanted to inject the supernatant from such apoptotic cells to see whether a factor secreted by 

such cells was capable of distracting hemocytes from migrating to wounds. Our analysis 

showed that by 13 hours post-UV irradiation around 80% of S2 cells are Caspase positive (Fig. 

5.4 D). Therefore, in order to leave the maximum amount of time possible for the secretion of 

potential find-me cues, we removed and injected the supernatant from apoptotic cells 13 hours 

post-UV irradiation.  

 

When we injected embryos with apoptotic cell supernatant prior to wounding, and analysed 

hemocyte wound responses as previously, we again found that there was no significant 

reduction in inflammatory responses when compared to controls (n=7 and 10 embryos for 

control and apoptotic cell supernatant respectively; p=0.813 via Mann-Whitney test; Fig. 5.5 A, 

B). This suggests that the injection of apoptotic cell supernatants from this particular timepoint 

into embryos prior to wounding does not affect hemocyte inflammatory responses, perhaps 

because find-me cues are not capable of being prioritised over cues from sites of tissue damage 

by hemocytes. However there are a plethora of other potential explanations as to why this has 

no effect, as discussed below.  
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Figure 5.5: Injection of supernatant from apoptotic S2 cells into embryos prior to 

wounding has no affect on hemocyte inflammatory responses 

(A) Representative stills of GFP-labelled hemocyte responses to wounds at 60 minutes post-

wound in control and apoptotic cell supernatant (AC supernatant) injected embryos (both 

w;;crq-GAL4,UAS-GFP). Dextran (red) can also be seen in these embryos, indicating successful 

injection. Control embryos were injected with S2 cell media in place of supernatant from 

apoptotic cells. (B) Scatterplot of hemocyte wound responses per embryo shown as the number 

of hemocytes per ɛm2 wound area at 60 minutes post-wounding normalized to the control 

average. Lines and error bars represent mean±SD; n=7 and 10 embryos for control and AC 

supernatant injection respectively. 

White dashed ovals represent wound perimeter; scale bars represent 20ɛm; statistical 

significance determined by Mann-Whitney test; ns= not significant. 
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5.3 DISCUSSION 
 

 

In an attempt to address the hypothesis that ófind-meô cues released by apoptotic cells are 

capable of distracting hemocytes from migrating to wounds, we injected known find-me cues 

from other organisms into Drosophila embryos prior to wounding to see whether this would 

reduce hemocyte inflammatory responses. We found that the injection of neither LPC, S-1-P, 

nor non-hydrolysable ATP, was able to suppress hemocyte inflammatory responses. The 

injection of supernatant taken from apoptotic S2 cells was also unable to distract hemocytes 

from migrating to wounds. 

 

There are several reasons why injection of cues in this way did not result in decreased hemocyte 

inflammatory responses. Firstly, it may well be the case that hemocyte prioritisation of find-me 

cues released by apoptotic cells is not the reason why increased numbers of apoptotic cells 

reduces hemocyte inflammatory responses. As discussed in the previous chapter, there are many 

other possible mechanisms that might explain why a build-up of uncleared apoptotic cells may 

dampen hemocyte inflammatory responses. These range from the binding of apoptotic cells to 

hemocytes, the triggering downstream signaling cascades that suppress hemocyte inflammatory 

responses, to induction of stress signalling induced by the uncleared dying cells (see Chapter 4 

discussion). 

 

However, there are also a plethora of reasons why ófind-meô cue prioritisation by hemocytes 

may well still be the correct hypothesis as to why uncleared apoptotic cells suppress hemocyte 

inflammatory responses to wounds, but that the approach we used to test this may not work. 

Firstly, flooding embryos with potential ófind-meô cues may lead to receptor desensitization. 

