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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 inDrosophilahave shown that increased numbers of engulfed apoptotic cells within
macrophages inhibit their migratiemn important aspect of macrophage behaviour that is
fundamental to their function. Furthermore, the phagocytosis of apoptotic cells is known to have
an antiinflammatory 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 irbomplet
understood.

Utilising the Drosophilaembryqg 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 theseiceligo. 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 casekt 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 foendute to

defects in apoptotic cell clearance. We also show a role for some of the known apoptotic cell
receptors irbrosophiladuring hemocyte inflammatory migrations to wounds, and highlight a
previously unidentified role for the apoptotic cell recep®eab 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 insimumutants.
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Chapter 1: |l nt r oduc

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
homeostasigPoon et al. 2014)Apoptotic cdls that are not swiftly cleared may progress to
secondary necrosighereby the cell membrane breaks open and the contents of the cell spills
into the surrounding environment, stimulating an immune resp&tigatt and Ravichandran

2010) Furthermorethe accumulation of uncleared apoptotic cells can cause chronic

inflammation and can eventually lead to autoimmu(fyon et al. 2014; Szondy et al. 2014)

The clearance of apoptotic cells is carried
as macrophage, o+ rifd ®@rs s i -oesideht oellstsucls 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
pathogensnd cellular debris, and play a part in both the initiation and resolution of
inflammation(Murray and Wynn 2011)As such, perturbed macrophage functan cause or
exacerbate a wide variety of diseases such as rheumatoid arthritis, chronic inflammation, cancer
and lupugKinne et al. 2007; Li et al. 201@ollard 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 aridtdimmatory phenotype in
macrophages and aids in the resolutiomfidmmation(Szondy et al. 2017; Huynh et al. 2002;
Valerie A. Fadok et al. 1998; Voll et al. 199Recent studies have also shown that apoptotic
cells are capable of reducing the migratory capability of macroplmgas, an important

aspect of their functio(Berg et al. 2016; Evans et al. 2018pwever how apoptotic cells

affect macrophage function and behaviguvivois incompletely understood. Using the
Drosophilaembryo as a model organism | will explore the relationship between apoptotic cell
clearance and macrophage functiowivo,and attempt to identify the mechamis by which

apoptotic cells control macrophage migration.



1.1 Drosophilaembryonic hemocytes as a model to study

macrophage biologyin vivo

The fruit fly Drosophila melanogastdras played an important role the development of our
understanding of embryonic patterning and morphogenesis. It is also-@stadllished,
genetically tractable model used to study the innate immune s{istenaitre and Hoffmann
2007) In addition to a systemic innate immune resp@ssophilapossess 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 plasméttuoytes
Drosophilaequivalent of vertebratmacrophagedereafer referred tasimply as hemocytes
(Crozatier and Meister 200hlemocytes have diverse functions within the organism that are
similar to those of vertebrate macropha@&'®od and Jacinto@®7), 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 celldabris at sites of injury or damafgtramer et al.

2005) The similarity of hemocytes to vertebrate macrophages is demonstrated by their
specification, which involves molecules related to those used in vedebyatoid lineages
(Evans et al. 2003 or example, hemocyte specification involves the transcription factor
Serpent, which is a homolog of mammalian GATA facfoebestky et al. 200). Hemocytes
also express many molecules related to those used in vertebrate myeloid cells such as
Croquemort and Drapé€Franc et al. 1996; Freeman et al. 200@mbers of the CD36 and
CED-1 families respectively. Hemocytes are also morphologically similar to vertebrate
macrophages.

1.1.1 Hemocyte specification

Drosophilapossesshree different types of blood cellrystal 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 devel¢pepass et al.

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

GATA transcription factors, is expressed in this area of the embryo and is required for
haematopoesigRehorn et al. 1996)The expression @&frpis in turn required for the expression

of the AML-1 homologlozengglz), which is a marker for the crystal cell lineggebestky et

al. 2000) However, it is the expression of the transcription fagliat cells missinggcn) in
hemocytes downstream sifp that causes their differentiation into macrophggebestky et al.

2000; Bernardoni et al. 1997An additional and related transcription facgem?2 is also



required in the differentiation of macrophages from hemogcstebtogether witlgcmis

required for the expression of the hemoegpecific generoquemort(crq) (Alfonso and Jones
2002) Aside from the initial wave of haematopoesis in the embryo, haematopoesis also occurs
in both tte larval haematopoetic pockets and the lymph g{dndg et al. 2005; Lanot et al.

2001; Gold and Briickner 2014)ut have only recently been reported to occur in the adult
(Ghesh et al. 2015)In larval haematopoetic pockets, embryeaécived macrophages self

replicate in segmentally repeated patches associated with peripheral ritakimigani et al.

2011) In contrast, in the lymph gland hemocyte precursors (prohemocytes) are maintained and
are capable of differentiating into all thrBeosophilablood cell typegGold and Briickner

2014; Jung et al. 2005)

1.1.2 Hemocyte migation

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 ligthig dynamicDrosophila

hemocytes. Hemocytes are highly migratory and respond to a variety of cues in vivo, including
PDGF/Vegf homologs used to direct their developmental dispgtsaio et al. 2001; Cho et al.
2002) tissue damagéstramer et al. 2005; Babcock et al. 2088pptotic cell{Moreira et al.
2010)and even sites of cancerous gro{RlastorPareja et al. 2008; Cordero et al. 2010)

Before developmental disperdatosophilablood cells are first specified in the embryonic head
mesoderm, from where the migratomrhocytes move in a wellefined 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. 2Q08)ey are also able to migrate towards sites of
injury in a process that resembles the mammalian inflammatory regjQiresmer et al. 2005)
Interestingly, hemocytes pritise their embryonic developmental migrations over their wound

responses in early embryogendsiwreira et al. 2010)

The migration of macrophages requires massive changes in the structargaarsation 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 thagma membrane at the leading edge of the cell.

It is thought that the main type of such a protrusion that macrophagese lamellipodia
(Rougerie et al. 2013yhich are shedike, spreading protrusions of the plasma membrane. The
migrating cell then forms integrdmediated contacts with the substratum across which it is
moving in order to praace points of adhesion upon whitthgenerate the force to move

(Lauffenburger and brwitz 1996) Finally, the rear of the cell must detach from the



extracellular matrix and contract by involvement of both actin and myosin, allowing the cell to
move forwardLauffenburger and Horwitz 1996} he regulation and timing of these events
must be tightly controlled in order for cells to migrate efficiently. For exapipedback

between focal adhesions and actomyosin contraction has been shown to produce the correct
balance of adhesion and contraction to produce rapid migi@&igoton and Watermagtorer

2006)

1.1.2.1 Actin cytoskelatl rearrangements in hemocyte migration

Macrophage migration is largely mediated through the lamellipodia: broad;likeeet

protrusions at the front, or leading edge, of the cell whose dynamics are controlled through
rearrangements of the actin agkelé¢on (Evans and Wood 2014y he lamellipodia was first
described in migrating cultured fibroblasts by Abercromhie wbserved sheéike protrusions

that contained actin filamen¢dbercrombie et al. 1970; Abercrombie et al. 193tggesting

that actin was importain 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
allowscells to migraté€Ridley 2011) The mechanisms controlling lamellipoddiven cell

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

extensivelyreviewed(Bugyi and Carlier 2010; tause and Gautreau 2014)

Actin polymerization is the formation and lengthening of actin filamen&sc(i) from
monomers of globular actin ¢(&ctin). Branching of the actin network and the subsequent
elongation of actin filaments at the leading edgeduces the flat, shelke lamellipodia

(Krause and Gautreau 2014 here are many known regulators of actin polymerization that
operate to control lamellipodia projection, many of which Hak@sophilahomologs. One of

the most important of these is the agttated protein 2/3 (Arp2/3) compleMullins et al.

1998; Suranergt 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 frifnause and Gautreau 2014#)deed, irDrosophila
the Arp2/3 complex activator WASH has been shown to be required for hemocyt
developmental migration along the VNC from the posterior end of the embryo, and for their
normal cell spreading and migration spe@dsrboon 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 FormingRomero et al. 2004; Breitsprecher et al. 20lrl}his process ctin
monomers are aéd to the dynamic, scalled barbed end of the actin flament 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 phosphatidyliBe$iel
trisphosphateRIPs) and the activation of the Rac GTP#keause and Gautreau 2017 his

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 201Fhe SCAR/WAVE complex has been shown to be essential for the
in vivomigration ofDrosophilaembryonic macrophages throuighrole in the formation of
lamellipodia, as SCAR mutabtrosophilamacrophages exhibit significantly reduced

lamellipodia and macrophage migration spgé&dsns eal. 2013)

The growth of new filaments can be prevented by capping proteins that cover the barbed end of
the filament, blocking the addition of nemonomergCooper and Sept 20Q&)lowever, 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 {arctfitin
(Barzik et al. 2005; Pasic et al. 2008jor Gactin to be able to polymerize it must have ATP
bound. Profilin is a protein that causes ADP to dissociate and ATP to binddbtrGthus

priming it for polymerizatior(Krause and Gautreau 201#) Drosophilaembryonic

macrophages Ena regulates the dynamics of the lamellipodia, with Ena inactivation causing
increased stability andepsistence of lamellipodia whereas its overexpression decreases
lamellipodia persistence but increasiasir protrusion spee@ ucker 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 desity 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 20L1ntegrin transmembrane receptors are heterodimeric in nature,
with both an U subunit an dcoelerilyirsondbraorformia r e q u i
functioning integrin receptor. Inmammalsld f f er ent b subunits and 1
identified, wherea®rosophilap o s sess f ewer of both subunit ¢t
subunitgBdkel and Brown 2002)ntegrins are essential components of cellular focal

adhesions; protein complexisking 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.



Several roles for integrs have been identified IDrosophilahemocyte migration. Firstly, it is
known that the U integrin subunit Inflated
into the germband during their developmental migration in the en{Big&haus et a010)

The PDZGEF Dizzy has also been found to be important in hemocyte migration, and it is
thought that this is due to its ability to control integgigpendent adhesion through Riap

medi at ed c¢ ont r orysfunétion(Huesménk & al.6)tineleed, hemocytes

in mysmutant embryos migrate at slower speeds than controls and also have defects in
hemocyte developmental migration, most notably along the ventral midline of the embryo
(Comberetal2013) This study also shows that the U
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 sulfGoitsber et al. 2013)n this

study they also go on to show tmaysis required in hemocytes for normal contact inhibition
during hemocyte migration, a factor that controls the dispersal and distribution of hemocytes in
the Drosophilaembryo(Stramer et al. 2010)vith hemocytes remaining in contact with each

other for longer periods of tim&€omber et al. 2013Finally they also showed thiatysis

required for the normal separation of the VNC from the epidgi@usber et al. 2013

process that is known to be waepd 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 embi§ieepass et al. 1994y he migratory routes that
hemocytes follow during embryandevelopment have been well character(@ezpass et al.
1994) One such route is their penetration into the germ band during late stage 11 and stage 12,
prior to germ band retractiqiiepass et al. 1994; Siekhaus et al. 20T8js transmigration of
hemocytes across an epithelium requires the expression of RhoL to control the lonadizat
the GTPase Rapl to the cell surface, which in turn promotes integrin binding to cadherin at
epithelial junctions to allow the transmigration of hemocytes through the epith@iakihaus

et al. 2010) This shows that the infiltration of hemdeg through the epithelium mimics that of
vertebrate leukocyte transmigration through the endothelium during inflammation, and uses

similar mechanisms to do $8himonaka eal. 2003)

(



The developmental dispersal of hemocytes during embryogenesis requires their expression of
PDGF andsascular endothelial growth factor (VEGIeceptosrelated(Pvr), and embryos

mutant forpvr exhibit hemocyte accumulation in the h€@iho et al. 2002; Heino et al. 2001)

It is also known thabrosophilahomologs of VEGF/PDGF ligands (known as Pvfs) are
expressed along developmental migrapathways in the embryo, and ectopic expression of
Pvi2 is sufficient to reoute hemocyte migration, suggesting that Pvfs act as chemoattractants
during the developmental dispersal of hemocy@® et al. 2002)One welicharacterised

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 midlne of the embryo, and from here they migrate laterally in a highly regulated fashion
to form three rows of hemocytes by stagd\Wwod et al. 2006)This highly directional

migration is regulated by the tightly controlled spatial and temporal expresdfofR2andPvi3
ligands along the VNC, and a decreasBwi2 expression on the midline coincidesh the

lateral migration of hemocyté®Vood et al. 2006)indeed, overexpression B¥f2 alorg the

ventral midline inDrosophilaembryos blocks the lateral migration of hemocyWsod 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 ésratsuired for hemocyte

survival (Simset al. 2009; Briickner 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 dbcomotion) is the halting of migration upon colliding with another
cell that was first o0bs ¢Abarcrothbicbapd Hedysmancl®58)mb i e
In theDrosophilaembryo this process has been shown to regulate the dispersal of hemocytes
along the ventral nerve cord during development and patterns their movéBteantser et al.

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

through the lamellipodia, and forcing these microtubules to depolymerize prevents contact
inhibition and causes hemocytes to clump togdatBEamer et al. 2010The 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(Dellds etal. 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 {ugldf tension that drives contact
inhibition (Davis et al. 2015)



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 vertebratenenmesponsérig.1.1) When

the epithelium oDrosophilaembryos is wounded using a laser, there is an immediate and rapid
migration of hemocytes to the site of the wound where they engulf cellular (&ipamer etl.
2005) The earliest known chemotactic cue for this migraisaine productiomf hydrogen
peroxide (HO) from the wound site, which was first reported in zebrafish lafMéthammer

et al. 2009rnd that has subsequently been shown to also ocBuogophilaembryos

(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 junctisfRazzell et al. 2013)'his calcium flash results in the activation

of the NADPH oxidase DUOX through its EF hand calcibimding domain and leads to the
production of HO. at woundqgRazzell et al. 2013)

But how dohemocytes 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 HO: in a manner similar to Lyn in zebrafish neutroplii®o et al. 2011; Evans et al.

2015) Src42A subsequently triggers a signalling cascade within hemocytes by phosphiprylatin
the intracellular ITAM domain of the phagocytic receptor Draper, leading to the recruitment and
activation of a downstream kinase called SH&rkans et al. 2015jtself a Zap70/Syk homolog
(Ferrante et al. 1995Interestingly, 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 tgain the ability to respond to woun@i&'eavers et al. 2016Praper expression is
thought to be induced imemocytes upon apoptotic cell engulfment by an increase in
intracellular calcium that activates JNK signalling which in turn leads to theguation of

Draper expressiofWeavers et al. 20163 process that is also observed in phagocytosis of glia
and follicle cellgEtchegaray et al. 22; 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-sebstrate adhesion downstream of transmembrane

receptors detecting migratory cu@ddley 2001) These proteins are conservediosophila

and all but one (Cd2) have been shown to play key roles in the migratiddro$ophila

macrophages to sites of injury in vig8tramer et al. 2005Another important regulator of cell
chemotaxis, phosphoinositidekhase (PI3K)has also been shown to be required for the

inflammatory migrations of hemocytes to wourfdgood etal. 2006)



prewound 60 minutes postwound

Figure 1.1: Wounding of the Drosophila embryo epithelium triggers a hemocyte
inflammatory response
Upon laser ablation of therosophilaembryo 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 ahemocytes at the wound 60 minutes pestnding (right). Dashed white line
represents the wound perimeter.

AltogetherDrosophilahemocytes are morphologically, functionally and biochemjcthilar

to vertebrate macroppas and behave in many of the samays. Their mechanisms of

migration are also highly conserved between that of vertebrate macrophages and they respond to
very similar cues. ABrosophilaare extremely genetically tractable organisms and the

transparent nature of the embryo allows fghhiesolution imaging of cellular dynamiics

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

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 tliléirgpof 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 pyhagocytes, a process that is known to beiafiimmatory
(Szondy et al. 2017)



In Drosophilaapoptotic stimuli trigger apoptosis by inducing expression of the three pro
apoptotic genekead involution defective (hid), reapgndgrim (White et al. 1994; White et al.
1996; Grether et al. 1995; Kornbluth and White 2005; Chen et al. .1B8&proteingncoded
by these genes then act to inhibit the-apoptotic proteibrosophilalAP1 (diapl)(Goyal et
al. 2000) which ultimately leads to the activation of the executioner caspase$ (acfaspase
7 homologue) and Ice (a Caspase 3 homologue) and so induces ap&otogikith and White
2005)

Figure 1.2: The process of apoptotic cell clearance
Stage 1 of <clearanmeoi sutbhe ( tatetisedchy apopmwticgf e B 9§ |

cells (yellow) and the subsequent chemotaxis of macrophages towards the cell. Binding to the
apoptotic cells then occurs in msmeagseidnaviesa
displayed on the surface of apoptotic cells. 8tags 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 eventpdigraded.

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

a multistep proces@ig. 1.2)(reviewed by Fullard et al. 2009; Poon et al. 20dehinning

with the seroi mgescf siefcremd ed by apoptotic cel
their presence and facilitate their chemotasigards the dying cell. The phagocyte then uses
receptors expressed omed tsi grualfacei €l ayed gn
membranes of apoptotic cells, leading engulfment of the dying cell and formation of a nascent
phagosome. The internaltsapoptotic cell is then processed galter several stages of

phagosome maturation, degradeldchreiterHufford and Ravichandran 2013)
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1.2.1-m@bisdgnals as chemoattractants

In order for apoptotic cells to be cledrby professional phagocytes, the phagocytes must first
be able to locate the whereabouts of the dying cells. For this to hépgpehpught that, at least
in some organismgpoptotic cells release chemotadfiind-m e ¢éues 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 usiigvitro transmigration assays of monocytes and macragshag
across a porous membrane towards supernatant taken from apopto{iGuad<t al. 2008;

Truman et al. 2008; Lauber et al. 2003; Elliott et al. 2008 first to be discovered was the
phospholipid lysophosphatidylcholine (LPS), which was shown to be released by apoptotic cells
upon Caspase activationdaimduced the transmigration of human monocytic cell lines as well

as primary human macrophadéauber et al. 2003Sphingosinel-phosphate (4-P) and

fractalkine were also found to be released by apoptotic cells and icldeic®taxis of

monocytes and/or macrophad&ide et al. 2008; Truman et al. 200B)Jumanet 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 modbe fira t i mme df cmds had b
shown to functionn vivo(Truman et al. 2008)inally, the nucleotides ATP and UTP were also
shown to be released by apoptotic cells, and act as chemoattractant cues for monocytes and
macrghages both in vitro and in vivo, and that the nucleotide receptavirsyrequired by
macrophages to migrate towards the ligott et al. 2009) It is interesting to note that

although these four sepde studies used similar techniques to identify potentiairfiectues,

the cue identified in each case was unigneé norredundantThis is potentially due to the

nature of the type of cell in which apoptosis was indwrediprecise form of cell deatind
demonstrates the diversity of cudglisedby dying cells to attract phagocytes and the

complexity that this adds to the process.

1. 2. 2meicEasti gnal s for the engul fment of

When cell s are progr amaed st gnail s, omheheesxspmaosg
membrane to facilitate their recogni-médn by
signal is Phosphatidylserine (PS); a phospholipid that is usuadigsdituent of the inner leaflet

of the plasma membrane, but that during apoptosis comes to be exposed on the outer leaflet
(Fadok et al. 1992PS exposure has been shown to be required for the detection and

engulfment of apoptotic cells by mammalian macrophagesh a rang of receptors for PS
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involved, such as TIM! or BAI1 (Fadok et al. 2001; Hoffmann et al. 2001; Miyanishi et al.
2007; Park et al. 2007)The exposure of PS laypoptotic cells is a phenomenon that is
conserved across species includidrgsophila(van den Eijnde et al. 1998; Shklyar, Levy
Adam, et al. 2013; Tung et al. 2013)

Anot hemwe Off esaitgn al i s Cal expressed in manp gompartnemtsot e i n
within viable cells, most notably the endoplasmic reticulum (ER) lumen where is involved in
protein quality control and Gahomeostasis, and at the cell surfé@edard et al. 2005;

Johnson et al. 2001)ncreased 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 re¢Epiaiai et al. 2005)
Calreticulin is also expressed on the surface of both viable and ap@ptugiaphilaS2 cells

when apoptosis is induced, the leg&Calreticulin expression is unchangédt it becomes
clustered on the cell surfa@iéuraishi et al. 2007)When the surface localisation @alreticulin

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)n addition to its role in vertebratéSardai et al. 2005)

1.2.3Drosophilaapoptotic cell receptors

Several receptors for the recognition and engulfment of apoptotic cells by macrophages have
been discovered iBrosophila(Fig. 1.3) The first to be reported was CroquemondCa

CD36 superfamily protein homologue expressed specifical@rbgophilaembryonic
macrophage@~ranc et al. 1996)Jsingcrg null Drosophilaembryos it was shown that Crq is
required for phagocytosis of apoptotic cells and that its forced specific expression in the
macrophages afrg null embryos rescues the phagocytic defEcanc et al. 1999)ntriguingly,

this study also showed that Crq is specifically required for apoptotic cell phagocytosis and not
that of bacteria, and that theesence of apoptotic cells causes an upregulation of Crq
expression on macrophag@sanc et h 1999) More recently however, Crg has been shown to
engulf bacteria, and flies mutant fong have defects in microbial phagocytosis and are more
susceptible to infectiofGuillou et al. 2016)The identity of the ligand present for this receptor
on the apoptotic surface remaianknown. Interestingly, a recent study suggests that Crq is

involved in apoptotic corpse degradatibat is not essential for engulfmdiitan et al. 2014)

Another phagocytic receptor is Smicronsunder (Simu), whiclis expressed by both
macrophages and glia 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
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by macrophages and gligurant et al. 2008)Interestingly, when the transmembrane domain of

Simu is deleted and the protein is secreted, it is still able to rescue the phenotynobithe

null mutant, suggesting that Simu can act either as a transmembrane receptor ticagsist

or can act as a secreted bridging molecule between phagocyte and apoptiioraetiet al.

2008) I't has also beemedheswmgntalhat hR$ is trlee offd
which it binds(Shklyar, LevyAdam, et al. 2013)

Draper, which is a homologue of the elegan<CED-1 and mammalian LRP1/CD91
phagocytiaeceptor, is also expressed in both macrophages and glrmsdphilaand is a

receptor for apoptotic cell engulfmentimosophila(Manaka et al. 2004)here is some

confusion in the literature with regards to the exact role of Draper in the phagocytosis of
apoptotic cells. Although @nstudy showed that when Draper expression was inhibited in
Drosophilaembryos, the phagocytosis of apoptotic cells in both macrophages and glial cells
was reduced by 380% in each cag@anaka et al. 2004panother 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
postengulfmentKurant et al. 2008)These differences could be due to the different approaches
used to investigate phagocytosis in vivo, with Kuseirdl. examining phagocytosis on the

vertral nerve cord in fixed mutant embryeghereas Manakat al used doublstranded RNA
against Draper and looked at phagocytosis in cells from throughout the etimtiyad been
dispersedManaka et al. 2004urant et al. 2008)Kurantet al. suggest that Draper is acting
downstream of Simu in the same phagocytic pathway, afrapersimudouble mutant

phenotype resembles that of #imusingle 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 gopoint in the process of apoptotic

cell clearance. Despite earlier reports suggesting that PS was not an apoptotic ligand for Draper
(Manaka et al. 2004)nore recent reports have shown that Draper does in fact bificlR et

al. 2013) Two separat®rosaphila ER proteins, Pres-porter anddrosophila melanogaster
calciumbinding 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 bhiemocytegKuraishi et al. 2009; Okada et al. 2012he ability of Draper to

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

detection of apoptotic cells.

Finally, the integrin bv has also been ident
Drosophilaembryonic macrophagéblagaosa etal. 2011) Th e Uhatfourtsani t t
heterodi mer with this b subunit to create a

UPS3, as shown by their physical interaction
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phagocytosis upon (Nemkaetald2013Fklarly te Rrapere s si o n
(Hashimoto etal. 2009) i nt egrin UPS3/bv has also been s
and engulfment as well as that of apoptotic d@lisnaka et al. 2013)

Apoptotic
CaBP1 CalR

Figure 1.3: Drosophila phagocytic receptors and their apoptoti celkderived ligands
The phagocytic receptors expressed by hemocytes and the apoptatiecelli v ené 0fie at

signals to which they bind. Simu= simicronsunder; Crgq= Croquemoj PS3/ bv= | nt egr
UPS3/ bv; PS= p hos pDrosdphilalnyelarsgastercaiciembindrey Brétein=

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

or interactions.

