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Abstract

The infiltration of immune cells into tissues underlies the establishment of tissue-resident
macrophages and responses to infections and tumors. However, the mechanisms immune
cells utilize to collectively migrate through tissue barriers in vivo are not yet well understood.
In this thesis, | describe two mechanisms that Drosophila immune cells (hemocytes) use to
overcome the tissue barrier of the germband in the embryo. One strategy is the strengthening
of the actin cortex through developmentally controlled transcriptional regulation induced by
the Drosophila proto-oncogene family member Dfos, which | show in Chapter 2. Dfos induces
expression of the tetraspanin TM4SF and the filamin Cher leading to higher levels of the
activated formin Dia at the cortex and increased cortical F-actin. This enhanced cortical
strength allows hemocytes to overcome the physical resistance of the surrounding tissue and
translocate their nucleus to move forward. This mechanism affects the speed of migration
when hemocytes face a confined environment in vivo.

Another aspect of the invasion process is the initial step of the leading hemocytes entering
the tissue, which potentially guides the follower cells. In Chapter 3, | describe a novel
subpopulation of hemocytes activated by BMP signaling prior to tissue invasion that leads
penetration into the germband. Hemocytes that are deficient in BMP signaling activation
show impaired persistence at the tissue entry, while their migration speed remains
unaffected.

This suggests that there might be different mechanisms controlling immune cell migration
within the confined environment in vivo, one of these being the general ability to overcome
the resistance of the surrounding tissue and another affecting the order of hemocytes that
collectively invade the tissue in a stream of individual cells.

Together, my findings provide deeper insights into transcriptional changes in immune
cells that enable efficient tissue invasion and pave the way for future studies investigating the
early colonization of tissues by macrophages in higher organisms. Moreover, they extend the
current view of Drosophila immune cell heterogeneity and point toward a potentially
conserved role for canonical BMP signaling in specifying immune cells that lead the migration
of tissue resident macrophages during embryogenesis.
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1 Introduction

1.1  THE RELEVANCE OF CELL MIGRATION IN DEVELOPMENT AND DISEASE

1.1.1 Mechanisms of cell migration during development

The formation of a complex multicellular organism relies on the well-orchestrated and
controlled organization of cell masses. According to the famous biologist Lewis Wolpert, it is
not birth, marriage, or death, but gastrulation which is truly the most important time in your
life. Without the ability of cells to migrate, this formation of the three germ layers could not
happen. Furthermore, during the subsequent phases of embryonic development, cells
interact with each other and move individually or collectively, giving rise to organs composed
of complex cellular identities and functions. While we are surrounded by a plethora of
different life forms, it is astonishing that basic mechanisms allowing cells to actively move
from one place to another are similar within all of them.

For this migration to occur, cells use a combination of protrusion formation in the front,
contraction in the back, and transmission of internally generated forces to their outside
environment (Trepat et al., 2012). The formation of cell protrusions relies on the growth of
an internal network of the cytoskeletal protein actin (Abercrombie et al., 1970; Cramer, 1997,
Svitkina, 2018). This polymerization of actin at the leading edge is regulated via Rho-GTPases
(Racl and CDC42) and signaling lipid phosphatidylinositol triphosphate (PIP3) (Ridley, 2015;
Ridley et al., 1995; C. Y. Wu et al., 2014). In the back of the cell, non-muscle myosin causes
contraction of the trailing edge, which is regulated by Rho-ROCK pathways (Etienne-
Manneville, 2008; Ridley, 2015). There are three main modes of migration: mesenchymal,
amoeboid, and lobopodial (a mix of the other two modes) (Yamada & Sixt, 2019).
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Chapter 1 Fig 1. Modes of cell migration

Mesenchymal migrating cells extend protrusions at their leading edge and align along fibers of extracellular
matrix (ECM) components. They digest the ECM by secreting proteases, leaving behind a proteolytic path. The
nucleus is located in the back of the cell behind the microtubule-organizing center. Integrin adhesion proteins
link the cell to the outside environment. In contrast, integrin-independent amoeboid migrating cells form blebs
and migrate through the pores of the ECM. They localize their nucleus in front of the microtubule-organizing
center. Adapted from Yamada and Sixt, 2019.



In mesenchymal migration, cells couple their rearward internal flow of actin to the outside
extracellular matrix (ECM) components via adhesion proteins such as Integrin. Integrins can
associate with other adhesion proteins creating focal adhesion sites, which can form signaling
clusters at the cell membrane and translate the retrograde actin flow, leading to the forward
movement of the cell in 3D environments. Most cellular migration during development takes
place in the context of cell collectives, in which cells interact with each other and with
components of the ECM; | will describe examples of such interactions later in this section.
Another mode of migration is amoeboid migration, which does not rely on integrin-mediated
adhesion and can be distinguished by rounded blebs growing out from the cell membrane
due to high acto-myosin contractility and hydrostatic pressure (Paluch & Raz, 2013). Integrin-
independent migration is utilized by germ cells during embryonic migration (Blaser et al.,
2006; Kunwar et al., 2006). During zebrafish development, primordial germ cells migrate in
an amoeboid mode, and the localization of blebs in the cell front is controlled by E-Cadherin
to allow directional persistence (Grimaldi et al., 2020). In addition, zebrafish mesoderm
progenitors were shown to alternate between blebs and actin-rich protrusions, and their
proportion affects directional persistence (Diz-Mufioz et al., 2016). This migration strategy is
also used by fast-moving leukocytes, which can migrate under high confinement and change
their shape highly dynamically while still keeping their front-rear polarity (Friedl & Weigelin,
2008; Lammermann et al., 2008; Paluch & Raz, 2013; Reversat et al., 2020). The protrusions
of amoeboid migrating cells are not proteolytic, and these cells can use their nucleus to
measure the space they are migrating in by nuclear positioning in the front of the cell
(Lomakin et al., 2020; Renkawitz et al., 2019). This is contrary to situations in which the large
nucleus localized in the cell back creates a bottleneck effect of cell migration in tight spaces,
and changing nuclear deformability by alternated lamin A/C levels supports cellular squeezing
(Calero-Cuenca et al., 2018).

The third migration mode that combines aspects of mesenchymal and amoeboid migration is
lobopodial migration. In lobopodial migrating cells, the actin cortex breaks due to hydrostatic
pressure, causing blebs at the leading edge, while at the same time, adhesion proteins allow
a tight coupling to the surrounding ECM (Yamada & Sixt, 2019).

During development, cells receive signals from their environment, such as mechanical stimuli,
or they interact with externally-bound molecules or soluble factors (chemokines or growth
factors) that regulate their oriented migration. While long-range chemotaxis regulates the
global migration of single cells, which respond to external stimuli individually, collectively
migrating cells also interact with and influence each other (Khalil & Friedl, 2010; Scarpa &
Mayor, 2016). Depending on their cellular identity, cells can either migrate collectively as a
cohesive tissue with stable adherens adhesions and apicobasal polarity as epithelial sheets or
as a mesenchymal cell collective with transient cell-cell connections (Scarpa & Mayor, 2016;
Theveneau & Mayor, 2010). However, in all cases, collectively migrating cells are mechanically
connected.

Examples of epithelial collective migrations are Drosophila tracheal morphogenesis and
angiogenesis in the mouse retina, as well as Drosophila border cell and zebrafish lateral line
migration (Scarpa & Mayor, 2016). During tracheal formation in Drosophila, leading tip cells
are induced by the highest concentration of the chemokine branchless (Drosophila Fibroblast
Growth factor, FGF), which leads to protrusion formation and initiation of collective
migration. Tip cells express high levels of the ligand Delta that activates the Notch receptor in
following stalk cells, leading to lateral inhibition and formation of only very small protrusions.
Whereas leader cells actively migrate forward, follower cells passively intercalate and thereby



elongate the tube (Caussinus et al., 2008; Ghabrial & Krasnow, 2006; Lebreton & Casanova,
2014). A similar Delta-Notch-dependent mechanism regulates angiogenesis in mouse retina
via the ligand Vascular Endothelial Growth Factor A (VEGF-A) (Hellstréom et al., 2007; Suchting
et al., 2007). In other examples of developmental collective cell migrations, all cells within the
group are actively migrating. Zebrafish lateral line morphogenesis is regulated by the
chemokine CXCL12/SDF-1. Leading cells appear to undergo mesenchymal migration with a
large protrusion and front-rear polarity; they only express the receptor Cxcr4b. Trailing cells
are epithelial and express Cxcrdb and Cxcr7 (Valentin et al., 2007), leading to the generation
of a chemokine gradient by Cxcr7 acting as a sink (Dona et al., 2013). Another example is that
of Drosophila border cells, which migrate as an isolated epithelial cluster surrounded by nurse
cells. Border cells utilize alternating leader cells, which extend protrusions that are regulated
by the guidance receptor Pvr (Prasad & Montell, 2007). Similarly, the position of leader cells
during neural crest migration is also transient (Kuriyama et al., 2014). Neural crest cells arise
from the neural tube via epithelial to mesenchymal transition (EMT), and contact inhibition
of locomotion (CIL) was shown to control differences in protrusion sizes between leader and
follower cells during their migration (Carmona-Fontaine et al., 2008; Theveneau & Mayor,
2010). In addition, the complement fragment C3a controls mutual cell attraction in the front
of the cell collective (Carmona-Fontaine et al., 2011). This cell-cell interaction makes
migration of the collective more effective than chemotaxis of individual neural crest cells
following the same chemokine (SDF-1) (Theveneau & Mayor, 2010). These examples highlight
the importance of well-orchestrated cellular mechanisms within the cell collective that allow
efficient migration.
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(a and b) Branching morphogenesis of Drosophila trachea and during angiogenesis in mouse retina are guided
by chemokines branchless (Bnl/FGF) and VEGF, which induce large protrusions in leading cells, and cause lateral
cell inhibition of protrusions in follower cells through Delta-Notch signaling. (c and d) Leading cells of the lateral
line primordium in zebrafish express receptor Cxcr4 sensing the chemokine CXCL12/SDF1, whereas cells in the
back of the collective also express Cxcr7, which acts as a sink for the ligand, creating a chemokine gradient. (e
and f) Border cells migrate through the Drosophila egg chamber as an epithelial cluster with two polar cells
inside. The leading border cell extends protrusions between nurse cells in response to the highest concentration



of PVF and EGF chemokines. (g and h) Neural crest cells in Xenopus delaminate from the head mesoderm and
migrate in response to CXCL12/SDF1. Contact inhibition of locomotion (CIL) and mutual cell attraction induced
by the complement fragment C3a in the leading front allow efficient forward migration of the collective. (i and
j) Xenopus mesoderm cells extend protrusions in leader cells towards the PDGF chemokine secreted by the
blastocoel roof, and the rest of the collective follows via cell-cell contacts. Adapted from Scarpa and Mayor,
2016.

In this thesis, | investigated mechanisms controlling the migration of embryonic blood cells,
which delaminate from the procephalic mesoderm and migrate collectively as individual cells
interacting with each other. Before providing detailed insight into the regulation of their
migration in section 1.3, | will give an overview of their origin, highlighting conserved factors
in hematopoiesis from fly to man. As | will also discuss conserved mechanisms in immune cell
tissue invasion, | will give a brief overview of tissue invasion in immune cells and cancer cells.

1.1.2 Cell migration as a crucial function of the immune system

Immune cells crucially rely on their ability to migrate in the complex 3D environment of the
organism to reach sites of infection. During infection, the exit of leukocytes from the
bloodstream is induced by pro-inflammatory cytokines and damage signals, which lead to
leukocyte rolling along the vascular endothelium. This process is regulated by the binding of
selectins. Leukocytes then attach via Integrin to adhesion molecules of the endothelial cells,
such as VCAM-1 and ICAM-1. Leukocytes additionally rely on endothelial permeability by E-
Cadherin modulation. Through proteolytic cleavage of ECM components, they are then able
to migrate through interstitial tissues (Friedl & Weigelin, 2008; Nourshargh et al., 2010).
Moreover, during early embryonic development, blood cells colonize the organisms to
establish tissue reservoirs of specialized immune cells, which not only function in the immune
response but also assist normal development of tissues and help maintain tissue homeostasis
(Nobs & Kopf, 2021). Tissue-resident macrophages were shown to play a role in tissue
remodeling of the mammary gland epithelium during development and pregnancy (Dawson
et al., 2020; Ingman et al.,, 2006; Y. Wang et al., 2020) and promote branching morphogenesis
in kidney and alveolar development (Jones et al., 2013; Rae et al., 2007).

Examples of tissue-resident macrophages are microglia of the brain and Langerhans cells in
the skin (Davies et al., 2013; Lenz & Nelson, 2018). Embryonic microglia have been shown to
affect the wiring of the embryonic brain, synaptic pruning, and the size of the neuronal
precursor pool in mammals (Cunningham et al., 2013; Paolicelli et al., 2011; Squarzoni et al.,
2014). Langerhans cells constantly surveil their environment for pathogens while maintaining
tissue integrity through tight junctions with surrounding keratinocytes in the skin (Kubo et al.,
2009). The engulfment of dying cells by Langerhans cells in a steady state and after infection
allows local immune tolerance to self-antigens (West & Bennett, 2018).

Therefore, tissue-resident immune cells play important roles during normal development and
in maintaining tissue integrity.

1.1.3 Leader cells in collective cancer cell migration

Cancer cells exploit similar mechanisms and modes of migration to those | described in the
first section for cells during normal developmental processes. Cancer cells can perform
amoeboid or mesenchymal single-cell invasion, multicellular streaming, or collective invasion
(Friedl & Alexander, 2011). The formation of leader cells from solid tumors, which form actin-



rich protrusions and can remodel the tumor environment, can be caused by genetic
heterogeneity, epigenetic states, and cell-cell interactions with the tumor stroma (Vilchez
Mercedes et al., 2021). Leader cells in cancer progression create paths for other cells to follow
through ECM deposition, physical remodeling, or proteolysis, and they biochemically or
biomechanically coordinate the motion of follower cells. In addition to tumor-derived leader
cells are stroma-derived leader cells, such as cancer-associated fibroblasts (CAFs) and tumor-
associated macrophages (TAMs) (Vilchez Mercedes et al., 2021). Tumor-derived leader cells
can have characteristics of mesenchymal cells after an epithelial to mesenchymal transition
(EMT) with the ability to invade through ECM. However, these leader cells can also arise from
partial EMT, showing expression of both E-cadherin and N-Cadherin along with other
mesenchymal markers (vimentin, ZEB1, SNAIL, and TWIST), which allows them to interact
with shared adhesion proteins expressed on follower cells with only epithelial marker
expression (Quan et al., 2020). CAFs can act as leader cells via secretion of soluble factors,
metabolic effects, or matrix remodeling (Sahai et al., 2020). They can form tracks for cancer
cells to disseminate from the original tumor and lead the migration of follower cancer cells
via interaction through N-cadherin (Labernadie et al., 2017). Tumors can induce TAMs
through the secretion of cytokines like IL-10, transforming growth factor B (TGFpB), and
macrophage colony stimulating factor (M-CSF, or CSF1) (Hollmén et al., 2016; Sousa et al.,
2015). TAMs show similar characteristics to immunosuppressive M2 macrophages and
physically remodel ECM to create paths for following cancer cells (Afik et al., 2016). They can
also produce cytokines, chemokines, and growth factors to induce invasive migration of
cancer cells (Y. Lin et al., 2019).
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Leader cells can originate from the tumor itself or from the surrounding stroma. Tumor-derived leader cells can
either show characteristics of complete epithelial to mesenchymal transition, resemble an epithelial-
mesenchymal (EM) hybrid state, or show epithelial markers (basal leader cancer cell). Tumors can induce
macrophage polarization into the pro-invasive M2 state, promoting cancer cell invasion through assistance of
tumor-associated macrophages (TAMs). Additionally, tumor cells can induce stromal fibroblasts to become
cancer-associated fibroblasts (CAFs) that lead cancer cell invasion. Adapted from Vilchez Mercedes et al., 2021



These findings highlight the role of macrophages with M2 characteristics in guiding the
invasion of follower cells. In the following section, | will explain the immune system of flies

and describe our current knowledge of embryonic immune cells and their ability to invade
into tissues.



1.2 THE IMMUNE SYSTEM OF DROSOPHILA MELANOGASTER

1.2.1 Major types of immune cells in Drosophila melanogaster

There are three major types of Drosophila blood cells or hemocytes. Plasmatocytes make up
approximately 90-95% of all Drosophila hemocytes, whereas crystal cells comprise a much
smaller amount, only 2-5% (Banerjee et al., 2019; Lebestky et al., 2000; Paladi & Tepass,
2004). In contrast, large lamellocytes can only be observed upon infection with a parasitic
wasp egg (Rizki & Rizki, 1992). Lamellocytes were shown to be rich in B-Integrin, which allows
them to encapsulate large invaders (Irving et al., 2005). Additionally, they express the
Prophenoloxidase 3 (PPO3) and can be visualized using a marker line for the gene misshapen
(Dudzic et al., 2015; C. J. Evans et al., 2003).

Plasmatocytes play a crucial role during embryonic development and are highly similar to
macrophages in higher organisms. They secrete and remodel components of the extracellular
matrix (ECM) such as Laminin and Collagen 1V, engulf apoptotic cells, and assist proper
development (Bunt et al., 2010; Olofsson & Page, 2005; Sanchez-Sanchez et al., 2017). By
secretion of Collagen 1V, plasmatocytes were shown to indirectly affect the development of
renal organs (Malpighian tubules) through local enrichment of the ligand Decapentaplegic
(dpp), leading to forward movement of the anterior-most cells within the tube (Bunt et al.,
2010). Plasmatocytes can be distinguished at embryonic stage 10 when they begin to form
highly dynamic actin protrusions and start to migrate throughout the embryo (Tepass et al.,
1994; Wood et al., 2006).

Crystal cells got their name from their internal crystalline structures, and they express high
levels of PPO1 and PPO2, contributing to the melanization process upon septic or sterile
injury, an important feature of the innate immune response in flies (Dudzic et al., 2015). They
do not actively migrate and can be identified as a small sessile cell population within the
embryo (de Velasco et al., 2006).