This is a process whereby administration of high levels of agonist for a receptor leads to rapid 

attenuation of the signal triggered by the agonist and can lead to a down-regulation of the 

receptor, thus reducing the ability of cells to respond to a signal (Kelly et al. 2008). However, 

the fact that there are many uncleared apoptotic cells in simu mutants that are presumably 

secreting find-me cues that may be distracting hemocytes from migrating to wounds suggests 

that in simu mutants, desensitisation is not occurring. Therefore perhaps find-me cues are acting 

to produce a local gradient of chemotactic cues for hemocytes in simu mutants, and that 

flooding the embryos with cues does not produce this gradient, therefore does not distract 

hemocytes from migrating to wounds. Conversely, the concentration of cues injected may 

simply be too low to have an effect on hemocytes. Each cue was injected at a concentration 40x 

higher than that shown to produce a maximal response in vivo, as it is known that Latrunculin 

A, a chemical used to sequester monomeric actin, needs to be injected into Drosophila embryos 

at concentrations 40 times those used in vitro studies. However, this may not be the case for 
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these cues therefore a range of concentrations of each potential ófind-meô cue may need to be 

tested in order to identify a concentration that works. The cues may also be being degraded 

within the embryo before they have chance to have an anti-inflammatory affect on hemocytes, 

and cues may have to be continually produced to distract them from migrating to wounds. 

Alternatively, perhaps the exposure of hemocytes to apoptotic find-me cues needs to be more 

chronic to act in an anti-inflammatory way.  

 

Therefore in order to validate the hypothesis that chemoattractive ófind-meô cues are prioritised 

over wound cues by macrophages, further tests would need to be carried out. One experiment 

that could be performed would be test this would be to use an in vitro system whereby 

macrophages are given the option to migrate towards two different cues. As hemocytes isolated 

from Drosophila do not migrate in vitro, vertebrate macrophages would need to be used. In this 

way the wound cue H2O2, which has shown to be required for the recruitment of inflammatory 

cells in both zebrafish and Drosophila  ((Niethammer et al. 2009; Moreira et al. 2010), could be 

placed on one side of the macrophages and different potential find-me cues placed on the other 

to determine whether macrophages migrate preferentially towards find-me cues.  

 

 

5.4 CONCLUSIONS 

 

In this chapter we have shown that the injection of the known vertebrate find-me cues LPC and 

S-1-P, or a non-hydrolysable version of the find me cue ATP, is unable to prevent hemocytes 

from migrating to wounds. We have also developed an assay that may allow for the 

identification of novel find-me cues released by apoptotic cells in Drosophila. Overall, we have 

shown that injecting embryos with potential find-me cues does not induce an anti-inflammatory 

effect, which suggests that the distraction of hemocytes by find-me cues in vivo, as may be the 

case in simu mutants, is more complex than simply flooding the embryo with cues.  
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Chapter 6: Examining the role of 

apoptotic cell receptors in macrophage 

migratory behaviour 
 

 

6.1 INTRODUCTION  
 

In order for macrophages to phagocytose apoptotic cells, they must first be able to bind to dying 

cells through receptor-ligand interactions with so called óeat-meô signals exposed on the surface 

of apoptotic cells (Barth et al. 2017). Aside from the apoptotic cell receptor Simu (Kurant et al. 

2008), which has been discussed earlier, Drosophila have several other apoptotic cell receptors 

that have been identified. 

 

One such known Drosophila apoptotic cell receptor is Draper (Drpr), a nimrod family protein 

and CED-1 homologue (Freeman et al. 2003; Manaka et al. 2004). This receptor was first 

identified to be involved in apoptotic cell clearance by glial cells in the CNS (Freeman et al. 

2003), but has since been shown to also function as an apoptotic cell receptor in macrophages 

and follicular epithelial cells in Drosophila (Manaka et al. 2004; Etchegaray et al. 2012). 

However, more recently it has been suggested that Drpr is required not for the engulfment of 

apoptotic cells but for the maturation of phagosomes post-engulfment, as macrophages and glia 

in drpr mutants become full of apoptotic cells (Evans et al. 2015; Kurant et al. 2008). In glial 

cells, Drpr is required both for the engulfment of injured axons and the recruitment of glial 

projections towards injured axons in order for engulfment to occur (MacDonald et al. 2006), 

and it is also required for axonal pruning during pupal metamorphosis (Awasaki et al. 2006). 