1.2.3 Downstream signalling of phagocytic receptors

Drosophilapossesses a numberreteptors and ligandsvolved in the detection and
engulfment of apoptotic cellsiith many of these playing related roles in vertebrate.cells
Downstream signallinfrom these phagocyti®ceptordas important consequences, both for
the physical process of engulfment witbrslling leadingo the rearrangements of the actin
cytoskeleton required for apoptotic cellernalisationand the formation of the phagosome
(reviewed by Penberthy and Ravichandran 20b@leed the detection of PS by phagocytic
receptors is important for mediating the @nflammatory affects of apoptotic cell clearance on

macrophage@uynh et al. 2002)

The first insights into the proteins involved in the signalling pathways reqaresh§ulfment
of apoptotic corpses came from studie€irelegansand identified two partially redundant,
conserved pathwaythe CED1/6/7 pathway and the CER5/12 pathwayEllis et al. 1991)
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both of which have been shown to cerye onto CEELO (Racl irDrosophild (Kinchen et al.
2005) These pathways are conserved in lathsophilaand mammalshe Drosophila
homologs ofCED-1 andCED-6 beingDraperandDCed6 respectively, whereas ti&ED-7
homolog has yet to be identified in flies. The homologs ofdE®-2/5/12pathway in
DrosophilaareCrk, mbc(also known a®OCK180 andELMO respectivelyKinchen 2010)

The CED2/5/12 Pathwayas beentsown to activate Racl and hence produce the cytoskeletal
rearrangements required for the engulfment of apoptotic EEI€K180 has been shown to

bind to Rac and, along with an interaction with the adaptor protein ELMO, causes GTP to bind
to Rac, hence aghting the proteir{Brugnera et al. 2002Yhe involvement of Crk in this

pathway is ot well understood but it has been shown to bind DOCKLl&Qsuda et al. 1996)

and plays a role in the regulation and assembly of the DOCK180/Etdviplex at the plasma
membrandAkakura et al. 2005)n C. elegangwo receptors have been shown to act upstream
of the CED2/5/12 pathway in the engulfment of apoptotic cells: ASR( PS Recept or
integrin (Wang et al2003; Hsu and Wu 2010)o receptor for the activation of this pathway

has yet to be found iDrosophilg however the presence of a similar integrin receptor for
apoptotic cells iDrosophilamacrophage@Nagaosa et al. 2011; Nonaka et al. 2Gi8)gests

that this could ba candidate. As is the caseGnelegans, the CER/5/12 pathway seems

distinct from that of the CER}/6/7 pathway irDrosophila(van Goethem et al. 2012)

1.2.3.1 Drapemmediated signalling in hemocyte apoptotic cell clearance

In Drosophilathe 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 dufbnrgsophilametamorphosis, a process which
is thowght so be very similar to apoptotic cell cleara(®easaki 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 ceksremast/bd
for its proper development. Both glia and macrophages carry out this clear&vosaphila
(Sonnenfeld and Jacobs 199%ijth each expressing both Draper &mwu (Manaka et al. 2004;
Kurant et al. 2008)suggesting that phagocytosis occurspadially common mechanisms in

each cell type.

The CED1/6/7 pathway identifieth C. elegangrovided the first insight into the downstream
signalling of Draper, th®rosophilahomolog of CEDBL. In this pathway it is thought that
ligand binding to the CER receptor causes the association of &ERith the intracellular
NPXY domain @ the recepto(Su et al. 2002)which ultimately leads to Racl activation and

apoptotic cell egulfment(Kinchen et al. 2005)n C. eleganseveral molecules that are usually
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required for endocytosis, a process rissidnilar to phagocytosis, have been shown to be
required for apoptotic cell engulfment in a manner dependent on this patfiwayal. 2006;

Chen et al. 2013; Shen et al. 201B)ese proteins have varying roles in the process but some
are involved in actin cytoskeletal rearrangementsereas 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 thd 6ED
pathway inDrosophila

Through a series of elegant experiments involving the use ofdrotophilaS2 cells (an

embryonic macrophage cell line) amdvivo embryonic macrophages, Cuttetlal. identified a

new role for C& homeostasis in the phagocytosis of apoptotic cellshoded that this is

mediated via the CEL/6/7 pathwayCuttell et al. 2008)Mammalian Junctophilins (JPs) form
junctions between the plasma membrane and the ER, allowing communication betweéh the Ca
channels that exist at each of these locations (in the ER these are cafledifi®/receptors),
facilitating the regulation of € homeostasis within the céllakeshima et al. 2000L uttellet

al. found that Undertaker, @rosophilaJP homtog, along with Ryar44F, aDrosophila

Ryanodine receptor, were required for apoptotic cell engulfment by macrophages and that these
two proteins interact genetically witbraperandCED-6 (Cuttell et al. 2008)They suggest a
pathway whereby ligand binding to Draper and its associated@iBf2raction causes stere
operaté extracellular CH entry via UTA, Ryar44F, dSTIM (an ER localized asensor) and

dOrai (a plasma membrane localized'@zctivated C# channel), that this is involved in

apoptotic cell engulfmer{Cuttell et al. 2008)More recently PKD2, BrosophilaTRPP

channel located at the plasma membrane thatisp@ameable, hasst been shown to fit into

this pathway and is required for the phagocytosis of apoptotic cells by macrophaigegvan
Goethem et al. 2012nterestingly, this study also suggested a role for Simu in this pathway
(van Goethem et al. 201 3roviding further evidence for the idea that Simu and Draper interact
in the same phagocytic pathw@gurant et al. 2008)

1.2.4 Postengulfment processg of the apoptotic corpse

Once apoptotic cells have been interswliby 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 ahglea 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 ftegradatior{Vieira et al. 2002; Kinchen and Ravichandran 2008)

16



Much of what we now know about apoptotic phagosome maturation has come from studies
conducted irC. elegansbut the majority of proteins involved are also conservéarasophila.

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 \fps@4raited to the
phagosome membrane, which leads to the recruitment of inactivep@Dfl RabgKinchen

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 Vps@dinchen et al. 2008)t is thought that Rab5
activation is required for the tethering of early endosomes to phagosomes containing apoptotic
cells(Lu and Zhou 2012)indeed, dominantegative Rab®rosophilaembyonic macrophages

are highly vacuolated and show a decrease in the number of acidified vacuoles, suggesting that
Rabb is also involved in phagosome maturatioriosophila(Evans et al. 2013Rab5

activation leads to the recruitment of Rab7, which is then activated by the recruitment of the
HOPS complex, which eventually leads to lysosgrhagosome fusion and the degradation of

the apoptotic cel[Kinchen et al. 2008; Hochreitéfufford and Ravichandran 2013)

A study by Evanegt al investigated the role of SCAR, a compleentioned earlier that is
involved in the activation of the Arp2/3 complex to produce cytoskeletal rearrangements
required for cell migration, iDrosophilaembryonic macrophagégvans et al. 2013)
Interestingly they found that mutant or domirasgativeSCARmacrophages contained a
significantly higher number of apoptotic vacuoles compared totyid macrophagg&vans
et al. 2013)Moreover, these mutant or domingrggativeSCARmMacrophages contained a
lower fraction of acidified phagosomes when compared totyjld, phenocopying the
dominantnegative Rab5 mutantanrophage¢Evans et al. 2013)his suggests that SCAR,
like Rab5, is essential for phagosome maturation@ogtilfment of apoptotic cells and thits

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

1.3 Glial cell apoptotic cell clearance ilbrosophila

Another important cell type for the clearance of apoptotic cellrasophilaare the non
professional phagocytic glial cells of the central nervous system (CNS). Glial cells in
Drosophilacan be subdivided into two main groups: the midline glia and the lateral glia, the
latter of which accounts for the vast majority of dfsork et al. 2012)During embryonic
development, programmed cell death plays a critical role in the patterning and sculpting of the
CNS, and lage numbers of neurons undergo apoptosis in order to refine neuronal connections

(Oppenheim 1991 DuringDrosophilaembryogenesis, a great deal of programmed cell death
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occurs in the ventral nerve cord (VN@brams et al. 1993; Rogufartmann et al. 2007a

structure considered to be thguevalent of the vertebrate spinal cord.

1.3.1 Glial cell specification

Glial cells of theDrosophilaVNC are specified from neuroblast progenitor cells, of which there
are 30 per VNC hemisegmgigossing et al. 1996; Schmidt et al. 1991Me differentiation of
neuroblasts into glial cells is dependent on the expression thtiseription factogcm and in
gcmmutants, cells which would usually become glial cells instead differentiate into neurons
(Hosoya et al. 1995; Jones et al. 19¥5)nversely, ectopic expressiongzimin all neuroblast
cells results in their differentiation into glial cells, highlighting the important rotgenfin the

cell fate decision of cells to become gfldosoya et al. 1995; Jones et al. 199%)e
differentiation of neuroblasts into either glia or neurons depends on the asymmetrical
distribution ofgcmRNA prior to cell division, with one progenitor cell inheriting this RNA and
becoming glial cells, and the other neur{Bsernardoni et al. 1999ycmthen induces the
expression of target genes required for glial specification sudvassed polarityrepo)
(Campbell et al. 1994; Xiong et al. 1994; Halter et al. 1986p (Granderath et al. 1998@nd
pointed(pnt) (Klaes et al. 1994; Klambt 1998jd also the gerteamtrack that prevents the

cells from differentiating into neuror{&iesen et al. 1997)

1.3.2 Mechanisms of apoptotic cell clearance Drosophilaglial cells

One aspect of glial cell function that is regulateddpo expression is their phagocytic capacity
(Shklyar et al. 2014)ndeedyepois required for glial expression of the apoptotic cell receptor
Draper, and glial cells lackingpoare 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, whener mutants showed increased numbers of
apopbtic cells within the ventral nerve cotEreeman et al. 2003However, more detailed

analysis since then has shown that apoptotic cells actually seem to accumulate within glial cells
in drpr mutantg(Kurant et al. 2008)and seems to also be the case in hemogytggo (Evans

et al. 2015) Thereforeit seems likely that Drapenay be more important physiologicafty

the processing of apoptotic cells pesigulfment as opposed to their actual phagocytosis as was

originally repored(Manaka et al. 2004)

Apoptaic cell clearance by glial cells idrosophilais also highly dependent on the apoptotic
cell receptor SimKurant et al. 2008)In simumutant embryos,poptotic cells accumulate

outside glial cells, suggesting that Simu is required for the phagocytosis of apoptotic cells
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(Kurant et al. 2008)Interestinglythe gliatspecific expression of a truncated version of Simu
that lacks its transmembrane domain is able to rescue defects in apoptotic cell cleaiamee in
mutants, suggesting that Simu may act as a bridging molEhkdyar, LevyAdam, 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 projectiongowards injured axons in order for engulfment to o¢teicDonald et al.

2006) and it is also required for axonal pruning during pupal metamorpifosasaki et al.

2006) In a hunt for molecules that imget with Draper irbrosophilg the norreceptor tyrosine
kinase Shark was identified, whose binding to Draper requires the activity of Src42A, an Src
family kinase(Ziegenfuss et al. 2008By reducing the expression of either Shark or Src42A
using RNAI, Ziegenfusst al. showed that both are required for the phagocytosis of apoptotic
corpses by glia and that Src4B&Aable to phosphorylate Drap@iegenfuss et al. 2008] his
information points towards a model in which Srédediated phosphorylation of Draper upon
binding to its apoptotic ligand leads to the recruitment and binding of Shark, which ultimately
leads to phagocytos{Ziegenfuss et al. 2008ndeed, the intracellular ITAM domain of the
Draperl isoform if required for the engulfment of degenerating axtogan et al. 2012)and
Src42A has been shown to phosphorylate the ITAM domain of Draper, at least in the context of
hemocyte inflammatory responggsrans et al. 2015 herefore, it may be that the ITAM

domain of Draper may be phphorylated by Src42Aot only in the context of hemocyte
responses to tissue damage, but also during the phagocytosis of injured neurons. Interestingly
Draperl mediated glial cell phagocytosis of damaged axons is repressed by another isoform of
Draper,Draperll, which is also expressed in glial ce{lsogan et al. 2012)

1.4 Anti-inflammatory properties of apoptotic cell cleaance

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 duringutEso(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 2013tudies using the vertebrate zebrafish model have shown that
the reverse migration of neutrophils away from sites of injury has ainflatnmatory effect

(Robertson et al. 2014; Mathias et al. 20@®iyther 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 inflammatiditauzin et al. 2014)

In vertebrate systems it is known that the clearance of apoptotic c@lleabypcytes plays a

substantial and important role in the resolution of inflammafidéaderna and Godson 2003)
groundbreaking study in 1997 showed for the first time that apoptotic cells were able to induce
increased production of the aimflammatory cytokine IL10 in activated monocytes, and

decrease their production of the pnflammatory cytokines Ik1 b ,-12 larid TNFU(Voll et

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

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

of inflammatory cytokine¢Fadok et al. 1998)'hey showed that the phagocytosis of apoptotic
neutrophils by human macrophages resulted in the production 6bTGWwhi ch i n t ur n
the production of the prmflammatory cytokines TNE)  a nddb ,| LaC8F(Faddk et al.

1998) In yet another groundbreaking study from the same lab, it was shaii@Sdependent
phagocytosis of apoptotic cellsinduced #IGER s ecr et i on, whi ch sti mul
of acute inflammation in the lungs of mice by decreasingmftammatory cytokine production

and reducing inflammatory cell numbers, suggestitink between efferocytosis and

inflammation resolutioffHuynh 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 T®&F aPGE, which limit airway inflammation during

exposure to allergerfduncadella et al. 2012)

Drosophilaalso have homologues of some of the molecules mentioned abovésastaines

that fulfill similar roles. TheDrosophilaTGFb s u p e r f a rmdécapgntaptenifdppeis
secreted by hemocytes and helps to promote resistance to infésty@z et al. 2015)ddpand
another TGFb s u p lg meimberdawdle(daw)have also been shown to be involved in
regulating thédrosophilaimmune responsgClark et al. 2011)The onlyDrosophila TNF

family membergiger, can also be expressed in hemocytes, at least when associated with tumors
(Cordero et al. 2010Finally, the thre@inpaired(upd) genesupd, updZandupd3 represent the
Drosophilaequivalent of interleukinfAgaisse et al. 2003and indeedipd3has been shown to

be expressed in hemocytes ufmth aseptic and septic injuffgaisse et al. 2003; Pastor

Pareja et al. 2008However 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 darance of apoptotic cells is associated with a plethora of diseases, ranging from
atherosclerosis to chronic obstructive pulmonary disease (COPD) and autoim{iliotlyand
Ravichandran 2010Many of these diseases are chronic inflammatory condijtlughlighting

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

1.5.1 Atherosclerosis

Atherosclerosis is the buidp of fatty material in the walls of arteries that causes hardening and
narrowing of the vessel, and is the mainsgaaf coronary heart diease, peripheral arterial
disease and ischemic stralgrophy 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 thheughdothelium where

they differentiate into macrophages. Here, macrophages begin to ingest the accumulating
lipoprotein material in the artery wall which results in a buitdof cholesterol with

macrophages which are then known as foam (€hsstiakov et al. 2016oam cells

eventually die via apoptos{BlIEGY]1 et al. 1996)and the builelp of these apoptotic cells as

well as apoptotic endothelial and smooth muscle (els Vré et al. 2012)ue to defective
phagocytosis by macrophag&hrijvers et al. 20053 rives progression of atherosclerotic
plagues. The buildip of uncleared apoptotic cells in these plaques, and their subsequent
necrosis, results in the formatiohaonecrotic coréThorp et al. 2008)whichin turn helps to

drive inflammation in the plaque, leading to plaque ruptuae 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 plaquégoe’™ mice and so drive plaque
necrosigThorp & al. 2008) Mutations in apoptotic cebridging molecules have also been

shown to advance the progression of atherosclerotic plagues in mice, including8/{RG-

Oufella et al. 2007and ClgBhatia 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 inflammatodjtiom of the

lungs associated with increased numbers of apoptotic(Beieedts et al. 20060t has been
shown that the phagocytosis of apoptotic epithelial cells by macropha@&#iD is defective
(Hodge et al. 2003Recently, 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 celiphagocyte bridging molecule MFES (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 egulfment of apoptotic cells by macrophages changes macrophage biology and
promotes a shift in their phenotype to being-arftammatory that aids in the resolution of
inflammation. However how apoptotic cells and their clearance affects macrophag®behavi

and function in vivo is incompletely understood.

TheDrosophilaembryo 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
modelalso allows us to perform higiesolution 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 GAL-WAS system.

In recent years it has been digeted that whebrosophilahemocytes 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; &vah2013).

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 theonyigdaility of
macrophages. Irepomutants, glial cells are not specified correctly siregencodes a
transcription factor critical to their development (Xicgtcal.,1994; Halteret al.,1995).
Consequently, the cells of this glial lineage withia #entral 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 vacudBiktiyar et al. 2014)This appears

to lead to an attenuation of responses to wounds and hemocytes also exhibit slowed basal
migration inrepomutants (Evans and Wood, unpublished data). Similail§0ARmutants,
Drosophilahemocytes accumulate engulfed apoptotic cells and phenocopy the wound and basal
motility defects observed irepomutants (Evanst al, 2013). When apoptosis is prevented in
theses embryos using tB&(3L)H99 genomic deletion (Whitet al.,1994),which relieves
hemocytes of their duty to phagocytose apoptotic cells, vacuolation does not d8C4Rn

mutant hemocytes and hemocyte lamellipodia are rescued and migration speeds almost fully
restored to wild typdevels (Evan®t al, 2013). This restisuggests that apoptotic corpses
somehow inhibit a SCAfhdependent form of motility and turn off pioflammatory

behaviours such as responses to wounds. However the molecular mechanisms by which
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apoptotic cells exert this afitiflammatory effect on heatytes 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 xsophilaembryo usingepo
mutants to ensure that increased levels of apoptosis do indeed suppress
hemocye migrationsn our hands

2) Blocking apoptosis imepomutant embryos to check for a rescue of hemocyte
migrations.

3) Removing hemocyte apoptotic cell receptors re@o mutant background to
examine whether the binding of hemocytes to apoptotic cellsgemsible for
reduced hemocyte migrations.

4) Examining the activation state cdndidatesignaling pathways within
hemocytes in aepomutant background which may be responsible for

suppressing hemocyte migrations.
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Chapter 2: Materi al

2.1 Fly work

2.1.1Drosophilahusbandry

Fly stocks were maintained at 18°C in vials containing stardieyslophilamedium (recipe in
appendix 1). Flies were tipped to fresh vials of food every 4 weeks.

2.1.2 Flycrosses

Crosses were performed by placing appropriate male and virgin female adult flies in vials
containing standar@rosophilamedium with a peaized 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 gre@@ting pads. Selected flies

were then placed in vials laid on their stdeavoid 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 Harvestingof Drosophilaembryos from laying cages

In order to collect embryos withgiven genotype, specific male and female adult flies were

placed in a laying cage with a base composed of a plate of apple juice agar wigizegea

drop of yeast paste on the surface. The cages were then placed at 22°C and the flies were left to
lay ovenight. In cases where RNAIi 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 di aneri(Coiniegl wat er
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 sortingf Drosophilaembryos

The embryonic stage of development of embryas assessed by gut and amnioscerosa shape

as well as and head morphology as described in the AtlasoebphilaDevelopment

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

fluorescent dissection scope.

2.2 Fly stocls

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 Hemocytespecific drivers

Genotype Chromosome | Source References

croquemorGAL4 3 Bloomington (Stramer et al. 2005]
Stock Centre

serpertGAL4 2 Bloomington (Brtickner et al.
Stock Centre 2004)

2.2.2 Fluorescent labels and reporter constructs

Genotype Chromosome Source References

UASGFP 2and 3 Bloomington (Yeh et al. 1995)
Stock Centre

UASnuclear red stinger 2and 3 A gift from (Barolo et al. 2004)
Brian Stramer,
KCL, London

P{srp-GMA} 2 Bloomington (Bloor and Kiehart
Stock Centre 2001)
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TREeGFP 2 Bloomington (Chatterjee and
Stock Centre Bohmann 2012)

2.2.3 UAS constructs

Genotype Source References
P{TRiP.HMJ23355}attP40 2 Bloomington (Ni et al. 2009)
Stock Centre

(UASsimu RNA)

P{TRIiP.JF02696}attP2 2 Bloomington (Ni et al. 2009)

) Stock Centre
(UASscb RNA)

P{TRiP.HMS01997}attP40 2 Bloomington (Ni et al. 2009)

Stock Centre
(UAScrg RNAI)

P{TRiIP.HMS01224}attP2 2 Bloomington (Ni et al. 2009)

_ Stock Centre
(UASp38a RNAI)

UASsimu 3 A gift from Estee| (Shklyar, Levy
Kurant, Adam, et al. 2013)
University of

Haifa, Israel

UAScrq X A gift from (Franc et al. 1999)
Natalie Franc,
The Scripps
Research
Institute, USA
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2.2.4 Mutant alleles

Genotype

Chromosome

Source

References

rede3702

Bloomington
stock centre

(Halter et al. 1995)

simtf

A gift from
Estee Kurant,
University of
Haifa, Israel

(Kurant et al. 2008)

crg©

A gift from
Natalie Franc,
TheScripps
Research
Institute, USA

(Han et al. 2014)

scly

Kyoto Stock
Centre

(Stark et al. 1997)

SCBJlZSS

Bloomington
StockCentre

(Stark et al. 1997)

by

A gift from
Nick Brown,
University of
Cambridge

(Devenport and
Brown 2(4)

draper®®

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 (Whiteet al. 1994)
Stock centre

Df(2L)BSC253 2 Bloomington (Cook et al. 2012)
Stock Centre

Wilis X Bloomington (Kurkulos et al.
Stock Centre 1991)

2.3 Live imaging ofDrosophilaembryos

2.3.1 Prepaation of embryos for live imaging

Firstly, in order to mount live embryos, a short piece of dealiled sticky tape (Scotch) was
placed onto a microscope slid&3L) and two 22mm x 22mm coverslips (SLS) were stuck to

this at either end Dechorionated embryos of the desired stage were then carefully mounted
ventraltsideup on the section of sticky tape between the two slides using a tungsten needle.
Embryos werethencovered in a minimal amount ofoMtalef oil/halocarbormil (VWR) to
preventthemfrom 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
coverdip (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 lefllimatisein the dark at

room temperaturéor 30 minutes before imaging.

2.3.2 Woundingof Drosophilaembryos

In order to wound embryos to assess hemocyte inflammatory recruitment to sites of tissue
damage, stage 15 embryos of the desired genotyyeefingt prepared for live imaging as in the

previous section. Using an UltraView VOX spinning disc confocal system (Perkin Elmer) with
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an inverted Olympus 1X81 microscope and Velocity imaging software,~aquead zstack
covering a de péenitbryooMas tdkénofrthe superfioial liemmaeytes on the ventral
side of the embryos with a UplanSApo 40x oil (NA=1.3) objective lens and widpadng of
lem. A wound was then made in the ventral ep
nitrogen ablaobn laser (Andor) and-gtacks wergypically taken every 2 minutes for 58

minutes. At 60 minutes pestound, another-gtack 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 usédition to

GFP.

2.3.3 Random migration of hemocytes

In order to assess the migratory behaviour of hemoaytégo, 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)zst acks covering a depth of 25em into t

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-adedred glass vial

containing 1ml of peroxid&ee heptane with 1ml of the ROS marker dihydrorhodamine 123
(DHR 123; sigma) in PBS at a concentration o
minutes in the dark. Using a Pasteur pipette, embryos Wwenermmediately 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 acelitge 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 aRdeRiission filters to image

DHR 123 and nuclear red stinger labelled hemocyte nuclei respectiahcks covering a

depth of approximately 25&em were taken of th
VNC. This was done using a Nikon Al invertedhfaal microscope with a CFl Super Plan

Fluor ELWD 40x oil objective lens (NA=0.6), withaszpaci ng of lem and usi

Elements imaging software software.