1.2.2 Hematopoiesis throughout the lifespan of Drosophila

Similar to vertebrates, there are two waves of hematopoiesis in the fly, with the first wave
resembling primitive hematopoiesis in the embryo and the second wave inside the lymph
gland, the hematopoietic organ of the larva, giving rise to stem cell-like progenitors (Fig. 4;
(Banerjee et al., 2019; Gold & Briickner, 2014; Makhijani et al., 2011). Embryonic hemocytes
originate in the procephalic mesoderm and relate to the erythro-myeloid lineage of tissue-
resident macrophages in vertebrates (de Velasco et al., 2006; Gold & Briickner, 2014; Tepass
et al., 1994). They are specified by the expression of the transcription factor Serpent (Srp) as
early as embryonic stage 5 (Lebestky et al., 2000; Tepass et al., 1994). In 2004, Briickner and
colleagues generated a fly line with a hemocyte-specific promoter “SrpHemo” that has been
used since then as an early driver and marker for hemocytes (Briickner et al., 2004). As those
early hemocytes could not be distinguished by differences in marker gene expression, they
were referred to as pro-hemocytes, which can differentiate into macrophage-like
plasmatocytes and non-migratory crystal cells (de Velasco et al., 2006; Lebestky et al., 2000).
The genes glial cell missing (gcm) and glial cell missing 2 (gcm?2) are direct targets of Srp and
additional regulators of plasmatocyte specification in the embryo (Alfonso & Jones, 2002;
Bernardoni et al., 1997). Crystal cell differentiation relies on the downregulation of gcm and



gcm?2 and the expression of the Runx-family marker lozenge (1z) (Bataillé et al., 2005; Lebestky
et al., 2000). Further, in hemocytes that express srp and gcm, u-shaped (ush) induces
plasmatocyte differentiation and suppresses crystal cell fate (Fossett et al., 2003; Muratoglu
et al., 2006; Waltzer et al., 2003). During embryogenesis, hemocytes undergo four rounds of
cell division until the end of stage 11, leading to approximately 700 plasmatocytes and 36
crystal cells (C. J. Evans et al., 2003; Tepass et al., 1994).

The lymph gland lineage originates from cardiogenic mesoderm, which is more similar to
hematopoietic stem and progenitor cells of the vertebrate aorta-gonad-mesonephros (AGM)
(Mandal et al., 2004). While lymph gland hemocytes are only released into circulation upon
metamorphosis, embryonic hemocytes actively migrate via stereotyped routes (Siekhaus et
al., 2010; Tepass et al., 1994). The lymph gland consists of four lobes, and most studies have
examined the anterior primary lobe to investigate hematopoiesis (Banerjee et al., 2019). The
primary lobe can be divided into different zones depending on the function of the zone. The
posterior signaling center (PSC) serves as a niche maintaining hemocyte progenitors, and cells
in the PSC express the markers antennapedia, hedhehog, and collier (Crozatier et al., 2004; C.
J. Evans et al., 2007; Lebestky et al., 2000). Recently, the BMP ligand Dpp was found to be
secreted from the PSC as a factor maintaining the stem cell-like features of preprogenitor
hemocytes, which express Notch and its downstream component Enhancer of split mpB
(E(spl)/mB) and can give rise to JAK/Stat receptor dome-expressing prohemocytes (Dey et al.,
2016). The medullary zone (MZ) is populated by medially located progenitors expressing high
levels of dome and its cytokine unpaired3, cytotoxic reactive oxygen species (ROS), wingless,
E-cadherin, and very low levels of collier (Banerjee et al., 2019). The outside cortical zone (CZ)
consists of maturing hemocytes. Mature plasmatocytes in the MZ are characterized by the
expression of hemolectin, eater, NimrodC, and peroxidasin (Boulet et al., 2021; Jung et al.,
2005; Kurucz et al., 2007; Letourneau et al., 2016).

1.2.3 Conservation of factors regulating immune cells from fly to man

Genes and signaling pathways regulating blood cell development and function are highly
conserved from fly to man (Fig. 4; (C. J. Evans et al., 2003)). Similar to Srp in Drosophila, zinc
finger transcription factors GATA1-3 are crucial for hematopoietic development in mice and
the earliest regulators of primitive hematopoiesis (Belele et al., 2009; Fujiwara et al., 2004;
Lebestky et al., 2000; Ohneda & Yamamoto, 2002; Tsai et al., 1994). Moreover, Srp interacts
with the Friend of GATA (FOG) homolog Ush to induce plasmatocyte differentiation in
Drosophila embryos, similar to the function of FOG in mice and zebrafish (Amigo et al., 2009;
Fossett et al., 2003; Mancini et al., 2012; Tsang et al., 1997). The crystal cell fate regulator
Lozenge belongs to the Runx transcription factor family and shows high conservation to
human acute myeloid leukemia (AML)/Runx1, which is needed for maturation of primitive
erythrocytes as well as for macrophage formation in mice (Bruveris et al., 2021; Daga et al.,
1996; Yokomizo et al., 2001). Additionally, Runx1l can interact with GATA-1 to induce
megakaryocyte differentiation in vitro (Elagib et al., 2003). While gcm and gcm2 are
conserved vertebrates, their possible role in hematopoiesis in higher organisms has not been
identified (Wegner & Riethmacher, 2001). However, the human ortholog GCM1 has been
shown to interact with GATA-3 in the regulation of invasive trophoblast migration (Chiu &
Chen, 2016).
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Chapter 1 Fig 4: Conservation of hematopoiesis in flies and mammals

(A) In Drosophila, there are two waves of hematopoiesis in the embryo (red) and the larval lymph gland (blue).
(B) These waves share similarities with primitive and definite hematopoiesis in mammals. (C) Factors regulating
blood cell development in Drosophila. The zinc finger GATA factor Srp is the earliest-identified marker defining
prohemocytes. It interacts with the Friend of GATA (FOG) homolog Ush to induce plasmatocyte differentiation.
Crystal cell differentiation is controlled by the Runx/AML transcription factor Lz and Notch signaling (N). (D)
Several factors are conserved in mammalian hematopoiesis, such as GATA transcription factors, which can
interact with Runx/AML transcription factors, Notch signaling regulating differentiation of hematopoietic stem
cells, or FOG giving rise to erythrocytes and megakaryocytes. Adapted from Gold and Briickner, 2015 and Evans
et al., 2003

1.3 DROSOPHILA EMBRYONIC MACROPHAGES AS A MODEL FOR TISSUE
INVASION

1.3.1 Colonization of the embryo by hemocytes

After formation in the procephalic mesoderm, Drosophila hemocytes populate the whole
organism. They migrate via three stereotypical routes from stage 10 onwards: (1a, 1b) up to
and into the germband tissue, (2) along the segments of the developing ventral nerve cord
(VNC), and (3) along the dorsal vessel (Fig. 5).

The migration of embryonic hemocytes is regulated by PDGF/VEGF-related ligands (Pvf) and
their receptor Pvr, which is expressed in hemocytes (N. K. Cho et al., 2002; Heino et al., 2001;
Parsons & Foley, 2013; Wood et al., 2006). While Pvf2 and Pvf3 are important for hemocyte
migration, Pvfl does not appear to play a role in this process (Briickner et al., 2004; N. K. Cho
et al., 2002; Wood et al., 2006). However, Pvfl induces hemocyte proliferation in a Drosophila
tumor model (Parisi et al., 2014). In addition to its function for hemocyte migration, Pvr also
controls cell survival, which has complicated the initial assumption that Pvr-Pvf signaling
simply induces a chemotactic response guiding hemocytes along different routes (Briickner
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et al., 2004; N. K. Cho et al., 2002; Sears et al., 2003). Moreover, individual Pvf ligands are not
exclusively expressed along specific paths, and it is still unclear how hemocytes decide
between them (N. K. Cho et al., 2002). In the absence of Pvr, Pvf2 and Pvf3 were shown to be
crucial for germband invasion when cell survival was restored (Parsons & Foley, 2013; Wood
& Jacinto, 2007). In contrast, migration from the origin in the head mesoderm up to the
germband is Pvr-independent (N. K. Cho et al., 2002).

At the ventral side of the embryo, Pvf2 first facilitates hemocyte migration along the vnc
midline, but a decrease in pvf2 levels is needed for hemocyte lateral migration at stage 15,
which relies on pvf3 expression (Wood et al., 2006). Additionally, this lateral spreading of
ventral hemocytes is regulated by zyxin-dependent contact inhibition of locomotion between
individual hemocytes (Davis, Luchici, Mosis, et al., 2015). Such repulsive hemocyte-hemocyte
interaction has not been shown for other routes.
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Chapter 1 Fig. 5: Hemocyte migration during Drosophila embryonic development

Schematic drawings of the Drosophila embryo in Stage 12, when hemocytes (green) have migrated out from
their origin in the procephalic mesoderm to populate the embryo via three conserved routes: (1a, 1b) over the
yolk (yellow) into the germband, (2) along segments of the vnc (grey), and (3) along the developing dorsal vessel.
Arrows indicate the migration routes. Hemocytes support embryonic development by engulfing apoptotic cells
and secreting ECM components such as collagen IV, which are crucial processes for the formation of organs such
as renal tubules (also called Malpighian tubules, blue) and condensation of the vnc. In stage 14 embryos,
hemocyte migration routes 1 and 2 have merged as the germband retracts posteriorly (*). Adapted by Ratheesh
et al., 2015

The invasion of hemocytes into the germband tissue resembles mechanisms of mammalian
immune cell penetration of the endothelial vasculature and the metastatic spread of cancer
cells (Gout & Huot, 2008; Heyder et al., 2005; Nourshargh et al., 2010; Siekhaus et al., 2010).
For this process to occur, hemocyte-specific RholL was shown to control Rapl localization,
causing increased Integrin affinity at the leading edge of the invading hemocytes (Siekhaus et
al., 2010). Hemocyte migration during this process is supported by the extracellular matrix
(ECM) component Laminin and does not rely on matrix metalloproteases (MMPs) (Sanchez-
Sanchez et al., 2017; Siekhaus et al., 2010; Valoskova et al., 2019). The recent identification
and characterization of additional hemocyte-specific factors regulating germband
penetration further demonstrated the conservation of immune cell tissue invasion in
Drosophila and higher organisms. One study that O-glycosylation on the sulfhydryl oxidase
Qsox1 is regulated by the conserved major facilitator superfamily member Minerva to allow



hemocyte germband invasion, and expression of the human ortholog Msfd1 in the minerva
mutant background can rescue the fly phenotype (Valoskova et al., 2019). Another study
revealed the role of the conserved nuclear protein Atossa, which increases mitochondrial
oxidative phosphorylation together with its transcriptional target porthos to provide
sufficient energy for hemocyte tissue entry (Emtenani et al., 2021). Additionally, the stiffness
at the germband entry side is controlled by the tumor necrosis factor (TNF) ortholog Eiger,
causing decreased myosin activity and reduced apical tension in the germband ectoderm to
facilitate hemocyte entry (Aparna Ratheesh et al., 2018). These findings highlight the
conservation of mechanisms controlling immune cell migration in flies and higher organisms.

1.3.2 Differences in tissue environments colonized by macrophages

Hemocytes need to penetrate between closely apposed ectoderm and mesoderm cells during
their invasion into the germband tissue. If the stiffness of the ectoderm is too high, hemocytes
fail to enter the germband in time and accumulate in the area in front of the germband
(Aparna Ratheesh et al., 2018). Very recently, the cell division of germband ectoderm cells
was introduced as another crucial factor for hemocyte invasion, as it leads to the disassembly
of integrin-mediated focal adhesion sites at the germband entry (Akhmanova et al., 2021). In
our recently published study (Chapter 2 of this thesis), we showed that hemocytes rely on a
strong actin cortex to overcome the tension of the germband tissue and that their nucleus
becomes the limiting factor in the case of decreased cortical actin levels (Belyaeva et al.,
2022). In contrast, hemocytes migrate in open channels along the vnc segments, which can
be visualized by injections of dextran (lwan Robert Evans & Wood, 2011). Loss of several
factors that regulate germband invasion, such as Rhol, integrin, Minerva, Atossa, and
Porthos, do not strongly affect general hemocyte migration in the relatively unconfined
environment of the vnc (Emtenani et al., 2021; Siekhaus et al., 2010; Valoskova et al., 2019).
In Chapter 2 and Chapter 3, | show similar effects for the transcriptional regulation induced
by Dfos as well as for canonical BMP-signaling downstream of the receptor Thickveins (Tkv).

1.4 FUNCTIONS OF DFOS IN CELL MIGRATION AND IMMUNE CELLS

Fos family members are known oncogenes that drive the invasiveness of tumors (Milde-
Langosch, 2005; Q. Wang et al., 2017). Similarly, Dfos can initiate the invasiveness of epithelial
tumors and tumor cell dissemination, which is mainly linked to the breakdown of ECM
components by expression of matrix metalloproteases (MMPs) (Benhra et al.,, 2018;
Kilshammer et al., 2015; Kilshammer & Uhlirova, 2013; Uhlirova & Bohmann, 2006).
Furthermore, Dfos regulates epithelial sheet migration during dorsal closure and wound
responses and was shown to induce higher levels of the actin cytoskeleton interactors Profilin
and Filamin (Belyaeva et al., 2022; Brock et al., 2012; Kiilshammer & Uhlirova, 2013; Riesgo-
Escovar & Hafen, 1997). Together with DJun, Dfos is crucial for transcriptionally regulated
processes during epithelial wound closure to induce stretching of leading edge cells as well as
in more distal cells (Campos et al., 2010; Lesch et al., 2010; Pearson et al., 2009). In Drosophila
immune cells, Dfos was shown to play a role in restricting lamellocyte differentiation, and
knockdown of Dfos rescued the overproliferation phenotype of hemocytes expressing a
dominant negative Rab5/11°N (Tokusumi et al., 2009; Yu et al., 2021). Moreover, RNAi-
mediated knock-down of Dfos can block the expression of the antimicrobial peptides (AMPs)
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Attacin and Drosomycin in Drosophila S2 cells (Kallio et al., 2005). Therefore, Dfos is an
important regulator for immune cell function and cancer cell invasive migration.

1.5 BMP SIGNALING IN DROSOPHILA

There are three types of signaling pathways belonging to the TGFB family: TGFB, Activin, and
BMP. For each signaling pathway, specific ligands bind as dimers to the extracellular part of a
receptor complex consisting of two type | and two type Il serine/threonine kinases. Upon
ligand binding, the type Il receptor phosphorylates the type | receptor with its intracellular
kinase domain, leading to conformational changes in the type | receptor that can then bind
and phosphorylate its associated transcriptional regulator Smad (also called receptor Smad,
R-Smad) (Morikawa et al., 2016). Upon binding to a Co-Smad, activated R-Smad translocates
into the nucleus to regulate transcription, which also activates a negative feedback loop by
inducing the expression of an inhibitory Smad (I-Smad). In Drosophila, there are seven
different ligands. The BMP-type ligands Decapentaplegic (Dpp, ortholog of BMP 2/4), Glass
bottom boat (Gbb, ortholog of BMP5/6/7), and Screw (Scw, ortholog of BMP5) signal through
the type | receptors Thickveins (Tkv) or Saxophone (Sax). Whereas the Activin/TGFB-type
ligands ActivinB (ActB, ortholog of Inhibin), Maverick (Mav, ortholog of Nodal and GDF15),
and Dawdle (Daw, ortholog of Activin) signal through different variants of the type | receptor
Baboon (Babo). The type Il receptors Punt (Put) and Wishful thinking (Wit) can act in both
signaling pathways (Upadhyay et al., 2017) (Fig. 6). While there is only one Co-Smad in
Drosophila (Medea, Med), there are two different R-Smads that are specific for binding to the
type | receptors (Awasaki et al., 2008; T. Brummel et al., 1999; Nguyen et al., 2000; Upadhyay
et al., 2017). Mothers against dpp (Mad) functions in BMP signaling and Smad on X (Smox) is
downstream of Activin/TGFB signaling. The only I-Smad in Drosophila is Daughters against dpp
(Dad), which has been shown to block BMP signaling mediated by Tkv but not signaling
downstream of Babo (H. Inoue et al., 1998; Kamiya et al., 2008; Tsuneizumi et al., 1997; Weiss
et al., 2010a).

In Chapter 3, | focus on the role of BMP signaling for hemocyte invasion into an embryonic
tissue, which is likely activated by dpp ligand close to the BMP* hemocytes.

During early embryonic dorso-ventral patterning, dpp plays a major role as a morphogen that
regulates cell identity in a concentration-dependent manner (Ferguson & Anderson, 1992).
Its diffusion and localization are tightly controlled by the extracellular factors Short
gastrulation (Sog) and Twisted gastrulation (Tsg), which keep ligand dimers in an inactive
complex, and the metalloprotease Tolloid (Tld), which leads to the release of active ligands
(O’Connor et al., 2006).

BMP signaling is known to regulate hematopoiesis in higher organisms (Bhatia et al., 1999;
Johansson & Wiles, 1995; Kirmizitas et al., 2017; Monteiro et al., 2016; Nakayama et al., 2000).
In the Drosophila embryo, Dpp signaling regulates blood cell formation by controlling the
formation of cardiogenic mesoderm that will later give rise to lymph gland tissue (Mandal et
al., 2004). It also directly affects blood cell differentiation and proliferation in the PSC of
larvae, and Dpp signaling activity in larval prohemocytes was recently shown to rely on
Integrin (Dey et al., 2016; Khadilkar et al., 2020; Pennetier et al., 2012a).

Furthermore, Dpp has been shown to regulate the migration of epithelial sheets, such as
during tracheal development and dorsal closure (Fernandez et al., 2007; Riesgo-Escovar &



Hafen, 1997; Vincent et al., 1997, Zeitlinger et al., 1997). During dorsal closure, Dpp was
proposed to act as a relay signal, as it is crucial for the regulation of cell shape changes in
leader and follower cells, inducing stretching of the more ventral cells (Perkins et al., 1988).
During larval histoblast formation, Dpp signaling is active in the outer leading edge cells,
inducing their tissue invasion in an Integrin-dependent manner (Ninov et al., 2010). In Chapter
3, I show a novel role of Dpp signaling activation in a subpopulation of hemocytes, which are
leaders of tissue invasion in the Drosophila embryo.