Interestingly, several apoptotic cell-derived ligands for Drpr have been identified including the 

cell-surface óeat-meô signals PS and Pret-a-porter (Kuraishi et al. 2009; Tung et al. 2013) and 

the secreted protein Drosophila melanogaster calcium-binding protein 1(DmCaBP1), which is 

thought to act as a bridging molecule between apoptotic cells and phagocytes (Okada et al. 

2012). Aside from its role in apoptotic cell clearance, Drpr is also required for macrophage 

migration to sites of tissue damage (Evans et al. 2015), potentially acting as a receptor for 

damage at wounds. Macrophages in Drosophila embryos also need drpr to migrate at normal 

speeds (Evans et al. 2015). Therefore Draper has a diverse range of functions in Drosophila 

aside from its role in apoptotic cell clearance as originally identified, highlighting the potential 

of other receptors to possess multiple functions.  
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The first apoptotic cell receptor to be discovered in Drosophila was Croquemort (Crq), a 

homolog of the human scavenger receptor CD36 that is expressed specifically in hemocytes 

(Franc et al. 1996; Franc et al. 1999; Valerie A Fadok et al. 1998). The role of Crq as an 

apoptotic cell receptor was first shown by forcing expression of Crq in non-phagocytic COS-7 

cells, which conferred them with the ability to bind to apoptotic cells specifically (Franc et al. 

1996). It was then shown that Crq is required in Drosophila embryos for the efficient 

engulfment of apoptotic cells by macrophages as those in crq deficient embryos contain 

significantly fewer engulfed apoptotic cells (Franc et al. 1999). Interestingly, the expression of 

crq in macrophages seems to be regulated by the amount of apoptosis in Drosophila, as 

macrophages in embryos lacking apoptosis have reduced expression levels, whereas those in 

embryos with increased apoptosis have higher levels (Franc et al. 1999). Despite being shown to 

be a receptor for apoptotic cells, the ligand on the surface of apoptotic cells to which Crq binds 

has yet to be identified. Crq has also been shown to be required for the engulfment of bacteria, 

suggesting that it may act as a more general phagocytic receptor, as per Draper and Simu (see 

chapter 4), rather than being specific to apoptotic cells (Franc et al. 1999; Guillou et al. 2016). 

Interestingly, more recent work has provided evidence that, instead of being required for the 

engulfment of apoptotic cells, Crq is required for phagosome maturation post-engulfment in 

some cells at least (Han et al. 2014; Guillou et al. 2016). 

 

Finally, beta-nu integrin (ɓɡ) has also been identified as a phagocytic receptor for apoptotic 

cells in Drosophila embryonic macrophages (Nagaosa et al., 2011). The Ŭ subunit that forms a 

heterodimer with this ɓ subunit to create a functional protein has since been suggested to be 

ŬPS3 (also known as Scab), as shown by their physical interaction as well as the reduced level 

of apoptotic cell phagocytosis upon reduced ŬPS3 expression (Nonaka et al., 2013). Similarly to 

Draper and Crq (Hashimoto et al. 2009; Franc et al. 1999; Guillou et al. 2016) integrin ŬPS3/ɓv 

has also been shown to involved in bacterial detection and engulfment as well as that of 

apoptotic cells (Nonaka et al., 2013). Like Crq, the ligand on apoptotic cells to which ŬPS3/ɓv 

integrin binds has yet to be identified, although it is thought that ŬPS3 binds to the ECM 

laminin proteins. Aside from their role in phagocytosis, both of these integrin subunits have 

been shown to have other functions, particularly in cell-cell adhesion. For example, Scab has 

been shown to have roles in wound healing (Campos et al. 2010) and dorsal closure (Homsy et 

al. 2006; Stark et al. 1997), as well as other aspects of embryonic morphogenesis (Stark et al. 

1997), whilst ȸv integrin is required for midgut migration during embryonic development 

(Devenport and Brown 2004). 