2.4 Microinjection of Drosophilaembryos

2.4.1 Preparation ofDrosophilaembryos 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 addiitgoothe 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 @ltelef oil/halocarboril was then placed on the
embryos at their anterior ending 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/Bre®@0B micropipette
puller (Sutter) and pulled using a heat of 390 and a pulling tens20ofThe very end of the
tip was then bevelled by carefully snapping using a pair of forehjie viewing the capillaries

under a dissection microscope at high magnification

2.4.3 Injecting emb-mgéscwesh apoptotic O0f

I n order to inject -,manbrowes wdr ha popgtenttiical s wd
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. dilutd8SnFhe 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 vatuoh the solvent used to make up the fmd 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 teenbryos and secured with nail varnish as previously (2.2.1). Once

this final coverslip had been placed, embryos were left to acclinmatise dark at room

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

2.4.4 Preparation of find-me cues for injection

(N-H ATP)

Find-me cue Supplier | Stock Stock Injected
diluted in concentration concentration

Lysophosphatidylserine | sigma Absolute 40mM 1.6mM

(LPC) ethanol

Sphingosinel-phosphate| sigma methanol 10eM 400nM

(S1-P)

Norn-hydrolysable ATP | sigma MQH20 1mM 4¢ M

2.5 Immunostaining and imaging of fixedDrosophilaembryos

2.5.1 Fixation of embryos

Dechorionated embryos were fixed for 20 minutes atrp&0on a rocker in small glass vials

containing Iml of 4%formaldehyde (Sigm&ldrich) in PBS and 1ml of peroxiekeee heptane

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

lower formaldehyde phase of the fixative was then removed before adaiihgf Inethanol and

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

the bottom of the vial were then transferred to anl.Bppendorf and washed three times in 500

e | of met hanol

The

required (maximum 2 weeks storage time).

e mb r g b snetlmeol ag20°C tnel n
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2.5.2 Immunostainingof Drosophilaembryos

Following fixation and the removal of methanol, embryos were first washed three times in PBT
(0.1% TritorX 100 (Sigma) in PBS). Embryos wamext 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 ¢l eppendodfemPAYyasriemoveadt ad in 250 ¢
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 rotlat room temperature, each time replacing the PATx as before. After

the final 20 minute wash, PATx was removed a
diluted in PATx. This was then incubated on a roller in the dark for 2 hours at room

temperature. Agr 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 remaowetdro
embryos and replaced with 300 ¢l DABCO mount
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 DAB@@ 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 antiGFP Abcam ab290 1:500 PATX
Mouse antGFP Abcam ab1218 1:100 PATX
Rabbit anticDCP1 Cell Signaling 95785 1:500 PATX
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Secondary antibodies used:

Antibody Supplier Code Dilution Diluted In
Goat antirabbit Alexa | Molecular probes| al11034 1:200 PATX
Fluor 488
Goat antirabbit Alexa | Molecular probes al11036 1:200 PATX
Fluor 568
Goat antimouse FITC Stratech 115095 1:200 PATX
146
Goat antimouse Alexa | Molecular probes al11029 1:200 PATX
Fluor 488

2.5.4 Mounting fixed embryos for imaging

Fixed embryos of the desired embryonic stage wayented using the same microscope slide
setup 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 DCR1 stained embryos

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

GFP labelled hemocytes and cDCRabelled apoptotic cells respectivelystacks covering a

depth of approximately 15&em wer surfdceaoktken of t h
VNC. This was done using a Nikon Al inverted confocal microscope with a CFI Plan

Apochromat VC 60x oil objective lens (NA=1.4), azoomof 1.6 aadwaci ng of 0. 25
Nikon Elements software. These stacks were taken at both the aatetiposterior 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 @&BRlled hemocytes were mounted as in
2.4.3 and imaged using tkame microscope sap as in section 2.2.4.2.

2.6 DrosophilaS2 cell work

2.6.1 Cell culture

DrosophilaS2 cells(a gift from David Strutt, University of Sheffielavere cultured in
S ¢ h n e Drdsephifamedium (Gibco) supplemented with 10% hieectivated fetal bovine
serum (SigméAldrich) and 1% PenicillirStreptomycin (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 apogiepostUV t r eat ment , 150¢] of S
concentration of 1xXells/ml in S2 media were first seeded to each of 9 wells ofveelicell

culture plate, and left to adhere at for 2 hours at 25°C. The media was then removed from the
wellsandreplacd wi t h 100c¢ |l PBS. With the Iid of the
with 100 mJ/crAUV 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 beingseggo UV.

PBS was then removed from the wells and repl
CellEvent Caspas@&/7 green detection reagent (Invitrogen) and propidium iodide (BlOlegend)
(2eg/ ml). As a f urtredted wellsalsomrttamedlthe paBaspase t he UV
inhibitor ZVAD-F MK ( ApexBi o) at a concentration of 1

activation of caspases.
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2.6.2.2 Imaging

Time-lapse imaging of Caspase activation and Pl staining ixirgated cells prepared as above

was then performedmaging was done with a Nikon -H with Intensilight fluorescent

illumination with ET/sputtered series fluorescent filters 49002 (Chroara),a CFI Plan
Apochromat @& 20X, N. A. 0. 75 objective | ens wi

captured every 15 minutes for approximately 14 hours usingB\é&ents software (Nikon).

2.6.3 Collection of apoptotic cell supernatant for injection

To induce apoptosis of S2 cells, 1.2xt0e | | s s us p e n ddodophilamedlimh nei de
were first plated to 60mm cell culture dishes (Sightdrich) and left to adhere for 3 hours at

25°C. The media was then carefully removed from the dishes and replacéinivof PBS.

With the lid of the cell culture dishes removed, cells were then irradiated with 1003a)/cm

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

f resh S ®Orsoghilacthediurd lsefore the dishes weeturned 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 falcdobe 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).

2.7.1Analysis of hemocytewound responses

Hemocyte responses to wounds anGiiutes postvoundng (and other timepointss equired
were analysed by first blinding all pesbund imagesising a Python script obtained from the
Whitworth Laboratory (University of Cambridgd)he brightfield channel image was then used
to locate the wound perimeter, which was drawn around usengdlygon selection tool in Fiji.

The area of the wound was then measured and the wound perimeter drawn orséeeryfz
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the GFP channel. 1521 i ces (15em depth) were then count
wound hemocyte (i.e. those that ar¢ tooiching 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 thetack and identifying hemocytes within or with any

part ofthem touching the wound perimeter, and marking them using the poulti 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 eaoh. 8ihisryvas

then normalised to control embryo hemocyte densities. Wounds with an area of less than 1500

€ rhwere not used.

2.7.2 Analysis of timelapse movies of hemocytes responding to wounds

In order to gain a better insight into the dynamickerhocyte responses to wounds, the 60

minute timelapse 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 chann€he corresponding pestound 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 thecation of the woundA number of analyses were then

performed in these processmdvies:

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 timelapse 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 cameantact 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 hemsfready 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 finalbgultiplying by 100.

2.7.2.2 Percentagef hemocytedeaving 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 mmwievho left at any point (i.&0

single part of the hemocyte was touching the wound perimeter) was counted. The percentage of

36



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 hemocytesrthatresdy at or
responded to the wound during the movie (i.e. the number there at t=0 plus the nhumber that
were to deemed to have responded), and multiplying by 100.

2.7.3 Prewound hemocyte density on the VNC

The density of hemocytes in pneound imags was analysed by first counting 15lices

(15em depth) from and including -staclcanii r st he
deleting all subsequent slices. A maximum projection of the remaining slices was then created

and the number of hemocgteounted using the mulboint 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-Hutivescence from the vitelline membrane ends.

Findly, 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 abovgbut usi

fixed embryos.

2.7.4 Analyss ofhemocyte 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 phig in Fiji, which involved tracking eachdividual 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 calculldtadst 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 begrating very little, when in fact they may be migrating in a different

plane of view.
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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 separateddade speckled. 41 z slices were then counted from and including the
slice in which the first hemocyte came into
remaining slices removed from both channels. The green and red channels of each stack were
thenre-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 numbet cb@R1

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 cElGRinctaghat are located within the
above zstacks 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 fluorescenceslitez from and

including the first nuclear red stinger labellezhtocyte 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 channelina&bm di ameter circle centred over e
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 Pl staining peskV irra diation of

DrosophilaS2 cells

In order to analyse the activation of Caspases, and also Pl staining of celd/gaostdiation,

each channel was first separated and despeckled in Fiji. A mask was then created of both the red
and green channels beforetershedding each. These masks were then used to quantify the
number of cells Caspase (green channel) or Pl (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 #ightd section of the image at the first
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timepoint. As the top righthand corner at this zoom represents appratéity 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 Man#Whitney U test waperformed when comparing two sets of data. When
multiple comparisons between data sets were required a K\t oneway ANOVA with
Dunndés multiple comparison test was used.
p<0.05.
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Chapter 3: Overl oac
with apoptotic cell
functi on and behavi

3.1 INTRODUCTION

Programmed cell death during embryonic development, and the subsequent remosgal of the
dying cells by phagocytes ésfundamental and essential process that occurs in alteslliiar
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 connecti@gpenheim 1991 During Drosophila
embryogenesis, a great deal of programmed cell death occurs in the ventral nerve cord (VNC)
(Abrams et al. 1993; Rogufartmann et al. 2007 structure widehgzonsidered to be the
equivalent of the vertelte spinal cord.

Apoptotic cells can first be observed in the VNC at stage Tradophilaembryonic

development, and from here the number increases until around stage 14, when there is a plateau
in apoptosis that continues until the end of embryoge@siguljaOrtmann et al. 2007)n

order to prevent secondary necrosis of apaptells, and to prevent their contents from

spilling into the surrounding environment, they must be swiftly and efficiently cleared by
phagocytes. In theentral nervous syster@S) of Drosophilaembryos, apoptotic cells are

efficiently cleared by glial cells which operate asonprofessional phagocy€Freeman et al.

2003; Kurant et al. 2008)n order for glia to perform this essential role, they must éicquire

the ability torecogniseand engulf apoptotic cells.

Glial cells inDrosophilacan be subdivided into two main groups: the midline glia and the
lateral glia, the latter of which accounts for the vast majority of(§liark et al. 2012)The
specification of lateral glia requires the transcription fa@lial cells missing Gecm) (Jones et

al. 1995; Hosoya et al. 199%jcmthen induces the expression of target genes in lateral glia
such aseversed polaty (repo), a transcription factor expressed in all lateral glial cells that is
required for their normal function and differentiati@ampbell et al. 1994; Xiong et al. 1994;
Halter et al. 1995)Iin fact inrepomutants there are normal numbers of glia but their
morphology is abnormal and their volume is significantly decre¢®ieklyar et al. 2014) As

well as being required for normal morphologgpois also important in regulating the

phagocytic capacity of glial cells in the CNiShklyar et al. 2014Yepois 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, lralcells, andn repomutant embryos increased

numbers of apoptotic cells can be found in the VNC due to the decreased ability of glia to clear
apoptotic cellgShklyar et al. 2014)Interestinglyrestoringexpression of Simu and Drpr
specifically in glial cells imepomutants recues their defective phagocytosis of apoptotic cells
(Shklyar et al. 2014)Thereforeyepois required for the normal expression of the apoptotic cell
receptors Drpr and Simu on glial ceilmportant 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 developn{@chwabe eal. 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 truseps mutants,

where glial cell specificatin 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 gligSddisr et al.

2014) This study also suggests that, unlikedmtrol anbryos, macrophages caocasionally
befound within the VNC irepomutant stage 16 embryos, whidemonstrates that the sealing

of the VNC by surface glia is perhaps disruptetejpo mutants(Shklyar et al. 2014)Together

this suggests that prior to thesheathment 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
asSystemic lupus erythematosus (SKBpon etal. 2014) To better understand hawe build

up of apoptotic cells affects macrophage function and behavieivo, we sought to use
Drosophilaas a model organism to study tHis Drosophila,the buildup of engulfed apoptotic

cells within macrophges inSCARmutant embryos caused by defective corpse processing,

results in their migration speeds being slowed, which can be partially rescued by blocking
apoptosigEvans et al. 2013kuggesting 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 macrophageofuimctiivo by

genetically increasing the number of apoptotic cells for macrophages to cleaDioslophila
embryo. We hypothesise thapo mutant embryos represent a good model to study this as
macrophages in such mutants have been reported to phagmaytreased numbers of

apoptotic cell§Shklyar et al. 2014\We aim to study how macrophage migration and
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inflammatory responses to wounds are affecteépomutants and hypothesise that both of

these migratory behaviours are perturbed in these embryos.

3.2 RESULTS

3.2.1 Macrophage<lear increasednumbers ofapoptotic cells in theabsence
of normal glial cell specification

As we wished to study how pathological levels of apoptosis affect macrophage function and
behavioutin vivo, we first needed to find a way of increasing the number of apoptotic cells for
hemocytes to clear in tHerosophilaembryo. We hypothesised thatrasmocytes 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. Thereforewe hypothesised thagépomutant embryos may represent a good model in

which macrophages are overloaded with apoptotic cells. As this was being looked in to, a study
by Shklyaret al.examining the developmental regulation of glial cell phagocytosis was

published, which briefly notetthat there is an increased volume of apoptotic cells per

macrophage inepomutant embryo¢Shklyar et al. 2014)This supported our hypothesis and so

we soughtd examine apoptotic cell clearance in more detail in these mutants. To do this control
andrepd?"%?null mutant(Halter et al. 1995¢mbryosin which hemocytes were labelled using
UASGFP expression under the control of the hemocyte spemiff§SAL4driver, were fixed

and immunostained faleavedDCP-1 (a downstream effector caspase cleaved during apoptosis
(Song et al. 1997Yo label apoptotic cells and also for GFP to visualise hemocytes (Fig- 3.1 A
B6). To quantify the engul fment of apoptotic
of cleavedDCP-1 particles found within the hemocytes on the VNC was counted. When we
analysed engulfment in this way we found that hemocyte=pidi*’°> mutants ontained on

average over double the number of corpses of those in control embryos (n=6 and 5 embryos for
control (w;;crg-GAL4,UASGFP) andrepd®"? mutants(w;;repa®®"*%cro-GAL4,UASGFP),

respectively; p=0.0043 via ManiWhitneytes) (Fig. 3.1 C). We ats 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 ingbace between the epithelium and developing

CNS inrepd?"®?mutant embryos, this was not statistically significant compared to controls

(n=4 and 9 embryos for control arepd*’*?mutants respectively; p=0.106 via Mawhitney

test Fig. 3.1 D). This data shows that hemocyteepo 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. kiethgs an increased
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Afapoptotic cell burdend, as there is no
death inrepomutants(Shklyar et al. 2014)This suggested to us thapd*"*?mutants represent
a useful model to understand how increased numbers of apoptotic cells affect macrophage
functionin vivo, particularly as hemocytes do not expnegs (Xiong et al, 1994; Armitage

and Evans, unpublished data)d their initial specification atdst should be unperturbed in this
genetic background, as supported by the fact that the expression of hespeytie genes

serpentandcroguemortseem normal imepo mutants.
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Figure 3.1: DCP-1 staining inrepd?"®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; D@Psuperficial to the VNC in control amdpd?"%fixed

stage 15 embryos, showing greatly increased numbers of apoptotic cells within hemocytes in
repd®**”mut ants. Scale bars represent 20&em. (AD
demonstrating the accumulation of apoptotic cells within hemocyrepd?’'*> mutants. Scale

bars represent 5&gm. ( C) Sc alpardcdepdnguifedmef t he a
hemocyt e, per embryo (referred to as the &6ph
mean+SD; n=6 and 5 embryos analysed for controlsepal*’°?mutants respectively. (D)

Scatterplot of the number of DEPparticles that remain uncleared by hemocytes in control and
repd®"?mutant embryos. Lines and error bars represent mean+SD; n=4 and 9 embryos

analysed for control anegpd®’*?mutantsrespectively.

Asterisks indicate statistical significance as determined by Néhitney test; ****p < 0.0001

and ns = not significant.

3.2.2 Macrophage inflammatory responses to wounds are decreased&po
mutants

As we found that the engulfment ofagtotic cells by hemocytes is increaseddpd®’%?

mutants, and it is known that the engulfment of apoptotic cells by vertebrate macrophages
induces an andnflammatory phenotypéSzondy et al. 2017Wwe sought to examine hemocyte
inflammatory responses to wounds@pd®"*?mutant embryos. To do this we wounded control
(w;;crg-GAL4,UASGFP) andrepd"®mutant v;;repa®’*2crq-GAL4,UASGFP) stagel5
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 mindtes post
wounding In control embryos, hemocytes respond by robustly migratingetvdtund and at 60
minutes postvound there is a high density of hemocytes at the wound site (Fig. 3.2 A). In
contrast, hemocytes repd®’*?mutants exhibit a decrease in their inflammatory migrations to
wounds (Fig. 3.2 AB), and at 60 minutes peaiound the density of hemocytes at the wound is
significantly decreased by approximately 50% when compared to controls (n=23 and 17
embryos for controls an@pd>3’?mutants respectively; p<0.0001 via Mawitneytes) (Fig.
3.2 B). This shows that hemocytdélammatory responses to wounds are reduceedd>"°?
mutants where there are increased numbers of apoptotic cells engulfed by hemocytes,
suggesting that increasesdposure to oengulfment of apoptotic cells by hemocytes may be

reducing their abilityd mount an inflammatory response.

Therepdallele represents the strongest fosdunction allele currently availablg¢ialter et

al. 1995) and since the previous phenotypesenal found inrepd3’*?homozygous embryos it

was of paramount importance to confirm that these were specifically due to teg® of

function and not a second site mutation elsewhere on chromosome 3. To address this embryos

transheterozygous for botihérepd?’*?mutation and a deficiency removing ttegogene
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(Df(3R)BSC63Bwere 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 postvounding, which was similar tepd”’°?mutant homozygotes, with

approximatef a 50% reduction in hemocyte density at wounds compared to controls, showing
that it is indeed theepd*"®mutation that is causing hemocyte inflammatory responses to be
reduced irepd*"*?mutant embryos. Hemocytes in these traeterozygous embrya@dso

appear highly vacuolated, suggesting tharépe*’°?mutation also causes there to be

increased numbers of apoptotic cells within hemodytat not shown)
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Figure 3.2: Hemocyte inflammatory migrations to wounds are perturbed irepd37%2

mutants

(A) Representative stills of GHRBbeled hemocyte responses to wounds at 60 minutes post

wound in control andepd?’*?mutant stage 15 embryos. (B) Scatterplot of hemocyte wound
responses per embryo shown ?wosndardaat 6Gmimitese r o f
postwounding normalized to the control average. Lines and error bars represent mean+SD;

n=23 embryos for controls and n=17 fepd*’**mutants.

White dashed ovals represent woundindicate i met er
statistical significance as determined by MaNhitney test; ****p < 0.0001.

3.2.3 Total number of macrophages imepo mutant embryos is unchanged,
however less reach the ventral nerve cord

When woundingepomutant embryos, we noticed thaeth 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 intimupceimages
taken as part of the wounding assagantrol (v;;crg-GAL4,UASGFP) andrepd®’*?mutant
(w;;repad®"®2crq-GAL4,UASGFP) embryos (Fig. 3.3 A), and calculating hemocyte density by
normalising according tthe area of thembryoin the field of view We found that the density

3192 mutants, with

of hemocytes in thee prewound images was indeed reducedepd
approximately a 40% decrease compared to control embryos (n=23 and 15 for control and
repd*"%?mutants respectively; p<0.0001 via Mawthitneytes) (Fig 3.3 B). This suggests that
the wour response defect observedépomutants 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 imepomutants.To examine this we flattened embryos whose hemocytes were
labelled using the nucleapecific marketJASnuclear red stingethat was specifically

expressed in hemocytes usittg-GAL4 Flattening of the embryos then allowed us to count the
number of red uclei in the entire embryo and therefore the total number of hemocytes (Fig. 3.3
C). We found that, compared to control embryesdrg-Gal4,UASnuclear red stinger there

was no difference in the total numbers of hemocytes in the whole emtmgpd’°>mutants
(w;;repd®"®crg-Gal4,UASnuclear red stingem=10 and 13 embryos for controls aego

mutants respectively; p=0.455 via Mawhitney test; Fig. 3.3 D), with both genotypes having
around 700 hemocytes per embryo which is in line with phbti datgBriickner et al. 2004)

This was also the caseriepd*"°IDf(3R)BSC638ransheterozygotes/rmitage and Evans,
unpublished data). This shows that the decreased number of hemocytewaupdeimages in

repd?®"*?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 ymbve wondered what might possibly be

the reason for decreased numbers of hemooytése ventral midline at stage 15 of

development (Fig3.3 A, B. So, we next hypothesised that the decreased numbers were due to
defects in the developmentiikpersabf hemocytes. Hemocytes have been shown to migrate
along well characterised routes through the embryo during embryonic development, to
eventually become dispersed throughout the entire enfbepass et al. 1994By embryonic

stage 13, a continuous line of hemocytes usually forms on thelemndline of the embryo,

and this line is formed by the migration of hemocytes from both the anterior and posterior ends
of the embrydWood et al. 206; Tepass et al. 1994)hereforewe first decided to assess
developmentadlispersaby checking for this line of hemocytes on the ventral embryo. We did
this by fixing and staining controif;crg-GAL4,UASGFP) andrepd?"% (w;;repa®"%crg-
GAL4,UASGFP) 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 ihig kxat
measure of the extent to which the hemocytes had managed to migrate along the midline. When
we did this, we found that hemocytes@pd?’*?mutant embryos could be found in 100% of
segments, which was also true for controls (n=15 and 17 embryos for controépehit?

mutants respectively; p>0.999 via Mawhitney test) (Fig. 3.3 E). We also quantified the

number of hemocytes in the cemtasegments at the VNC in stage 13 embryos (Fig. 3.3 G).

This quantification showed that as well as in stage 15, stagepdf3’°>mutant embryos also

have decreased numbers of hemocytes in this area compared to controls (n=13 embryos for both
controls ad repd*"*?mutants; p<0.0001 via Marwhitneytes) (Fig. 3.3 H). Altogether this

data suggests that fewer hemocytes are reaching the superficial VNC area of the engpyo in
mutantsOne explanatiomay be due to hemocytes being preoccupied by ctpthimincreased
numbers of apoptotic cells elsewhere in these embryos, as apoptosis can be observed from as
early as embryonic stage 11 in DeosophilaCNS (RoguljaOrtmann et al. 2007Hemocytes

also migrate slower irepomutants (see Fig. 3.9), therefore fewer hemocytes may be present on
the VNC at both stage 13 and 15, as thieyply cannot get there as quickly as in contr8lace
hemocytes do not migrate more rapitlign controlsn the absence of apoptosisvans et al.,
2013;seealsofigure 3.10below), itseemdess likely that engulfment restricts migration speeds
per €, though of course larger hemocyteat are full of apoptotic cells astiapomutantsmay

find it more difficult to move through mospatially constricted regionfar example during

entry into the germban@Ratheesh et al. 2015)

47



vy

Hemocytes per um? embryo area

control repo03702

normalised to control
g 2 g
.
VS e
: .
s

o
<]
?

O

number of hemocytes per embryo

o
S
S
;|
.

@
S
S

o

C control repo03702
3 g
& &

150- &

E

ns

| |
: F S
repo03702

%Q\\'
Figure 3.3: Hemocyte numbers on the VNC in stage 15 embryos are reducedépd>"%
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(A) Representative preround stills of GFRabeled hemocytes on the superficial VNC in

control andrepd®"®?mutant stage 15 embryos. (B) Scatterplot of hemocyte densities in stage 15
prewound i mages shown as t Rembrgowaradrmmalizet tothe mo c y
control average. Lines and error bars represent meanzSD; n=23 embryos for controls and n=15
for repd®"®?mutants. (C) crg>redst labeled hemocyte nuclei in controtepdl®’*?mutant

squashed stage 15 embryos embryos, stpthie total number of hemocytes in the embryos.