In Drosophila larvae, the receptor Put was shown to control hemocyte homing to
hematopoietic pockets and hemocyte proliferation, which is dependent on the ligand Activinf3
(Makhijani et al., 2017). The effect of Dpp signaling on embryonic hemocytes has not been
investigated so far. In Chapter 3, | reveal that only a subpopulation of embryonic hemocytes
shows BMP activation, and those BMP* hemocytes lead tissue invasion into the germband.
These findings add to the body of knowledge about Dpp’s function as a morphogen that
regulates cell identity.

1.6 INTERACTIONS OF DFOS AND BMP SIGNALING IN DROSOPHILA

The AP1 complex consisting of Dfos and DJun, has previously been shown to interact with
BMP signaling in Drosophila. During embryonic dorsal closure, leading edge (LE) cells of the
migrating epithelial sheet secrete the BMP ligand Decapentaplegic (dpp) to induce cell shape
changes in the follower cells in a Dfos-dependent manner, inducing a relay signal (Perkins et
al., 1988; Riesgo-escovar & Hafen, 1997; Riesgo-Escovar & Hafen, 1997; Zeitlinger et al.,
1997). Additionally, Dfos also regulates dpp target genes in a DJun-independent manner in
the dorsal epithelium of the early embryo (Rusch & Levine, 1997). Moreover, a critical level
of dpp signaling is needed for Dfos expression to control the morphological movements of
follicle cells and subsequent development of respiratory appendages (Dequier et al., 2001).
BMP signaling and Dfos also interact to induce the formation of the endoderm cell fate and
the formation of Drosophila gut cells (Eresh et al., 1997; Sziits & Bienz, 2000). Canonical BMP
is crucial for the expression of genes that regulate neuro-muscular junction growth and
plasticity, including Dfos, the cell adhesion molecule (CAM) Fasciclin Ill, and the adenylyl
cyclase rutabaga (Berke et al., 2013). Interestingly, in Chapter 3, we find Fasciclin Ill and
rutabaga among the genes with higher expression in a novel BMP-activated hemocyte
subpopulation, pointing towards a possible overlap of BMP activation and Dfos functions in
Drosophila embryonic hemocytes. Moreover, BMP signaling activation and Dfos play a crucial
role in tissue invasion of embryonic hemocytes, similar to the function of TGFB-signaling and
AP1 transcriptional regulation of breast cancer invasiveness (Belyaeva et al., 2022; Sundqvist
et al., 2020).

1.7 SUBPOPULATIONS OF DROSOPHILA IMMUNE CELLS

For a long time, hemocytes in the early Drosophila embryo were thought of as progenitor-like
cells, also called prohemocytes, which develop into plasmatocytes and crystal cells. However,
data from Holz and colleagues have shown that the blastoderm embryo comprises two
different hemocyte anlagen, with one of them giving rise to embryonic hemocytes and the
other specifying lymph gland hemocytes (Holz et al., 2003). This study was followed by
another description of hemocytes’ origin from different zones of the procephalic mesoderm
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between stages 7 and 11 (de Velasco et al., 2006). However, the recent rise of single-cell
transcriptomics paved the way for in-depth analysis of hemocyte subpopulations. Utilizing
single-cell RNA-Sequencing of larval hemocytes, three research groups identified previously
unknown subpopulations in Drosophila immune cells, different states of hemocytes upon
inflammation and immune challenge, and novel subtypes of crystal cells and lamellocytes
enriched in the FGF-receptor breathless and the ligand branchless, which is crucial for parasite
defense (Cattenoz et al.,, 2020; Fu et al.,, 2020; Tattikota et al., 2020). The very small
population of primocytes was proposed as a novel hematopoietic precursor population
labeled by the expression of transcription factors controlling cell fate specification and
differentiation, including Antennapedia, knot, hamlet, Mothers against dpp (Mad), and Z600
(Fu et al., 2020). However, a comparison between larval and embryonic hemocytes showed
significant differences in gene expression and highlighted the need for in-depth
characterization of hemocytes throughout embryonic development. Therefore, in an attempt
to describe the embryonic hemocyte population during the time of their specification,
transcriptome data from larval and embryonic single-cell RNA-Sequencing were used to
generate a pseudo-transcriptome of embryonic hemocytes (Cattenoz et al.,, 2021).
Procephalic mesoderm cells were thereby verified to express the earliest hemocyte-specific
transcription factors gcm and the GATA factor srp. The transcriptome profile of early
undefined prohemocytes correlated strongly with the proliferative plasmatocyte subgroups
of the larval lymph gland, indicating that proliferating embryonic hemocytes give rise to larval
hemocytes (Cattenoz et al., 2021).

While these results point toward the existence of different hemocyte subpopulations
in the embryo, their functional characteristics remain unclear. However, functionally distinct
subpopulations were recently identified by a Gal4 driver screen in late embryos at stage 15,
a time when hemocytes have already dispersed through the embryo (Coates et al., 2021). The
described subpopulations showed characteristics of pro-inflammatory M1 macrophages of
vertebrates with a faster migration towards wounds, and they exhibited different
localizations and dynamics throughout fly development, demonstrating the complexity of
embryonic hemocytes. However, during early embryonic development, hemocytes face very
different tissue environments and more closely resemble characteristics of M2-like
macrophages that shape tissue development. In Chapter 3, | describe the characteristics of a
novel subpopulation of BMP-activated hemocytes. Similar to anti-inflammatory M2
macrophages in higher vertebrates, BMP signaling activity was previously linked to hemocytes
in the larva that did not produce anti-microbial peptides (AMPs) upon infection but showed
pro-healing characteristics (Clark et al., 2011b). In our manuscript, we show that BMP-
activated hemocytes lead tissue invasion into the germband. They have higher levels of
putative target genes, which potentially regulate the interaction with non-BMP-activated
hemocytes and become enriched in E(spl)C genes upon tissue invasion. While E(spl)C genes
are known as downstream components of Notch signaling, hemocyte tissue invasion is Notch
independent. We also find E(sp/)C genes to be strong markers of novel hemocyte clusters
identified by single-cell transcriptomic analysis. These findings suggest that Drosophila
immune cells resemble different features during embryogenesis. They are similar to M1
macrophages in late-stage embryos and relate to M2 macrophages during earlier
development. BMP signaling is potentially part of the M2 axis.

In our recent publication describing the role of Dfos in embryonic immune cell migration, we
named them “macrophages” according to their functional similarity with their vertebrate
counterparts (Belyaeva et al.,, 2022). However, given the recent identification of



subpopulations of plasmatocytes (i.e., macrophages) that might also resemble different
activation states, | refer to Drosophila immune cells as hemocytes throughout the manuscript
in Chapter 3 to avoid a potentially inaccurate definition (Cattenoz et al., 2021).
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2.1 ABSTRACT

The infiltration of immune cells into tissues underlies the establishment of tissue resident
macrophages, and responses to infections and tumors. Yet the mechanisms immune cells
utilize to negotiate tissue barriers in living organisms are not well understood, and a role for
cortical actin has not been examined. Here we find that the tissue invasion of Drosophila
macrophages, also known as plasmatocytes or hemocytes, utilizes enhanced cortical F-actin
levels stimulated by the Drosophila member of the fos proto oncogene transcription factor
family (Dfos, Kayak). RNA sequencing analysis and live imaging show that Dfos enhances F-
actin levels around the entire macrophage surface by increasing mRNA levels of the
membrane spanning molecular scaffold tetraspanin TM4SF, and the actin cross-linking filamin
Cheerio which are themselves required for invasion. Both the filamin and the tetraspanin
enhance the cortical activity of Rhol and the formin Diaphanous and thus the assembly of
cortical actin, which is a critical function since expressing a dominant active form of
Diaphanous can rescue the Dfos macrophage invasion defect. In vivo imaging shows that Dfos
enhances the efficiency of the initial phases of macrophage tissue entry. Genetic evidence
argues that this Dfos-induced program in macrophages counteracts the constraint produced
by the tension of surrounding tissues and buffers the properties of the macrophage nucleus
from affecting tissue entry. We thus identify strengthening the cortical actin cytoskeleton
through Dfos as a key process allowing efficient forward movement of an immune cell into
surrounding tissues.
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2.2 INTRODUCTION

The classical model of cell migration on a surface postulated in the 1980’s by Abercrombie
has been extended (Danuser et al.,, 2013) by studies showing that migrating cells utilize
diverse strategies depending on the architecture and physical properties of their three
dimensional (3D) surroundings (Paluch et al., 2016). Much of this work has been conducted
in vitro, where variations in the environment can be strictly controlled. However most 3D
migration occurs within the body, and much less research has elucidated the mechanisms
used to efficiently move in these diverse environments, particularly into and through tissues.
Such migration is crucial for the influence of the immune system on health and disease.
Vertebrate macrophages migrate into tissues during development where they take up
residence, regulating organ formation and homeostasis and organizing tissue repair upon
injury (Ginhoux and Guilliams, 2016; Theret et al 2019). A variety of types of immune cells
infiltrate into tumors, and can both promote or impede cancer progression (Greten and
Grivennikov 2019; Sharma and Allison, 2015). Responses to infection require immune cells to
traverse through the vascular wall, into the lymph node, and through tissues (Luster et al.,
2005). Yet the mechanisms utilized by immune cells to allow migration into such challenging
cellular environments in vivo are not well understood.

Migration in 2D and 3D environments requires actin polymerization to power forward
progress. The assembly of actin at the leading edge, when coupled to Integrin adhesion to
anchor points in the surrounding ECM, can allow the front of the cell to progress (Mitchison
and Cramer, 1996). This anchoring also allows the contraction of cortical actin at the rear
plasma membrane to bring the body of the cell forwards. But a role for crosslinked actin at
the cell surface in assisting forward progress by helping to counteract the resistance of
surrounding tissues and in buffering the nucleus has not been previously identified.

Our lab examines Drosophila macrophage migration into the embryonic germband
(gb) to investigate mechanisms of immune cell tissue invasion. Macrophages, also called
plasmatocytes or hemocytes, are the primary phagocytic cell in Drosophila and share striking
similarities with vertebrate macrophages (Briickner et al., 2004; Evans & Wood, 2011;
Lemaitre & Hoffmann, 2007; Ratheesh et al., 2015; Weavers et al., 2016). They are specified
in the head mesoderm at embryonic stages 4-6 and by stage 10 start spreading along
predetermined routes guided by platelet-derived growth factor- and vascular endothelial
growth factor-related factors (Pvf) 2 and 3 (Cho et al., 2002; Briickner et al., 2004; Wood et
al., 2006) to populate the whole embryo. One of these paths, the movement into the gb,
requires macrophages to invade confined between the ectoderm and mesoderm (Ratheesh
et al., 2018; Siekhaus et al., 2010). The level of tension and thus apparent stiffness of the
flanking ectoderm is a key parameter defining the efficiency of macrophage passage into and
within the gb (Ratheesh et al., 2018). Penetration of macrophages into the gb utilizes Integrin,
occurs normally without MMPs (Siekhaus et al., 2010) and is even enhanced by ECM
deposition (Valoskova et al., 2019; Sanchez-Sanchez et al., 2017) likely because the basement
membrane has not yet formed at this stage (Matsubayashi et al., 2017; Ratheesh et al., 2018).
Thus, Drosophila macrophage gb invasion represents an ideal system to explore the
mechanisms by which immune cells and surrounding tissues interact with one another to aid
the invasion process.

Here we sought to identify a transcription factor that could control immune cell tissue
invasion and elucidate its downstream mechanisms. We identify a role for the Drosophila
ortholog of the proto-oncogene Fos in initial entry and migration within the tissue. We find
Dfos increases cortical macrophage F-actin levels through the formin Cheerio and a novel
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target, the tetraspanin TM4SF, aiding macrophages to move forward against the resistance
of the surrounding tissues while buffering the nucleus.

2.3  RESULTS

23.1 The transcription factor Dfos is required for macrophage germband
invasion

To identify regulators of programs for invasion we searched the literature for transcription
factors expressed in macrophages prior to or during their invasion of germband tissues (gb)
(Fig 1A-B’). Of the 12 such factors (S1 Table, based on Hammonds et al., 2013) we focused on
Dfos, a member of the Fos proto-oncogene family, assigned by the Roundup algorithm as
being closest to vertebrate c-fos (Deluca et al., 2012; Thurmond et al., 2019) (Fig 1C). Dfos
contains the basic leucine zipper domain (bZIP) shown to mediate DNA binding and hetero
and homo dimerization (Glover and Harrison, 1995; Szaléki et al., 2015) with the third leucine
replaced by a methionine, a position also altered in the C. elegans ortholog FOS-1A (Sherwood
et al., 2005). Embryo in situ hybridizations reveal enriched expression of the gene in
macrophages at early stage 11 (Fig 1D, arrow) which is attenuated by stage 13 matching what
was seen in the BDGP in situ database  https://insitu.fruitfly.org/cgi-
bin/ex/report.pl?ftype=1&ftext=FBgn0001297. Antibody staining against Dfos protein
appears in the nucleus in macrophages that are migrating towards the gb at stage 10-12 (Fig
1E-F’ yellow arrowheads, G-G”’ white arrows) and is still observed in stage 13 (S1A Fig). The
Dfos® null mutant that removes exon 1 including the translational start site (Riesgo-Escover
and Hafen, 1997, Zeitlinger, et al., 1997) eliminates the signal in macrophages, indicating
antibody specificity (Fig 1H). To determine if Dfos affects invasion, we examined the 70% of
embryos that did not display developmental defects at these early stages from Dfos! and the
hypomorphic Dfos? (Zeitlinger et al., 1997); we quantified macrophage numbers in the gb
during a defined developmental period in early stage 12 (Fig 1M). Both Dfos mutants
displayed significantly reduced numbers of macrophages in the gb compared to the control
(Fig 11-K, N) with normal numbers in the pre-gb zone for Dfos? (S1B Fig) (S1 Data).
Macrophage-specific expression of Dfos rescues the Dfos? mutant (Fig 1L,N). Blocking Dfos
function in macrophages with a dominant negative (DN) Dfos (Fig 10-Q) that lacks the
activation domain but retains the capacity to dimerize and bind DNA (Eresh et al., 1997) or
two different RNAis against Dfos (Fig 1R) recapitulates the decrease in gb macrophages seen
in the null while not affecting macrophage numbers in the whole embryo (S1C Fig), and along
the ventral nerve cord (vnc) (S1D-E Fig). However, macrophages expressing DfosDN or the
Dfos RNAis accumulate in the pre-germband area (S1F-G Fig), as if they are accumulating
there when unable to progress further. These results argue that Dfos is required in
macrophages for their migration into the gb.

The tool we chose to examine this capability was DfosDN for the following reasons. Dfos and
DfosDN do not appear to inhibit other bZIP proteins at higher levels of expression:
overexpressing DfosDN in the midgut does not inhibit another bZIP protein that acts there
(Eresh et al., 1997) and overexpressing Dfos in macrophages does not change gb numbers
(S1H Fig). DfosDN should exert a quicker effect than the RNAis. And finally, the Dfos RNAis no
longer exert an effect when a second UAS construct is simultaneously expressed (S1I Fig).
Thus, our further experiments examining Dfos’ role in enhancing macrophage germband
invasion utilized mostly the DN form.
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Chapter 2 Fig 1.The bZIP transcription factor Dfos acts in macrophages to facilitate their migration into the
germband

Schematics of lateral (A) stage (St) 11 and (A’) early St 12 embryos. The boxed region magnified below indicates
where macrophages (green) invade the germband (gb) after moving there from the head (B-B’). Macrophages
sit on the yolk sac (yellow) next to the amnioserosa (black line) and then invade between the ectoderm (blue)
and mesoderm (purple). (C) Dfos protein aligned with its human orthologs c-Fos and FosB; orange outlines the
bZIP region that has 48% identity to both proteins: identical amino acids shown in orange, conserved ones in
green. Stars indicate Leucines in the zipper; * the third leucine which in Dfos is a methionine, a tolerated
substitution (Garcia-Echeverria, 1997). The lower solid line indicates the basic domain and the dotted line the
leucine zipper (ZIP). (D) In situ hybridization of St 11 and 13 embryos with a riboprobe for Dfos-RB (Fbcl0282531)
which also detects all Dfos isoforms. Dfos RNA expression is enriched in macrophages (arrow) and the
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amnioserosa (arrowhead) before gb invasion, but is gone thereafter. (E-H’) Confocal images of the boxed region
in A from fixed embryos expressing GFP in macrophages (green) stained with a Dfos Ab (red). (E-F’, H-H’) A white
dashed line indicates the gb edge. (E-F) The Dfos Ab (yellow arrowheads) stains (E) macrophages moving towards
the gb at St 11, and (F) early St 12, as well as the amnioserosa (white arrowheads). (G) Higher magnification
shows Dfos colocalizing with the nuclear marker DAPI (white). (H) No staining is detected in macrophages or the
amnioserosa in the null Dfos? mutant. (I-L) Lateral views of mid St 12 embryos from (1) the control, (J) the null
allele Dfos?, (K) the hypomorphic allele Dfos?, and (L) Dfos? with Dfos re-expressed in macrophages. (M)
Schematic of St 12 embryo, gb region indicated by a black oval outline. (N) Quantitation reveals that both Dfos
alleles display fewer macrophages in the gb. Re-expression of Dfos in macrophages in the Dfos? hypomorph
significantly rescues the defect. Control vs. Dfos! p=0.02 (30% reduction), Control vs. Dfos? p=0.017 (25%
reduction), Control vs. Dfos?; mac>Dfos p=0.334. (O-P) Lateral views of mid St 12 embryos from (O) the control,
or (P) aline expressing a dominant negative (DN) form of Dfos in macrophages. (Q) Quantification of macrophage
numbers in the gb (see schematic) in the two genotypes visualized in O-P. p=0.0002 (***) (40% reduction).
Standard Deviation (SD): 25, 25. (R) Quantification of macrophage numbers in the gb of the control and two
different lines expressing RNAI constructs against Dfos in macrophages. Quantification of macrophage numbers
in the gb for lines expressing one of two different UAS-Dfos RNAi constructs in macrophages. Control vs.
mac>Dfos RNAi* (TRiP HMS00254) or vs. mac>Dfos RNAF? (TRiP JF02804), p<0.0001 (54 or 52% reduction). SD:
32,19, 29. The data in Q and R argue that Dfos is required within macrophages to promote gb tissue invasion.
Embryos are positioned with anterior to left and dorsal up in all images and histograms show mean + standard
error of the mean (SEM) throughout. Macrophages are labeled using srp-Gal4 (“mac>") driving UAS-GFP in E-H,
UAS-GFP::nls in I-L and srpHemo-H2A::3xmCherry in O-R. ***p<0.005, **p<0.01, *p<0.05. One-way ANOVA with
Tukey post hoc was used for N and R, and unpaired t-test for Q. The embryo number analysed is indicated within
the relevant column in the graphs. Scale bar: 50 um in D, 5 um in E-H and 10 um in I-L, O-P. The data underlying
the graphs in all Figures can be found in S1 Data.