 

In the previous chapter we showed that embryos mutant for the apoptotic cell receptor Simu 

exhibit reduced hemocyte inflammatory responses as well as decreased hemocyte migration 

speeds. This reduction in hemocyte speeds in this mutant is apoptotic cell dependent, and the 
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decreased ability of hemocytes to migrate to wounds is also partly associated to this. Besides the 

effect of apoptotic cells on hemocyte inflammatory migration to wounds in simu mutants, Simu 

itself seems to also be required for normal hemocyte inflammatory responses independent of 

apoptotic cells. This is not the first time that an apoptotic cell receptor has been shown to have a 

role in hemocyte inflammatory responses, as Draper has also been shown to be required for 

normal inflammatory migrations to wounds through its role in the detection of H2O2 from 

wounds (Evans et al. 2015). Interestingly, hemocytes in drpr mutants also have reduced 

hemocyte migration speeds (Evans et al. 2015). Therefore defects in apoptotic cell clearance 

associated with mutations in apoptotic cell receptors have been shown to alter hemocyte 

function and behaviour. In light of this, we decided to examine whether mutants for the other 

known apoptotic cell receptors Crq, Scab and ɓɡ integrin also display these hemocyte migratory 

phenotypes, and whether any defects found may be explained by alterations in apoptotic cell 

clearance. 

 

 

6.2 RESULTS 
 

 

6.2.1 Hemocyte inflammatory responses to wounds are reduced in apoptotic 

cell receptor mutants 

 

As we have previously shown that the apoptotic cell receptor Simu is required for normal 

hemocyte inflammatory responses (Chapter 4), and that the same is also true for the apoptotic 

cell receptor Draper (Evans et al. 2015), we sought to examine whether there was any role for 

the other known receptors, Scab, ɓɡ integrin or Crq, in hemocyte inflammatory responses. To 

do this we wounded the ventral epithelium and examined the density of hemocytes present at 

the wound site 60 minutes post-wounding in these mutants (Fig. 6.1).  

 

Firstly we examined hemocyte inflammatory responses in scb2 mutant embryos, a hypomorphic 

allele of the scb gene that alters the amino acid sequence of its coding region (Nonaka et al. 

2013) (Fig. 6.1 A). When we quantified the density of hemocytes at wounds 60 minutes post-

wounding in control (w;;crq-GAL4,UAS- GFP) and scb2 mutants (w;scb2;crq-GAL4,UAS-GFP), 

we found that this was significantly decreased in scb2 mutant embryos by approximately 50% 

(n= 18 and 16 embryos for control and scb2 respectively; p<0.0001 via Mann-Whitney test; Fig. 

6.1 B). This result suggests that scb is required for normal hemocyte inflammatory responses to 

wounds.  
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Figure 6.1: Hemocyte inflammatory migrations to wounds are perturbed in scb2, ɓɡ1 and 

crqKO apoptotic cell receptor mutants 

(A) Representative stills of GFP-labelled hemocyte responses to wounds at 60 minutes post-

wound in control and scb2 mutant stage 15 embryos. (B) Scatterplot of hemocyte wound 

responses per embryo shown as the number of hemocytes per ɛm2 wound area at 60 minutes 

post-wounding normalized to the control average. Lines and error bars represent mean±SD; 

n=18 embryos for controls and n=16 for scb2 mutants. (C) Representative stills of GFP-labelled 

hemocyte responses to wounds at 60 minutes post-wound in control and ɓɡ1 mutant stage 15 

embryos. (D) Scatterplot of hemocyte wound responses per embryo shown as the number of 

hemocytes per ɛm2 wound area at 60 minutes post-wounding normalised to the control average. 

Lines and error bars represent mean±SD; n=17 embryos for controls and n=12 for ɓɡ1 mutants. 

(E) Representative stills of GFP-labelled hemocyte responses to wounds at 60 minutes post-

wound in control and crqKO mutant stage 15 embryos, and in crqKO mutants in which crq 

expression has been restored specifically in hemocytes (w;UAS-crq;crqKO). (F) Scatterplot of 

hemocyte wound responses per embryo shown as the number of hemocytes per ɛm2 wound area 

at 60 minutes post-wounding normalized to the control average. Lines and error bars represent 

mean±SD; n=21, 19 and 19 embryos for control, crqKO and UAS-crq;crqKO respectively.  