(D) Scatterplot of the total number of hemocytes per emi§B)dQuantification of the % of
embryonic segments containing hemocytes on the superficial VNC. (F)aBeled hemocytes

in immunostained contra@ndrepd®’*?mutant embryos. (GpFRlabeled hemocytes on the

VNC in immunostained control andpd?’*?mutant stage 13 embryos. (H) Scatterplot of the
number of hemocytes on the VNC in stage 13 embhjoss and error bars represent

mean+SD; n=10 and3lembryos for controls amépd"*?mutants respectively.
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3.2.4 The percentage of hemocytes migrating to wounds is decreasedepo
mutants

As there are decreased numbers of hemocytes in the area of the embryo typically ablated in the
wounding assay, &wanted to assess whether the decreased wound responserspen in
mutants was due simply to there being less hemocytes in the surrounding area. To do this we
made timelapse movies of hemocytes as they responded to wouneisdi’*>mutant
(w;;repd®"®2crq-GAL4,UASGFP) and control ;;crq-GAL4,UASGFP) 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 irepd*"*mutants when compared to controls (n=7 and 9 embryos for controls and
repd?®"*?mutants respectively; p=0.0003 via Mawthitney test; Fig. 3.4 AB). The percentage

of hemocytes that arat or migrate to the wound ttsatbsequently leave was also analysed. We
found that hemocytes iepd*’*?mutants are no more likely to leave the wound than in controls
(n=7 and 9 embryos for controls arepd*’® mutants respectively; p>0.999 via Mawhitney

test; Fig. 3.4 C), suggesting that the decreased wound respeape’i’?mutants is not due to
hemocytes migrating to and then leaving the wound. Together this data suggests that the
defective wound regmses of hemocytes iepomutants 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 possibledhain
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 thtnése responding to

wounds (for example iorg mutants;Chapter 6, Figure 6)4therefore 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 repd®"*?mutants, hemocysecontain on average over double the number of apoptotic corpses
seen in control hemocytes (deigure3.1). We hypothesised that this may induce stress
signalling in hemocytes, which might in turn affect the ability of macrophages to mount an
inflammatoryresponse to wounds. One wiktliown stress signalling pathway is the JNK

pathway, which controls essential cellular processes such as proliferation, apoptosis and
inflammation(Johnson and Nakamura 200Further to this, a study by Weavetsal. 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 B&inute time

period postwounding is reduced inrepd’® mutants

(A) Representative tracks of hemocyte wound responses over 58 minutes from the time of
wounding in control ancepd"*?mutant stage 15 embryos. Coloured lines represent the course
of migration of each hemocyte tracked and coloured dots show the fiitgdpos hemocytes

at 58 minutes postound. (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 analyseafitrot embryos, n=9 farepd?"%?

mutants. (C) Scatterplots of the % of hemocytes present at t=0 minutegopost 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 moviealgsed for control embryos, n=9 fapd*'**mutants.
White dashed ovals represent wound peri meter
statistical significance as determined by MaNhitney test; ***p < 0.001 and ns = not

significant.
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this isrequired for subsequent inflammatory responses to woiidavers et al. 2016T hey
alsoshowed that mostemocytes in stage 14 control embryos have active JNK signalling due to
the engulfment of apoptotic corpg@8eavers et al. 2016) herefore we sought to examine the
activation of JNK signalling in hemocytesrepd*’*’mutants to see whether abnormal
activation might explain their lack of a wound response. To do this we used flies cafREng
eGFP- a JNK signallingransgenigeporter construct that results in GFP expression induction
in cells where JNK signalling is acti¢€hatterjee and Bohmann 201%Yhen we examined
hemocytes in stage Einbryos for active JNK signalling, we found that approximately 3% of
hemocytes exhibit active JNK signalling in control embryed REeGFP;crqgGal4,UAS

nuclear red stinger whereas this increased to around 7%ejpomutants v, TRE
eGFP;rep8®®crg-Gal4,UASnuclear red stingerFig. 3.5 A, B), and although this increase in
the percentage of GHpbsitive hemocytes was only very slight, this was significantly different
from controls (n=16 and 13 embryos for controls eep*"*?mutants respectively; p=0264

via MannWhitney testFig. 3.5 B). As a internalcontrol to confirm thaT REeGFPconstruct

was indeed present and functionally correctly, we examined the dorsal side of the embryo,
where JNK signalling is required for dorsal clos(8&iss et al. 1996Here we found very

strong GFP expression in the most dorsal epithelia in both controépacthutant embryos

(data not shown), confirming that the TREFP construct was functional in these embryos.
Furthermore, Together this data suggests thaiontast to published data (Weavers et al.
2016),JNK signalling is generally not active in hemocytes in stage 15 emangbgery minor
differences in the numbers of JINK positive cells per embryo (a difference of on average only
oneextra JNKpositivecell per embryo) seem unlikely to account for the phenotypes associated

with repolossof-function

ImagingJNK signalling activation in hemocytes during wounding usingiiREeGFP

reporter we assessaslhether hemocytes activate JNK signalling in resedio wounds and
whether this is a preequisite for their inflammatory migrations, which may be perturbed in
repd"%?mutants. In this case tirlapse wounding movies were recorded for 120 minutes
instead of the usual 60 minutes to allow time for GFBetexpressed upon JNK signalling
activation. We were confident that this was enough time to visualise JNK signalling activation
as by 60 minutes pestound GFP expression was observed in the epithelial cells around the
periphery of thRoé)wouwhdi dHiwas 3et ICémel y brig
acts as a further control to ensure that the -ERIEP reporter is functional as it is known that
JNK signalling becomes active in cells at the edge of wounBsasophila(Ramet et al. 2002)
When we observed these tidapse wounding movies we noticed that very few hemocytes
migrating to wounds in control embryos became @BBitive during their response to wounds
over 60 or 120 minutes, and that the same was true for hemocyepsti® mutants (Fig. 3.5

cDé6; ), suggesting that JNK signalling is not
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wounds. We also observed that active JNK signalling in hemocytes prior to wounding does not
preclude migration to wounds, as Gp&sitive hemocys 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 pegjuisite for hemocytes to be able to respond to wounds.
Therefore theepomutant inflammatory rgponse defect is unlikely due to deregulated JNK
signalling in hemocytes.

3.2.6 ROS levels are unaffected irepomutant embryos

Engulfment of apoptotic cells by macrophages has been shown to induce a shift in macrophage
phenotype to a more astiflammatory state, and results in the secretion ofiafitimmatory
cytokines and inhibition of prmflammatory cytokine productiofi/oll et al. 1997; Valerie A.
Fadok et al. 1998; Szondy et al. 201IMerefore, another possible explanation for a decrease in
the inflammatory response of hemocytesapo mutants may be that the enigoent of

increased numbers of apoptotic cells is shifting the phenotype of hemocytes to a more anti
inflammatory state. One important mediatotto$ are Reactive Oxygen Species (ROS), whose
increased presence is associated with the promotion andofunctiof 6 M16 type mac
which are considered to be grdlammatory(Tan et al. 2016)The ROS hydrogen peroxide
(H20,) is also known to be the chemoattractive preduced at wounds that forms a gradient
mediating hemocyte migration to sites of tissue danjigeeira et al. 201Q)therefore changes

in embryo ROS levels may affect the ability of hemocytes to resjporwdunds. With this in

mind we sought to stairepd*"*?mutant (v;;repa®>"°2crq-GAL4,UASnuclear red stingdrand
control {v;;crg-GAL4,UASnuclear red stinggrembryos for ROS. To do this weatthe ROS
indicator Dihydrorhodamine 123 (DHR 12®)stain live, stage 15 embryd3HR 123is

oxidised by ROS within cells, causing itlazaliseto mitochondria antéecomefluorescemn

When the degree of DHR 123 fluorescence in hemocytes on the supstfitaale of th&/NC

was analysed compared tolenyo background levels, we found that these were no different in
repd®"°?embryos when compared to controls (n=9 and 10 embryos analysed for control and
repd®"%?respectively; p=0.905 via MaAWhitney test; Fig. 3.6 A, B). The levels of DHR 123
fluorescace in the background (i.e. levels extracellular to hemocytegpdt’*?mutant

embryos were also no different to controls (n=9 and 10 embryos for contna @t *
respectively; p=0.604 via MaAWhitney test; Fig. 3.6 A, C). This data thereforegasgjs that

the decrease in hemocyte inflammatory responsespimmutants 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 sigalling at the VNC in Drosophila

embryos and i 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; crg>nuclear red stinger) fixed and stained for GFP to label cells
expressing thd REeGFPJNK signalling reporter construct, showing very miaimumbers of

GFP labelled hemocytes in control aepd*’**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 angdpd3"*?mutants respectivelfC and D) Representative pre

wound and 60 minutepestound ( C6 and D6é) stills of nucl e
on the VNC in embryos carrying ti&REeGFPJNK signalling reporter construct, showing that
hemocytes in control ameépd*’*’mutantstage 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 C6 and D©O&.
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Figure 3.6: Hemocyte ROS levels are unchanged iapd®"*?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 embrgpdti’®>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
repd*"*?mutants respectively. (C) Scatterplot of embryo average DHR 123 indicator
background intensity. Lines and error bars represent meameSand 1@&mbryos for

controls andepd?"*?mutants respectively.

Scal e bars repr esent stiaGigniicanca astdeterminedkbg Manm di c a't
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 wotgdiscreased irepo 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 Betdntegin) andrepd*’%?(Fig. 3.7 A), with the

idea that doing so may preveatdwnstreansignallingfrom that particular recept@nd so

rescue inflammatory responsé& double mutant combination test@ug<®;repo®’
(w;crg*C;repo™" crg-GAL4,UASGFP), sclf;repo™’% (w;sclf;repa®®’*%cro-GAL4,UASGFP),
simuf;repo®™% (w;simuf;repo™’% crg-GAL4,UASGFP)andb grepd™?(w ; Liemp™%cro-
GAL4,UASGFP)) was able to rescuepo-dependentw;;repo™’%crg-GAL4,UASGFP)

hemocyte wound responses (Fig B). This suggests that downstream signalling from any one
of these apoptotic cell receptors is unlikely to be responsible for dampening hemocyte
inflammatory responsethough of course removal of clearance receptors may also exacerbate
the problem irrepo 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
apoptoic cell receptor Drpr in these experiments, agdiipe andrepomutations are on the

same chromosome, addspite a large mapping distance between these loci we have been
unable to recovedraper ° repd*"%recombinants, potentially suggesting synthitibality

between the alleles used

3.2.8 p38 MAPK signalling in hemocytes is not responsible for decreased
inflammatory responses inrepomutants

As macrophages fail to migrate normally to sites of tissue damagpdti’®’mutants we
wondered whether this was perhaps due to the decreased ability of hemocytes to prioritise
chemotactic cues. IRrosophilaembryos a hierarchy of cue prioritisation by hemocytes seems
to exist, with apoptotic cells at the top, then developmesmdattractants 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 necrotidex@fed fMLP over

endogenous H8 (Campbell et al. 1997}t 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 sighat) mediating responseto-soal | ed O6end t ar
chemoattractants such as fMLP, whereas PI3K/Akt signhaling mediates the response to

6i nt er me (Heiteet ab 20028imDeosophilaPI3K signalling hadeen shown to be
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Figure 3.7: Removing either of the apoptotic cell receptorSimu, Crg, Scalor b gntegrin

is unable to rescue rep®’*?mutant inflammatory responses

(A) Representative stills of GHRBbeled hemocyte responses to wounds at 60 mipots

wound in control andepd?’*?mutant stage 15 embryos, as welkasLf; repd3’%?

sclrepd®™®?  Lhepo®™%?andcrg“C;repd®’%2double mutants. (B) Scatterplot of hemocyte

wound responses per embryo shoéwonndaeaatth e numb
minutes postvounding normalized to the control average. Lines and error bars represent
meantSD; n=31, 26, 24, 11, 12 and 16 embryos per the above genotypes respectively.

White dashed ovals represent wound perimeter; scale bars re@dsentm; ast er i sks i
statistical significanceompared toepd’*mutantsas determined by KruskaVallis oneway

ANOVA test; ***p < 0.001, **p<0.01, *p<0.05 and ns = not significant.
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Figure 3.8: Hemocytespecific RNAi knockdown of p38a MAPK & unable to rescue

repd®"?mutant hemocyte inflammatory responses

(A) Representative stills of GHRbeled 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 gecifically in hemocytes usingASp38a RNAExpression under the control of ttre-

GAL4 driver(p38a RNA), repd”"“mutants ang38a RNAi;rep&’*?embryos.

(B) Scatterplot of hemocyte wound responses per embryo shown as the number of hemocytes

p e r 2wound area at 60 minutes pegbunding normalized to the control average. Lines and

error bars represent meanzSD; n=13, 17, 6 and 9 embryos per the above genotypes respectively.
White dashed ovals represent wo Lensksingiatei met er
statistical significance as determined by Malhitney test;*p<0.05 and ns = not significant.

required for hemocyte migration to wounds, but not for their developmental migration in
response t®vfs(Wood et al. 2006)As apoptotic cells seem to represamimportant cue for
macrophage migration in tligrosophilaembryo, we hypotbsisel that p38 MAPK signalling is
responsible for determining this hierarchy, and that hemocytepdamutants are utilising p38
MAPK signalling to migrate towards apoptotic cells rather than wounds. To test this, we
reduced the expression of one ok#brosophilap38 MAPK proteins, p38a, specifically in
hemocytes imepd*"*?using RNAimediated knockdown to see whether this was able to rescue
repomutant wound responses. Comparetefud*’*>mutants alonew;;repo™"%crg-
GAL4,UASGFP) p38aRNAi;repd*"*?embryos w;UASp38a RNAI;crqGAL4,UASGFP)

showed similar defects in hemocyte inflammatory responses (n=6 and 9 embmgpsftF?
andp38a RNAi;rep®"respectively; p>0.999 via MarAwhitney test; Fig. 3.8 A, B).
Interestingly, compackto control embryosi;;crq-GAL4,UASGFP), those in whictp38a

RNAiis expressed specifically in hemocytasg38a RNAI;crgGAL4,UASGFP) show a slight

but significant decrease in hemocyte inflammatory responses to wounds (n=13 and 17 embryos
for controlsandp38a RNAembryos respectively; p=0.0313 via Mawfitney test; Fig. 3.8 A,

B). Altogether this data suggests that p38a MAPK is required by hemocytes for their normal
inflammatory responses rosophila,but that p38a MAPK signalling in hemocyteg@po
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 defd@een etal. 2010) we cannot conclusively
conclude that p38 MAPK signalling in hemocytesdépo mutants is not causing hemocyte
inflammatory migrations to be perturbed.

3.2.9 Macrophage basal migration speeds are reducedrepo mutants

In repomutants, 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 repd*’*>mutant embryos

(A) Representative tracks of GHfbeled hemocytes migrating on the superficial VNC over a
30-minute time period in control arrépd?’*?mutants. Coloured lines represent the course of
migration of each hemocyte tracked and coloured daiw $he 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 controtpati®? mutants
respectively.

Scal e bar s rsterskséndiate statikidalsignjficaace as determined by Mann
Whitney test; ****p < 0.0001.
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wanted to see how other essential hemocyte behaviours were affedpdrimutants. One such
behaviour is the ability of hemocytes to migrate around witrerethbryo, a fundamental

aspect of hemocyte function that allows them to perform the vast majority of their essential
roles such adepositing matrix, angatrolling for pathogens and indeed apoptotic cells. It has
previously been shown that the accumulatid apoptotic cells within hemocytes causes their
migration to be slowed, such as in SCAR mut#imashave defects in processing apoptotic cells
once engulfedEvans et al. 2013)and similarly indrpr mutantswhich also seem to have
defects in apoptotic cell processitifyans et al. 2015As hemocytes inrepomutants have
increased numbers of engulfed apoptotic cells, we hypo#tbsistheir migration may be
slowed. To examine this we mad@m®inute timelapse movies of hemocytes migrating on the
superficial surface of the VNC iepd3"*?mutant (v;;repo®’%crg-GAL4,UASGFP) and

control fv;;crg-GAL4,UASGFP) embryos. We then tracked hemocyte migrations using the
manual tracking plugin inif, which allowed us to calculate hemocyte migratipeed<Fig.

3.9). When we did this we found that hemocytes migrsignificantlymore slowlyin repd*"%
mutants when compared to those in control embryos (n=280 and 147 hemocytes for control and
repo®®"%?respectively; p<0.0001 via MaAWhitney test; Fig 3.9). This shows that hemocyte
migration speeds are reducedépomutants, which may be a consequence of their increased

engulfment ofor exposure toapoptotic cells.

3.2.10 Removal of apoptosis rescues macrophage migration speedsejpo
mutants

In order to clarify whether it is indeed increased numbers of apoptotic cetisamutants that
is causing the slowed migration of hemocytes, we sought to remove apfaosisese
embryos to see what effect this would have on hemocyte migration. To do this we used the
genomic deletion mutamf(3L)H99, which removes the three papoptotic genekid, reaper
andgrim and in doing so prevents all apoptosis in the emPiyite et al. 1994)When we
analysed random migration (Fig 3.10, e once again observed that hemocytee o
(w;srp-GAL4,UASGFP/srpGAL4,UASNnuclear red stinger;reg87%) mutants were
significantly slower than those in contra¥;6rp-GAL4,UASGFP/srpGAL4,UASnuclear red
stinge) embryos, and we also found that hemocytd3f{BL)H99 (w;srp-GAL4,UASGFP/srp
GAL4,UASnuclear red stinger;Df(3L)H99embryos migrated at slightly higher spls when
compared to controls (n=6 embryos analysed for both controlB#Bd)H99; p=0.0152; Fig
3.10 B). Most interestingly, we were able to show that by removing apoptosispo mutant
background using thd99 deletion (v;srp-GAL4,UASGFP/srpGAL4JUASNnuclear red
stinger;repd®’%2Df(3L)H99), repomutant hemocyte migration speeds could be partially

rescued (n=9 and 8 embryos fepd*"*?andrepd*’%2 Df(3L)H99 mutants respectively;
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Figure 3.10: Blocking apoptosis using th®f(3L)H99 genomic deletion rescues hemocyte
migration speeds inrepd*"*mutants

(A) Representative tracks of hemocytes migrating on the superficial VNC ovema@te time
period in controlDf(3L)H99, repd*"°?andrepd?’°2Df(3L)H99 mutant embryosColoured

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 enabory@sgbove

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.

Scal e bar s ;astepsksangieate statigi€aksignificance 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 buildp of apoptotic cells irepomutants slows hemocyte migrations, but is
unable to ompletely explain the migratory defect observed. Finally, this data also shows that
hemocyteshathave never come into contact with apoptotic cells migrate at slightly increased
speeds compared to controls. Together this data suggests that theresibla pogelation
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 resctepomutant wound
responses

As theremoval of apoptosis using tld(3L)H99 deletion was able to rescue hemocyte

migration speeds irepd?’*?mutants, we wanted to check whether this was also able to rescue
repd*"°?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 hemocytesaused by them having never engulfed apoptotic f&avers

et al. 2016) To confirm this result and as a control for our experiment, we woubi{8d)H99
(w;srp-GAL4,UASGFP/srpGAL4,UASNnuclear red stinger;Df(3L)H99embryos alongside the
other genotypedVhen we analysed the wound responsef{8L)H99embryos, in contist to
published data, we found that there was no difference in the density of hemocytes at Wounds 6
minutes postvound when compared to controlg;$rp-GAL4,UASGFP/srpGAL4,UAS

nuclear red stinggr(n=15 and 7 embryos for controls abf{3L)H99 mutants respectively;

p=0.630 via ManfWhitney test; Fig. 3.11 A, B). This data suggests that hemocytest deed

to be exposed to apoptotic cells in order to mount a normal inflammatory response as previously
publishedWeavers et al. 2016/A possible explanation for this is that in order to produce flies
with both theDf(3L)H99deletionand therepd®’*?mutation, we had to recombine these two

elements as both are located on chromosome 3. During the processnabiretionit is
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Figure 3.11: Blocking apoptosis using th®f(3L)H99 genomic deletion is unable to rescue
macrophage wound responses at 8finutes postwound in repd*"*’mutants

(A) Representative stills of GFP and nuclear red stinger labeled hemocyte responses to wounds

at 60 minutes posvound in control Df(3L)H99,repd?"%? andrepd”"%’Df(3L)H99 mutant

stage 15 embryos. (B) Scatterplot of hemocyte wound responses per shdsyoas the

number of he?woundarea a 60pninutes pambunding normalized to the

control average. Lines and error bars represent meanzSD; n=15, 7, 9 and 15 embryos per
genotype for the above genotypes respectively.

White dashed ovalsremee nt wound perimeter; scale bars r
statistical significance as determined by MaNhitney test; ns= not significant.
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possible that a second site mutation responsible fguthkshed woungbhenotype in
Df(3L)H99wasremovedor a suppressor mutation generated/recombindd order to address
this, we have wounded and analysed hemocyte inflammatory responses in the original
(unrecombinedpPf(3L)H99line used in the study by Weavetsal.and were also able to obtain
wound response defects as publispd@averst al, 2017; Armitage and Evans, unpublished
data) However, wounding of tradseterozygotes containing this original line and one of two
deletions that also remove the fpoptotic genekid, rpr andgrim (Df(3L)H99/Df(3L)at or
Df(3L)H99/Df(3L)BSC77pdid not produce a wound response defdcinitage and Evans,
unpublished da)aThis supports the idea that a second site mutation contribuites to
Df(3L)H99 publishedphenotypes, but without a molecular lesion this is impostibeove.
However, even using the recombir@f{3L)H99 chromosomave sometimes obseraamild
wound responsdefect(for anexampleseeChapterd, Figure4.13, although it seems likely
that this decreased wound response is due solely to a decrease in hemocyte numbers in the
wounding area iDf(3L)H99embryos, as the percentage of hemocytes that migrate to the
wounrd is always similar to controls.

My analysis also showed that the removing apoptosis feqaf>"?

mutant embryos using the
Df(3L)H99deletion was unable to rescue the wound response defect obsemedritutants
(n=9 and 15 embryos foepd*"*?andrepd*"%2 Df(3L)H99respectively; §0.999 via Mann
Whitney testfig. 3.11 A, B). This suggests that the decreased wound respaepe mutants
is not due to the increased numbers of apoptotic alelfss andthatanother defect unrelated to

apoptosigs sufficient to impair woundesponses.

3.2.12 The percentage of hemocytes responding to wounds&po mutants
cannot be rescued by removing apoptosis

In order to check that the lack of a rescue in wound responsggamutants by the removal of
apoptosis was not due to hemosyigigrating 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 thdapae wounding movies that
migrate to the wound ainy 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 woun@$(BL)H99 embryos {;srp-GAL4,UAS
GFP/srpGAL4,UASnuclear red stinger;Df(3LH199) when compared to controls;érp-
GAL4,UASGFP/srpGAL4,UASNnuclear red stinger this was not statistically significant (n=9
and 4 wounding movies analysed for control BIi(8L)H99embryos respectively; p=0.0545
via MannWhitney test; Fig. 3.12 A). This analysis also showed that, comparaepa®’®?
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Figure 3.12: Blocking apoptosis using th®f(3L)H99 genomic deletion is unable to rescue

the percentage of hemocytes migrating to the wound irepd*"*’mutants

(A-D) Representative tracks of hemocyte wound responses over 58 minutes from the time of
wounding in controlDf(3L)H99,repd?"% andrepd’* Df(3L)H99 mutant stage 15 embryos.
Coloured lines represent the course of migration of each hemocyte trackedl@ured dots

show the final position of hemocytes at 58 minutes-postu N d-D6 Y AGorrespondi n¢
representative stills of GFP and nuclear red stinger labeled hemocyte responses to wounds at 58
minutes postvound in control Df(3L)H99,repd”"% andrepd®’*2Df(3L)H99mutant stage 15

embryos. (E) Scatterplot of the % of hemocytes present at t=0 minutesquoxd who actively

migrate to the wound at any point during the first 58 minutesyosnhding. Lines and error

bars represent meanzSD; n=9, 4rgl 9 movies analysed for each of the above genotypes
respectively. (F) Scatterplots of the % of hemocytes present at t=0 minutegpaost who are

present at and then migrate away from the wound at any point during the above wounding

movie. Lines and eor bars represent mean=SD.

White dashed ovals represent wound peri meter
statistical significance as determined by MaMhitney test; ns = not significant.
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mutants alonew;srp-GAL4,UASGFP/srpGAL4,UASnuclea red stinger;rep8*®3, those in
which apoptosis had been blocked usingRRBL)H99deletion (v;srp-GAL4,UASGFP/srp
GAL4,UASnuclear red stinger;red8’°2Df(3L)H99 had a slightly higher average percentage
of hemocytes responding to wounds, howetles was not significantly different (n=6 and 9
wounding movies analysed feepd"*?andrepd*’® Df(3L)H99 mutants respectively; p=0.171
via MannWhitney test; Fig. 3.12 A). Whilst analysing the wounding movies in this way we
also quantified the peeatage of hemocytes that migrated away from the wound at any point
during the wounding movjas a way of assessing hemocyte retention at wounds. When we did
this we found that although lower, the percentage of hemocytes leaving wolDf3LiyH99
embryos (4.3% * 5.1) was statistically similar to that of controls (15% * 10.1) (n=9 and 4
wounding movies analysed for control dabf{3L)H99embryos respectively; p=0.0560; Fig.
3.12 F). Similarlywe found that the percentage of hemocytes leaving wdands
repd®"°2Df(3L)H99 embryos (14.3% + 11) was similar to tharepd"*>mutants (16% *

16.9) (n= and 6 wounding movies analysepd*"2Df(3L)H99andrepd*"*?mutants
respectively; p>0.999 via MarWhitney test; Fig. 3.12 F).

Together this datauggests that blocking apoptosis irepd?’*?mutant background using the
Df(3L)H99deletion is unable to rescue the percentage of hemocytes migrating to wounds, thus
providing further evidence thaépd3’°*?mutant wound response phenotpyes are duedihan

defect that is unrelated to apoptosis. It also shows once again that there is no defect in hemocyte
retention at wounds irepd?’%?mutants, therefore the wound response defeepd>"*

mutants is likely due to a decreased ability of hemocgtesigrate to wounds. Furthermore, the
recruitment of hemocytes to wounds is normdDf(BL)H99embryos 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 apoptatells 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 thauga build
of apoptotic cells within hemocytes causes their migration speeds to be deetbasedin
addition to data that has already been publi¢kedns et al. 2013)t also reveals that

hemocytes imepomutant embryos have an inflammatory @sge 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 hemasyalong the VNC is slightly disruptedriepo mutants,

with decreased numbers reaching this area.

3.3.1 The use ofepomutants to induce pathological levels of apoptosis

By analysing the clearance of apoptotic cells by hemocytepomutant 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 Shkbtaail, which focused mainly on the ghal
specific defects in apoptotic cell cleararaf repomutantgShklyar et al. 2014)As a result of

this, we were able to confirm that apoptotic cell clearance is perturlbbedamutants and we

are therafre able to useepomutants as a model to study how increased numbers of apoptotic
cells affects macrophage function and behavimwivo. This model is particularly useful to
understand how macrophage function is altered in pathologies associatattreitiséd

numbers of apoptotic cells that are engulfed efficiently by macrophages, such as at sites of

inflammation.

3.3.2 Apoptosisdependent perturbation of hemocyte wandering migration

We found that macrophage migration speedejo mutants were duced (Fig. 3.9) and that

this could be partially rescued by blocking apoptosis in the embrgo3Hi0), suggesting that

the presence of increased numbers of apoptotic cetpomutants contributes to their slowed
migration. This result is in line Wi a previous study in which showed that the accumulation of
apoptotic cells within macrophages causes their migration to be s{&wvauds et al. 2013)
However there are several explanations as to why increased numbers of apoptotic cells may

slow macrophage migrationsiiepo mutants.

Firstly, apoptotic cells within phagosomes may be capable of signalling through receptors for
apoptotic cells and may be actitigreduce 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 macro@ge inflammatory responsesragpomutants, we did not examine whether this

would rescue their migration, therefore thésnains tde tested in future.