2.3.2 Dfos promotes macrophage motility and persistence during tissue entry

To examine the dynamic effects of Dfos on tissue invasion, we performed live imaging and
tracking of macrophages. We visualized macrophages with srpHemo-H2A::3xmCherry
(Gyoergy et al., 2018) in either a wild type or mac>DfosDN background, capturing the initial
stage of invasion (S1 Movie). The speed of macrophages moving in the area neighboring the
germband prior to invasion was not significantly changed (pre-gb, Fig 2B,C). However, the first
mac>DfosDN macrophage to enter is delayed by 20 min in crossing into the gb (Fig 2D).
mac>DfosDN macrophages also displayed reduced speed and directional persistence during
entering as well as while moving along the first 20um of the ectoderm-mesoderm interface
(gb entry, Fig 2E, S2A Fig). Macrophages in the Dfos? mutant largely mirrored this phenotype,
but displayed slower movement in the pre-gb zone neighboring the amnioserosa in which
Dfos is also expressed (Fig 1D-F), likely causing a non-autonomous effect (S2B-C Fig, S2 Movie)
(Fig 1D, black arrowhead, E-F, white arrowheads). Macrophages expressing DfosDN moved
with unaltered average speed as they spread out along the non-invasive route of the vnc (Fig
2F, Fig 2G, S3 Movie), albeit with reduced directional persistence (S2A Fig). We thus conclude
from live imaging that Dfos in macrophages aids their initial invasive migration into the gb,
increases their speed within the gb and does not underlie their progress along the vnc.
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Chapter 2 Fig 2. Dfos facilitates the initial invasion of macrophages into the gb tissue

(A) Movie stills of control embryos and those expressing DfosDN in macrophages (green, labelled using sroHemo-
H2A::3xmCherry). Area imaged corresponds to the black dashed square in the schematic above. The germband
(gb) border is outlined with a white dashed line. The first entering macrophage is indicated with a white
arrowhead, and time in minutes in the upper right corner. (B) Detailed schematic showing the different zones
for which the parameters of macrophage gb invasion were quantified. The pre-gb area is shown in yellow, the
gb entry zone is outlined in a solid line. (C) Macrophage speed in the pre-gb area was not significantly changed
in macrophages expressing DfosDN (3.00 um/min) compared to the control (3.61 um/min), p= 0.58. (D)
Quantification shows a 68% increase in the total gb crossing time of DfosDN expressing macrophages compared
to the control. Total gb crossing time runs from when macrophages have migrated onto the outer edge of the
gb ectoderm, aligning in a half arch, until the first macrophage has translocated its nucleus into the gb ecto-
meso interface. p=0.008. SD: 4, 14. (E) DfosDN expressing macrophages displayed a significantly reduced speed
(1.53 um/min) at the gb entry zone compared to the control (1.98 pum/min), p= 1.11e. SD: 2, 2. (F)
Macrophages expressing DfosDN in a Stage 13 embryo move with unaltered speed along the vnc in the region
outlined by the dashed black box in the schematic above (4.93 um/min), compared to the control (4.55 um/min),
p= 0.64. Corresponding stills shown in (G) Macrophages are labeled by sroHemo-Gal4 driving UAS-GFP::nls.
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*¥**p<0.005, **p<0.01, *p<0.05. Unpaired t-test used for C-F, a Kolmogorov-Smirnov test for D. For each
genotype, the number of tracks analysed in C and F, and the number of macrophages in D-E are indicated within
the graph columns. Tracks were obtained from movies of 7 control and 7 mac>DfosDN expressing embryos in
panel D, 3 each in C, F, and 4 each in E. Scale bar: 10 um.

233 Dfos modulates Filamin and Tetraspanin to aid gb tissue invasion

To identify Dfos targets that promote macrophage invasion, we FACS isolated macrophages
from wild type and mac>DfosDN embryos during the time when invasion has just begun, and
conducted RNA-sequencing of the corresponding transcriptomes (Fig 3A, S1 Data). We first
assessed reads that map to Dfos, which can correspond to both endogenous and DfosDN
mRNA; we found a 1.6 fold increase in the presence of the one copy of DfosDN in this line,
arguing that this transgene is expressed at levels similar to each endogenous copy of Dfos and
is unlikely to produce extraneous effects (S2 Data). We then examined genes that displayed a
log, fold change of at least 1.5 with an adjusted P value less than 0.05 in the presence of
DfosDN. Ten genes were down-regulated (Fig 3B, S3A-B Fig) and 9 up-regulated by DfosDN
(52 Table). Upregulated genes in DfosDN encoded mostly stress response proteins, consistent
with the role previously demonstrated for fos in C. elegans in suppressing stress responses
(Hattori et al., 2013). We concentrated on the downregulated class. Of these, we focused on
the actin crosslinking filamin Cheerio (Cher) and the tetraspanin TM4SF from a group that can
form membrane microdomains that affect signalling and migration (Razinia et al., 2012; Yeung
et al.,, 2018). No known role for TMA4SF had been previously identified in Drosophila. To
determine if these Dfos targets were themselves required for invasion, we knocked down
Cher and TM4SF through RNAI individually or simultaneously and observed significantly
reduced macrophage numbers in the gb, particularly upon the knockdown of both targets
simultaneously (Fig 3C-G) while not affecting macrophage numbers in the pre-gb zone (S3D
Fig) or on the vnc (S3E Fig). Over-expression of Cher or TMA4SF along with DfosDN in
macrophages increased the mean macrophage numbers in the gb, and over-expression of
TMASF rescued the DfosDN macrophage invasion defect (Fig 3H-L). Expression of a GFP
control did not restore macrophage invasion indicating that the rescue we observed through
Cher or TMA4SF expression was not due to promoter competition leading to reductions in
DfosDN expression. We conclude that Dfos aids macrophage gb invasion by increasing the
MRNA levels of the filamin actin crosslinker Cher and the tetraspanin TMA4SF.

234 In murine osteosarcoma c-fos mMRNA level increases correlate with those
of Filamins and Tetraspanin-6

To determine if these Dfos targets in Drosophila could also be Fos targets in vertebrate cells,
we utilized a well-established murine transgenic model that over expresses c-fos. In these
mice transgenic c-fos expression from viral 3’ UTR elements in osteoblasts (the bone forming
cells) leads to osteosarcoma development accompanied by a 5 fold increase in c-fos mMRNA
expression (Fig 3M) (Linder et al., 2018).
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Chapter 2 Fig 3. Dfos regulates macrophage germband invasion through cytoskeletal regulators: the Filamin
Cheerio and the tetraspanin TM4SF
(A) Schematic representing the pipeline for analyzing mRNA levels in FACS sorted macrophages. (B) Table of
genes down regulated in macrophages expressing DfosDN. Genes are ordered according to the normalized p-
value from the RNA-Sequencing. The closest mouse protein orthologs were found using UniProt BLAST; the hit
with the top score is shown in the table. (C-F) Lateral views of representative St 12 embryos in which the two
targets with links to actin organization, (D) the Tetraspanin TM4SF and (E) the Filamin Cheerio, have been
knocked down individually or (F) together, along with the control (C). Scale bar: 50 um. (G) Quantification shows
that the number of macrophages in the germband is reduced in embryos expressing RNAi against either cher (KK
107451) or TMA4SF (KK 102206) in macrophages, and even more strongly affected in the double RNAi of both.
Control vs. cher RNAi p=0.0005 (46% reduction). Control vs. TM4SF RNAi p=0.009 (37% reduction), Control vs.
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cher/TM4SF RNAi p>0.0001 (61% reduction). cher RNAi vs. TM4SF RNAi p=0.15. SD: 29, 23, 17, 12. (H-K) Lateral
views of a representative St 12 embryo from (H) the control, as well as embryos expressing DfosDN in
macrophages along with either (1) GFP, (J) cher, or (K) TM4SF. (L) Quantification shows that over-expression of
TMA4SF in DfosDN expressing macrophages restores their normal numbers in the gb. Over-expression of cher in
this background shows a strong trend towards rescue, but did not reach statistical significance. Control vs.
DfosDN p=0.015 (28% reduction); Control vs. cher p=0.74; Control vs. TM4SF p>0.99; DfosDN vs. DfosDN cher
p=0.14; DfosDN vs. DfosDN, TM4SF p<0.0001; Control vs. cher p=0.97; Control vs. TM4SF p=0.35. SD: 22, 16, 16,
21, 22, 13. (M-0) g-PCR analysis of mRNA extracted from the bones of mice that are wild type, transgenic (tg)
for Fos controlled by a Major Histocompatibility promoter and viral 3’UTR elements, and those in which such c-
Fos transgenesis has led to an osteosarcoma (0S). Analysis of mMRNA expression shows that higher levels of (M)
Fos correlate with higher levels of (N-N") FInA-C, and (O) Tspan6 in osteosarcomas. p values = 0.86, 0.001, 0.003,
SD: 0.7, 0.6, 0.3 in M, 0.98, 0.009, 0.007 and 0.4, 0.2, 1.5 in N, 0.39, < 0.0001, <0.0001 and 0.2, 0,3, 1.1 in N’,
0.76, 0.005, 0.002 and 0.8, 2.3, 2.4in N”, 0.99, 0.004, 0.003 and 0.1, 0.2, 0.2 in O. Scale bar: 50 um. Macrophages
are labeled using either (C-F) srp::H2A::3xmCherry or (H-K) srpHemo-Gal4 (“mac>") driving UAS-mCherry::nls.
***p<0.005, **p<0.01, *p<0.05. Unpaired t-test or one-way ANOVA with Tukey post hoc were used for statistics.
Each column contains the number of analyzed embryos.

We examined by qPCR the mRNA levels of our identified Dfos targets’ orthologs, comparing
their levels in osteosarcomas (Fos tg OS) to neighboring, osteoblast-containing healthy bones
from Fos tg mice (Fos tg bone) and control bones from wild-type mice (wt bone). We saw 2.5
to 8 fold higher mRNA levels of the three murine Filamin orthologs (Fig 3N-N”) and a 15 fold
increase in Tetraspanin-6 (Fig 30) in osteosarcoma cells. mRNA levels of several of the
orthologs of other Dfos targets we had identified showed less strong inductions or even
decreases; the Glutathione S transferase Gstt3 and the Slit receptor Evalc increased 4 and
2.8 fold respectively, while the mitochondrial translocator Tspo was 25% lower (S3F-I Fig).
These results suggest that Dfos’s ability to increase mRNA levels of two key functional targets
for migration, a Filamin and a Tetraspanin, is maintained by at least one vertebrate fos family
member.

2.3.5 Dfos increases assembly of cortical actin through Cheerio and TMA4SF to
aid macrophage invasion

We wished to determine what cellular properties Dfos could affect through such targets to
facilitate Drosophila macrophage invasion. Given Cheerio’s known role as an actin crosslinker,
we examined actin in invading mac>DfosDN macrophages within live embryos.

To visualize actin in macrophages, we utilized a sroHemo-moe::3xmCherry reporter which
marks cortical F-actin (Edwards et al., 1997; Franck et al., 1993) and observed a reduction of
53% (Fig 4A-D) in its signal in invading mac>DfosDN macrophages. We saw no change by
Western analysis in the levels of the Moe::3xmCherry protein itself upon DfosDN expression
(Fig S4A-A’). We hypothesized that the changes in cortical actin we observed in the
mac>DfosDN all could be due to the lower levels of Cheerio and/or TM4SF mRNA. Indeed, we
observed reductions in Moe::3xmCherry all around the edge of invading macrophages in live
embryos expressing RNAi against cher or TM4SF in macrophages (Fig 4E-H).
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Chapter 2 Fig 4. Dfos regulates the actin cytoskeleton through Cher, TM4SF, and the formin Diaphanous

(A) Quantification of phalloidin intensity to detect F actin at the macrophage-macrophage contacts in Stage
11/12 Dfos® embryos. F-actin is strongly reduced at these homotypic contacts. (B-C) Representative confocal
images of live embryos expressing in invading macrophages the F-actin binding and homodimerizing portion of
Moesin (srpHemo-moe::3xmCherry) to label F-actin, presented as a maximum z-projection. Relative Moe-
3xmCherry intensity is indicated with a pseudo-color heat map as indicated on the left, with yellow as the highest
levels and dark blue as the lowest as indicated in the calibration bar to the left. Insets in the bottom left corner
of each panel show a grey-scale single z-plane corresponding to the white box in the main image. Embryo
genotype indicated below. Strong reductions in cortical actin are observed in macrophages expressing DfosDN
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compared to the control. (D-E) Quantification of the macrophage Moe:3xmCherry intensity as a measure of
cortical F-actin, normalized to the average fluorescence intensity of the control per batch. (D) Quantification
shows that macrophages expressing DfosDN display a 53% reduction in Moe::3xmCherry intensity compared to
the control when the two outliers shown as single dots are excluded, 37% if they are included. Outliers identified
by 10% ROUT. n of ROIs analysed = 650 for control, 687 for DfosDN. p=0.0007 for analysis including outliers
(Kolmogorov-Smirnov) and p<0.0001 for analysis excluding outliers (Welch’s t-test). SD: 0.2, 0.4. (E)
Quantification reveals that macrophage expression of an RNAIi against either cher or TM4SF, the two genes
whose expression is reduced in DfosDN, also results in a decrease of Moe::3xmCherry intensity (by 40% each). n
of ROIs analysed = 549 for control, 423 for cher RNAI, 306 for TM4SF RNAI. Control vs. cher RNAi p=0.006. Control
vs. TM4SF p=0.003. SD: 0.2, 0.3, 0.2. (F-H) Images and representation as in B-C. Strong reductions in cortical
actin are observed in macrophages expressing cher RNAi or TM4SF RNAi compared to the control. (I,I’)
Representative confocal images of St 12 embryos from the control and a line in which macrophages express
DfosDN and a constitutively active (CA) form of the formin Dia to restore cortical actin polymerization. (J)
Quantification shows that while macrophage expression of DiaCA does not significantly affect the number of
macrophages in the gb, expressing it in a DfosDN background rescues macrophage gb invasion. Control vs.
DfosDN p=0.017 (28% reduction), Control vs. diaCA p=0.18, Control vs. DfosDN, diaCA p=0.010, DfosDN vs.
DfosDN, diaCA p<0.0001. SD: 22, 16, 16, 24. (K,K’) Representative confocal images of St 12 embryos from the
control and from a line expressing an RNAIi against dia in macrophages. (L) Quantification of two RNAI lines
against dia expressed in macrophages shows a 37% and 21% reduction in macrophage numbers in the gb
compared to control. Control vs. dia RNAi* (TRiP HMS05027) p<0. 0001; control vs. dia RNA? (TRiP HMS00308)
p=0.0008. SD: 13, 20, 22. (M, O) Examples of line profiles used for the determination of the membrane-to-
cytoplasmic ratio of Dia in panel N and DiaRBD in panel P. Line intensity profiles from fixed Stage 11 embryos of
(M) Dia::GFP or (O) DiaRBD::GFP (green) and membrane myr::-Tomato (magenta) across the outward facing edge
of groups of macrophages sitting within ~ 40 um of the germband that expressed either lacZ (Control), Rho1DN,
DfosDN, cher RNAI, or TM4SF RNAi as shown in the schematic in M. Line length ~ 8 um. Blue lines indicate mean
GFP intensity on the membrane and in cytoplasm. (N, P) Quantification of membrane-to-cytoplasmic intensity
ratio of (N) Dia::GFP or (P) DiaRBD::GFP expressed in macrophages under UAS control along with either lacZ
(control, n=233 from 15 or n=158 line scans from 11 embryos), RholDN (n=212 from 14 or n=123 from 7),
DfosDN (n=237 from 12 or n=135 from 8), cher RNAi (n=252 from 13 or n=128 from 8), TM4SF RNAi (n=279 from
17 or n=205 from 11). Control vs. RholDN ****p<0.0001 (29% (N), 34% (P) reduction), Control vs. DfosDN
p=**0.0037 (23% (N), 21% (P) reduction), Control vs. cher RNAi ***p=0.0007 (24% (N), 28% (P) reduction),
Control vs. TM4SF RNAj *p=0.024 or 0.026 (20% reduction). SD: 1.9, 0.9, 1.0, 0.9, 1.0 in N; 0.7, 0.5, 0.5, 0.5, 0.4
in P. Macrophages are labeled using either srpHemo-Gal4 driving UAS-mCherry::nls (I-I'), srpoHemo-
H2A::3xmCherry (K-K’). srpHemo-moe::3xmCherry, sroHemo-Gal4 (mac>) crossed to (B) UAS-GFP as a Control,
(C) UAS-DfosDN, (F) w Control, (G) UAS-cher RNAi (KK 107451), (H) UAS-TM4SF RNAi (KK 102206). srpHemo-
GAL4 UAS-Myr::tdTomato UAS-dia::GFP (M, O) or UAS-diaRBD::GFP (N, P) crossed to UAS-lacZ as a Ctrl, UAS-
Rho1DN or the lines indicated above. ***p<0.005, **p<0.01, *p<0.05. Unpaired t-test used for A. Welch’s t test
of normalized average mean intensity per embryo for D with the two indicated outliers excluded, for statistical
assessment. One way ANOVA with Tukey post hoc for E, J, L. Kruskal-Wallis for N, P. The number of analyzed (A)
macrophage-macrophage junctions, or (D-E, J, L, N, P) embryos is shown in each column. Scale bar 10um in (B-
C, F-H), 50um in (1, K).