White dashed ovals represent wound perimeter; scale bars represent 20ɛm; asterisks indicate 

statistical significance as determined by Mann-Whitney test (B and D) or Kruskal-Wallis one-

way ANOVA with Dunnôs multiple comparisons test (F); ****p < 0.0001, *p<0.05, ns= not 

significant. 

 

 

 

Next we moved on to examine hemocyte inflammatory responses in ɓɡ1 mutant embryos, a null 

mutant allele of ɓɡ (Devenport and Brown 2004) (Fig. 6.1 C). When we compared the density of 

hemocytes at wounds 60 minutes post-wounding in ɓɡ1 mutant embryos (w;ɓɡ1;crq-GAL4,UAS-

GFP) compared to controls (w;;crq-GAL4,UAS- GFP) we found that this was significantly 

reduced, again by approximately 50% (n=17 and 12 embryos for control and ɓɡ1 respectively; 

p<0.0001 via Mann-Whitney test; Fig. 6.1 D). This suggests that, as well as Scab, ɓɡ integrin is 

also required for normal hemocyte inflammatory responses to wounds in Drosophila embryos. 

Finally, when we assessed inflammatory responses in crqKO mutants (a crq knock-out which 

abolishes crq expression completely (Guillou et al. 2016)), we found that there was a 

significantly reduced density of hemocytes at wounds in crqKO mutants (w;crqKO;crq-

GAL4,UAS-GFP) compared to controls (w;;crq-GAL4,UAS- GFP) (n= 21 and 19 embryos for 

control and crqKO respectively; p<0.0001 via one-way ANOVA test (Fig. 6.1 E, F). This 

suggests that the apoptotic cell receptor Crq is also required for normal hemocyte inflammatory 

responses in the embryo. To further test whether Crq was required cell autonomously in 

hemocytes during their wound responses and confirm that the wound response defect was a 

result of loss of crq function, we also wounded crqKO mutant embryos in which crq expression 

was restored specifically in hemocytes (UAS-crq;crqKO;crq-GAL4,UAS-GFP) (Fig. 6.1 E). 

When we analysed wound responses in such embryos we found that the density of hemocytes at 

wounds after 60 minutes was significantly increased when compared to crqKO mutants (n=19 

UAS-crq;crqKO embryos; p=0.0260 via Kruskall-Wallis one-way ANOVA), and that this 

response was also not significantly different compared to controls (p=0.138 via Kruskal-Wallis 
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one-way ANOVA test) (Fig. 6.1 F). Together this data shows that Crq is required specifically in 

hemocytes for their normal inflammatory responses to wounds. 

 

Together this data suggests that, in addition to Simu (Chapter 4, Fig. 4.2) and Draper (Evans et 

al. 2015), all three of the remaining known apoptotic cell receptors (Scab, ɓɡ integrin and Crq) 

are required in hemocyte inflammatory responses to wounds. This is a very intriguing result, as 

this suggests that all known apoptotic cell receptors play a role during hemocyte inflammatory 

responses, and also suggests that targeting apoptotic cell receptors may represent a novel 

therapeutic approach to treat inflammation. 

 

 

6.2.2 Crq and Scab are required cell-autonomously by hemocytes for their 

normal inflammatory responses to wounds 

 

Embryos mutant for the apoptotic cell receptors crq, ɓɡ or scb exhibit decreased hemocyte 

inflammatory responses (Figure 6.1), therefore to test whether these genes are required cell-

autonomously by hemocytes embryos in which either crq or scb expression was reduced 

specifically in hemocytes by RNAi knockdown (w;UAS-crq RNAi;crq-GAL4,UAS-GFP and 

w;UAS-scab RNAi;crq-GAL4,UAS-GFP respectively) were wounded and compared to controls 

(w;;crq-GAL4,UAS-GFP)1. When hemocyte wound responses were analysed by quantifying the 

density of hemocytes at the wound 60 minutes post-wounding, we found that this was 

significantly decreased in crq RNAi embryos compared to controls (n=18 and 10 embryos for 

control and crq RNAi respectively; p=0.0238 via Mann-Whitney test; Fig. 6.2 A, B). Supported 

by the earlier rescue of inflammatory responses in crqKO mutants in which crq expression had 

been rescued specifically in hemocytes (Fig. 6.1 E, F), this result suggests that crq is required 

cell-autonomously by hemocytes during their inflammatory responses to wounds. It also 

suggests that the defect seen in crqKO mutants is due specifically to the crqKO mutation and not 

one in the genetic background of these mutants. 