Macrophages full of apoptotic cells may also migratee slowlydue to their increased load,
or theymay be simply physically larger which restricts their migration through the tightly
confined space between the epithelium and the Y®@ns et al. 2010A study from asdr
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back as 1966 suggested that the phagocytosis of bacteria or latex beads was able to slow
leukocyte migration speedBryant et al. 1966)Macrophages from a zebrafish model of

lysosomal storage disease are unable to digest phagocytosedimabdgerly which results in a
build-up of undigested lysosomal material and macrophages appear larger with an increased
number of vacuole@Berg et al. 2016)Interestingly, engulfed apopiotcells accumulate in

these macrophages, which slows their general migration and abolishes their ability to migrate to
chemotactic cue@erg et al. 2016)suggesting that increased loadgwritmacrophages

impairs their migration. The increased numbers of phagosomes within macropheges in

mutants may also mean that the amount of cell membrane available for the cellular protrusions
required for cell migrations is decreased, resultinglawed 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 inflammaty responses to be decreased in
repo mutants?

My analysis showed that although hemocyte migration speeds can be partially rescued by
removing apoptosis irepomutants, their inflammatory migrations to wounds cannot.
Therefore, the defective inflammataigsponses observedriepo mutants cannot be explained
by the presence of increased numbers of engulfed apoptotic cells within henooégitdeeir
surroundingsAgain, there are many possible explanations as to why this might be the case.

It is known hat upon wounding of the epithelium@Drosophilaembryos, an instantaneous

wave of calcium travels from the wound, through epithelia, to several rows of cells back from
the wound edgéRazzell et al. 2013)This calcium flash travels thugh epithelial cells via gap
junctions and is required for the production of the wound attrgos, ldnd so disrupting this

wave results in reduced hemocyte inflammatory respqiRaezell et al. 2013)Work in our lab
has shown that, agell as calcium flashes occurring in the ventral epidermis upon wounding of
Drosophilaembryos, 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 i
possible that imepomutants, where glial cell specification is disrupted and they exhibit altered
morphology(Shklyar et al. 2014 )lial cells do not form m@per junctions between each other
and the calcium flash, and subsequend@Hproduction, may be disrupted leading to a
reduction in hemocyte inflammatory responses. Therefore, live calcium imaging in the VNC
upon woundingshouldbe performedn arepomutant backgroundb examine whether this is

disrupted.
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Another explanation may be that the substrate on which hemocytes are migregimg in

mutants may be disrupted. The sealing of the VNC is performed byfmsiore surface glia
which form intercelludr septate junctions to ensheath and insulate the (FglBvabe et al.

2005; Carlson et al. 2000y his cell layer acts as the substrate on which macrophages migrate
on the ventral embryo. repo mutants, the proper specification of glial cells is disrupted and
their phagocytic function and morphology are severely affected, with glial cells hawvingha
reduced voluméShklyar et al. 2014)Thereforethe cell layer ensheahg the VNC may not be
properly formed imepomutants. This is supported by the fact that usually, at late stages of
embryogenesis, macrophagesnotenterthe CNS due to this physical barri@furant et al.

2008; Shklyar et al. 2014In repomutants 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 irepomutants also leads to a reduction in the amount of the
ECM protein Trol on the VNGComber 2014)As chemoattractants are known to activate
integrins which bind to components of the ECM to aid cellular chemdiaxiglanna et al.

2002) it may be that reduced levels of ECM proteingeimo mutants result in a decrease in the
ability of hemocytes to chemotax towards migratory cues such as those emanating from
wounds. Indeedhe ECM component laminin has been shown to be required for the normal
inflammatory recruitment of hemocytes townals inDrosophilaembryos However this is

thought to be due to their slowed migrati{@anchezSanchez et al. 2017} is also known that

the degradation of ECM components bymologaxing cells through the action of matrix
metalloproteinases (MMPs) are involved in creating chemokine gradients by cleaving
chemokines which have bound to ECM componévigs Lint and Libert 2007)The products

of the breakdown of ECM components themselves also have chemotactic psopadibave

been associated with inflammatory conditions suchas CORP® Re i | | y. Tleteforal . 20
it is possible that reduced levels of ECM componentgo mutants alters the pradtion of
chemokine gradients and thus affects hemocyte inflammatory recruitment. Of course, the levels
and expression patterns of other ECM proteins on the VN€pmmutants would first have to

be analysed before this hypothesis could be follewgdathougha genomewide microarray
comparison ofepoand control embryodid in factreveal a significant reduction axpression

of the ECM componergapilin in repomutant embryos (data not shown).

Homozygousepd?"**mutants are embryonic lethal due to defective glial cell fun¢¥aong

et al. 1994) Thereforestress signalling within tissuesfi@pomutants may be increasethich

in turn may affect macrophage functidmm addresshis, we attempted to examine some
common pathways often upgulated in stressed tissues, and found that both JNK signalling
and oxidative stress were not increased in macrophagesdmutants. We also tested whether
a reduction in p38 sigling within macrophages by macrophegpeecific RNAi knockdown of

p38a could rescue the inflammatory responsed mutants. This was originally performed as
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before we showed that removing apoptosis was unable to rescue hemocyte inflammatory
responsesye hypothesised that, as in neutrophils, p38 signalling was involved in the
prioritisation of chemotactic cué€bleit et al. 2002py macrophages which may have explained
the wound response defect. Knockaioof p38 signalling in hemocytes was unable to rescue the
repomutant 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 actigtion in hemocytes is responsible for their inflammatory defects. Hoytaeee

are a range of other stress signalling pathways that could be acting to disrupt hemocyte function
in repomutants, 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 nmgeatio
wounds(Wood et al. 2006)

3.4CONCLUSIONS

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 spatificin 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 daf@&/eavers et al. 2016)ve also show that the engulfment of apoptotic
cells by hemocytes does not seem to be a prerequisite fortdhige able to migrate to sites of

tissue damage.
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Chapter 4: Regul at i
behaviour and funct
cl earance of apoptc

4.1 INTRODUCTION

An important step in the clearance of apoptotic celisesbinding of the phagocyte to the dying

cell through recepteigand interactions. liDrosophilg one such receptor for apoptotic cells

that has been identified &x-micronsunder (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), Jedil and MEGF1@Freeman et al. 2003; Wu et al. 2009; Hamon et al. 2006; Kurant

et al. 2008)and is a homologue of the apoptotic cell receptabitn-1 (Park et al. 2009)Simu

is expressed in all three phagocytic cell typeBiiosophilaembryos: ectodermal cells, glia and
macrophages, andib been shown to bind specifically to apoptotic d&ligant et al. 2008)

More recently, Simu has been shown to bind to phosphatidylserinéSR&yar, LevyAdam,

etal. 2013)awellr e c 0 g n ireeedd sdG egantal e x p o s eidtic celis whidhe s ur f

acts as a ligand for many apoptotic cell recept®egawa and Nagata 2015)

Usingsimunull mutant embryos Kuramit al.were able to show that Simu is required for the
phagocytosis of apoptotic cells by both glia and macrophad@osophilaembryos, and in

such embryos there are greatly increased numbers of apoptotic aefksntiain uncleared by

both macrophages and gltaurant et al. 2008)They were also able to confirm that the overall
morphology and scavenging [@aiour of glia and macrophagessimunull mutants was

normal, but thathese cellsre unable to recognize and engulf apoptotic part{glasant etal.
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 isimf mutants, suggesting that Simu can adi@ts a solublerad tethered

bridging molecule between phagocytes and apoptotic(¢@alisant et al. 2008)Finally, as Simu
lacks an intracellular signalling domain, it is likely to work in concert with oth@eceptors in
order to facilitate the engulfment of apoptotic cells. Kuedrdl. provide evidence that Simu
works upstream of the phagocytic receddoaper in the phagocytosis of apoptotic cells, as
embryos mutant for botsimuanddrpr have similar defects in the clearance of dying cells as
simumutants alonéKurant 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 suotw€grig 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 woubrdgsaphila

(Evans et al. 2015}t has been showhat HO, produced at sites of tissue damage acts as a
migratory cue for macrophag@doreira et al. 2010and that the Src family kinase Src42a is
responsible for macrophage detection of this(&wans et al. 2015Active 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)nterestingly, macrophage Draper expression has been shown to be induced
by the engulfment of apoptotic cells 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 woundéWeavers et al. 2016)

In the previous chapter we showed that macrophages engulf increased numbers of apoptotic
cells inrepomutants, where glialatl phagocytic function is disrupted. By blocking apoptosis in
repomutant embryos we were able to show that this huylef apoptotic cells caused

macrophage migration speeds to be slowed. However, the macrophage inflammatory response
defect observed irepomutants 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 apogtotic cell
affect the function of macrophagisvivo, we sought to further examine how this might be
controlled. We hypothesised that perhaps apoptotic aellsapable of exerting theiif&cts on
macrophage function prior to being engulfed and therefore stmufihtl a way of increasing

the number of uncleared apoptotic cellPiwsophilaembryos. As receptors for apoptotic cells

are required for their engulfment by phagocytes 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 builelp of un-cleared apoptotic cell&urant et al. 2008)Furthermore, as
macrophages superficial to the VNC in Disophilaembryo clear apoptotic dslin 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 ussimumutant embryos as a model tady 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 tisanif homozygous mutant embryos have increased numbers

of uncleared apoptotic cells in the vicinity of macrophages on the fant et al. 2008)
thereforeahead of usingimuf mutants to test the effect of uncleared apoptotic cells on

hemocyte behaviour wigst confirmed these result$o do this control ansimuf mutant

embryos whose hemocytes were labelled usiA§GFP expression under the control of the
hemocyte specificrg-GAL4driver, were fixed and immunostained fdeavedDCP-1 (a

downstream effector caspase cleaved during apof§tsigy et al. 1997}o label apoptotic

cells and also for GFP to visualise hemosyteg. 41 AB6) . The number of un
apoptotic cells surrounding hemocytes on the VNC in stage 15 embryos was then quantified by
counting the number afleavedDCP-1 positive particles that remained untouched by

hemocytes. When comparing the averagmber of untouched apoptotic cells per embryo

between the two genotypes we found 8iatf mutant embryos had 10 times meaticles

than contras (n=7 embryosfor bothcontrol andsimif; p=0.0006via Mann-Whitney test; Fig.

4.1 C), suggesting thatmuf 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 déavedDCP-1 particles found within the hemocytes

the VNC in these embryos. Surprisingly, when engulfment was compared between control and
simu mutantswe found that hemocytes gimu mutants had engulfed over double that of

control hemocytes (n= 6 and 5 embryoscontrol andsimuf 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 enfyapoptotic cells. It is possible that the increased number of

engulfed apoptotic cells observedsimumutant macrophages may be due to defects in
phagosome maturation, as seems to be the case idrpotindcrg mutantgKurant et al.

2008; Evans et al. 2015; Han et al. 20HQwever when considering these two results together

it is obvious that hemocytes simumutants are much less efficient at engulfing apoptetils

than in controls as there is a significant accumulation of apoptotic cells that remain untouched.
Overall, analysis of apoptotic cell clearancsimumutants has revealed that there is an
accumulation of untouched apoptotic cells in these mutantstherefore we can usinu

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 simu? mutants reveals an accumulation of uncleared

apoptotic cells

(A and AO6) Representative projections from c
apoptotic cells (in magenta; DER superficial to the VNC in control arsiimif fixed stage 15

embryos, showing increased numbers of apoptotic cesligritf mutants. Sale bars represent

20em. (B and B6) Zoomed i mages from A and B
cells surrounding hemocytessmfmut ants. Scale bars represent
number of DCPL particles that remain untouched by loegtes in control andimuf mutant

embryos. Lines and error bars represent mean+SD; n=7 embryos analysed for each genotype.
Asterisks indicate statistical significance as determined by Néhitney test; ***p < 0.001

and *p<0.05. (D) Scatterplot of theerage number of DGP particles engulfed per hemocyte,

per embryo (referred to as the O6phagocytic i
mean+SD; n=6 embryos and n=96 hemocytes for controls and n=5 embryos and n=64

hemocytes fosimuf mutants.

4.2 2 Macrophage inflammatory responses to wounds are decreasedsimu

mutants

As we discovered that there are defects in apoptotic cell clearasicetfirmutant embryos, we
wanted to examine whatffectthis might have on the ability of hemocytes to respond to
wounds. To do this we wounded the ventral epithelium of cofmratrg-GAL4,UASGFP) and
simuf mutant embryog$w;simif;crg-GAL4,UASGFP), and examined the density of hemocytes
present at the woursite 60 minutes postounding (Fig. 4.2 A). When we did this we found
that there was a significantly decreased density of hemocytes at wosnusfimutants
compared to control1=23 and15 embryos focontrol andsimif, respectively; p<0.0001 via
MannWhitney tes}, with simumutants showing approximately a 50% decrease (Fig. 4.2 B).
This thereforesuggestshat hemocyte inflammatory responsesimuf mutants are perturbed.

4.2.3simutrans-heterozygotes phenocopgimu mutant wound response

defects

In order toconfirm thatthe wound response defect observesiimf mutants was due
specifically to the mutation in tremugene rather tharother mutationsn thesimif-bearing
chromosomewe wounded embryos which were trdreerozygousor thesimuf mutation and
a genetic deletio)f(2L)BSC253w;simu/ Df(2L)BSC253%rg-GAL4,UASGFP), a deletion of
approximately 180bpetween segments 34E1 to 34F3 that removes the sinivgene . When
we did this and analysed the density of hemocytes at the woumih6es postvounding, we
found that there was\ary similar defect in wound responsesitmuf mutantswith

approximately a 50% reduction in hemocyte wound density compaceatimIs(n=19 and 16
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Figure 4.2: Hemocyte inflammatory migrations to wounds are perturbed irsimu mutants

(A) Representative stills of GHRbelled hemocyte responses to wounds at 60 minutes post

wound in control angdimuf mutant stage 15 embryos. (B) Scatterplot of hemocyte wound
responses per embryo shown ?2wosndardaat 6Gminitese r o f
postwounding normalized to the control average. Lines and error bars represent mean+SD;

n=23 embryos for cdrols and n=16 fosimuf mutants.

White dashed ovals represent wound peri meter
statistical significance as determined by MaNhitney test; ****p < 0.0001.
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Figure 4.3: Hemocyte inflammatory migrations to wainds are perturbed in

simu/deficiency transheterozygotes

(A) Representative stills of GHBRbelled hemocyte responses to wounds at 60 minutes post
wound in controlsimif heterozygoteDf(2L)BSc25Heterozygote ansimuf/Df(2L)BSC253
transheterozyogteaye 15%embryos. (B) Scatterplot of hemocyte wound responses per embryo
shown as t he numb éwound érealatesdminutes pessunding r & m
normalized to the control average. Lines and error bars represent mean+SD; n=19, 20, 19 and
16 embryos foeach of the above genotypes respectively.

White dashed ovals represent wound peri meter
statistical significance as determined by a Kruskallis oneway ANOVA test; ****p <

0.0001, ***p < 0.001 and ns= nsetgnificant.

embryos for control ansimuf/ Df(2L)BSC253espectively; p<0.0001 via Krusk@Vallis

ANOVA with Dunnés mukFig 4.3A B, suggestiny that ths causativet e st ;
mutation is insimuor another gene close byat isalsoremovedby the deficiencyRNAI and

rescue datahownin Figures4.4and4.5providefurther support that the mutationsimuis

responsible fothe defective wound respongkenotypelnterestingly simuappears

haploinsufficient as bothimiuf/+ andDf(2L)BSC258+ heterozygotesxhibit a decrease

wound responses compared to contadtisough the latter is not statistically significgnt19,

20 and 19 embryos for contreimu/+ andDf(2L)BSC258+ respectively; p=0.0002 for

simu/+ and p=0.481 fobf(2L)BSC258+ viaKruskatWa | | i s ANOVA wi th Dunn
comparisons test; Fig. 4.3 A).BSince thesimuf/Df(2L)BSC253ransheterozygotes do not

show a significantstronger wound response defatten compared tsimuf/+ heterozygotes,

we speculate thditeing heterozygous for ttsémtf alleleis enough to produce a strowgund

response defect.

4.2.4simuis required cellautonomously by hemocytes for their normal

inflammatory migrations to wounds

As hemocytes isimuf mutants exhibit a defect in thénflammatory responsés sites of tissue
damage, we wanted to assegrether there is eell autonomous requirement fEimuin

hemocyte responses to wounds. In order to do this, embryos in sumakxpression was
reduced specifically in hemocytes usldgSsimuRNAI(w;UASsimu RNAI;crgGAL4,UAS

GFP) were wounded and hemocyte responses to wounds were quaantifiedmpared to
controls (v;;crg-GAL4,UASGFP) (Fig. 4.4 A, B). At 60 minutes poestounding, the density of
hemocytes at wounds was significantly reduced by approximately 25% when compared to
control embryos (n=13 and 17 embryos for control sirdi RNArespectively; p=0.0003 via
MannWhitney test; Fig. 4.4 A, B). This defect in hemocyteanimatory responses is 25% less
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Figure 4.4: Hemocytespecific RNAiI knockdown ofsimuresults in a wound response

defect

(A) Representative stills of GHRbeled hemocyte responses to wounds at 60 minutes post

wound in control stage 15 embryos and those in wéiitluexpression has been reduced

specifically in hemocytes using RNAi knockdown. (B) Scatterplot of hemocyte wound
responses per embryo shown 2vwosndardaat 6Omimitessr o f
postwounding normalized to the control average. Lines and error bars represent mean+SD;

n=13 embryos for controls and n=17 &MuURNA..

White dashed ovalsrepressmb und peri meter; scale bars repr
statistical significance as determined by Malhitney test; ***p < 0.001.
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severe than that observedsimuf homozygousmbryos, which could possibly be explained by
the incomplete knockdownf simuby RNAI. Alternatively, if the inflammatory defect observed
in simf mutants is due to treccumulatiorof uncleared apoptotic cells caused by the loss of
simuin both glia and hemocytes then perhaps the lossrafsolely in hemocytes causes this
accumulation to be reduced. This seems likely as there is no noticeable accumulation of
apoptotic cells isimu RNAembryos when compared to contr@sata not shown)However,

this data does suggest tlsamu is requiredn partto be expressed by hemocytestheir

normal inflammatory migrations sites oftissue damage.

4.2.5 Reexpression ofsimuin hemocytes partially rescues inflammatory

responses

In order to further validate this result, we also wounsletf mutant embryos in whiceimu
expression had been rescued specifically in hemocytes using the & 4ystem. When
hemocyte inflammatory responses to wounds were quantified we found-eéhgqiression of

simuin hemocytes was able to significantly resemeu mutant wound responsés;simuf,srp-
GAL4,UASnuclear red stinger/sinficrg-GAL4,UASGFP/+ compared tav;simuf,srp-
GAL4,UASnuclear red stinger/sinflJAS-simu/crgGAL4,UASGFP) although this rescue
appears to be relatively weak (n=16 and 18 embryosifimf andsimuf,UASsimurespectively;
p=0.0167 via MariWhitney testfig. 4.5 A, B). Together with the previous result showing that
RNAi-mediatecknockdown ofsimuspecifically 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 simu mutants

As weobserved a reduction in the number of hemoggtesent awounds insimuf mutant
embryosat 60 minutes postrounding we wanted to check that this was not dimeply to a
decrease in the number of hemocyeailableto respondn the vicinity of the woud. To do

this we counted the number of hemocytes present in thequred images and calculated their
density in this area of the embryo. Compasimgf mutants with controls;simif;crg-
GAL4,UASGFP with w;;crg-GAL4,UASGFP), we found that there was bght but significant
decrease (n=23 and 13 embryos for controlsamdf respectively; p=0.04 via Marwhitney
test) in the density of hemocytes pregamrtowoundi ng (Fig. 4.6 A,

severity of the wounding defect is much greatantthe decrease in hemocyte numbers,
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Figure 4.5: Hemocytespecific reexpression of simu insimuw? mutants partially rescues
hemocyte inflammatory responses to wounds

(A) Representative stills of GHRbelled hemocyte responses to wounds at 60 minutes post
wound in control andimuf mutant stage 15 embryos, and in those in whial$simuhas been
expressed specifically in hemocytes in a controlsimif mutant backgrond.

(B) Scatterplot of hemocyte wound responses per embryo shown as the number of hemocytes
p e r 2wound area at 60 minutes pegbunding normalized to the control average. Lines and
error bars represent mean+SD; n=14 embryos for controls, n=LB\Bsimu, n=16 forsimtf

and n=18 fosim;UAS-simu

White dashed ovals represent wound peri meter
statistical significance as determined by Ma#hitney test; *p < 0.05 or ns= not significant.
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Figure 4.6: Hemogte numbers on the VNC and total numbers in embryos

(A and Ad6) Renmpunastills of GERabelledhemocytes on the superficial VNC

in control andsimfmut ant stage 15 embryos. (B and Bd)
GFPlabelled hemocytes on the superficial VNC in control similf fixed stage 13 embryos.

(C and C6) nuclear red sti ngeimdfrhutaitsgudsted he mo
stage 15 embryos embryos, showing the total number of hemocytes in the embryos. (D)
Scatterplot of hemocyte densities in stage 15ymend images shown as the number of

he mocyt &embiyearea rrormalized to the control average. Lines and error bars

represent mean+SD; n=23 embryos for controls and n=18rfaf 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 sintlf mutants respectively. (F) Sterplot of the

total number of hemocytes per embryo. Lines and error bars represent mean+SD; n=10 and 13
embryos for controls arsimif mutants respectively.

Scale bars represent 20em; asterisks -indicat
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 hemocyd@sunmutants 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 nrspkzafic marketJAS

nuclear red stingethat was specifically expressed in hentesyusing the cHpAL4 driver.
Flattening of the embryos then allowed us to count the number of red nuclei in the entire
embryo and therefore the number of hemocitesmuf mutants W;simuf;crg-GAL4,UAS

nuclear red stinggrand controlsw;;crg-GAL4,UASnuclear red stinger( Fi g. 4.6 C, C
Surprisingly, when we did this we found that, compared to control emlsiyog,mutants

contained approximately 20% fewer hemocytes (n=10 and 13 for contrsiratddespectively;
p=0.0055 via MamWhitney testfFig. 4.6 F), suggesting theimumay 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 differencegdrivennuclear

red stingerexpression levels may also cause a reduction in the total number of macrophages
counted. More detailed analysis perhaps using-Bgket microscopy would need to be

performed in order to identify a role feimuin hemocyte specifation 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 Midtage 13 embrypsomparing

controls (v;;crg-GAL4,UASGFP) with simuf mutants W;simuf;crg-GAL4,UASGFP) (Fig. 4.6

B, B6) . By stage 13 of embryonic devel opment
the midline of the ventral embry@epass et al. 1994Vhen we quantified the number of

hemocytes in the central 5 embryonic segments on the ventral midline in stage 13 control and
simuf mutant embryos, we found that there was no significant differ@mde8 and 23 embryos

for control andsimuf respectivelyp=0.145 via ManiWhitney test; Fig. 4.6 E).

Altogether this data suggests that hemocyte numbers on the VNC in stage 15 embryos are
slightly reduced irsimuf mutants, and that there may be a slight reduction in total hemocyte
numbers also, but that fughanalysis would need to be performed in order to confirm this. It is
possible that alteringimuexpression may also alter expression of the apoptotic cell receptor
and hemocytapecific drivercrq. Therefore, as total hemocyte numbers were counted using
marker expression under the control of ¢hg GAL4driver, this may result in an artificial

decrease in hemocyte numbers. A more detailed analysis could be performed using alternative

hemocytespecific drivers such asp or pxn
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4.2.7 The percentagefchemocytes responding to woundssireduced insimu

mutants

In order to rule out that the inflammatory defect observesinmf mutants is not solely due to
decreased numbers of hemocytes at the VNC, we soughatacterise the ability of hemocytes
to respond to wounds in more detdib do this we made timapse movies of hemocytes as

they responded to woundssimu mutant v;simuf;crg-GAL4,UASGFP) and control embryos
(w;;crq-GAL4,UASGFP) 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
woundsin simuf mutants (Fig. 4.7 C). This shows that although there are slightly fewer
hemocytes in the wound vicinity Bimumutants, a significantly decreased proportion of these
are able to migrate to wounds (n=7 and 9 embryos for contradianfirespectiely; p=0.0006

via MannWhitney 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, @nq mutants $ee ChapteB, 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 hemosiyes in
mutants have a reduced liiito respond to sites of tissue damage.