To test if a decrease in actin assembly could underlie the reduced tissue invasion of
mac>DfosDN macrophages, we forced cortical actin polymerization by expressing a
constitutively active version of the formin Diaphanous (DiaCA), in which Dia’s inhibitory auto
regulatory domain has been deleted, allowing active Dia to localize to the macrophage cortex
(Davidson et al., 2019). Indeed, expressing DiaCA in macrophages completely rescued the
Dfos?, Dfos? (Fig S4B), and mac>DfosDN invasion defect (Fig 4l-)). Given that Dia, like Dfos,
does not affect general macrophage migratory capacities along the ventral nerve cord (Davis
et al., 2015), we examined if Dia might normally play a role in invasion. We utilized two RNAis
against Dia and observed decreased macrophage numbers in the gb in each (Fig 4K-L) with no
effect on numbers in the pre-gb (S4C Fig) or on the vnc (S4D Fig). These results argue that



Dfos aids invasion by increasing levels of TM4SF and Cheerio to enhance assembly of actin
around the surface of the macrophage.

2.3.6 Dfos stimulates the cortical activity of Rhol and Diaphanous through its
targets TMA4SF and Cheerio

We hypothesized that Dfos and its targets enhance cortical actin assembly by affecting Dia.
We had observed no increase in Dia’s mRNA levels (S3C Fig) upon DfosDN expression, and
thus examined localization of Dia protein. We expressed Dia::GFP (Homem and Peifer, 2008)
in macrophages along with Myr::Tomato to mark the membrane and quantified intensity
profiles of linescans across the membrane in various genetic backgrounds, assessing the ratio
of membrane/ cytoplasmic mDia (Fig 4M). Dia’s autoinhibition negatively regulates its cortical
localization and activity in Drosophila macrophages (Davidson et al., 2019, Goode and Eck
2007). For mDia, binding to activated Rho GTPases as well as to other unknown membrane
associated proteins can release this autoinhibition (Seth et al., 2006). Drosophila Rhol has
been shown to directly bind Dia lacking its autoinhibitory domain (GrofRhans et al., 2005). As
predicted by these prior results, upon the expression of RholDN we observed a significant
reduction, by 29%, in the enrichment of Dia at the cortex compared to the control
(mem/cyto=2.46 in control, 1.76 for Rho1lDN) (Fig 4N). We found that expressing either
DfosDN, or RNAis against Cher or TM4SF resulted in a significant reduction of cortical Dia, 80,
83, and 70% respectively as strong as that seen upon RholDN expression (mem/cyto=1.9,
1.88, 1.97). To assess if this effect of the Dfos pathway on Dia could be due to an effect on
Rho activity itself, we expressed a sensor of active Rhol, the Rhol binding domain of Dia
(DiaRBD::GFP) (Abreu-Blanco et al., 2014), in macrophages along with myristoylated Tomato
to delineate the plasma membrane and quantified intensity profiles of linescans across the
membrane in various genetic backgrounds as above (Fig 40). To validate the assay we
expressed RholDN and found, as expected, a significant reduction, by 34%, in the enrichment
of DiaRBD at the cortex compared to the control (mem/cyto=1.15 in control, 0.76 for Rho1DN)
(Fig 4P). Expressing either DfosDN, or RNAis against the filamin Cher or the tetraspanin TM4SF
also resulted in a significant reduction of cortical DiaRBD, by 62, 82, and 59% respectively as
much as that seen upon Rho1DN expression (mem/cyto=0.91, 0.83, 0.92 respectively). The
lower Rhol activity we observed in the absence of the Dfos pathway could be a result of
reduced Rhol GEF recruitment, as Filamin has been shown to bind the Rho GTPase GEFs Trio
and Vav2 (Bellanger et al., 2000, Del Valle-Perez B., et al., 2010) and a Tetraspanin can recruit
a Filamin (Brzozowski et al., 2018, Perez-Hernandez et al., 2013). Our data argue that higher
levels of the Dfos targets TM4SF and Cheerio increase Dia localization at the cortex and thus
stimulate cortical actin assembly, at least partially through increased Rho1 activity.

We examined what consequence these lower cortical F-actin levels had on the cellular
behavior of macrophages during entry. Quantitation showed that the actin protrusion that
macrophages initially insert between the ectoderm and mesoderm during invasion was
actually longer in the mac>DfosDN >LifeAct::GFP macrophages than in the control (Fig 5A, S5A
Fig, S4 Movie).
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Chapter 2 Fig 5. Dfos aids macrophage gb invasion against the resistance of surrounding tissues and buffers
the nucleus

(A) Quantification from live embryos shows that the length of the F-actin protrusion of the first entering
macrophage is longer in macrophages expressing DfosDN. p= 0.011. The F-actin protrusion labelled with
srpHemo-Gal4 driving UAS-LifeAct::GFP was measured in the direction of forward migration (see schematic). SD:
2.4, 3.7. (B-C) Stills from 2-photon movies of St 11 embryos showing (B) the first macrophages entering the gb
and (C) macrophages in the pre-gb zone in the control and in a line expressing DfosDN in macrophages.



Microtubules are labelled with sroHemo-Gal4 driving UAS-CLIP::GFP. A blue arrow indicates the front and a
yellow arrow indicates the rear of the macrophage. Schematics above indicate where images were acquired (D)
Schematic at left shows macrophage measurements: vertical line for the maximum length and horizontal line
for the maximum width. Histograms show the probability density distributions of the aspect ratios (maximum
length over maximum width) of the first macrophage entering the gb (left) and macrophages in the pre-gb
(right). Macrophages expressing DfosDN are more elongated the mac>DfosDN line. Control vs. DfosDN aspect
ratios at gb entry p=0.0011, in pre-gb p=0.53. SD: in gb 1.0, 1.6; in pre-gb 0.5, 0.5. Confocal images of St 12
embryos expressing RNAi against Lamin or LaminC in macrophages in (E-E’”’) the control, or (F-F”’) in embryos
also expressing DfosDN in macrophages. srpHemo-GAL4 used as drover. Lam RNA/': GD45636; Lam
RNA?KK107419. Lam C RNAi: TRiP JF01406 (G) Macrophage RNAi knockdown of Lamins which can increase
nuclear deformability did not affect macrophages numbers in the gb in the control. In embryos in which
macrophages expressed DfosDN, Lamin knockdown rescues their reduced numbers in the gb. Control vs. DfosDN
p<0.0001. Control vs. Lam RNA/* p>0.99, vs. Lam RNA#? p=0.83, vs. LamC RNAi p>0.99. Control vs. DfosDN, Lam
RNAi* p=0.024, vs. DfosDN, Lam RNAi? p>0.99, vs. DfosDN, LamC RNAi p>0.99. DfosDN vs. DfosDN, Lam RNA;*
p<0.0001, vs. DfosDN, Lam RNAi? p=0.0049, vs. DfosDN, LamC RNAi p<0.0001. SD: 22, 10, 19, 11, 21, 23, 16, 20.
(H) Expressing DfosDN in macrophages reduces their number in the gb. Concomitantly reducing tissue tension
in the ectoderm (light blue in schematic) through RholDN substantially rescues invasion. sroHemo-QF QUAS
control (mac<>) governed macrophage expression and e22C-GAL4 ectodermal (ecto>). Control vs. mac<>DfosDN
p<0.0001 (56% reduction), vs. mac<>DfosDN; ecto>Rho1DN p>0.99, vs. ecto>Rho1DN p=0.11. mac<>DfosDN vs.
mac<>DfosDN; ecto>RholDN p<0.0001, vs. ecto>RholDN p=0.0044. mac<>DfosDN; ecto>RholDN vs.
ecto>Rhol1DN p>0.99. SD: 23, 16, 21, 18.

Macrophages are labeled in B-C by srp-Gal4 driving UAS-CLIP::GFP, and in E-F"” by sroHemo-Gal4 UAS-mCherry-
nls. ***p<0.005, **p<0.01, *p<0.05. Unpaired t-test was used for A, one way ANOVA with Tukey post hoc for G-
H. The number shown within the column corresponds to measurements in A, and analysed embryos in G-H.
Scale bar 5um in B-C, and 50um in E-F"”’.

We then performed live imaging of macrophages labeled with CLIP::GFP to visualize
microtubules and thus cell outlines in both genotypes; we determined the aspect ratio
(maximal length over width) that the first entering cell displays as it enters into the gb. The
first DfosDN-expressing macrophage was extended even before it had fully moved its rear
into the gb (S5B Fig). We carried out measurements, taking only cells that had entered the gb
to be able to clearly distinguish the rear of the first macrophage from the tips of following
cells (Fig 5B). We also avoided including in this measurement the forward protrusion and
determined that the first macrophage inside the gb displays an average increase of 23% in the
maximal length (L) of the cell body and a 12% reduction in the maximal width (W) (S5 Fig).
Interestingly, in the pre-gb zone the aspect ratio (max L/W) of mac>DfosDN macrophages was
not different from control macrophages (Fig 5C-D) although the mac>DfosDN cells were 9%
smaller in both their length and width (S5D Fig). This suggested that the gb could impose
resistance on the entering macrophage, an effect which mac>DfosDN macrophages have
trouble overcoming due to their compromised cortical actin cytoskeleton.

2.3.7 Dfos promotes advancement of macrophages against the resistance of
the surrounding tissues and buffers the nucleus

We therefore examined how the properties of the gb tissues and macrophages interact during
invasion. We first investigated if the macrophage nucleus impedes normal invasion by varying
levels of the two Drosophila Lamin genes, Lam and LamC, both equally related to the
vertebrate lamins A and B1 (Mufioz-Alarcén et al., 2007) and both shown to affect nuclear
stiffness and deformability (Wintner et al., 2020; Zwerger et al., 2013). Over-expressing Lam
(S5E Fig) or knocking down either of these Lamins in macrophages through RNAi (Perkins et
al., 2015) did not change macrophage numbers in the gb of wild type embryos (Fig 5E-E’”, G),
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suggesting that the properties of the macrophage nucleus are not a rate limiting parameter
during normal tissue invasion into the narrow path between the ectoderm and mesoderm.
This result also argues that Lamins’ capacity to alter gene expression is not normally important
for invasion (Andrés & Gonzalez, 2009).

However in mac>DfosDN macrophages, knockdown of these Lamins was able to rescue the
gb invasion defect (Fig 5E-G), supporting the conclusion that the properties of the nucleus
affect invasion in the absence of the higher levels of cortical actin Dfos normally induces. To
directly test if reducing the tension of surrounding tissues can counteract the absence of Dfos,
we expressed RholDN in the ectoderm with the e22C-GAL4 driver while expressing QUAS-
DfosDN in macrophages with the GAL4-independent Q-system driver we had constructed,
srpHemo-QF2 (Gyoergy et al., 2018). Rho1 through ROCK is a key regulator of Myosin activity,
epithelial tension and tissue stiffness (Warner & Longmore, 2009; Zhou et al., 2009); Myosin
Il is essential for actin contractility (Heer & Martin, 2017) and tension in the Drosophila gb
ectoderm (Ratheesh et al., 2018). Indeed, we found that this reduction of ectodermal tension
substantially rescued DfosDN expressing macrophage numbers in the gb (Fig 5H). Taken
together our results argue that Dfos aids Drosophila macrophages in withstanding the
resisting force of surrounding cells against the nucleus during invasion into tissues.

2.4 DISCUSSION

We identify the ability to tune the state of the cortical actin cytoskeleton as a key capacity for
immune cells migrating into and within tissue barriers in vivo. We find that macrophages
upregulate a program governed by the transcription factor Dfos to enable this. Dfos in
Drosophila is known to regulate the movement during dorsal or wound closure of epithelial
sheets (Brock et al., 2012; Lesch et al., 2010; Riesgo-Escovar & Hafen, 1997; Zeitlinger et al.,
1997) as well as the development of epithelial tumors and their dissemination (Kiilshammer
et al., 2015; Uhlirova & Bohmann, 2006; Kilshammer & Uhlirova, 2013; Benhra et al., 2018).
Here we define a different role, namely that Dfos enables a stream of individual immune cells
to efficiently push their way into tissues, a process which is aided rather than hampered by
the presence of the ECM (Sdnchez-Sanchez et al., 2017; Valoskova et al., 2019). This function
appears to be specifically required for invasion, as we observe no defects in DfosDN
macrophages’ migratory speed in open environments. DfosDN macrophages display
decreased actin at the cell circumference and an elongated shape within in the confinement
of the germband, suggesting a defect in the stiffness of the cortex. Strikingly, only in the
presence of DfosDN does the state of the nucleus become relevant, with reductions in Lamins
shown to underlie nuclear stiffness (Wintner et al., 2020) enhancing the ability of
macrophages to invade. These findings along with the ability of a softened ectoderm to
substantially rescue the DfosDN macrophages’ germband invasion defect lead us to propose
the model (Fig 6) that Dfos permits efficient initial translocation of the macrophage body
under ectodermal reactive load by forming a stiff cortical actin shell that counteracts
surrounding tissue resistance and protects the nucleus from undergoing high levels of
mechanical stress during tissue entry.
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Chapter 2 Fig 6. Model: Dfos increases actin assembly and crosslinking through the tetraspanin TM4SF and
the Filamin Cheerio to counter surrounding tissue resistance

We propose a speculative model for how Dfos tunes the cortical actin properties of Drosophila embryonic
macrophages to aid their infiltration against the resistance of the surrounding germband tissue. We have shown
that Dfos leads to an increase of the tetraspanin TM4SF and the Filamin Cheerio (Cher). Filamins cross-link actin
and have been shown to bind to RhoGEFs; Tetraspanins bind to Integrins, Rho GTPases and Filamins in other
systems (see Figure S6). Thus, we hypothesize that in Drosophila macrophages TM4SF and the Filamin Cheerio
could form a network at the cell surface of Integrin, actin and upstream signaling molecules, recruiting Rho GEFs
and leading to the activation of Rhol GTPase and the actin polymerizing Formin Dia. Dia activation could occur
through direct binding to active Rhol and through direct interaction with TM4SF or Cheerio. Validation in
Drosophila of all the protein interactions we propose awaits biochemical analysis. Through this pathway, a more
crosslinked and dense F-actin network would form, aiding the macrophage in moving its cell body into the ecto-
meso interface. The presence of Lamin around the nuclear membrane would not normally affect this process
since the dense cross-linked cortical actin network would help macrophages withstand the load of the
surrounding tissues. However, in the DfosDN-expressing macrophages, the loss of Cher and TM4SF would lead
to reduced cross-linked actin levels at the cell cortex, making the stiffness of the nucleus the rate-limiting step
for macrophage infiltration of the gb tissue.

24.1 A molecular program for tissue invasion that strengthens cortical actin

Crucial mediators of this process are two actin regulators, the filamin Cher, known to be a
Dfos target in epithelia, and the previously uncharacterized membrane scaffold tetraspanin
TMA4SF. We show that both require Dfos for higher mRNA levels in macrophages and present
correlative evidence that these classes of genes are also upregulated by vertebrate c-fos. Each
of these Dfos targets is required for macrophage invasion; over-expression of TM4SF in
macrophages can rescue the DfosDN tissue invasion phenotype. We propose that these
targets act together to strengthen the actin cytoskeleton for tissue invasion. Higher Filamin
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levels cross-link actin filaments into resilient and stiffer networks maintaining cell integrity
during mechanical stress (Goldmann et al., 1997; Tseng et al., 2004; Fujita et al., 2012). This
aids the distribution of forces from focal adhesions across the entire migrating cell body, since
Filamins can bind directly to Integrin, and even more strongly under strain (Ehrlicher et al.,
2011; Glogauer et al., 1998; Kumar et al., 2019; Razinia et al., 2012). Tetraspanins, self-
associating multipass transmembrane proteins, also can bind Integrin, forming microdomains
of adhesion molecules, receptors and their intracellular signaling complexes, including Rho
GTPases (Termini & Gillette, 2017; Berditchevski & Odintsova, 1999, Zhuang et al, 2007,
Delaguillaumie, et al., 2002, Hong et al., 2012; Tejera et al., 2013). Filamins similarly bind
receptors, regulators of actin assembly, Rho GTPases and the Rho GEFs Trio and Vav2
(Popowicz et al., 2006; Stossel et al., 2001; Vadlamudi et al., 2002; Ohta et al., 1999; Bellanger
et al., 2000, Del Valle-Perez, B., 2010). We observe reduced cortical levels of F-actin, active
Rho1l, and the actin polymerizing formin Diaphanous in the absence of either Dfos, the Filamin
Cheerio or the Tetraspanin TM4SF. Thus our data supports the hypothesis that these Dfos
targets enhance the cortical recruitment and activation of the formin Dia to stimulate actin
polymerization at least in part through the recruitment of RhoGEFs which enhance GTP bound
Rho1l, which can activate Dia (Fig 6, S6 Fig) (Rose, et al, 2005; Rousso et al., 2013; Seth et al.,
2006; GroRRhans et al., 2005; Williams et al., 2007; Vetter & Wittinghofer, 2001). Cheerio
and/or Tetraspanin may also directly contribute to Dia activation, as Rho independent
mechanisms of activation have been proposed (Homem and Peifer, 2009) and direct binding
between Filamins and Formins has been observed (Hu et al., 2014; Lian et al., 2016). Full
confirmation of our hypotheses requires future biochemical characterization of the
interactions of these players in Drosophila. Dfos’ upregulation of Cheerio and TM4SF could
thus lead to a supra-network in which ECM-anchored FAs connect to a strong cross-linked
cortical actin lattice, allowing Myosin contraction to be converted into cellular advancement
despite resistance from the flanking ectoderm.

We demonstrate that the actin nucleating formin Dia is important for Drosophila macrophage
invasion and capable of rescuing the defects in the DfosDN mutant. Unlike the formin Ena
which mediates chemotaxis (Davidson et al., 2019), Dia is not required for general Drosophila
macrophage migration, and instead allows macrophages to recoil away from one another
(Davis et al., 2015). Dia could be required for macrophages specifically when they face
resistance from their surroundings and need to increase their cortical tension. Modeling
indicates that Dial’s regulation of cortical tension requires an optimal combination of actin
cross-linking and intermediate actin filament length (Chugh et al., 2017). Drosophila Dia is a
more processive nucleator than Ena (Bilancia et al., 2014) and thus could create the
intermediate length actin filaments that enable higher levels of macrophage cortical tension
and strain stiffening (Kasza et al., 2010) on all sides of the cell during their invasion.