 

Similarly, when hemocyte inflammatory responses to wounds were analysed in the same way 

for control and scb RNAi embryos, we found that hemocyte densities at wounds were 

significantly decreased in scb RNAi compared to controls (n=16 and 14 embryos for control and 

scb RNAi respectively; p=0.0172 via Mann-Whitney test; Fig. 6.2 C, D). This suggests that scb 

is also required cell-autonomously by hemocytes for their efficient inflammatory responses to 

wounds. This result phenocopies the inflammatory defect seen in scb2 mutants, which provides  

                                                             
1 Time constraints prevented hemocyte-specific knockdown of ɓɡ1 in time for 

submission, but this will be carried out in the future. 
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Figure 6.2: Hemocyte-specific RNAi knockdown of either crq or scb results in a wound 

response defect  

(A) Representative stills of GFP-labelled hemocyte responses to wounds at 60 minutes post-

wound in control stage 15 embryos and those in which crq expression has been reduced 

specifically in hemocytes using RNAi-mediated knockdown.  (B) Scatterplot of hemocyte 

wound responses per embryo shown as the number of hemocytes per ɛm2 wound area at 60 

minutes post-wounding normalized to the control average. Lines and error bars represent 

mean±SD; n=18 embryos for controls and n=10 for crq RNAi. (C) Representative stills of GFP-

labelled hemocyte responses to wounds at 60 minutes post-wound in control stage 15 embryos 

and those in which scb expression has been reduced specifically in hemocytes using RNAi 

knockdown.  (D) Scatterplot of hemocyte wound responses per embryo shown as the number of 

hemocytes per ɛm2 wound area at 60 minutes post-wounding normalized to the control average. 

Lines and error bars represent mean±SD; n=16 embryos for controls and n=14 for scb RNAi. 

White dashed ovals represent wound perimeter; scale bars represent 20ɛm; asterisks indicate 

statistical significance as determined by Mann-Whitney test; *p < 0.05. 
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evidence that it is not a background mutation in the genome of scb2 mutants that is causing the 

defect, but that it is specific to the scb2 mutation. 

 

This data suggests that both crq and scb are required cell-autonomously by hemocytes for their 

inflammatory migrations to wounds. However, when comparing the inflammatory response 

defects in RNAi knockdowns compared to their respective zygotic mutants, we can see that 

these are less severe. Both scb and crq zygotic mutants have an approximately 50% reduction in 

their wound responses compared with around a 25% reduction upon RNAi knockdown. This 

discrepancy may be due to the incomplete knockdown of genes by RNAi, resulting in a weaker 

phenoctype. 

 

 

6.2.3 Loss of apoptotic cell receptors perturbs hemocyte developmental 

dispersal 
 

As we observed a reduction in the number of hemocytes present at wounds in crqKO, scb2 and 

ɓɡ1 mutants when compared to controls, we wanted to check that this was not due simply to a 

decrease in the number of hemocytes available to respond in the vicinity of the wound in stage 

15 embryos. To assess this we counted the number of hemocytes present in the pre-wound 

images and calculated their density in this area of the embryo.  

In scb2 mutants (w;scb2;crq-GAL4,UAS-GFP) we found that hemocyte densities in this area 

were reduced by approximately 30% when compared to controls (w;;crq-GAL4,UAS-GFP) 

(n=21 and 19 embryos for control and scb2 respectively; p<0.0001 via Mann-Whitney test; Fig. 