4.2.8 Macrophage JNK signalling is normal irsimu mutants

A study by Weaverst al. showed that JNK signalling withiDrosophilaembryonic hemocytes

is required for their inflammatory responses to wounds, awsslowed that most hemocytes in
stage 14 control embryos have active JNK signalling due to the engulfment of apoptotic corpses
(Weavers et al. 2016As shown in the previous chap{€hapters, Figure3.5), we found that

control stage 15 embryos carrying the FR&FP JNK signalling reporter constr€hatterjee

and Bohmann 2012)pntained very few GFPositive hemocytes, showing that few hemocytes

on the VNC had active JNK signalling. In the previous chapter we@lsalthat hemocytes do
notseem taequire active JNK signalling in order tespond 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 hemocytg\fdéavers et al.
2016)and that JNK could equally activate stress signalling in the enfdojmson and
Nakamura 2007that might also affet hemocyte behaviour, wavestigated JNK signalling in a

simuf mutant backgroundherefore ¢ address whethdéremocyte JNK signalling activation
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Figure 4.7: The percentage of hemocytes migrating to wounds during the B&inute time

period postwounding is reduced insimw? mutants

(A) Representative tracks of hemocyte wound responses over 58 minutes from the time of
wounding in control andimuf 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 posivound. (B) Corresponding stills of GH&belled hemocytes at wounds 58
minutes postvounding in control angdimuf embryos. (C) Scatterplot of the % of hemocytes
present at t=0 minutes pegsbund 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 fosimuf mutars.

White dashed ovals represent wound peri meter
statistical significance as determined by Malhitney test; ***p < 0.001.

o)

% GFP-positive hemocytes
H

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 leddtd expressing thEREeGFPINK
signalling reporter construct, showing very minimal numbers of GFP labelled hemocytes in
control andsimuf mutants. (B) Quantification of the percentage of hemocytes on the VNC in
stage 15 embryos with active JNK signailiibata represented as mean+SD; n=16 and 14
embryos for controls angimuf mutants respectively. Control data is the same as in Fig. 3.5,
Chapter 3 as these experiments were carried out in parallel.

Scale barsrepresent B0n; a st er i s k g significdnicecaa determised bytMarmt i ¢ a

Whitney test; **p < 0.01.
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was abnormal isimuf mutant embryos, we compared JNK activatiosimu mutant(w; TRE
eGFP,sim&crq-GAL4,UASnucIear red stinggrand controlw; TREeGFP;crgGAL4,UAS
nuclear red stinggrembryos(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 hemocytesve found thasimuf mutants contained slightly fewer hemocytes with
activeJNK signalling than in control$1€16 and 14 embryos for control asignif respectively
p=0004via MannWhitney testFig. 4.8 B). However, as GHpbsitive hemocytes only made

up about 3% of the total hemocytes on the VNC in control embryos, and thisduagsd by

2.5% insimuf mutants, itseemsunlikely that this difference would explain the 50% decrease in

hemocyte wound responses observesinmf mutants.

4.2.9 Macrophage ROS levels are decreasedsimu mutants

As in the previous chapter, we hypesised that the decrease in inflammatory responses of
hemocytes irsimuf 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 macrophagelarisation(Tan et al. 2016)we further hypothesised that hemocyte

ROS levels may be alteredsimif mutants. Furthermore, changes in ROS levessnm

mutant embryos may alter the ability of hemocytes to respond to woasthe ROS 4, is

the chemotactic signal produced at woufidsreira et al. 2010)To examine ROS levels in

embryos simuf mutant(w;simuf;crg-GAL4,UASnuclear red stinggrand contro(w;;crg-
GAL4,UASnuclear red stingerembryos were treated with the ROS indicator

Dihydrorhodamine 123 (DHR 123), which is oxidised by ROS within cells, causing it to
localiseto mitochondria and produce green fluorescence (Fig. 4.9 A). When the degid®R of D
123 fluorescence in hemocytes on the superfitieiace of th&/NC was analysed compared to
embryo background levels, we found that this was significantly decreasmofrmutant

hemocytes when compared to controés and 10 embryos for control asiinif respectively
p=0.001via MannWhitney testFig. 4.9 A, B). However the overall levels of DHR 123
fluorescence in the background (i.e. levels extracellular to hemocytsis)bimutant embryos

was no different to control$£9 and 11 embryos fooatrol andsimuf respectivelyp=0.604

via MannWhitney test; Fig. 4.9 A, C). Interestingly, this data suggests that hemocyte ROS
levels are reduced Bimuf mutants, but that the levels of ROS extracellular to hemocytes in
embryos are no different to cools. Decreased ROS levels in hemocytesinmf mutants

represent a potential mechanism to explain the reduced inflammatory responses of hemocytes in
simfmut ants, as reduced macrophage ROS -product

inflammatory maasphagegTan et al. 2016)
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Figure 4.9: Hemocyte ROS levels are decreasedsimu? 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 embsymificonpared 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 constafand
mutants respectively. (C) Scatterplot of embryo average D23Rridicator background

intensity. Lines and error bars represent mean+SD; n=9 and 11 embryos for contsitstand
mutants respectively. Control data is the same as in Fig. 3.6, Chapter 3 as these experiments
were carried out in parallel.

Scale bars repsent 100 m; asterisks indicate stati-stical
Whitney test; ***p < 0.001 and ns= not significant.
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4.2.10 Macrophage basal migration speeds are decreasedimu mutants

In repd®"*?mutant embryos where there is a buifglof apoptotic cells inside hemocytes, we
observed that hemocytes migrate a lot more slowly than in control emktyaptér3, Fig.

3.9). Thereforewe wanted to see whether an accumulation of apoptotic cells that remained
mostly unengulfed, as is thessainsimuf mutants, was also able to affect hemocyte migration
speeds. To do this we tracked the basal migrations of hemocytes in ¢onoa-GAL4,UAS

GFP) andsimuf mutant embryosw;simif;crg-GAL4,UASGFP) over a 60minute time period

using the Fijimanual tracking plugn, and then calculated their average migration speeds (Fig.
4.10 A-C). Insimuf 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
andsimu mutants respectively; p=0.0003 via Mawtitney test; Fig. 4.10 A, B), suggesting

tha Simu is required for normal hemocyte migration spee@asophilaembryos. These

slower migration speeds are unlikely to explain the wound response defgatfimutants as

in mysmutant embryos, where macrophage migration speeds are significamtgdshemocyte
numbers at wounds éfinute postwounding are normdlComber et al. 2013)n the previous
chapter we showed that defects in apoptotic cell clearance reduce hemocyte migrations speeds
(Fig. 3.9), and this has also previously been demonstrae@AtRmutantgEvans et al.
2013)Therefore it is possible that the builg of apoptotic cellsnisimuf mutants is causing

migration speeds to be reduced.

4.2.11 Simu is not required cetautonomously by hemocytes for their

general migratory behaviour

In order to examine whether Simu is required-aationomously in hemocytes for their normal
migration, we performed RNAinediated knockdown ofsimuspecifically in hemocytes by
expressingJASsimu RNAunder the control of therg-GAL4driver, and examined hemocyte
migrations in these embryds; UASsimu RNAI;crgGAL4,UASGFP) compared to controls
(w;;crq-GAL4,UASGFP). After calculating average hemocygeedsspreviously we found
that there was no difference betwdxasal migration speeds @ontrolembryos and embryos in
which hemocytes expressed a RNAI consttagetingsimu(n= 8 and 10 enmyos for control
andsimu RNArespectively; p=0.408 via MarAWhitney test; Fig. 4.11 A, B). Therefore it is
likely that Simu is not required cedutonomously in hemocytes for them to migrate at hormal
speeds. However, as discussed previously, RNAI krevgkdbfsimuin hemocytes may be
incomplete, resulting in low levels simuexpression that may be sufficient for normal

macrophage migration.

90



A control

oo
i
M

N
o
1
w
1

#

embryo average hemocyte
velocity (um/min)
2
B
Hemocyte Velocity (um/min)
o
®
%
L ]
o

o

o
(&)
1
-——
1

o
o

Figure 4.10: Hemocytes migrate at reduced speedssimu’ mutants

(A) Representative tracks of hemocytes migrating on the superficial VNC ovema@te time

period in control andimuf mutants. Coloured lines represent the course of migration of each
hemocyte tracked and coloured dots show the final position of hésso¢B) Scatterplot of

embryo average hemocyte migration speeds. Lines and error bar represent meanzSD; n=7 and 8
embryos for controls areimuf mutants respectively. (C) Scatterplot of the mean migration

speeds of individual hemocytes. Lines and erros bepresent mean+SD; n=90 and 78

hemocytes tracked for controls asichtf mutants respectively.

Scale bars represent 20em; asterisks -indicat
Whitney test; ***p < 0.001 and ****p < 0.0001.
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Figure 4.11: Macrophagespecific RNAi knockdown ofsimuhas no affect on macrophage
migration speeds

(A) Representative tracks of hemocytes migrating on the superficial VNC ovema6te time
period in control stage 15 embryos and those in wiiitluexpression 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 migratioeegs. Lines and error bar represent mean+SD; n=8

and 10 embryos for controls asiinu RNArespectively. (C) Scatterplot of the mean migration
speeds of individual hemocytes. Lines and error bars represent mean+SD; n=97 and 84
hemocytes tracked for contrahd simu RNAi embryos respectively.

Scale bars represent 20&em; s t-Whitnegtest;msamot si gni
significant.
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Together this data suggests that Simu expression must be completely lost in the entire embryo in
order to affechemocyte migration. | hypothesise that this is becausiend 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 thisipuhdt causes hemocyte
migrations to be slowed. However, whe&muexpression is knockedown specifically in

hemocytes, glial cells are presumably still able to clear apoptotic cells efficiently and there may
be a reduction in the accumulatiohuncleared apoptotic cells, which seems likely as there is

no noticeable aconulation of apoptotic cells isimu RNAEmbryos whermompared to controls

(data not shown Therefore it is possible that the accumulation of apoptotic cedisin

mutants causes hemocyte migration speeds to be decreased.

4.2.12 Removal of apoptosigescuessimu mutant hemocyte migration speeds

As we hypothesised that the build up of apoptotic celsrmf mutants may be causing

hemocyte migration speeds to be reduced, we sought to remove apoptosisrtomutant

embryos using the widelysedDf(3L)H99genomic deletion as described in the previous

chapter, which blocks atlevelopmentahpoptosis in the embry@Vhite et al. 1994)Time-

lapse movies were then made of hemocytes labelled using@FSexpression under the

control of crgGAL4 migrating on the VNC at stage 159imuf mutant embryo$w;simuf;crg-
GAL4,UASGFP) and insimumutant embryos that also had D&3L)H99 defidency
(w;simuf;Df(3L)H99,craGAL4,UASGFP), to see whether removing apoptosis might rescue the
slowed migration of hemocytes seersimf mutants. After tracking and analysing their

migration we found that hemocytessimuf; Df(3L)H99 embryos did indeed igrate at

significantly higher speeds than thoseimu mutants =8 and 10 embryos faimif and

simuf; Df(3L)H99 respectivelyp=0.0062 via MariWhitney testFigure 4.12 A, B). We were

also able to show that hemocyte©if3L)H99 embryos(w;;Df(3L)H99,cra GAL4,UASGFP)

migrate at similar velocities to those in contrpls;crg-GAL4,UASGFP), indicating that

removing apoptosis does not affect hemocyte migration speeds (n=7 and 9 embryos for control
andDf(3L)H99respectively; p=0.252 via MarAWhitney; Fig. 4.12 A, B). Together this data
suggests that it is the increased numbers of apoptotic csllmifimutants that causes

hemocytes to migrate more slowly, thus providing further evidence that apoptotic cells are able

to alter the migratiof hemocytesn vivo.
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Figure 4.12: Blocking apoptosis using th®f(3L)H99 genomic deletion rescues

macrophage migration speeds isimu? mutants

(A) Representative tracks of hemocytes migrating on the superficial VNC ovema@te time

period in controlDf(3L)H99,simif, andsimuf mutant stage 15 embryos.. Coloured lines

represent the course of migration of each hemocyte tracked and colotgstiale 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 meaynation 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 20em; asterisydManni ndi cat
Whitney test; **p < 0.01, ***p < 0.0001 and ns= not significant.

4.2.13 Removal of apoptosis isimu mutants is unable to rescue hemocyte

wound responses at 60 minutes poestound

In light of the previous result, we then sought to test whether removing apoptsisisfin
mutants was also able to rescue hemocyte inflammatory response.dajestamine this we
wounded bottsimif mutants W;simuf;crg-GAL4,UASGFP) andsimuf;Df(3L)H99double
mutants(w;simuf; Df(3L)H99,crqGAL4,UASGFP), analyiéng hemocyte density at wounds 60
minutes postvounding (Fig 4.13). We found thsimuf; Df(3L)H99 hemocytewounddensities
were similar and not significantly different to thosesimif mutantsalone (=18 and 19
embryos forsimuf andsimuf; Df(3L)H99 respectively p=0.298via MannWhitney testFig 4.13
A, B). As perprevious publications there was a mild impairment of the inflammatory response
in Df(3L)H99homozygotegompared to control=22 and 26 for control aridf(3L)H99
respectively p=0.0387via MannWhitney testFig. 4.14 A, B\Weavers et al. 201))These
resultssuggest that it is not apoptotic cellssimuf mutants that are causing hemocyte
migrations to wounds to be perturbed, at least by this form of anaysig)atremoval of
apoptotic cells does not rescue responses ever tevkl ofmildly-affectedDf(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 responsasmimutants by the removal
of apoptosis was not due to differences in hemocyte numbers in the surrounding area, we also

analysed prevound hemocyte densities as previously. We foundabaipared t@imuf
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Figure 4.13: Blocking apoptosis using th®f(3L)H99 genomic deletion is unable to rescue
macrophage wound responses at 8finutes postwound in simu? mutants

(A) Representative stills of GHRbelled hemocyte responses to woundOatinutes post

wound in controlDf(3L)H99,simuf, andsimuf;Df(3L)H99 mutant stage 15 embryos. (B)

Scatterplot of hemocyte wound responses per embryo shown as the number of hemocytes per

€ rhwound area at 60 minutes pegbunding 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 barsrepret 20em; asteri sl
statistical significance as determined by Malhitney test; *p < 0.05 and ns= not significant.
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Figure 4.14: Blocking apoptosis using th®f(3L)H99 genomic deletion is unable to rescue
pre-wound macrophage numbers irsimu? mutants

(A) Representative preround stills of GFHabelled hemocytes on the superficial VNC in

control, Df(3L)H99, simif, andsimuf; Df(3L)H99 mutant stage 15 embryos. (B) Scatterplot of
hemocyte densities in stage 154areund images shown asthe numbefr h e moc y¥’t es pe
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 20¢em; eaasdeterminesd kydMaanndi c at
Whitney test; ****p < 0.0001 and ns= not significant.

mutants alonew;simuf;crg-GAL4,UASGFP) those in which apoptosis had been blocked using
the Df(3L)H99genomic deletionvy;simuf;Df(3L)H99,crqGAL4,UASGFP) had similar

numbers of hemocytes in the ps@und images (n=23 embryos for bsimuf and
simu;Df(3L)H99; p=0.0952 via MaruWhitney test; Fig. 4.14 A, B). Therefore it is unlikely
that the lack of rescue in inflammatory responses is not down to thegeféeer hemocytes in
simu;Df(3L)H99 embryos Surprisingly we also found that, when compared to controls
(w;;crg-GAL4,UASGFP), Df(3L)H99embryos \;;Df(3L)H99,cra GAL4,UASGFP) have
decreased hemocyte densities in this ane23 and 18 embryos for coat andDf(3L)H99
respectivelyp<0.0001 via ManWhitney testFig. 4.14 A, B). This suggests that the slight
wound response defect seerbif{3L)H99embryos may be due to a reduction in the number of

hemocytes in the surrounding area.

4.2.15 The percetage of hemocytes that migrate to the wound is partially

rescued by removing apoptosis isimu mutants

Whilst examining the timéapse wounding movies taken as part of the wounding assay, we
noticed that hemocyte responses to woundsnmf; Df(3L)H99 double musnt embryos seemed
more pronounced than thosesimuf mutants: it seemed as though the initial migration of
hemocytes to wounds 8imuf; Df(3L)H99 mutants might be more effective tharsimif
mutants. Therefore to examine this further the peeage of hemocytes present in the first time
frame of the timdapse wounding movies that migrate to the wound at any point during the
movie was analysed (termed % responders). Interestingljound that the percentage of
hemocytes responding to woundssimuf; Df(3L)H99 embryos was significantly higher than in
simuf mutant embryosn=25 and 18 embryos faimuf andsimuf; Df(3L)H99 respectively
p=0.0190 via ManiWhitney testFig 4.15 A, B). This result was particularly interesting as it
suggested that hemocytessimif mutants lacking apoptosis were better able to respond to

wounds than those simuf mutants To determine whether the slight wound response defect
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Figure 4.15: Blocking apoptosis using th®f(3L)H99 genomic deletion rescues the

percentage of hemocytes migrating to wounds during the @@inute time period post

wounding in simu? mutants

(A) Representative tracks of hemocyte wound responses over 5&sirarm the time of

wounding in controlPf(3L)H99,simif, andsimuf mutant stage 15 embryos. Coloured lines
represent the course of migration of each hemocyte tracked. (B) Corresponding representative
stills of GFRIabelled hemocyte responses to wounds8amninutes posivound in control,
Df(3L)H99,simuf, andsimuf;Df(3L)H99 mutant stage 15 embryos. (C) Scatterplot of the % of
hemocytes present at t=0 minutes pestind who actively migrate to the wound at any point
during the wounding movie. Lines anda@rbars 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 pestind who migrate away from the wound at any point
during the wounding mae. 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 h e2woundarea a speciied tingEimts in minutes postounding.

Data points ad 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 ManiVhitney (B and D) or by KruskalWallis oneway ANOVA test (C); *p

< 0.05, **p < 0.01 and ns=not significant.

observed irDf(3L)H99 embryos was due simply to decreased numbers of hemocytes in the
wounding area, we also examined the % of hemocytes migrating to woubff8lijH99

embryos compared to controls. This analysis showed that the % of hemocytes responding to
wounds inDf(3L)H99 was no different to controls (n=18 and 27 embryos for control and

Df(3L)H99 respectively; p=0.796 via MaAWhitney test; Fig. 4.15 A, Byuggesting

hemocytes iDf(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 slirepancy between hemocyte numbers at the wound at 60 minutes and
the percentage respondersimuf; Df(3L)H99 embryos may be that hemocytes are leaving the
wound, a process ter me dnemergng imdainthe fieldof, at a h
inflammation is that resolution is controlled, at least in part, by retention sifiMaigshargh et

al. 2016) In light of thisand our own observations of hemocyte behaviour at wouvelalso
examined the percentage of hemocytes that migrated away from the wound at any point during
the wouring movie as a way of assessing hemocyte retention at wounds. We found that in
simuf mutants a greater percentage of hemocytes leave the wound during the 60 miRute time
frame postwound when compared to controls (n=18 and 25 for contreimatdespectively;
p=0.0465 via KruskalWallis 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
simuf; Df(BL)H99 embryos (n=27 and 18 embryos f@i(3L)H99 andsimuf; Df(3L)H99

respectively; p=0.0015 via Krusk#/allis ANOVA; Fig 4.15 C).

101



Together this suggests that, regardless of the levels of apoptosis present, hemeiytés in
mutant embryos do indeed have defects in their retention at wdorms knowledge this

the first time that a gene has been shown to be involved in hemocyte retention at wounds in
Drosophilaembryos

In order to gain a better understanding of how hemocytes respond to wosimde mutants,

and how this is affected by the removabpbptosis, 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 atdi@ute intervals thereafter up to and
including 60minutes postvounding. In contrast to published ddi&eavers et al. 2016)his
analysis showed that the pattern ofrfoeyte wound recruitment over timei(3L)H99

embryos is almost identical to controls, suggesting that there is no defect in hemocyte wound
recruitment over time iDf(3L)H99 embryos. Irsimuf mutants however, there is an extremely
minimal increase in hemocyte densities over time (Fig. 4.14 D), however when apoptosis is
removed insimuf mutants $imuf; Df(3L)H99), there is significantly increased hemocyte
recruitment compared ®mu mutants at 20, 3@L0 and 50 minutes pestound (Fig. 4.14 D).

Taken together, this analysis suggests that hemocyte recruitment to wounds is improved in
simuf mutants when apoptosis is blocked, suggesting that to some extent, apoptotic cells play a
role in preventing henaytes from migrating to wounds gimu mutants. However, hemocyte
recruitment insimuf; 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
intracdlular signalling domair{Kurant et al. 2008it is not possible for Simu to act alone as a
receptor for wounds, however it may work in concert witiher damage receptors, the only

known one of which is Drapg€Evans et al. 2015Altogether this data shows that there is no
defect in hemocyte wound recruitment over tim®iBL)H99 embryos when compared to

controls.

4.2.16 Simu may act in a separate pathway to Draper duringemocyte

inflammatory responses

It has previously been reported that Simu acts upstream of Draper in the same genetic pathway
during glial phagocytosis of apoptotic cgliGurant et al. 2008)As it is known that Draper is

required ceHautonomously by hemocytes for their inflammatory responses to wounds in
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Figure 4.16: Wound phenotypes osimu?;drpr®°double mutants compared tasimu? and
drpr®Ssingle mutants

(A) Representative stills airp-GMA labelled hemocyte responses to wounds at 60 minutes
postwound in controlsimif, drpr®°andsimuf;drpr®°double mutant stage 15 embryos.
Manually drawn red dots indicate the location of hemocyteboelies to aid in identifying
individual hemocyteqB) Scatterplot of hemocyte wound responses per embryo shown as the
number of heiwoundarea & 60pninutes pasbunding normalised to the

control average. Lines and error bars represent 882am=23, 18, 21 and 19 embryos per
genotype for the above genotypes respectively.

White dashed ovals represent wound p
statistical significance as determined by Kruskalllis oneway ANOVA withD u n n
multiple comparison test; *p < 0.05 and ns= not significant.

i meter
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Drosophila(Evans et al. 2015)ve 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 bosimu anddrpr®® (w;simuf,p{srp-GMA}; drpr®j and compared

hemocyte inflammatory responses with thossiwitf (w;simuf,p{srp-GMA}) anddrpr®®
(w;p{srp-GMA}; drpr®j single mutant embryos as well as conti@sp{srp-GMA}) (Fig. 4.16

A, B). Firstly, this anajsis showed that the wound response defesinimf mutants is no more
severe than that ofrpr®®mutants (n=18 and 21 embryos &muf anddrpr®Srespectively;

p=0.315 via KruskaWallis ANOVA; Fig. 4.16 A, B). It also revealed that the wound response

in simf;drpr®°double mutants was slightly decreased when compagthtd mutants alone

(n=21 and 19 embryos feimuf andsimuf;drpr®°respectively; p=0.0177 via Krusk#Vallis

ANOVA) but that this was not the case comparedr®°mutants (n=18 and 1€mbryos for
drpr®andsimif;drpr®respectively; p=0.8578 via Krusk#Vallis 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 thedvw@sponse defect in

simuf;drpr®3s no different tadrpr®Smutants, 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 woursisnif 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 Caspes@asitive/apoptotic

cells can seldom be found at the wound, at least during the 60 minutes after the wound has been
induced(AbreuBlanco 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

104



Df(3L)H99

simu2;Df(3L)H99

Df(3L)H99

simu RNAi;Df(3L)H99

(@)

embryo average vacuole
number at wounds
IS o
i ]
..—h|

O

embryo average vacuole
number at wounds
H

Figure 4.17: Simu is regiired in hemocytes for normal levels of hemocyte vacuolation at

wounds

(A and B) Representative individual slices from stills of @&lfelled hemocytes at wounds in
hemocytes.
sections of images from A and B demonstrating the decreased vacuolation of hemocytes at
wounds insimuf;Df(3L)H99 mutants or embryos in whigimuexpression has been reduced
specifically in hemocytes by RNAnediated knockdown in &f(3L)H99 background YAS

simu RNAI;Df(3L)H9Y, compared to their respectiié(3L)H99 controls. Scale bars represent
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minute postwounding per embryo. Lines and error bars represent mearfx5d1 and 9
embryos foDf(3L)H99andsimuf;Df(3L)H99 respectively; (D) n=10 and 9 embryos for
Df(3L)H99andUASsimu RNAI;Df(3L)H99espectively.
White dashed ovals represent wound perimeter; asterisks indicate statistical significance as
determined byMannWhitney test; ****p < 00001
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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 signat 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 witd(BL)H99embryos are wounded, hemocytes

at the wound become highly vacuolated. Therefore as wounds inidueedbryos are sterile,

the vacuolation seen in hemocytes at wound$9@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 #ntocytes present at the wound anGiutes post

wound inDf(3L)H99 andsimuf; 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 shed that, compared to hemocytes at wound3f{BL)H99 embryos,
those insimuf; Df(3L)H99 embryos contained significantly fewer vacuolesi(l and 9 embryos
for Df(3L)H99 andsimif; Df(3L)H99 respectively; p<0.0001 via MadWhitney 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 bnecrotic cells in addition to apoptotic cells.