Our findings thus demonstrate that there are commonalities in the molecular mechanisms by
which Drosophila cells invade into either confluent tissues or the ECM. Dfos’s upregulation of
the Filamin Cheerio is also required in tumor cells and aneuploid epithelial cells to enhance
ECM breaching (Kilshammer & Uhlirova, 2013; Benhra et al., 2018). Both cell types displayed
enhanced levels of cortical filamentous actin, which in the tumors is concomitant with Dia
upregulation (Kiilshammer & Uhlirova, 2013). In the oocyte, Filamin is required for follicle cell
intercalation and border cells display higher levels of Filamin and F-actin to maintain cellular
integrity during migration between nurse cells (Sokol & Cooley, 2003; Somogyi & Rgrth, 2004).
The mediator of these increased F-actin levels, MAL-D, can be activated by Dia (Somogyi &
Regrth, 2004). Thus while MMPs may be specific to ECM crossing, a denser and more cross



linked actin cortex due to increased levels of the filamin Cheerio and activity of the formin Dia
could be a common feature of Drosophila cells moving through the resistance of either ECM
or surrounding tissues. Determining if such shifts in cell surface actin properties underlie some
vertebrate cancer cells’ capacity to metastasize even in the presence of MMP inhibitors is an
interesting area of inquiry (Butcher et al 2009; Kessenbrock et al 2010).

2.4.2 Implications for vertebrate immune cell migration

Our work also suggests a new perspective on the migration of some vertebrate immune cells.
We find that altering lamin levels does not normally affect Drosophila macrophage tissue
invasion. This contrasts with results showing that nuclear deformability from lower lamin
levels underlies the migration of some immune cell types through narrow constrictions
engineered from rigid materials (Davidson et al., 2014; Thiam et al, 2016). However,
negotiation of such extremely challenging in vitro environments can lead to DNA damage
(Raab et al., 2016) and higher nuclear flexibility caused by lower lamin levels is associated
with increased cell death (Harada et al., 2014). A robust cell surface actin layer would allow
long-lived cells or those not easily replenished to protect their genome as they move through
resistant yet deformable environments. Embryonic Drosophila and vertebrate tissue resident
macrophages migrate into tissues during development, survive into the adult, and serve as
founders of proliferative hematopoietic niches (Holz et al., 2003; Makhijani et al., 2011; Bosch
et al., 2019; Ginhoux and Guilliams, 2016; Theret et al 2019; Guilliams et al, 2020). Tissue
resident memory T cells migrate in response to infection in mature animals, are long-lived
and not easily renewed from the blood (Szabo et al., 2019). Thus the importance of nuclear
mechanics for migration in challenging in vivo environments should be explored for a broader
range of immune cells as well as the utilization of cortical actin as a strategy for genomic
protection.

2.5 MATERIALS AND METHODS

2.5.1 Fly strains and genetics

Flies were raised on standard food bought from IMBA (Vienna, Austria) containing agar,
cornmeal, and molasses with the addition of 1.5% Nipagin. Adults were placed in cages in a
fly room or a Percival DR36VL incubator maintained at 252C and 65% humidity or a Sanyo
MIR-153 incubator at 292C within the humidity controlled 252C fly room; embryos were
collected on standard plates prepared in house from apple juice, sugar, agar and Nipagin
supplemented with yeast from Lesaffre (Marcq, France) on the plate surface. Fly crosses and
embryo collections for RNA interference experiments (7 hour collection) as well as live
imaging (6 hour collection) were conducted at 29°C to optimize expression under GAL4 driver
control (Duffy, 2002). All fly lines utilized are listed below.

2.5.2 Fly stocks

srpHemo-GAL4 (mac>) was provided by K. Brickner (UCSF, USA)(Briickner et al., 2004).
Oregon R (control), P{CaryP}attP2 (control), P{CaryP}attP40 (control), kay? (Dfos?), (UAS-Fra)2
(Dfos), UAS-Rho1.N19 RholDN), UAS-fbz (DfosDN), UAS-kayak RNAi (Dfos RNAi) TRiP
HMS00254 and TRiP JF02804, UAS-dia RNAi TRiP HM05027, UAS-LamC RNAIi TRiP JF01406 and
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TRiP HMS00308, e22c-GAL4 (ecto>), Resille::GFP, UAS-GFP::nls, UAS-dia::EGFP, UAS-
diaRBD::EGFP, UAS-mCherry::nls, UAS-CD8::GFP lines were obtained from the Bloomington
Stock Center (Indiana, USA). kay! (Dfos?) line was provided by O. Schuldiner (WIS, Israel). UAS-
dia::deltaDad::EGFP (diaCA) and srpHemo-GAL4 UAS-CLIP::GFP (mac>CLIP::GFP) lines were
provided by B. Stramer (KCL, UK). UAS-cher::FLAG (cher) line was provided by M. Uhlirova
(CECAD, Germany). w[1118] (control), UAS-cher RNAi KK107451, UAS-TM4SF RNAi KK102206,
UAS-Lam RNAi! GD45636, UAS-Lam RNAIi? KK107419 lines were obtained from the Vienna
Drosophila Resource Center (Austria).

253 Extended genotypes:

Here we list the lines used in each Fig; we state first the name from FlyBase; in parentheses
the name used in the Fig panels is provided.

Fig 1 and S1 Fig:

Fig 1D: Oregon R. Fig 1E-G: sroHemo-GAL4, UAS-GFP (control). S1A, F Fig: sroHemo-Gal4,
srpHemo-H2A::3xmCherry/P{CaryP}attP2 (control). Fig 1H: srpHemo-GAL4, UAS-GFP; kay’
(Dfos?). Fig 1I-L and S1B, G Fig: sroHemo-GAL4, UAS-GFP::nls/+ (control 1). Fig 1H, 1J, 1N:
srpHemo-GAL4, UAS-GFP/+; kay® (Dfos?). Fig 1K, 1N and S1B: srpHemo-GAL4, UAS-GFP::nls/+;
kay? (Dfos?). Fig 1L, 1N: sroHemo-GAL4, UAS-GFP::nls/(UAS-Fra)2; kay? (Dfos?>;mac>Dfos). Fig
10, 1Q: 10XUAS-IVS-myr::GFP/+; srpHemo-Gal4, sroHemo-H2A::3xmCherry/+ (control 2 and
control). Fig 1P-Q: UAS-DfosDN/+;  srpHemo-Gal4,  srpHemo-H2A::3xmCherry/+
(mac>DfosDN). S1C, F Fig: srpHemo-Gald, srpHemo-H2A::3xmCherry/ UAS GFP::nls (ctrl).
srpHemo-Gal4, srpHemo-H2A::3xmCherry/UAS-fbz (mac>DfosDN). S1D Fig: srpHemo-Gal4,
srpHemo-H2A::3xmCherry /+ (ctrl). sroHemo-Gald, srpHemo-H2A::3xmCherry/UAS-DfosDN
(mac>DfosDN). Fig 1R and S1E, G, | Fig: UAS-GFP; srpoHemo-Gal4, sroHemo-H2A::3xmCherry
(ctrl). UAS-Dfos RNAI HMS00254/srpHemo-Gal4, srpHemo-H2A::3xmCherry
(mac>DfosRNAIY).  UAS-Dfos RNAi  JF02804/srpHemo-Gal4,  srpHemo-H2A::3xmCherry
(mac>DfosRNA?). S1H Fig: sroHemo-GAL4, UAS-GFP::nls/+ or /(UAS-Fra)2 (mac>Dfos). S1I Fig:
UAS-GFP; UAS-Dfos RNAi HMS00254/srp-GAL4, sroHemo-Gal4, srpHemo-H2A::3xmCherry
(mac>DfosRNAi*+ GFP). UAS-GFP; UAS-Dfos RNAi  JF02804/srpHemo-Gal4,  srpHemo-
H2A::3xmCherry (mac>DfosRNAi?>+ GFP).

Fig 2 and S2 Fig:

Fig 2A, 2C-I and S2A-B, E Fig: sroHemo-Gal4, srpoHemo-H2A::3xmCherry/+ (control). Fig 2D:
srpHemo-Gal4, srpHemo-H2A::3xmCherry/+ (3 movies) and Resille::GFP/+; srpHemo-Gal4,
srpHemo-H2A::3xmCherry/+ (4 movies, control) and Resille::GFP/+; sroHemo-Gal4, sroHemo-
H2A::3xmCherry/+ (3  movies) and Resille::GFP/+;  srpHemo-Gal4,  srpHemo-
H2A::3xmCherry/UAS-DfosDN (4 movies, DfosDN) Fig 2A, 2C-l1 and S2A-B, E Fig: sroHemo-Gal4,
srpHemo-H2A::3xmCherry/UAS-fbz (mac>DfosDN). S2C-D Fig: sroHemo-GAL4, UAS-GFP.nls/+
(control). S2C-D Fig: sroHemo-GAL4, UAS-GFP.nls/+; kay? (Dfos?).

Fig 3 and S3 Fig:

Fig 3C, G and S3D Fig: UAS-Dicer2;; sroHemo-Gal4, srpHemo-H2A::3xmCherry/w*!8 (control).
Fig 3D, 3G and S3D Fig: UAS-Dicer2; UAS-TMA4SF RNAi KK10220/+; sroHemo-Gal4, sroHemo-
H2A::3xmCherry/+ (mac>TMA4SF RNAI). Fig 3E, G and S3D Fig: UAS-Dicer2; UAS-cher RNA|
KK107451/+; srpHemo-Gal4, sroHemo-H2A::3xmCherry/+ (mac>cher RNAI). Fig 3F-G: UAS-



Dicer2; UAS-cher RNAi KK107451/UAS-TMA4SF RNAi KK102206; srpHemo-Gal4, srpHemo-
H2A::3xmCherry/+ (mac>TMA4SF RNAi, cher RNAi). Fig 3H, L: srpHemo-GAL4, UAS-
mCherry::nls/UAS-mCD8::GFP (control). Fig 3l, L: srpHemo-GAL4, UAS-mCherry::nls/UAS-
mCD8::GFP; UAS-fbz/+ (mac>DfosDN). Fig 3), L: srpHemo-GAL4,UAS-mCherry::nls/UAS-
cheerio::FLAG;,  UAS-fbz/+ (mac>DfosDN, cher). Fig 3K-L: srpHemo-GAL4,UAS-
mCherry.nls/UAS-TM4SF; UAS-fbz/+ (mac>DfosDN, TMA4SF). Fig 3L: srpHemo-GAL4, UAS-
mCherry::nls/ UAS-TMA4SF (mac>TMA4SF). Fig 3L: srpoHemo-GAL4, UAS-mCherry::nls/UAS-cher
(mac>cher). S3A-C Fig: sroHemo-Gal4, srpoHemo-3xmCherry/+ (control). S3A-C Fig: sroHemo-
Gald, sroHemo-3xmCherry/UAS-fbz (mac>DfosDN).

Fig 4 and S4 Fig:

Fig 4A: srpHemo-3xmCherry; kay! (Dfos?) and srpHemo-3xmCherry; +. Fig 4B, D and S4A Fig:
srpHemo-Gal4, sroHemo-moe::3xmCherry/+;UAS-mCD8::GFP/+

(Control). Fig 4C-D and S4A Fig: srpHemo-Gald, srpHemo-moe::3xmCherry/UAS-fbz
(mac>DfosDN). S4A Fig: w8 Fig 4E-F: srpHemo-Gal4, srpHemo-moe::3xmCherry/w*!8
(Control). Fig 4E, G: sroHemo-Gald4, srpHemo-moe::3xmCherry/UAS-cher

RNAi KK107451 (mac>cher RNAI). Fig 4E, H: srpHemo-Gal4, srpHemo-moe::3xmCherry/UAS-
TMA4SF RNAi KK102206 (mac>TMA4SF RNAI). Fig 4l-): sroHemo-GAL4, UAS-mCherry.nls/UAS-
mCD8::GFP (control). Fig 41’, J: srpoHemo-GAL4, UAS-mCherry.nls/UAS-DiaADad::EGFP; UAS-
fbz/+ (mac>DfosDN, diaCA). Fig 4): srpoHemo-GAL4, UAS-mCherry.nls/UAS-mCD8::GFP; UAS-
fbz/+ (mac>DfosDN). Fig 4J): srpHemo-GAL4, UAS-mCherry.nls/ UAS-DiaADad::EGFP
(mac>diaCA). S4B Fig: #1: UAS-GFPnls; sroHemo-Gal4, sroHemo-H2A::3xmCherry. #2: UAS-
GFPnls/srpHemo-Gal4, srpHemo-H2A::3xmCherry; Dfos'. #3: UAS-GFPnls/ srpHemo-Gal4,
srpHemo-H2A::3xmCherry;  Dfos?’. #4: UAS-DiaDad::EGFP/srpHemo-Gal4, srpHemo-
H2A::3xmCherry; Dfos'. #5: UAS-DiaADad::EGFP/srpHemo-Gal4, srpHemo-H2A::3xmCherry;
Dfos’. Fig 4K-L and S4C-D Fig: UAS-Dicer2;;  srpHemo-Gal4,  srpHemo-
H2A::3xmCherry/P{CaryP}attP40 (control). Fig 4K’, L and S4C-D Fig: UAS-Dicer2;+; srpHemo-
Gal4, srpHemo-H2A::3xmCherry/ UAS-dia RNAi HM05027 (mac>dia RNAi%). Fig 4L and S4C-D
Fig: UAS-Dicer2;+; srpHemo-Gal4, srpHemo-H2A::3xmCherry/UAS-dia RNAi HMS00308
(mac>dia RNAP?). Fig 4M-N and S4E Fig: (control) UAS-dia::EGFP/+; UAS-nlacz/ sroHemo-Gal4,
10XUAS-IVS-myr::tdTomato. (mac>RholDN) UAS-dia::EGFP/+; UAS-Rhol1N.19)/srpHemo-
Gal4, 10XUAS-IVS-myr::tdTomato. (mac>DfosDN) UAS-dia::EGFP/+; UAS-fbz/sroHemo-Gal4,
10XUAS-IVS-myr::tdTomato.  (mac>cher  RNAi)  UAS-dia::EGFP/+;  UAS-cher  RNAi
KK107451/srpHemo-Gal4, 10XUAS-IVS-myr::tdTomato. (mac>TM4SF RNAi) UAS-dia::EGFP/+;
UAS-TMA4SF RNAi KK102206/srpHemo-Gal4, 10XUAS-IVS-myr::tdTomato. Fig 40-P and S4F
Fig: (control) UAS-diaRBD::GFP/+; srpHemo-Gal4, 10XUAS-IVS-myr::tdTomato/UAS-nlacZ.
(mac>RholDN) UAS-diaRBD::GFP/+; srpHemo-Gal4, 10XUAS-IVS-myr::tdTomato/UAS-
Rhol1N.19. (mac>DfosDN) UAS-diaRBD::GFP/UAS-fbz;  srpHemo-Gal4,  10XUAS-IVS-
myr::tdTomato/+. (mac>cher RNAi) UAS-diaRBD::GFP/UAS-cher RNAi KK107451; srpHemo-
Gal4, 10XUAS-IVS-myr::tdTomato/+. (mac>TM4SF RNAi) UAS-diaRBD::GFP/UAS-TMA4SF RNAi
KK102206; sroHemo-Gal4, 10XUAS-IVS-myr::tdTomato/+.

Fig 5 and S5 Fig:

Fig 5A and S5A Fig: srpHemo-Gal4 UAS-LifeActGFP UAS-RedStinger/ srpHemo-Gal4 UAS-
LifeActGFP, UAS-RedStinger control; srpHemo-Gal4 UAS-LifeActGFP UAS-RedStinger/
srpHemo-Gal4 UAS-LifeActGFP UAS-RedStinger; UAS-DfosDN/UAS-DfosDN. Fig 5B-D and S5B-
D Fig: sroHemo-Gal4, UAS-CLIP::GFP, UAS-RedStinger (control). Fig 5B-D and S5B-D Fig:
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srpHemo-Gal4, UAS-CLIP::GFP, UAS-RedStinger; UAS-fbz (mac>DfosDN). Fig 5E, G: srpHemo-
GAL4, UAS-mCherry.nls/UAS-mCD8::GFP (control). Fig 5E’-E”, 5G: srpHemo-GAL4, UAS-
mCherry.nls/UAS-Lamin RNAi GD45636, KK107419 (mac>Lam RNAil and mac>Lam RNA#?,
respectively). Fig 5E’, G: sroHemo-GAL4, UAS-mCherry.nls/UAS-LaminC RNAi TRIP JF01406
(mac>LamC RNAI). Fig 5F-G: srpHemo-GAL4, UAS-mCherry.nls/UAS-mCD8::GFP; UAS-fbz/+
(mac>DfosDN). Fig S5F,F”, G: srpHemo-GAL4, UAS-mCherry.nls/UAS-Lam RNAi (Lam
RNAi’=GD45636, Lam RNAi?=KK107419); UAS-fbz/+ (mac>DfosDN, Lam RNAi* and
mac>DfosDN, Lam RNA#?). Fig 5F"”’, G: srpHemo-GAL4, UAS-mCherry.nls/UAS-LaminC RNAi
TRIP JFO1406; UAS-fbz/+ (mac>DfosDN, LamC RNAi). Fig 5H: e22CGal4,srpHemo-
H2A::3xmCherry/+ (control). Fig 5H: srpQF/ srpHemo-H2A::3xmCherry; QUAS-fbz/UAS-
Rhol.N12 (mac<>DfosDN). Fig 5H: e22CGal4, srpHemo-H2A::3xmCherry/srpQF; +/ UAS-
Rhol.N12 (ecto>RholDN). Fig 5H: srpQF/ e22C-Gald4, srpHemo-H2A::3xmCherry; UAS-
Rho1N12/QUAS-fbz (mac<>DfosDN, ecto>rholDN). S5E Fig: +;UAS-GFP::nls, srpoHemo-GAL4
(control). +;UAS-GFP::Lamin, sroHemo-GAL4.