6.3 A, B). In order to test whether scb is required specifically in hemocytes for this, we also 

examined the density of hemocytes in this location in embryos in which scb expression was 

reduced specifically in hemocytes using RNAi knockdown (w;UAS-scab RNAi;crq-GAL4,UAS-

GFP) (Fig. 6.3 C). When compared to controls (w;;crq-GAL4,UAS-GFP), the density of 

hemocytes in pre-wound images was again reduced by approximately 30% in scab RNAi 

embryos (n=14 and 41 embryos for control and scab RNAi respectively; p<0.0001 via Mann-

Whitney test; Fig. 6.3 D). Together this shows that scb is required cell-autonomously by 

hemocytes for normal numbers of hemocytes to be present on the VNC in stage 15 embryos, 

and that scb may therefore be required for the normal developmental dispersal of hemocytes.   

Next, we performed the same analysis on ɓɡ1 mutants (w; ɓɡ1;crq-GAL4,UAS-GFP) and found a 

decrease in hemocyte densities of approximately 40% when compared to controls (w;;crq-

GAL4,UAS-GFP) (n=18 and 17 embryos for control and ɓɡ1 respectively; p<0.0001 via Mann-

Whitney test; Fig. 6.3 E, F). This suggests that ɓɡ integrin is also required for normal numbers 

of hemocytes to reach the VNC by embryonic stage 15. 
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Figure 6.3: The apoptotic cell receptors Scb, ɓɡ and Crq are required for the presence of 

normal numbers of hemocytes on the superficial VNC 

(A) Representative pre-wound stills of GFP-labelled hemocytes on the superficial VNC in 

control and scb2 mutant stage 15 embryos, demonstrating a decrease in hemocyte density in this 

location in scb2 mutants. (B) Scatterplot of hemocyte densities in stage 15 pre-wound images 

shown as the number of hemocytes per ɛm2 embryo area normalized to the control average. 

Lines and error bars represent mean±SD; n=21 embryos for controls and n=19 for scb2 mutants. 

(C) Representative pre-wound stills of GFP-labelled hemocytes on the superficial VNC in 

control stage 15 embryos, and those in which scb expression has been reduced specifically in 

hemocytes using RNAi knockdown (scab RNAi), demonstrating a decrease in hemocyte density 

in this location in scab RNAi embryos. (D) Scatterplot of hemocyte densities in stage 15 pre-

wound images shown as the number of hemocytes per ɛm2 embryo area normalized to the 

control average. Lines and error bars represent mean±SD; n=14 embryos for controls and n=41 

for scab RNAi. (E) Representative pre-wound stills of GFP-labelled hemocytes on the 

superficial VNC in control and ɓɡ1 mutant stage 15 embryos, demonstrating a decrease in 

hemocyte density in this location in ɓɡ1 mutants. (F) Scatterplot of hemocyte densities in stage 

15 pre-wound images shown as the number of hemocytes per ɛm2 embryo area normalized to 

the control average. Lines and error bars represent mean±SD; n=18 embryos for controls and 

n=17 for ɓɡ1 mutants. (G) Representative pre-wound stills of GFP-labelled hemocytes on the 

superficial VNC in control and crqKO mutant stage 15 embryos, and in crqKO mutants in which 

crq expression has been restored specifically in hemocytes (UAS-crq;crqKO). This demonstrates 

that hemocyte density in this area is decreased in crqKO mutants, but that this can be rescued by 

re-expressing crq specifically in hemocytes. (H) Scatterplot of hemocyte densities in stage 15 

pre-wound images shown as the number of hemocytes per ɛm2 embryo area normalized to the 

control average. Lines and error bars represent mean±SD; n=28, 21 and 24 embryos for control, 

crqKO and UAS-crq;crqKO respectively. 