In order to assess whether Simu is requiredagibnomously in hemocyte engulfment of

cellular debris at wounds, the vacuolation of hemocytes at wouf§3h)H99 embryos and

in those in which RNAmedated knockdown o$§imuhad been performed specifically in

hemocytes in ®f(3L)H99 background was analysed. As before, hemocytes at wounds in
Df(3LJH99e mbr yos wer e highly vacuolhavewrdwo(n&i g. 4.
hemocytes contained suastially fewer vacuoles Df(3L)H99embryos in whicthemocyte

simuwas targeted bRNAi(n=10 and 9 embryos f@f(3L)H99 andsimu RNAI;Df(3L)H99
respectively; p<0.0001 via Maniwhitney testFig. 4.17 DF). This suggests that Simu is

requiredcell-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 migrationsimulossof-functionmutant embryos showed
that macrophage migrati@peedsvere reduced (Fig. 4.10), but that Simasnot required cell
autonomously for normal hemocyte migrations (Fig. 4.11). By blocking apoptasiain
mutants using thBf(3L)H99 genomic deletion that removes the threegpoptotic genekid,
grim andreaper(White et al. 1994jt waspossibleto show that this slowed migration was
indeed due to apoptotielts, be it directly or indirectlyas their removal resulted in a rescue of
macrophage migratiospeedgFig. 4.12). Macrophages simumutants also showed a reduced
ability to migrate to sites of tissue damagedefect that could be partially improvied

blocking apoptosis in the embryo. Therefore it is clear that apoptotic cells disrupt hemocyte
migratory behaviouin vivo, however the mechanisms by which they do so are yet to be
discovered.

There are many potential hypotheses as to how apopttti@affect macrophage migratory
behaviour. Firstly, it may well be the case
med cues t hat aorantagoaiging tydicahacoophage migrations.\s

hemocytes isimumutants seem to becorsarrounded 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
migrationmay be stalling. Some evidence for this kind of behaviour comes from a study using
Dictyostelium discoideunin which the migratory speed of cells were slowed when the cells

were exposed to chemotactic gradients which were quickly being altered bothyspadia
temporally, | eadi ng t eievétalt20lil)bhagalsebednishownc e | |
that hemocytes have a hierarchical response to chemotactic cue®msbphilaembryo, with
apoptotic cells seemingly placed at the top of the hierarchy followed by development migration
cues and finally wound chemoattractaiieoreira et al. 2010)Therefore, as uncleared

apoptotic cells accumulate in the area surrounding hemocysasiimutants (Fig. 4.1), it may

be that they are being inundated with the Hinel cues being released by apoptotic cells, and are
prioritising these over those diffusing from the wound. Howetverse hypotheses would be

difficult to test as the finane cues released by apoptotic cell®msophilaremain to be

identified (see Chapter)5therefore blocking thems not currently feasibléA possible

experiment to test the role of fimde cuesn modulating macrophage migratory behaviour

would be to inject embryos with known vertebrate find cues such as the nucleotides ATP
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and UTP, sphingosing&-phosphate and lysophosphatidylchol{idliott et al. 2009; Gude et al.
2008; Lauberetal. 2003) whi ch have the p-aoneént Dafsphian al so
This approach is explored in Chapter 5.

In simumutants, 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 performedhytageptosis was
induced throughout the embryo by heat treating embryos catngighockhid genomic

construct (Armitage and Evans, unpublished data). These embryos were then wounded at a
time-point after caspase activatidsut 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 apoptic cells dampen macrophage inflammatory responses. Therefore, it is possible
that uncleared apoptotic cellssimumutants are capable of dampening hemocyte inflammatory
responses, but the increased engulfment of apoptotic cells in these mutant®eanteat 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. 2013ps does the buildp of apoptotic cell material in macrophages from a
zebrafish model of lysosomal disord€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 IlA to the front of thé@edlbaud et

al. 2015) Together, this provides evidence that phagocyte migration can be slowed during the
process of phagocytosis and also by the bufiaf apoptotic cells within hemocytes, two

potential explanations as to why macrophaggramory behaviour may be perturbedsimu

mutants.

Another explanation is that macrophagesimumutants may be in contact with apoptotic cells
through binding of other apoptotic cell receptors such as Draper, Croquemort, Scabrar Beta
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 hemocytesteacellularly, may

be inducing downstream signalling from apoptotic cell receptors, which may perturb their

migratory behaviour. In order to examine whether hemeagtgptotic cell interactions may be
important in the suppression of hemocyte immune mresg®) an attempt was made to block so

cal |l ende 66 essitgnal s on the surface apoptotic cel
hemocytes. The most walharacterised eahe signal exposed on the surface of apoptotic cells

is phosphatidylserine (P$$egawa and Nagata 201&hich has been shown to be a ligand for
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both Simu and Draper and may wdB@be a ligand for the other known apoptotic cell
receptors irbrosophila(Shklyar, LevyAdam, et al. 2013; Tung et al. 2013herefore

AnnexinV, a prota that binds to and masks PS, was injected prior to wounding in control and
simumutant embryos, to examine whether this might result in a rescue of inflammatory
responses isimumutants. However, it was found that the injection of AnnexinV was unable to
rescue hemocyte migrations to woundsimumutants (Armitage and Evans, unpublished
data). This suggests that the binding of hemocytes to the apoptaticeeéat s i g n a | PS do
preventing hemocytes from migrating to woundsimumutants. It is alspossible that other
eatme signals may still be binding to apoptotic cell receptors in this case. For example,
CalreticulinandPreta-porter have both been shown to be exposed on the surface of apoptotic
cells inDrosophila(Gardai et al. 2005; Kuraishi et al. 2007; Kuraishi et al. 200%thering
molecule, DmCaBP1, has also been shown to be released by apopto(i©katla et al. 2012)
thereforemasking 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,cassksl 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 digggbathway is JNK signalling, which was also
explored in the previous chapter. However as JNK signalling is generally not active in
hemocytes in both controls asiinumutants, nor is it activated in hemocytes in response to
wounds (Fig. 4.8), it is urkely that disregulated JNK signalling explains the migratory defects
seen irsimumutants. There are a range of other stress signalling pathways besides JNK which
may be playing a role in disrupting hemocyte migratory behavicgimomutants, 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 antinflammataoy state, a process that is known to occur in vertebrate macrophages

upon the phagocytosis of apoptotic céBzondy et al. 2017}t is also known that macrophage
heterogeneity exists in vertebrate systems and thaptiesess a spectrum of polarisation states
fromtheprei nf | ammat ory &6 M1 &inflanmatorgang poee € @l ¢ ihreg ad M2
phenotypgMosser and Edwards 2008)he phenomenon of macrophage heterogeneity has yet

to be identified irDrosophilahoweverone important mediator of vertebrate macrophage

polarisation are Reactive Oxygen Species (ROS), whose increased presence is associated with
the promotion and function of O6M16 -type macr

inflammatory(Tan et al. 2016)When we examined hemocyte ROS levelsiinumutants, we
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found that this was reduced compared to hemocytes in control embryos (Fig. 4.9). Therefore it
is possibé that the inflammatory state of hemocytesimumutants is being shifted to that of a
more antiinflammatory phenotype and that this is affecting the ability of hemocytes to mount
inflammatory responses to wounds. However, in order to further confisnROS 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. Toroottiat the reduction in ROS

levels insimumutants is due to the effect of apoptotic cells, those in which apoptosis has been
removed $imuf;Df(3L)H99 embryos) would have to be compared to thosenmf mutants. If

the removal of apoptosis were to res®OS 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 gesme:wide microarray comparison sfmu mutantand 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
simumutants may be altered. Howevedid not have time to validate these results by gPCR 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 gess involved in macrophage polarisation in vertebrate systems are not
expressed irosophila,it is difficult to assess the activation state of macrophages in this
system. However, perhaps macrophage polarisation does eRistsophilabut that the

markes 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 irDrosophilaand this is something that other members of the lab are wgoidivards

identifying.

4.3.2 A celtautonomous role for Simu in macrophage inflammatory

responses

By wounding embryos in which Simu expression had been reduced specifically in hemocytes
using RNAIi knockdown, we were able to show that Simu is requeidutonomously by
hemocytes for their inflammatory migrations to wourfdg.(4.4. This is in contrast to general
hemocyte motility, where Simu is not required -@itonomouslyKig. 4.11, suggesting that

the requirement for Simu by hemocytes is fjeto inflammatory responses. imuf mutant

embryos, the blocking of apoptosis is only partially able to rescue hemocyte recruitment to
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wounds Fig. 4.19, further suggesting thatmuf mutants also have a defect in hemocyte

inflammatory responses thatnot mediated by apoptotic cells.

As the apoptotic cell receptor Draper has also been shown to function as a receptor for the
detection of wound cud&vans et al. 2015}t is possible that Simu also has a role in this.
Indeed, Simu has already been shown to act upstreamapébin the phagocytosis of apoptotic
cells(Kurant et al. 2008)therefore may also act in the same pathway as Draper during wound
responses. Whethis was tested by examining wound response phenotygasurdrprdouble
mutants compared to the single mutants alone, we found that the double mutant wound
phenotype was slightly but significantly more severe gimmumutant wound responses, but

not those ofdrpr 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 domair(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 angdiredbfgr hemocyteigflammatonaresponsadts o r e
wounds (Chapter 6), it is possible that Simu may act in concert with them during inflammatory
responses. Assessing the inflammatory responses in double mutamsuand either of these
receptors may shedyht on this. Alternatively, Simu may be acting alongside an as yet
unidentified receptor required for hemocyte inflammatory responses.

4.3.3Recognition of necrotic cellular debris as a retention signal at wounds?

Analysis of hemocyte vacuolation at wounds showed that vacuolat@mimnmutants was
decreased (Fig. 4.17), and that Simu is requireeagcetinomously in hemocytes for normal
vacuolation at wounds (Fig. 4.17). This suggested that Simu is required dcytemfor 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 membr-rnené sffadkresd]. 2001) act s
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 macro{Bageskaert et

al. 2004) As Simu has been shown to bind PS in the engulfment of apoptoti¢Stetlgar,
Levy-Adam, et al. 2013)it is likely that Simu may also required for the efficientd®pendent
phagocytosis of necrotic cellular debris at wounds. The other apoptotic cell receptors identified
in Drosophilahave all been shown to be involved in the phagocytosis of other targets, in thi

case bacteriéGuillou et al. 2016; Nonaka et al. 2013; Hashimoto et al. 2@086jefore it is

possibile that Simu may also be involved in the phagocytosis of other targets such as necrotic

cells.
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Furthermore, | would hypothesise that perhaps hemocyte bindingaifi&&inds is required in
order to retain hemocytes at wounds, as hemocytes lacking Simu, which has been shown to bind
to PS(Shklyar, LevyAdam, et al. 2013)show reduced retéion 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 mechanisrfRobertson et al. 2014; Mathias et2006) 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 desensgitisn, the presence of repellent chemokines and the loss
of cues which brought neutrophils to the inflammation site in the first pNmershargh et al.

2016) Although to my knowledge a role in the recognition or phagocytosis of cellular debris for
macrophage retention at wounds mever 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 KO, could be generated artificially to mimic a wound lacking necrotic

cellular debrisand macrophage retention at this locally generated signal could be assessed. This
could be done by perhaps activating th©producing enzyme DUOX in a spatially regulated
manner. Another approach would be to try and prevent hemocytes from being laibg tb PS

at wounds. This was attempted by injecting the PS masking agent Anhexior to

wounding, however this had no significant affect on hemocyte wound densities at 60 minutes
postwound (data not shown). Alternatively, Simu may be involve@aognising a retention

signal produced at wounds, howevebDirosophila,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 accutimiaf apoptotic cells iDrosophilaembryos

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 cae 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 dangbening
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 itactitsn with necrotic cellular

debris.

112



Chapter 5: Expl orir
hemocyte I nfl ammatc
Ot

apopt meco ficfuiensd

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 happehpught that, at least
insome organismg popt oti c cel |l s Frmeelde acsuee sc mehmactha cpthiacg c

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 usiimgvitro transmigration assays of monocytes and macrophages
across a porous membrane towards supernatant taken from apopte(iGudd et al. 2008;

Trumen et al. 2008; Lauber et al. 2003; Elliott et al. 20a%)e first to be discovered was the
phospholpid lysophosphatidylcholine (LBCwhich was shown to be released by apoptotic

cells upon Caspase activation and induced the transmigration of humaoytionell lines as

well as primary human macrophadeauber et al. 2003 Sphingosin€l-phosphate (8-P) and
fractalkine were also found to be released by apoptotic cells and induce chemotaxis of
monocytes and/or atrophage$Gude et al. 2008; Truman et al. 2008)Jumanet al.also
demonstrate 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 médeh e f i r srhe auas heel begrf | n d
shown to functionn vivo (Truman et al. 2008)inally, the nucleotides ATP and UTP were also
shown to be released by apoptotic cells, and act as chemoattractant cues for monocytes and
macrophagesdithin vitro andin vivo, and that the nucleotide receptor B2¥s required by
macrophages to migrate towards the (&idott et al. 2009) It is interesting to note that

although these foursepat e st udi es used si mil ar -nieedc hcnu eqsu,e
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 aftitises 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 examplei®ig neutrophil migration to sites of
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infection. During their journey neutrophils
chemoattractants being released from the site of infection over endogenous chemoattractants
that are encountered-eouteto such sites. For example, neutrophils have been shown to

prioritise migration towards bacterial and necrotic-deltived fMLP over endogenous-&

(Campbell et al. 1997)t has also been shown that the p38 MAPK and PI3K/Akt signaling
pathways are responsible for determining the hierarchy of responsiveness towards chemotactic
cues, wih p38 MAPK signaling mediating response to end target chemoattractants, whereas
PI3K/Akt signaling mediates the response to intermediate (btesset al. 2002)Furthermore,

it has been shownah PTEN is the molecule responsible for prioritizing which chemoattractant
neutrophils should respond ideit et al. 2008)

Drosophilahemocytes also possess the ability to prioritise competing chemotactio eivas

As partof 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 demdbpm
destination within the embryo, they begin migrating randomly on the superficial surface of the
VNC (Tepass et al. 1994; Wootda. 2006) The chemoattractant ligands Pvf2 &d3 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 aregulated,

henocytes are unable to respond to sites of tissue damage due to their prioritisation of these
developmental cues ovep®k being produced at woundKloreira et al. 2010)However, when
apoptosis isnduced using UMrradiation, hemocytes can be seen to be distracted from their
developmental migration route and instead migrate towards and phagocytose apoptotic cells
(Moreira et al. 2010)Thaefore it seems that iDrosophilathere 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 woyhftiseira et al. 2010)

As demonstrated in the previous chapter, increased numbers apoptotic cells ssomas in

mutant embryos, causes a reduction in hemocyte migration to sites of tissue damage. Removal
of apoptosis in thesardryos using th®f(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 migrgiorgira 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 thatdiodes relased by

apoptotic cells cause hemocytes to be distracted from migrating to wounds, instead prioritising
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migration towards these cuds.an attempt to investigate this hypothesis, we sought to inject

pot ent-mab ¢tk Dwsophilaembrycper to wounding. We hypothesid that

flooding the embryo with finane cues in this way may be able to reduce the ability of
hemocytes to migrat e-neod wouuensd sh.a vAes breoe ns ucchha r G
Drosophila,we turned to those that have beéstdvered in vertebrate systems and that have

the potential-mé¢® aresaphilaBherefaeshe @adrkiinrthis chapter

represents efforts to investigate whetbstablished finane cueshave a evolutionarily

conserved role in thBrosophilaembrya It alsoshowcases work | have done to-spta novel
experimental approadhat could potentially be usedittentify novel molecules released by

apoptotic cells that modulate hemocyte behavisivo.

5.2 RESULTS

5.2.1 Injection of LPC prior to wounding has no affect on hemocyte

inflammatory responses

The first known findme cue to be tested was lysophosphatidylcholine (LPC), which was

injected into embryos whose hemocytes were labelled W®GFP expression under the

control ofthe hemocyte specificrg-GAL4driver (w;;crg-GAL4,UASGFP).

In vitro LPC elicited the strongest migratory response of monocytes at a concentration of 20

3 0 ¢ (Mauber et al. 2003)Therefore, as it is known that Latrudio A, a chemical used to
sequester monomeric actin, needs to be injectedirtsophilaembryos at concentrations 40

times higher than those usiedvitro studies . Evans, personal communication), each cue was
injected at a concentration 40x highearttthat shown to produce a maximal respansgvo,
presumably as there is limited volume within the fly embryo to contain drug solutionsler

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 asgessed
quantifying the density of hemocytes present at wounds 60 minutes@astling. 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 atRConcentration of 1.6mNl 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 GHRbelled hemocyte responses to wounds at 60 minutes post
wound in control and LPC injected embryos (battcrg-GAL4,UASGFP). Dextran (red) can

also be seen in these embryos, indicating successful injection. In place ,afdt®©l embryos

were injected with absolute ethanol diluted in PBS, as LPC was dissolved in ethanol prior to
dilutionin PBS. (B) Scatterplot of hemocyte wound responses per embryo shown as the number
of he moc ywasd aneaat 60 minutes pesdundingnormalisedo 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 peri meter
significance determinedytMannWhitney test; ns= not significant.
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LPC as a findme cug(Lauber et al. 2003n=16 and 20 embryos for control and LPC injection
respectively; p=0.140 via MaAWhitney 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 igrating 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 sphingosinel-phosphate prior to wounding has nceffect

on hemocyteinflammatory responses

Another identified apoptotic finthe cue is the bioactive lipid sphingosityphosphate (8-P),

which has been shown to be released by apoptotic cells and induce the migration of monocytes
(Gude et al. 2008)herefore we hypothesised that perhafisFSinjection prior to wounding

may distract hemocytes from migrating to wosind/henwe analysed the density of hemocytes

at wounds 60 minutes pesbunding, 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 S1-Pi 40 times the conegration shown to produce a maximal response in the original
study identifying S1-P as a fineme cug(Gudeet al. 2008Y\n=14 and 16 embryos for control

and S1-P injected embryos respectively; p=0.728 via Mavihnitney test; Fig. 5.2). This shows

that the injection of 4-P into embryos in this way, at the concentrations used in this

experiment, is not caphkhof distracting hemocytes from migrating to wounds. TherefekdPS

may not be acting as a finde cue irDrosophila,although more evidence would be required to

definitively prove this.

5.2.3 Injection of norrthydrolysable ATP prior to wounding does no affect

inflammatory responses

ATP has also been identified as a fimé cue capable of inducing the migration of monocytes

and macrophages baihvitro andin 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. Evans, unpublished data). We hypothesised that one explanation as

to why the injection of findne cues does not seem toeatfthe inflammatory migration of

hemocytes is that they are being degraded within the embryo before they have chance to have an
effect(e.g. by aparaseATP is hydrolysed by ATPase enzymes that break it down into ADP

and phosphate, which can then belfartoroken down to AMP and adenosine. In order to

address this we injected a form of ATP that cannot be hydrolys€tlAWP) at a concentration
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Figure 5.2: Injection of sphingosinel-phosphate into embryos prior to wounding has no
affect on hemocytanflammatory responses
(A) Representative stills of GHRbelled hemocyte responses to wounds at 60 minutes post
wound in control angphingosinel-phosphate%1-P) injected embryos (botw;;crg-

GAL4,UASGFP). Dextran (red) can also be seen in these enshigpdicating successful

injection In place of &-P, control embryos were injected wittethanoldiluted in PBS, as-3-

P was dissolved in methanol prior to didutin PBS.

(B) Scatterplot of hemocyte wound responses per embryo shown as the nundreooftes
p e r 2wound area at 60 minutes pegbundingnormalisedo the control average. Lines and
error bars represent mean+SD; n=14 and 16 embryos for controtaRdr§ection

respectively.

White dashed ovals represent wound perimeter; scale lparsees e n t
significance determined by MafWhitney 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 GHRbelled hemocyte responses to wounds at 60 minutes post
wound in control andonhydrolysableATP injected embryos (botw;;crq-GAL4,UASGFP).
Dextran (red) can also be seen in these embryos, indicating successful injection. In plite of N
ATP, controlembryos were injected with MQB in PBS, as MH ATP was dissolved in

MQH-0O prior to diluton in PBS. (B) Scatterplot of hemocyte wound responses per embryo
shown as the numb éwoundérealatsOninuted pegsundng r € m
normalized to the adrol average. Lines and error bars represent mean+SD; n=9 and 19
embryos for control and M ATP injection respectively.

White dashed ovals represent wound peri meter
significance determined by MasWhitney test; ns=+ot significant.
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of 4e¢M (40 times the concentration shown t
identifying ATP as a finane cug(Elliott et al. 2009), and again examined thdexft 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/posting when
compared to controls (n=9 and 19 for control arH WTP injection respectively; p=0.410 via
MannWhitney 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 n@tyact as an apoptotic finde cue in
Drosophila,although more evidence is required to prove this.

Overall the injection of known vertebrate finte cues prior to wounding does not prevent
hemocytes from migrating to wounds. This suggests that vetedindme cues do not act as
such inDrosophilg therefore the fingme cues released by apoptotic cell®msophilamay be
distinct from those in vertebrates.

5.2.4 UVirradiation induces apoptosis inDrosophilaS2 cells

As none of the candidatenfi-me cues injected into embryos were able to perturb hemocytes
from migrating to wounds, we sought to further investigate whethemnfimdues were in fact
capable of doing so, and developed a screen to attempt to identify novel cues. -Fhe finels
released by apoptotic cells Drosophilahave yet to be identifieand our candidate approach

suggests those identified in other systems are unlikely to be used in the fly embryo (Figures 5.1

5.3).Howeverthe fact that hemocytes are able to be distracted their developmental
migrations by the induction of apoptoghdoreira et al. 2010and the data presented elsewhere
in this thesisuggests that they do exist in this system. One reason why the injection of known
vertebrate fineme cues is unable to affect hemocyte inflammatory responses is thatdind
cues inDrosophilaare distinct from those in vertebratés. an alternative appagh to screen

for novel cueswe hypothesised thapoptotic supernatants derived from cultureapaiptaic
DrosophilaS2 cells wouldtontain findme cuegelevant tadDrosophila Thereforewe

established a protocol faftra Violet (UV)-induced S2 cell agptosis in order to harvest
apoptoticsupernatarst The aim was then to inject this supernapaiatr to woundingo
investigate its #ect on hemocyte inflammatory respons&hould the supernatants exhibit an
antrinflammatory effect the subsequent awere to fractionate the supernatant to identify the
critical molecules, which could then be investigated by RNAi of S2 cells pridvtinduced

cell death
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Figure 5.4: UV-irradiation induces apoptosis and associated caspase activation in

Drosophila S2cells

(A and Ad6) DI C images of S2Uvdrediadtion wBh®@O mi nut e
without the addition of the paraspase inhibitor ZVAD. Note the cellular blebbing in A
compared to A6, a hall mar k of ienpfZgADo(Band whi c
B6) Propidium lodide (PlI) stainingV(red) of
irradiation, with or without the addition ofthepana s pase i nhi bitor ZVAD.
CellEvent Caspas®/7 indicatofpositive cells (green) 800 mites (13 %2 hours) peklV

irradiation, with or without the addition of the paaspase inhibitor ZVAD. Note the hugely
increased number of green cells in C compare
CellEvent Caspas®/7 indicator positive cellsver time postJV treatment (mins) in untreated

cells (blue) and those that had been treated with 100rmUimwith (yellow) or without the

addition of ZVAD (orange). Data points and error bars represent mean=SD from two

experimental repeats. (E) Line ghaof the percentage of Pl positive cells over time-pst

treatment (mins) in untreated cells (blue) and those that had been treated with 18Qw)/cm

with (yellow) or without the addition of ZVAD (orange). Data points and error bars represent
mean+SD fom two experimental repeats.

One widely used method of inducing apoptosis in cells is to treat thenWWitiadiation, a

method which has also been shown to induce apoptoBiosophilaS2 cells(Kiessling and

Green 2006a)This allows for the induction of apoptosis without the need to treat the cells with
apoptosidanducing drugs, which if injected into embryos, may affect hemocyte behaviour. As
100mJ/cr 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 apogidigissling and Green 2006B)hen S2

cells were treated witkither 0, 50, 100 or 200mJ/étdVC and left overnight, only those

treated with 100 or 200mJ/émshowed signs of cell blebbiriga hallmark of apoptosis (data not
shown). This confirmed that, as published, 100m3l¢wC was capable of inducing apoptosis

in S2 cellsg(Kiessling and Green 2006b)

Since the release of apoptotic fintk cues seems to require the activation of Casfbaeber

et al. 2003; Elliott et al. 2009; Gude et al. 2Q@83 wished to examine the timing of Caspase
activationin S2 cells following UVirradiation this would also further confirm induction of
apoptosisTo do this, S2 cells were treated with UV and the activation of caspasa$\post
treatment was assessed using the CellEvent Ca8pasxreen Detection ReagdMolecular
Probes) a substrate that becomes fluorescent green once cleaved by €i3pase bound to
DNA, indicating the activation of Caspases. Using this indicator we found that Caspases
become active in S2 cells at around 6 %2 hours (400 minutesypastadiation and by around

13 hours approximately 80% of cells are Caspase positive (Fig. 5.4 C, D). Furthermore, the
addition of the paitCaspase inhibitor X’AD completely blocked the Caspase detection reagent
from becoming fluorescent and also prevdrtells from blebbing, suggesting that aatad
Caspasedoindeeddrive the observed increase in fluorescehdei g. 5. 4 A6, CO,

that cells are not dying by necrosis using this method, propidium iodide (PI) stainifig\post
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treatment was alsassessed, 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 Pl positive cells also began to increase at around the same time as Caspase activation
(appoximately 400 minutes po&tV treatment), however unlike the percentage of cells

positive for Caspase activation, which rose by around 80% between 400 and 800 rAuAé post
treatment (Fig. 5.4 D), the percentage of Pl positive cells rose by only 15%tm#i§ig. 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 showtisat Caspase activation commences at around 6 ¥2 hours pest UV
treatment and increases rapidly so that by 13 hourgtigadment around 80% of cells are
Caspaseositive. Therefore, in order to inject embryos with supernatant from apoptotic cells
with active Caspases, we will leave Wkéated cells for 13 hours before collecting the

supernatant for injection.