2.5.4 Cloning and generation of QUAS-DfosDN line

The fragment was amplified from genomic DNA of the published UAS-fbz (UAS-Dfos DN) line
(Eresh, Riese, Jackson, Bohmann, & Bienz, 1997) using primers encompassing a 5’ consensus
translation initiation sequence followed by the bZIP fragment and containing Bglll and Xhol
restriction sites: 5-GAAGATCTATTGGGAATTCAACATGACCCCG-3’ and 5'-
CCCTCGAGTCAGGTGACCACGCTCAGCAT-3'". The resulting fragment was cloned into the
pQUASt vector, a gift from Christopher Potter (Addgene plasmid # 104880). The final
construct was sequenced and injected into the attP2 landing site by BestGene (Chino Hills,
CA, USA).

2.5.5 Cloning and generation of UAS-TMA4SF line
The TM4SF open reading frame was amplified from the DGRC GH07902 cDNA clone (#3260,
Fbcl0121651), using primers  acagcgGAATTCATGGCATTGCCGAAGAAAAT and

acagcgTCTAGATTAAAAGCTAATCGTCTGTCATT. The PCR product and the pUASt-aTTB vector
(DGRC plasmid #1419) were digested with EcoRI and Xbal, and ligated. After sequencing, the
construct was injected into the landing site line, (y* M{vas-int.Dm}ZH-2A w*; M{3xP3-
RFP.attP}ZH-51D, BL 24483), to produce second chromosome inserts. All male survivors were
crossed to w; Sp/Cy0O; PrDr/TM3Ser virgins. Transformants were recognized by eye color and
crossed again to w; Sp/CyO; PrDr/TM3Ser virgins to get rid of the X chromosomal integrase.

2.5.6 Embryo staging

Laterally oriented embryos with complete germband (gb) extension and the presence of
stomadeal invagination were staged based on gb retraction from the anterior as a percentage
of total embryo length. Embryos with no gb retraction were classified as Stage 11, 30%
retraction early Stage 12, 60% retraction Stage 12, and 70% Stage 13. Imaged embryos are
shown throughout paper in a lateral orientation with anterior to the left and dorsal up.


http://flybase.org/reports/FBti0076502.html
http://flybase.org/reports/FBti0076502.html

2.5.7 In situ hybridization and immunofluorescence

Embryos were dechorionated by 5 min treatment with 50% Chlorox bleach. After extensive
washing with water, embryos were fixed with 3.7% formaldehyde/heptane for 20 min
followed by methanol devitellinization for in situ hybridization and visualization of 3xmCherry
or tdTomato. The Dfos cDNA clone SD04477 was obtained from the DGRC. T7 or T3
polymerase-synthesized digoxigenin-labelled anti-sense probe preparation and in situ
hybridization was performed using standard methods (Lehmann & Tautz, 1994). Images were
taken with a Nikon-Eclipse Wide field microscope with a 20X 0.5 NA DIC water Immersion
Objective. Embryos were mounted after immunolabeling in Vectashield Mounting Medium
(Vector Labs, Burlingame, USA) and imaged with a Zeiss Inverted LSM700 and LSM800
Confocal Microscope using a Plain-Apochromat 20X/0.8 Air Objective or a Plain-Apochromat
63X/1.4 Oil Objective as required.

Table 2-1: Antibodies used in this study (Chapter 2)

Antibody Source animal Dilution Provided by

Anti-Dfos Rabbit 1:50 ). Zeitlinger (Stowers
Institute, USA)

Anti-GFP Chicken 1:500 Abcam (ab13970)

Anti-mCherry | Goat 1:200 Invitrogen (M11217)

2.5.8 Dfos antibody

The Dfos rabbit polyclonal antibody was produced for the lab of Julia Zeitlinger. It was raised
by Genescript (Piscataway, NJ, USA) against the C-terminal end of Drosophila Kayak found in
all isoforms and was purified against an N terminally His tagged antigen corresponding to aa
73 to 595 of Kay isoform A. The internal Genescript order number is 163185-30, and in the
Zeitlinger lab is referred to as anti-kay/fos Ab.

2.5.9 Western Blot

Cages were prefed on fresh yeast plates for two days. Late stage 11/ early Stage 12 embryos
were hand picked using a Leica M205 fluorescent microscope on ice-cold apple juice plates.
They were transferred to RIPA buffer (50mM Tris, 150mM NaCl, 1% NP-40, 1mM EDTA, 0.5%
Na-Deoxycholate, 0.1% SDS) with a Halt Protease/Phosphatase inhibitor cocktail
(ThermoFisher, #78440) and lysed. After a 30 min incubation on ice, they were centrifuged 15
min at 4°C at 15,000 g. 10 pg of the cleared lysate were separated by SDS-PAGE using 4%-15%
Mini-PROTEAN TGX Precast Protein gels (Bio-Rad, #4561085) and blotted onto a Amersham
Protran Premium Western blotting nitrocellulose membrane (Sigma, #GE10600003). The
nitrocellulose membrane was blocked with Pierce Clear Milk blocking buffer (ThermoFisher,
#37587) and incubated in blocking buffer with anti-mCherry (Novus Biologicals, #NBP1-
96752) at 1:1000, and anti-Profilin (DSHB, #chi 1J) at 1:50 antibodies over night at 4°C. The
membrane was washed three times for 10 minutes with 1x PBS and incubated with Goat Anti-
Mouse IgG (H+L)-HRP Conjugate (BioRad, #172-1011). Chemiluminescence was induced by
incubation with SuperSignal West Femto Maximum Sensitivity Substrate (ThermoFisher,
#34096) and recorded with a ChemieDoc MP (BioRad) molecular imager. Densitometric
guantification of bands was done with ImageJ.
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2.5.10 Time-Lapse Imaging

Embryos were dechorionated in 50% bleach for 5 min, washed with water, and mounted in
halocarbon oil 27 (Sigma) on a 24x50mm high precision coverslip (Marienfeld Laboratory
Glassware, No. 1.5H) between two bridges (~0.5 cm high) of coverslips glued on top of each
other, or mounted in halocarbon oil 27 (Sigma) between a 18x18mm coverslip (Marienfeld
Laboratory Glassware, No. 1.5H) and an oxygen permeable membrane (YSI). The embryo was
imaged on an upright multiphoton microscope (TrimScope, LaVision) equipped with a W Plan-
Apochromat 40X/1.4 oil immersion objective (Olympus). GFP and mCherry were imaged at
860 nm and 1100 nm excitation wavelengths, respectively, using a Ti-Sapphire femtosecond
laser system (Coherent Chameleon Ultra) combined with optical parametric oscillator
technology (Coherent Chameleon Compact OPO). Excitation intensity profiles were adjusted
to tissue penetration depth and Z-sectioning for imaging was set at 1um for tracking. For long-
term imaging, movies were acquired for 60 - 150 minutes with a frame rate of 25-45 seconds.
A temperature control unit set to 29°C was utilized for all genotypes except kay? for which
the setting was 25°C.

2.5.11 Image Analysis

Macrophage cell counts: Autofluorescence of the embryo revealed the position of the
germband (gb) for staging of fixed samples. Embryos with 40% (+5%) gb retraction (Stage 12)
were analysed for macrophage numbers in the pre-gb, within the germband, along the
ventral nerve cord (vnc) and in the whole embryo. For the kay RNAi.embryos with 70% gb
retraction (Stage 13) were used for vnc counts. The pre-gb zone was defined based on
embryo and yolk autofluorescence as an area on the yolk sac underneath the amnioserosa
with borders defined posteriorly by the gb ectoderm and anteriorly by the head.
Macrophages were visualized using confocal microscopy with a Z-stack step size of 2 um and
macrophage numbers within the gb or the segments of the vnc were calculated in individual
slices (and then aggregated) using the Cell Counter plugin in FlJI. Total macrophage numbers
were obtained using Imaris (Bitplane) by detecting all the macrophage nuclei as spots.

Macrophage Tracking, Speed, Persistence. Mode of Migration and Macrophage gb crossing
Analysis

Embryos with macrophage nuclei labelled with srpHemo-H2A::3xmCherry and the
surrounding tissues with Resille::GFP, or with only macrophages labelled by srpoHemo-
H2A::3XmCherry, or sroHemo>GFP.nls were imaged and 250x250x40um3 3D-stacks were
typically acquired with ~0.2x0.2x1um3 voxel size every 39-41 seconds for ~2 hours. For
imaging macrophages on vnc frames were acquired at every 40-43 seconds for 30 min after
macrophages started spreading into abdominal segment 2 (see Fig 2G). Multiphoton
microscopy images were initially processed with ImSpector software (LaVision Bio Tec) to
compile channels, and exported files were further processed using Imaris software (Bitplane)
for 3D visualization.

Each movie was rotated and aligned along the embryonic AP axis for tracking analysis. For
analysis of migration in the pre-gb and gb in the control and kay? mutant, embryos were



synchronized using the onset of germ and retraction. For vnc migration analysis, macrophages
were tracked for 30 minutes from when macrophages started moving into the second
abdominal segment. Only macrophages migrating along the inner edge of the vnc were
analyzed.

Gb crossing time was calculated from when the macrophages align in front of the gb ectoderm
in a characteristic arc, until the first macrophage had transitioned its nucleus inside the ecto-
meso-interphase. To see the gb edge and yolk in movies of srpHemo-3xH2A::mCherry, either
Resille::GFP labelling the outlines of all cells, or the auto-fluorescence of the yolk was used.
For analysis of gb migration in the DfosDN vs control macrophages, macrophages were
tracked from when the first macrophage appeared between the ectoderm and the yolk sac
until gb retraction started, typically 60 minutes. In the head and pre-gb, macrophage nuclei
were extracted using the spot detection function, and tracks generated in 3D over time. The
pre-gb and gb were defined as for macrophage counts described above. The mean position
of the tracks in X- and Y restrict analysis to each migratory zones.

Cell speed and persistence were calculated from nuclei positions using custom Python scripts
as described elsewhere (Smutny et al., 2017). Briefly, instantaneous velocities from single cell
trajectories were averaged to obtain a mean instantaneous velocity value over the course of
measurement. The directional persistence of a trajectory was calculated as the mean cosine
of an angle between subsequent instantaneous velocities:

1-1
1
I (vq,.., ) = mz cos(Vg, Vi+1),
k=1

where [ is duration of the trajectory and vy, ..., 17; are its instantaneous velocities. Only
trajectories with a minimal duration of 15 timeframes were used. Calculated persistence
values were averaged over all trajectories to obtain a persistence index (I) for the duration of
measurement (with -1 being the lowest and 1 the maximum). 3-6 embryos were recorded
and analyzed for each genotype, numbers of control and perturbed embryos are equal in each
pairwise comparison.

Measurement of junctional Phalloidin

The junctional intensity of F-actin (Phalloidin) was calculated using linescan analysis as
previously described (Smutny et al., 2010) with the following changes. The line was ~5 um
and was always drawn in the middle slice of the Z stack (1 um resolution) of the macrophage-
macrophage junction. For every line, a Gaussian fit was applied and maximum intensities
across the cell junction were then normalized against average intensities of F-actin
(Phalloidin) staining in the stereotypical gb area of ~50x50um?in each embryo. Analyses were
carried out using standard Fiji software. 4-5 embryos were analysed per genotype.
Macrophages in the pre-gb or gb entry zones were analyzed.

Measurement of F-actin reporters

To quantify cortical F-actin intensity in living embryos, a sroHemo-moe::3xmCherry reporter
line (Gyoergy et al., 2018) was crossed into a background of macrophages expressing DfosDN,
cher RNAI, or TM4SF RNAIi. Embryos were collected for 5h 30min at 29°C, de-chorionated in
50% bleach for 5 min, rinsed thoroughly with water, and aligned laterally side by side under a
stereomicroscope using a fluorescence lamp to check for the presence of mCherry. Aligned
embryos were then mounted as described in the live imaging section above. To image
Moe::3xmCherry, a Zeiss LSM800 inverted microscope was used with the following settings:
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Plan-APOCHROMAT 40x/1.4 Qil, DIC, WD=0.13 objective, 1.5x zoom, 1025x1025 pixel, speed
8, heating chamber set to 29°C, z-interval 1um. Laser settings were kept constant in all
experiments. Images were acquired during macrophage invasion into the gb (St 12). Pseudo-
coloring was conducted for the mCherry red channel. Each pixel in the image has a color
ascribed to it via the fire “Look Up Table” translating the level of intensity of the mCherry
channel into a defined amount of each color. The highest intensity of the image is represented
as very bright yellow and all other grey values are depicted as colors on the scale accordingly.
For quantification of Moe::3xmCherry intensity, an ROl was drawn in Fiji software around
macrophages at the germband entry site in 20 z-stacks for each embryo. The area mean
intensity was measured in all ROIs and the average/embryo was calculated. To normalize
fluorescence intensities per batch, the average intensity/embryo of all ROIs in each sample
was divided by the arithmetic mean of the average intensity/embryo of all ROls in the control
per batch. The normalized average intensities/embryo were then compared to each other
using a t-test with Welch’s correction for DfosDN and one way-ANOVA for cher RNAi and
TMA4SF RNA.I.

Quantification of membrane localization of DiaRBD::GFP and Dia::GFP

Methanol fixed St 11 embryos were mounted either after staining with GFP antibody
(Dia::GFP) or without staining(DiaRBD::GFP) and imaged with a Zeiss Inverted LSM800, Plain-
Apochromat 63X/1.4 Oil Objective at an XY-resolution of 0.1 um and a Z-resolution of 1 um
(~15 um total stack). All macrophages within 40um of the germband were analysed. For the
guantification of the levels of DiaRBD or the complete Dia protein at the plasma membrane
versus the cytoplasm, confocal images were processed using Fiji and MATLAB-R2017b
(MathWorks). Individual focal planes were used to segment a profile corresponding to an 8
pixel wide line drawn across the single outer membrane of individual macrophages chosen
such that the extracellular portion of the line extended into surrounding tissue or space and
not another macrophage. The corresponding intensity profiles of the mem::Tomato and
Dia::GFP or DiaRBD::GFP channels were extracted in Fiji using a custom macro and analyzed
further using a custom MATLAB script. The membrane region was defined by finding the
maximal value in the Tomato intensity profile and centering a 0.8 um interval around it. The
background was calculated for each GFP profile as the mean intensity in the 2 um outside the
cell, flanking the membrane region, and substracted from the entire profile. The integrated
Dia::GFP or DiaRBD::GFP intensity at the membrane was calculated within the 0.8 um interval
defined above. The integrated cytoplasmic Dia::GFP or DiaRBD::GFP level was calculated as
the mean intensity of 2 um of the GFP profile inside the cell flanking the membrane region.
Image analysis scripts are publicly available at
https://github.com/Axmasha/Image_analysis_scripts.

Cell aspect ratio analysis and imaging actin dynamics

Laterally oriented embryos were used to measure the maximal length and width of
macrophages expressing UAS-CLIP::GFP under the control of sroHemoGal4. Briefly, 3D-stacks
with 1 um Z resolution were acquired every 35-45 seconds for approximately 1 hour. As the
strength of the GAL4 expression increased over time, laser power was adjusted during
acquisition to reach the best possible quality of visualization. Images acquired from
mutiphoton microscopy were initially processed with ImSpector software (LaVision Bio Tec)
to compile channels from the imaging data.



We started measuring from the time the cell body of the first macrophage fully appeared at
the interface between the ectoderm and mesoderm and yolk sac until it had moved 30 um
along the ectoderm mesoderm interface. At each timeframe, a line was drawn in Fiji along
the longest dimension of the macrophage in the direction of its front-rear polarization axis,
denoted the maximal cell length, and along the orthologonal longest dimension, which was
considered maximal cell width. We did not observe long CLIP::GFP protrusions, but when a
small protrusion was present, it was not included in the length measurement; within this gb
region the front of the first macrophage was clearly outlined with CLIP::GFP. The border
between the first and second entering macrophages was drawn based on the uninterrupted
intense line of CLIP::GFP at the base of the first macrophage; only cells with a clearly visible
border were measured. The length to width ratio was quantified for each timeframe and a
probability density function was plotted: 5 embryos were recorded for each genotype.

Imaging the actin protrusion

Laterally oriented embryos expressing sroHemo-Gal4 UAS-LifeAct::GFP were used to image
macrophage actin live with a 3D-stack resolution of 1um. See above description of CLIP::GFP
labeled macrophage imaging for laser power and image compilation. Laser power was also
increased further in the DfosDN samples to enhance actin visualization. We measured the
length of the filopodia-like protrusion of the first entering macrophage with Imaris software
(Bitplane) from the time when the protrusion was inserted into the ectoderm, mesoderm and
yolk sac interface until the macrophage started to translocate its cell body into that location.

2.5.12 FACS sorting of macrophages

Adult  flies of either  w;+;srpHemoGal4,srpHemo::3xmCherry/+ or  w;+;
srpHemoGal4,srpHemo::3xmCherry /UASDfosDN genotypes were placed into plastic cages
closed with apple juice plates with applied yeast to enhance egg laying. Collections were
performed at 29°C for 1 hour, then kept at 29°C for additional 5 hours 15 minutes to reach
stage 11-early stage 12. Embryos were harvested for 2 days with 6-7 collections per day and
stored meanwhile at +4°C to slow down development. Collected embryos were dissociated
and the macrophages sorted as previously described (Gyoergy et al., 2018). About 1-1.5x10°
macrophages were sorted within 30 minutes.