 

 

 

Finally, compared to pre-wound hemocyte densities in control embryos (w;;crq-GAL4,UAS-

GFP), we also found that those in crqKO mutants (w;crqKO;crq-GAL4,UAS-GFP) were 

significantly decreased by approximately 30% (n=28 and 21 embryos for control and crqKO 

mutants respectively; p<0.0001 via one-way ANOVA test; Fig. 6.3 G, H). To further test 

whether crq is required cell autonomously in hemocytes for normal numbers to be present on 

the VNC in stage 15 embryos, we also analysed pre-wound hemocyte density in crqKO mutant 

embryos in which crq expression was rescued specifically in hemocytes (UAS-crq;crqKO;crq-

GAL4,UAS-GFP) (Fig. 6.3 G). When we compared hemocyte densities in these embryos with 

those in crqKO mutants we found that this was significantly increased (n=24 UAS-crq;crqKO 

embryos; p<0.0001 via one-way ANOVA test), and that this response was also not significant 

when compared to controls (p=0.794 via one-way ANOVA test) (Fig. 6.3 G, H). Together these 

results show that the number of hemocytes on the VNC in stage 15 embryos is reduced in crq 

mutants, but that this can be rescued by re-expressing crq specifically in hemocytes. This 

suggests a cell-autonomous role for Crq in hemocytes to ensure normal numbers reach the 

VNC.  

 

Altogether this shows that hemocyte numbers are decreased in the wounding area in all three 

apoptotic cell receptor mutants tested when compared to controls. How these receptors are 
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involved in this process is yet to be elucidated, but it is possible that such receptors are required 

for the normal developmental dispersal of hemocytes during embryogenesis. In fact, it has 

already been shown that Scab is required for the normal developmental dispersal of hemocytes 

along the VNC, as in scb mutants hemocytes fail to migrate all the way along the midline of the 

VNC by stage 13 as would normally be expected (Comber et al. 2013). This delay in hemocyte 

migration in stage 13 scb mutants may explain why fewer hemocytes are present on the VNC at 

stage 15 embryos. The integrin ɓPS subunit (also called Myospheroid (Mys)) has also been 

shown to be required for the normal developmental dispersal of hemocytes in the embryos, with 

mys mutants showing a delay in the progression of hemocytes along the VNC midline in both 

stage 13 and 15 embryos (Comber et al. 2013). Therefore the beta integrin subunit ɓɡ may also 

be required in this process, although this has yet to be tested. However, it is clear that 

hemocytes migrate sufficiently effectively as to be present along the entire midline of the VNC 

in stage 15 ɓɡ1 mutant embryos (Fig. 6.3 E), therefore any defects in the progression of 

hemocyte along the ventral midline in ɓɡ1 mutants are unlikely to be as severe as mys mutants. 

The reduced numbers of hemocytes present at the VNC is crq mutants may also be due to their 

reduced migration speeds (Fig. 6.5), which may lead to the delay of hemocyte developmental 

migrations, although this has not been tested.   

 

In both scb and ɓɡ mutants the wound response defect seems to be more pronounced than the 

reduction in hemocyte numbers at the VNC, for crq mutants however this difference seems less 

pronounced (Fig. 6.1 compared to Fig. 6.3). It is therefore possible that the wound response 

defect observed in these mutants is due solely to a decrease in the number of hemocytes in the 

wound vicinity rather than a decreased ability of hemocytes to migrate to wounds. 

 

 

6.2.4 The percentage of hemocytes responding to wounds is decreased in scb 

and ɓɡ mutants  

 

In order to rule out that the inflammatory defects observed in crq, scb and ɓɡ mutants were not 

solely due to decreased numbers of hemocytes at the VNC, we sought to characterise the ability 

of hemocytes to respond to wounds in more detail. To do this we observed hemocytes 

responding to wounds during time-lapse movies over a period of 58 minutes post-wound in 

control (w;;crq-GAL4,UAS-GFP), crqKO (w;crqKO;crq-GAL4,UAS-GFP), scb2 (w;scb2;crq-

GAL4,UAS-GFP) and ɓɡ1 (w; ɓɡ1;crq-GAL4,UAS-GFP) mutants, and calculated the percentage 

of hemocytes present in the frame of view at the beginning of the movie that actively migrate to 

the wound (Fig. 6.4). As hemocytes in embryos mutant for the apoptotic cell receptor Simu are 

more likely to leave the wound during this time (Chapter 4, Fig. 4.15), we also analysed the 

percentage of hemocyte leaving the wound in these apoptotic cell receptor mutants. 



 139 
 