5.2.5 Injection of apoptotic cell supernatant prior to wounding has neffect

on hemocyte inflammatory responses

Once we had identified the tine®urse of Caspase activation pb&t 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 migratimgands. Our analysis

showed that by 13 hours pdgV 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 findme cues, we removed and ingdthe supernatant from apoptotic cells 13 hours
postUV 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
reductionin inflammatory responses when compared to controls (n=7 and 10 embryos for
control and apoptotic cell supernatant respectively; p=0.813 via - M#ritmey test; Fig. 5.5 A,

B). This suggests that the injection of apoptotic cell superrsafiamh this partialar timepoint

into embryos prior to wounding does not affect hemocyte inflammatory responses, perhaps
because finane cues are not capable of being prioritised over cues from sites of tissue damage
by hemocytes. However there are a plethora of other potential exptemas 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 GHBbelled hemocyte respsas to wounds at 60 minutes post

wound in control and apoptotic cell supernatant (AC supernatant) injected embryos (both
w;;crg-GAL4,UASGFP). Dextran (red) can also be seen in these embryos, indicating successful
injection. Control embryos were injectedhvS2 cell media in place of supernatant from

apoptotic cells(B) Scatterplot of hemocyte wound responses per embryo shown as the number
of he moc ywasd aneaat 60 minutes pegdunding normalized to the control

average. Lines and error baepresent mean+SD; n=7 and 10 embryos for control and AC
supernatant injection respectively.

White dashed ovals represent wound peri meter
significance determined by MafWhitney test; ns= not significant.
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5.3 DISCUSSION

I n an attempt to addme&scude hglpoadhedi sy tdpma
capable of distracting hemocytes from migrating to wounds, we injected knowméindies

from other organismisito Drosophilaembryos prior to wounding ®ee whether this would

reduce hemocyte inflammatory responses. We found that the injection of neither-LiRC, S

nor nonrhydrolysable ATPwas able to suppress hemocyte inflammatory responses. The

injection of supernatant taken from apoptotic S2 cellsalssunable 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 hemuogtisationof 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 fwgldf uncleagd 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 iredugoy the uncleared dying cells (see Chapter 4

discussion).

However, there are al soemead pclueet hporriao roift irseaatsioon
may well still be the correct hypothesis as to why uncleared apoptotic cells suppress hemocyte
inflammaory responses to wounds, but that the approach we used to test this may not work.
Firstly, fl oodi ng emebbr ycouse swintahy pl oetaedn ttioa Ir edcfeij
This is a process whereby administration of high levels of agonist for aoetsgals to rapid

attenuation of the signal triggered by the agonist and can lead to areigwation of the

receptor, thus reducing the ability of cells to respond to a siiedy et al. 2008) However,

the fact that there are many uncleared apoptotic cedisnamutants that are presumably

secreting findme cues that may be distracting hemocytes from migrating to wounds suggests

that insimumutants, desensitisation is not occurring. Theeefierhaps fingne cues are acting

to produce a local gradient of chemotactic cues for hemocysesiiimutants, and that

flooding the embryos with cues does not produce this gradient, therefore does not distract
hemocytes from migrating to wounds. Corsgdy, 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 respionggo, as it is known that Latrunculin

A, a chemical used t®equester monomeric actin, needs to be injectedirdsophilaembryos

at concentrations 40 times those usedtro studies. However, this may not be the case for
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these cues therefore a rangemed ocwe crayt rradd d
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 anrdl@mmatory affect on hemocytes,

and cues may have to be continually produced to distract them fignaitimg to wounds.

Alternatively, perhaps the exposure of hemocytes to apoptoticrferdues needs to be more

chronic to act in an aninflammatory way.

Therefore in order to vali dat-mea& hcelprbsfigeebrteh e s i
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 uge\atio system whereby

macrophages are given the option to migrate towards two different cues. Asytesrisolated

from Drosophilado not migratén vitro, vertebrate macrophages would need to be used. In this

way the wound cue #D,, which has shown to be required for the recruitment of inflammatory

cells in both zebrafish arfdrosophila((Niethammer et al. 2009; Moreira et al. 20t0pld be

placed on one side of the macrophages and different potentiah&ralies placed on the other

to determine whether macrophages migrate preferentially towardsiéramles.

5.4 CONCLUSIONS

In this chapter we have shown that the injection of the known vertebrateémiies LPC and
S-1-P, or a norhydrolysable version of the find me cue ATP, is unable to prevent hemocytes
from migrating to wounds. We have also developed an assay that mayailthe

identification of novel findme cues released by apoptotic cell®msophila Overall, we have
shown that injecting embryos with potential fimee cues does not induce an anfiammatory
effect, which suggests that the distraction of heneschy findme cuesn vivo, as may be the

case irsimumutants, is more complex than simply flooding the embryo with cues.
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Chapter ©6: Exami ni
apoptotic cell I e C €
mi gratoruy behavi o

6.1 INTRODUCTION

In order for macropages to phagocytose apoptotic cells, they must first be able to bind to dying
cellsthroughreceptdri gand i nteract imes swigthtal so exa@lolsed
of apoptotic cell§Barth et al. 2017)Aside from the apoptotic cell receptor Sifkurant et al.

2008) which has been discussed earligmgsophilahaveseverdother apoptotic cell receptors

that have been identified.

One such knowDrosophilaapoptotic cell receptor is Draper (Drpr), a nimrod family protein
and CED1 homologugFreeman et al. 2003; Manaka et al. 2004is receptor was first
identified to be involved in apoptotic cell clearance by glial cells in the (&man et al.
2003) but has since been shown to also function as aptafic cell receptor in macrophages
and follicular epithelial cells iDrosophila(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 phagosomesgrgtlfment, as macrophages and glia
in drpr mutants become full of apoptotic cglEvans et al. 2015; Kurant et al. 2008) 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 qédacDonald et al. 2006)

and it is also required for axonal pruning during pupal metamorpffsisaki et al. 2006)
Interestingly, several apoptotic celérived ligands for Drpr have been identified including the
cels ur f a-me dgdats 83 and Pretporter(Kuraishi et al. 2009; Tung et al. 2018)d

the secreted proteiDrosophila melanogastaralciumbinding protein 1(DmCaBP1), whidh
thought to act as a bridging molecule between apoptotic cells and phag@kdda et al.

2012) Aside from its role in apoptotic cell clearance, Drpal&required for macrophage
migration to sites ofissue damagéevans et al. 2015potentially acting as a receptor for
damage at wound#lacrophages iDrosophilaembryos alsmeeddrpr to migrate at normal
speedg{Evans et al. 2015 herefore Draper has a diverse range of functiolsasophila

aside from its role in apoptotic cell clearance as originally identifighlighting the potential

of other receptors to possess multiple functions.
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The first apoptotic cell receptor to be discovereBiasophilawas Croquemort (Crq), a
homolog of the human scavenger receptor CD36 that is expressed specifically in hemocyte
(Franc et al. 1996; Franc et al. 1999; Valerie A Fadok et al. 1988)role of Crq as an
apoptotic cell receptor was first shown by forcing expression of Crq iphagocytic CO&
cells, which conferred them with the ability to bind to apoptotic spiécifically(Franc et al.
1996) It was then shown that Crq is requiredirosophib embryos for the efficient

engulfment of apoptotic cells by macrophages as those ideficient embryos contain
significantly fewer engulfed apoptotic ce{sranc et al. 1999)nterestingly, the expression of
crg in macrophages seems to be regulated by the amount of apop@sisaphila as
macrophages in embryos lacking apoptosis havwgcestiexpression levels, whereas those in
embryos with increased apoptosis have higher I€iredac et al. 1999Despite being shown to
be a receptor for apoptotic cells, the ligand on the surface of apoptotic cells taGrtplhds

has yet to be identified. Crg has also been shown to be required for the engulfment of bacteria,
suggesting that may act as a more general phagocytic recepper Daper and Simu (see
chapterd), rather than being specific to apoptotic céfisancet al. 1999; Guillou et al. 2016)
Interestingly, more recent work has provided evidence itisiead of being required for the
engulfment of apoptotic cells, Crq is required for phagosome maturaticempdfmentin

some cells at leagtan et al. 2014; Guldu et al. 2016)

Finally, betanu i nt egrin (bg) has also been identifi
cells inDrosophilaembryonic macrophages (Nagaesal , 2011). The U subu
heterodi mer with t hctiosal footeis hab sined been suggested te bet e a
UPS3 (also known as Scab), as shown by their
of apoptotic cell phagocyt os iebal, @0d3). ®imitladydou c e d
Draper and Cr@Hashimoto et al. 2009; Franc et al. 1999; Guillou et al. 2016)t e gr i n UP S
has also been shownitovolved in bacterial detection and engulfment as well as that of
apoptotic cells (Nonakatal , 2013) . Like Crg, the |ligand o1
integrin binds has yet to be identified, alt
laminin proteins. Aside from their role in phagocytosis, both of these integrin subunits have

been shown to have other functions, particularly in@gll adhesion. For example, Scab has

been shown to have roles in wound hea{i@gmpos et al. 201@nd dorsal closurgHomsy et

al. 2006; Stark et al. 19973s well as other aspects of embryonic morphoge(esisk et al.

1997) whilstdbv i nisreggired for midgut migration during embryonic development

(Devenport andrown 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 mutapogotic 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 woundgnamutants, Simu

itself seems to also be reqed 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
nomal inflammatory migrations to wounds through its role in the detection@ffrbm

wounds(Evans et al. 2015)nterestingly, hemocytes drpr mutants also have reduced

hemocyte migration speefSvans et al. 2015)Therefore defects in apoptotic cell clearance
associated with mutations in apoptotic cell recephave 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, S@almd bg i ntegrin also displ a
phenotypes, and whether any el 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 Sirequéred for normal

hemocyte inflammatory respong&hapterd), and that the same is also true for the apoptotic

cell receptor DrapdiEvans et al. 2015we sought to examine whether there was any role for

the other known receptors, Scab, bagsedTotegrin
do this we wounded the ventral epithelium and examined the density of hemocytes present at

the wound site 60 minutes pasbunding in these mutants (Fig. 6.1).

Firstly we examined hemocyte inflammatory responsaslihmutant embryos, a hyponyic
allele of thescbgene that alters the amino acid sequence of its coding r@dimaka et al.
2013)(Fig. 6.1 A). When we quantified the density of hemocytes at wounds 60 minutes post
wounding in control;;crq-GAL4,UAS GFP) andsclf mutants {;sclf;crg-GAL4,UASGFP),

we found that this was significantly decreaseddif mutant embryos by approximately 50%
(n= 18 and 16 embryos for control asai? respectively; p<0.0001 via MaANhitney test; Fig.
6.1 B). This result suggests tlsabis required for normal hemocytaflammatory responses to

wounds.
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Figure 6.1: Hemocyte inflammatory migrations to wounds are perturbed irscly, *&ang

crgt© apoptotic cell receptor mutants

(A) Representative stills of GHRbelled hemocyte responses to wounds at 60 minugts po

wound in control andcl¥ mutant stage 15 embryos. (B) Scatterplot of hemocyte wound
responses per embryo shown ?wosndardaat 6Gmimitese r o f
postwounding normalized to the control average. Lines and error bars represent mean+SD;

n=18 embryos for controls and n=16 &mi¥ mutants. (C) Representative stills of GEBelled

hemocyte responses to wounds at 60 minutesvpmsnd in control ané mutant stage 15

embryos. (D) Scatterplot of hemocyte wound responses per embryo shown as the number of
hemocyt &wounarea at6tminutes pesbunding normalised to the control average.

Lines and error bars represent meaD; n=17 embryos for controls and n=12fogmutants.

(E) Representative stills of GHBbelled hemocyte responses to wounds at 60 minutes post

wound in control andrg“® mutant stage 15 embryos, anctig“® mutants in whiclerg

expression has beerstered specifically in hemocytes;UAScrg;crg“©). (F) Scatterplot of
hemocyte wound responses per embr ywounslreawn as
at 60 minutes postounding normalized to the control average. Lines and error bars represent
mean+SD; n=21, 19 and 19 embryos for contast)® andUAScrq;crg© respectively.

White dashed ovals represent wound peri meter
statistical significance as determined by Ma#hitney test (B and D) or Krusk&Vallis one

way ANOVA with Dunndéds multiple comparisons t
significant.

Next we moved on to examine hemocyte inflammatory respongegiutant embryosa null
mutant allele ob ¢Devenport and Brown 2004Fig. 6.1 C). When we compared the density of
hemocytes at wounds 60 minutes pesunding inb tmutant embryosw ; hHegy-GAL4,UAS
GFP) compared to controlsw;crg-GAL4,UAS GFP) we found that this was significantly
reduced, again by approximately 50% (n=17 and 12 embryos for contrbl guespectively;
p<0.0001 via MamWhitney test; Fig. 6.1 D). This suggests that, as well as 8cgttegrin is
also required for normal hermgte inflammatory responses to wound®mosophilaembryos.
Finally, when we assessed inflammatory responsesyi? mutants (acrq knockout which
abolishegrqg expression completelGuillou et al. 2016) we found that there was a
significantly reduced density of hemocytes auwds incrg*® mutants W;crg“;crg-
GAL4,UASGFP) compared to controlsw;crq-GAL4,UAS GFP) (n= 21 and 19 embryos for
control andcrgt® respectivelyp<0.0001 via onsavay ANOVA test (Fig. 6.1 E, F). This

suggests that the apoptotic cell receptor Crgsis equired for normal hemocyte inflammatory
responses in the embryo. To further test whether Crqg was required cell autonomously in
hemocytes during their wound responaed confirm that the wound response defect was a
result of loss otrq function we dso woundeatrg® mutant embryos in whictrg expression
wasrestoredspecifically in hemocytedJAScrq;crg;crg-GAL4,UASGFP) (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 compaceg tanutants (n=19
UAScrq;crg© embryos; p=0.0260 via KruskalVallis oneway ANOVA), and that this

response was also not signifidgrdifferentcompared to controls (p=0.138 via Krusk#hllis
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oneway ANOVA test) (Fig. 6.1 F). Together this data shows that Crq is required specifically in

hemocytes for their normal inflammatory pesises to wounds.

Together this data suggests that, in addition to Simu (Chapter 4, Fig. 4.2) and(Bvaperet

al.2015) all three of the remaining known apopt
are required in hemocyte inflammatory responses to wounds. This is a vignyingtresult, 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.

6.2.2Crqg and Scab are required ceHautonomously by hemocytes for their

normal inflammatory responses to wounds

Embryos mutant for the apoptotic cell recepingy b grberhibit decreased hemocyte
inflammatory responsdgigure 6.1)therefore to test whether thegenes are required cell
autonomously by hemocytes embryos in which eithgior schexpression was reduced
specifically in hemocytes by RNAi knockdoww;UAScrq RNAI;crgGAL4,UASGFP and
w;UASscab RNAI;crgGAL4,UASGFP respectively)were wounded and compared to controls
(w;;crg-GAL4,UASGFP)L. When hemocyte wound responses were analysed by quantifying the
density of hemocytes at the wound 60 minutes-mostnding, we found that this was
significantly decreased itrg RNAiembryos compared to controls (n=18 and 10 embryos for
control andcrg RNAirespectively; p=0.0238 via Masalwhitney test; Fig. 6.2 A, B). Supported
by the earlier rescue of inflammatory responsesdh® mutants in whicterg expression had
been rescued spifically in hemocytegFig. 6.1 E, F, this result suggests that is required
cell-autonomously by hemocytes during their inflammatory responses to wounds. It also
suggests that the defect seemrig® mutants is due specifically to tieeq® mutationand not

one in the genetic background of these mutants.

Similarly, when hemocyte inflammatory responses to wounds were analysed in the same way
for control andscb RNAembryos, we found that hemocyte densities at wounds were
significantly decreased scb RNAcompared to controls (h=16 and 14 embryos for control and
scb RNArespectively; p=0.0172 via MaAhitney test; Fig. 6.2 C, D). This suggests st

is also required celhiutonomously by hemocytes for their efficient inflammatory responses to

wounds. This result phenocopies the inflammatory defect sesatfimutants, which provides

1 Time constraints preventéegmocytespecificknockdown ofb §in time for
submissionbut this will be carried out in the future
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Figure 6.2: Hemocytespecific RNAi knockdown of eithercrq or scbresults in a wound

response defect

(A) Representative stills of GHRbelled hemocyte respors® wounds at 60 minutes post

wound in control stage 15 embryos and those in wtiigkexpression has been reduced

specifically in hemocytes using RNAiediated knockdown. (B) Scatterplot of hemocyte

wound responses per embryo shown as the number othgnioe s 2wpoend areamat 60

minutes postvounding normalized to the control average. Lines and error bars represent
mean+SD; n=18 embryos for controls and n=1CGfqRNAL (C) Representative stills of GFP
labelled hemocyte responses to wounds at 8ites postvound in control stage 15 embryos

and those in whicBcbexpression has been reduced specifically in hemocytes using RNAI
knockdown. (D) Scatterplot of hemocyte wound responses per embryo shown as the number of
hemocyt &woumarea agbminutes postvounding normalized to the control average.
Lines and error bars represent mean+SD; n=16 embryos for controls and nsdiZRiNA.

White dashed ovals represent wound peri meter
statistical sigificance as determined by MatWhitney test; *p < 0.05.
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evidence that it is not a background mutation in the genometomutants that is causing the

defect, but that it is specific to tisel? mutation.

This data suggests that batty andscbare required cethutonomously by hemocytes for their
inflammatory migrations to wounds. However, when comparing the inflammatory response
defects in RNAIi knockdowns compared to their respective zygotic mutants, we can see that
these are less severe. Batibandcrg zygotic mutants have an approximately 50% reduction in
their wound responses compared with around a 25% reduction upon RNAIi 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 woargf§iscl? and

b ymutants when compared to controls, we wanted to check that this was nohplyesia
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 kvthngdre
images and calculated their density in this area of the embryo.

In scl¥ mutants {;scl¥;crq-GAL4,UASGFP) we found that hemocyte densities in this area
were reduced by approximately 30% when compared to convpts@-GAL4,UASGFP)

(n=21 and 19 embryos for control asls respectivelyp<0.0001 via MarwWhitney tes, Fig.
6.3 A, B). In order to test whethscbis required specifically in hemocytes for this, we also
examined the density of hemocytes in this location in embryos in whidxpression was
reduced specifically in hemocytes using RNAi knockdowJASscab RNAI;crgGAL4,UAS
GFP) (Fig. 6.3 C). When compared to controls;trq-GAL4,UASGFP), the density of
hemocytes in prgvound images was again reduced by approximately 3Q$eain RNAI
embryos (n=14 and 4dmbryosfor control andscab RNArespectivelyp<0.0001 via Mamn
Whitney test; Fig. 6.3 D). Together this shows #wtis required cetautonomously by
hemocytes for normal numbers of hemocytes to be present on the VNC in stage 15 embryos,
and thascbmay therefore be required for the normal depalental dispersal of hemocytes.
Next, we performed the same analysisbopmutants W ; ' &rqgGAL4,UASGFP) and found a
decrease in hemocyte densities of approximately 40% when compared to cenicots (
GAL4,UASGFP) (n=18 and 17 embryos for control amdyrespectively; p<0.0001 via Mann
Whitney test; Fig. 6.3 E, F). This suggests fhantegrin 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 receptorss ¢ b ,andfCrg are required for the presence of

normal numbers of hemocytes on the superficial VNC

(A) Representative preround stills of GFHabelled hemocytes on the superficial VNC in

control andscl¥ mutant stge 15 embryos, demonstrating a decrease in hemocyte density in this
location inscl? mutants. (B) Scatterplot of hemocyte densities in stage }vquad images

shown as t he numb éembrgofarednermalizeg to thesconra averagen

Lines and error bars represent mean+SD; n=21 embryos for controls and nst&fowtants.

(C) Representative piwwound stills of GFRabelled hemocytes on the superficial VNC in

control stage 15 embryos, and those in wisidhexpression has been reduced djdly in

hemocytes using RNAi knockdowadab RNA), demonstrating a decrease in hemocyte density

in this location inscab RNAembryos. (D) Scatterplot of hemocyte densities in stage 15 pre
wound i mages shown as t Hembrgomeam@malizedftotiee mocyt e
control average. Lines and error bars represent meanzSD; n=14 embryos for controls and n=41
for scab RNAI(E) Representative prgound stills of GFRabelled hemocytes on the

superficial VNC in control anél ymutant stage 15 embryos, demonstrating a decrease in

hemocyte density in this location inmutants. (F) Scatterplot of hemocyte densities in stage
15prewound i mages shown as t Rembrgowredmmalizetito h e mo c
the control averagy Lines and error bars represent mean+SD; n=18 embryos for controls and

n=17 forb ymutants. (G) Representative pweund stills of GFRabelled hemocytes on the

superficial VNC in control andrg® mutant stage 15 embryos, anccig“® mutants in which

crq expression has been restored specifically in hemodyi#&S-¢rqg;crg<®). This demonstrates

that hemocyte density in this area is decreasedf? mutants, but that this can be rescued by
re-expressingrq specifically in hemocytes. (H) Scatterplott@mocyte densities in stage 15
prewound i mages shown as t Kembrgonradmmmalipet tothe mo c vy
control average. Lines and error bars represent meanzSD; n=28, 21 and 24 embryos for control,
crgt© andUAScrg;crg<® respectively.

Finally, compared to preound hemocyte densities in control embrywsgrg-GAL4,UAS

GFP), we also found that those @ng*°® mutants W;crg“®;crq-GAL4,UASGFP) were

significantly decreased by approximately 30% (n=28 and 21 embryos for contimigifd
mutants respectively; p<0.0001 via cmay ANOVA test; Fig. 6.3 G, H). To further test
whethercrq is required cell autonomously in hemocytes for normal numbers to be present on
the VNC in stage 15 embryos, we also analyseavaend hemocyte density crg*® mutant
embryos in whicterg expression was rescued specifically in hemocytdsS(crq;crg<©;crg-
GAL4,UASGFP) (Fig. 6.3 G). When we compared hemocyte densities in these embryos with
those incrg“® mutants we found that this was significantly increase@43AScrq;crg<©
embryos; p<0.0001 via ongay ANOVA test), and that this response was also not significant
when compared to controls (p=0.794 via-evey ANOVA test) (Fig. 6.3 G, H). Together these
results show that the number of hemocytes on the VN@gesl5 embryos is reduceda
mutants, but that this can be rescued bgxgressingrq specifically in hemocytes. This
suggests a cellutonomous role for Crq in hemocytes to ensure normal numbers reach the
VNC.

Altogether this shows that hemocytembers 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 thenormal developmental dispersal of hemocytes during embryogenesist, It has

already been shown that Scab is required for the normal developmental dispersal of hemocytes
along the VNC, as iscbmutants hemocytes fail to migrate all the way alongnldine of the

VNC by stage 13 as would normally be expe¢tédmber et al. 2013 his delay in hemocyte

migration in stage 18cbmutants may explain why fewer hemocytes are present on the VNC at
stagel5emgros. The i ntegr i nMyopdplrois(Mys)uhasatsobgem!l s o c al
shown to be required for the normal developmental dispersal of hemocytes in the embryos, with
mysmutants showing a delay in the progression of hemocytes along the VNC midloté in b
stage 13 and 15 embrySomberetal. 2013) Ther ef ore the beta inte:¢
be required in this process, although this has yet to be tested. Hoiwsvelearthat

hemocytesnigrate suficiently effectively as tde present along the entire midline of the VNC

in stage 1% fmutant embryos (Fig. 6.3 E), therefore any defects in the progression of

hemocyte along the ventral midlinebngmutants are unlikely to be as severemgsmutants.

The reduced numbers of hemocytes present at the VbIQ isutants 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 bothscband b gnutants the wound response defect seems to be more pronounced than the
reduction in hemocyte numbers at the VNC,diay mutants however this difference seems less
pronounced (Fig. 6.1 compared to Fig. 6.3). It is therefore possible that the wquomtbees

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 decreasestin

and b gnutants

In order to rule out that the inflammatory defects observedgnscbandb gnutantswerenot

solely due to decreased numbers of hemocytes at the VNC, we sought to characterise the ability
of hemocytes to respond to wounds in moritieTo do this we observed hemocytes

responding to wounds during tirlegse movies over a period of 58 minutes astind in

control (v;;crg-GAL4,UASGFP), crg<® (w;crg*?;crq-GAL4,UASGFP), sclf (w;scl¥;crg-
GAL4,UASGFP) andb f(w; “daqGAL4,UASGFP) 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 thevound during this time (Chapter 4, Fig. 4.15), we also analysed the

percentage of hemocyte leaving the wound in these apoptotic cell receptor mutants.
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