2.5.13 Sequencing of the macrophage transcriptome

Total RNA was isolated from FACS-sorted macrophages using Qiagen RNeasy Mini kit (Cat No.
74104). The quality and concentration of RNA was determined using Agilent 6000 Pico kit (Cat
No. 5067-1513) on an Agilent 2100 Bioanalyzer: on average about 100 ng of total RNA was
extracted from 1.5x10° macrophages. RNA sequencing was performed by the CSF facility of
Vienna Biocenter according to standard procedures (https://www.vbcf.ac.at/facilities/next-
generation-sequencing/) on three replicates. Briefly, the cDNA library was synthesized using
QuantSeq 3’ mRNA-seq Library Prep kit and

sequenced on the lllumina HiSeq 2500 platform. The reads were mapped to the Drosophila
melanogaster Ensembl BDGP6 reference genome with STAR (version 2.5.1b). The read counts
for each gene were detected using HTSeq (version 0.5.4p3). Flybase annotation (r6.19) was
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used in both mapping and read counting. Counts were normalised to arbitrary units using the
TMM normalization from edgeR package in R. Prior to statistical testing the data was voom
transformed and then the differential expression between the sample groups was calculated
with limma package in R. The functional analyses were done using the topGO and gage
packages in R (Anders, Pyl, & Huber, 2015; Dobin et al., 2013). RNA sequencing data has been
deposited at GEO as GSE182470.

2.5.14

RNA isolation and gPCR was performed from bones of wild-type C57BL/6 mice and from
bones and osteosarcomas (OS) of H2-c-fosLTR as previously described with the below primers
(Rather et al., 1989).

gRT-PCR analysis of mRNA levels in murine bones and osteosarcomas

Table 2-2: List of primers used in this study (Chapter 2)

Primer Sequence
Fos fw ATGGTGAAGACCGTGTCAGG
Fos_rv GTTGATCTGTCTCCGCTTGGA
Flna_fw GTCACAGTGTCAATCGGAGGT
Flna_rv TTGCCTGCTGCTTTTGTGTC
FInb_fw TTCTACACTGCTGCCAAGCC
Finb_rv CTGTAACCCAGGGCCTGAATC
Finc_fw CATCACCCGGAGTCCTTTCC
FInc_rv CTCTGTGCCCTTTGGACCTT
Tspan6_fw | TCGAACTAGTTGCCGCCATT
Tspan6_rv [ CCGCAACAATGCAACGTACT
Gstt3_fw GGAGCTCTACCTGGACCTGA
Gstt3_rv AAGATGGCCACACTCTCTGC
Evalc_fw GTTGCCTACGCATGTGTTCC
Evalc_rv CCGATGCAGACACTGGACAT
Tspo_fw GTATTCAGCCATGGGGTATGG
Tspo_rv AAGCAGAAGATCGGCCAAGG
Tbp_fw GGGGAGCTGTGATGTGAAGT
Tbp_rv CCAGGAAATAATTCTGGCTCAT
2.5.15 Statistics and Repeatability

Mouse experiments:

Data are shown as meantSEM. One-way ANOVA followed by Tukey's multiple comparisons
post-test was applied to compare experimental groups. Statistical analysis was performed
using GraphPad Prism 6.0 software. A p-value <0.05 was considered statistically significant
(*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).

Drosophila experiments:

Statistical tests as well as the number of embryos/cells/tracks/contacts assessed are listed in
the Figure legends. All statistical analyses were performed using GraphPad PRISM or R Studio



and significance was determined using a 95% confidence interval. No statistical method was
used to predetermine sample size.

Representative images of Dfos antibody staining were analyzed per replicate per genotype
and in situ hybridization are from experiments that were repeated 2 times with many
embryos with reproducible results. Dfos mutants analysis in Fig 1 and S1 Fig are from
experiments that were repeated 2-3 times. In live imaging experiments in Fig 2 and S2 Fig, 3-
7 embryos for each genotype were analyzed, each embryo was recorded on a separate day.
FACS sorting of macrophages from embryos was conducted in three replicates, from which
RNA samples were prepared for RNA sequencing. Experiments in Fig 4 and S4 Fig were
repeated at least 3 times, with representative images and plots of phalloidin immunostaining
from experiments that were repeated 4 times. In the LifeAct::GFP protrusion live imaging
experiment in Fig 5 and S5 Fig, 3-5 embryos were analyzed for each genotype. In CLIP::GFP
live imaging experiments in Fig 5 and S5 Fig, 5-6 embryos were analyzed for each genotype
for the cell aspect ratio in the germband zone, and 2 embryos in the pre-germband zone and
for tracking of the front vs rear speed. Each embryo was recorded on a separate day. The
Lamin over expression in S5 Fig and the Lamin knockdown rescue experiments in Fig 5G were
repeated at least 3 times. The gb rescue experiment in Fig 5H was repeated at least 4 times.
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Chapter 2 Fig. S 1. Dfos does not affect the total number of macrophages, or their number in the pre-gb zone

and along the vnc

(A) Dfos protein (red) is detected with an antibody in macrophages (green) in embryos from the stages as
indicated. (B-1) Quantification in mid St 12 embryos. (B) The number of macrophages (green) in the pre-gb zone
(outlined by a black dotted line in the schematic on the left) showed no significant change in Dfos? mutant
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embryos compared to the control (p=0.37) SD: 6,7. (C) The total number of macrophages (see schematic at left)
was not altered from that in the control embryos expressing DfosDN in macrophages (p=0.12). SD: 60, 120. (D-
E) The number of macrophages (green) along the vnc (outlined by black dotted line in the schematic on the left)
shows no significant difference between the control and (D) macrophages that express DfosDN or (E) either of
two RNAI lines against Dfos. (D) DfosDN p=0.88, 0.99, >0.99. Dfos RNAi* (TRiP HMS00254) p=0.21, 0.06, 0.11,
0.072, 0.033, 0.30, 0.56. Dfos RNA#? (TRiP JF02804) p=0.34, 0.15, 0.83, 0.27, 0.47, 1.0, 0.45. (D) SD: Ctrl 3, 3, 3,
0.8; DfosDN 6, 3,0.7. (E) SD: Ctrl 6, 3, 3, 3, 2, 0.3; Dfos RNAi* 6, 3, 3, 3, 2, 2, 0.3; Dfos RNAi? 6, 2, 3,2, 3,1, 0.4. (F,
G) Macrophage numbers in the pre-gb (see schematic at left) are increased compared to the control for lines
expressing (F) DfosDN or (G) one of two different UAS-Dfos RNAi constructs in macrophages under sroHemo-
GAL4 control. (F) p=.04, SD: 19, 29. (G) Dfos RNAI* p<0.0009, Dfos RNA p<0.0001. SD: 12, 9, 14. (H) Macrophage
numbers in the germband are not significantly altered compared to the control upon overexpression of Dfos in
macrophages (p=0.14). SD: 22, 14. (1) Macrophage numbers in the gb for lines expressing one of two different
UAS-Dfos RNAI constructs in macrophages under srpHemo-GAL4 control and lines which additionally express
UAS-GFP. Control vs. mac>Dfos RNAi* (TRiP HMS00254) or Control vs. mac>Dfos RNAI? (TRiP JF02804), p<0.0001.
mac>Dfos RNAI* vs. mac>Dfos RNAI* + GFP or mac>Dfos RNAI? vs. mac>Dfos RNAP + GFP, p>0.99. SD: 33, 47, 34.
The effect of each Dfos RNAi was eliminated upon simultaneous expression of another UAS construct.
Macrophages are labeled using either sroHemo-Gal4 driving UAS-GFP or srpHemo-H2A::3xmCherry. “mac>"
indicates sroHemo-GAL4 driver expressing UAS constructs specifically in macrophages. Histograms show mean
+ SEM ***p<0.005, **p<0.01, *p<0.05. Unpaired t-test was used for statistics, except for G, |, which used One-
Way ANOVA. The number of embryos analysed for that genotype is shown within each column in the graphs. In
D n=6 embryos for the control and n=9 for Dfos DN. In E n=9 embryos for control, 15 and 11 for Dfos RNAis. Scale
barin A: 10 um.
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Chapter 2 Fig. S 2. Dfos facilitates macrophage motility during initial invasion into the tissue

(A) Quantification reveals that the directional persistence of macrophages expressing DfosDN (0.58) is
unchanged (0.56) in the pre-gb area (p=0.66) but decreased during gb entry (0.65) (0.72), p=0.038 and along the
vnc (0.54) compared to the control (0.61), p=0.00026. Left schematic shows pre-gb area in yellow, gb entry
outlined in solid line. Boxed area in right schematic shows analyzed area of vnc. (B) Movie stills showing wild
type and Dfos? macrophages entering the gb (outlined by the dashed line). Time in min shown in the top right
corner of each image. (C) Quantification of macrophage speed shows a significant reduction in the speed of Dfos?
macrophages in the pre-gb zone and at gb entry, but none in the head. Regions analysed indicated in left
schematic. Speed in head: control=2.59 pm/min, Dfos?=2.68 um/min, p=0.40; speed in pre-gb=3.38 um/min,
Dfos?=2.47 um/min, p=2.38e%; speed in gb entry: control=2.35 um/min, Dfos?’=1.62 pum/min, p= 0.0003.
Macrophages are labeled using sroHemo-H2A::3xmCherry. Histograms show mean+SEM ***p<0.005, **p<0.01,
*p<0.05. Unpaired t-test was used for statistics. The number of analyzed macrophages for each genotype shown
within each graph column. Tracks were obtained from movies of 3 embryos each for control and mac>DfosDN
for pre gb entry in A, 4 each for gb entry in A, 3 each for the vnc in A, 4 each of control and 4 Dfos? embryos for
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Chapter 2 Fig. S 3. Dfos regulates macrophage germband invasion through actin cytoskeleton associated
proteins

(A-C) Comparative mRNA expression levels as determined from RNA sequencing analysis of FACS sorted wild
type macrophages and those expressing DfosDN, n=3 biological replicates. (A-B) Genes down-regulated in
macrophages expressing DfosDN are shown, separated into those with (A) strong and (B) moderate expression
in wild type macrophages. (C) Expression levels of Drosophila formin family genes are unchanged. Fold
enrichment is normalized. p-values: Dhc36C 0.02, CG14204 0.03, CG42402 0.04, CR43767 0.046, TM4SF 0.03,
CG42260 0.0011, cher 0.046, GstT4 0.018, Xrp1 0.0011, Tspo 0.046, CG31337_0.046. Frl, DAAM, dia, capu all
>0.99. (D-E) Quantification of the macrophage numbers in (D) the pre-gb zone and (E) along the vnc from
embryos expressing RNAI against cher (KK 107451), or TM4SF in macrophages (KK 102206) driven by srpHemo-
Gal4 shows no significant alteration. The number in the column in (D) corresponds to the number of embryos
analyzed. Control vs. cher RNAi p=0.33. Control vs. TM4SF RNAi p=0.05. Control vs. cher/TM4SF RNAi p=0.67. (D)
SD: 20, 20, 19, 13. For (E) n=13 embryos for control and n=15 for each cher RNAi and TM4SF RNAi. Control vs.
cher RNAi p=0.97 for T1, p=0.33 for T2, p=0.88 for T3. Control vs. TM4SF RNAi p=0.52 for T1, p=0.76 for T2,
p=0.35 for T3. SD: ctrl 6.5, 5.4, 0.6; cher RNAi 5.0, 3.3, 0.8; TM4SF RNAi 4.4, 4.9, 1.9. (F-1) g-PCR analysis of mRNA
extracted from the bones of mice that are wild type, transgenic (tg) for MHC c-fos, viral 3’UTR, and those in
which c-fos transgenesis has led to an osteosarcoma (OS). Analysis of mMRNA expression shows that (F) higher
Fos levels in osteosarcomas correlate with hgher levels of (G) the glutathione S transferase Gstt3, and (H) the
slit receptor Evalc. but not (l) Tspo. Bone and osteosarcoma RNA isolated from the same transgenic mouse, n=4
mice per group, age 5 to 6 months. p-values=0.86, 0.0028, 0.0013 in (F), 0.79, 0.0001, 0.0003 in (G), 1.0, 0.054,
0.049in (H), 0.37, 0.33, 0.040 in (I). SD: 0.7, 0.6, 2.6 in (F); 0.2, 0.3, 1.1 in (G); 0.4, 0.2, 1.5 in (H); 0.1, 0.2, 0.2 in
(). Histograms show mean + SEM ***p<0.005, **p<0.01, *p<0.05. Unpaired t-test or one-way ANOVA with
Tukey post hoc were used for statistics of quantifications. Significance is based on adjusted p values.
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Chapter 2 Fig. S 4. Dia does not affect macrophage numbers in the pre-gb zone and along the vnc

(A) Three Western blots probed with an mCherry antibody of St 11 embryo extracts from srpHemo-
moe::3xmCherry expressing either CD8::GFP (ctrl) or DfosDN in macrophages. Left Western blot also contains
w- lane. Original uncropped Western blots can be found in S1_raw_images. (A’) Quantitation of the Western
blots. We observed no significant change in the expression of the Moe protein reporter when Dfos function is
inhibited. (B) Expressing Dia-CA in macrophages in Dfos? or Dfos? embryos completely rescued the macrophage
germband invasion defect. p-values: Control vs. Dfos? or vs. Dfos? p=0.0004 or p=0.0055 respectively; Control vs.
Dfos! mac>DiaCA or vs. Dfos? mac>DiaCA p >0.999; Dfos! vs. Dfos! mac>DiaCA p=0.0005; Dfos? vs. Dfos?
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mac>DiaCA p=0.035. SD: 20, 23, 18, 19, 7.8. (C-D) There was no significant change in the number of macrophages
in (C) the pre-gb zone or (D) along the vnc in embryos expressing either of two different RNAI lines against dia
expressed in macrophages. Pre-gh: Control vs. dia RNAi* p=0.54, Control vs. dia RNAi? p=0.77. vnc: Control vs.
dia RNA* p=0.99, Control vs. dia RNAi? p=0.95. RNA/* =TRiP HMS05027, RNAJ? = TRiP HMS00308. (C) SD: 9, 12,
13. (D) SD: Ctrl 5.2, 6.4, 2.5, 0.4; dia RNAi* 5.6, 6.8, 1.7, 0.2; dia RNAi?5.1, 4.9, 2.1, 0.6. (E-F) Two further examples
of line profiles used for the determination of the membrane-to-cytoplasmic ratios in Fig 4N, P. Line intensity
profiles of (E) Dia::GFP or (F) DiaRBD::GFP (green) and membrane myr::Tomato (magenta) across the edge of
macrophages expressing either lacZ (Control), RhoDN, DfosDN, cher RNAi, or TM4SF RNAi as shown in the
schematic in E. Line length ~ 8um. Blue lines indicate mean GFP intensity on the membrane and in cytoplasm.
Histograms show mean + SEM ***p<0.005, **p<0.01, *p<0.05. One way ANOVA with Tukey post hoc was used
for statistics of quantification. The number in each column corresponds to the number of analysed embryos.
“mac>" indicates sroHemo-GAL4 driver expressing UAS constructs in macrophages. Macrophages are labeled
using sroHemo-H2A::3xmCherry.
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Chapter 2 Fig. S 5. Dfos controls cell shape in macrophages

(A) Representative image showing actin protrusions of the first macrophage entering the germband in the
control and in lines expressing DfosDN in macrophages. Actin was visualized by srpoHemo-Gal4 (“mac>") driving
UAS-LifeActGFP. White stars indicate the tip of each actin protrusion. Scale bar 5um. (B) Microtubules are labeled
with srpHemo-Gal4 driving UAS-CLIP::GFP. Spatially matched stills of the first macrophage expressing DfosDN
and control extending protrusions into the gb slightly before entering with the body of the cell. As DfosDN
macrophages have a delay in entry, the stills from the DfosDN movie are from a later developmental time point



than the control. (C) Quantification of macrophage maximum length and maximum width shows that DfosDN
expressing macrophages are 23% longer and 12% thinner than wild type macrophages inside the gb (indicated
in schematic above by dashed box). Control vs. DfosDN maximum length p=0.0005, SD: 3.4, 5.7; control vs.
DfosDN maximum width p=0.0025, SD: 1.3, 1.0. (D) Quantification of the maximum length and maximum width
of macrophages in the pre-gb zone (indicated in schematic by dashed box) shows that macrophages expressing
DfosDN are 9% shorter and 9% thinner than wild type macrophages. Control vs. DfosDN maximum length
p=0.0095, SD: 2.2, 2.0; control vs. DfosDN maximum width p=0.005, SD: 2.3, 1.9. (E) Overexpression of UAS-Lam
in macrophages through srpHemo-Gal4 (mac>) causes no change in their number in the gb compared to the
control. p=0.65, SD: 15, 18. Histograms show mean + SEM ***p<0.005, **p<0.01, *p<0.05. Unpaired t-test was
used for statistics of quantification. The number of measurements per genotype is shown in each columns.
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Chapter 2 Fig. S 6. Model of protein interactions at the macrophage cortex

Proposed interactions of proteins at the cell cortex in wildtype macrophages during gb infiltration as shown in
Fig 6. Direct binding between two proteins is indicated by a line, signaling between the interaction partners is
represented as an arrow. These interactions and the resulting model in Figure 6 are based on the papers at the
end of this legend next to the corresponding number shown for each linkage. The Tetraspanin TMA4SF can cluster
adhesion receptors such as Integrins at the membrane and lead to the recruitment and activation of Rho
GTPases. Rho GTPases can bind and activate the formin Dia leading to F-actin polymerization. In addition,
Integrin can bind filamins (Cher), which can bind to and thereby recruit RnoGEF to the membrane. Rho GEFs can
in turn bind to and activate Rho GTPases. References for listed interactions: 1, Tetraspanins-Integrin) Zhuang et
al, 2007; Berditchevski & Odintsova, 1999. 2, Tetraspanins-Rho GTPases) Delaguillaumie, et al., 2002; Hong et
al., 2012; Tejera et al., 2013. 3, Tetraspanins-Filamins) Brzozowski et al., 2018; Perez-Hernandez et al., 2013. 4,
Integrin-Filamins) Razinia et al., 2012; Ehrlicher et al., 2011. 5, Rhol GTPase-Dia in Drosophila) GroRhans et al.,
2005; Rose et al., 2005. 6 & 8, Rho GEF-Rho GTPases) Vetter & Wittinghofer, 2001. 7, Formins-Filamins) Hu et
al., 2014; Lian et al., 2016. 9, Filamins-RhoGEFs) Bellanger et al., 2000; Del-Valle Perez, 2010.

59



S1 Movie. Dfos facilitates macrophage motility during initial invasion into the germband tissue

Movies corresponding to stills shown in Fig 2A. Macrophages (green) labelled using srpoHemo-H2A::3xmCherry
are imaged while entering the gb in control embryos (left) and embryos in which macrophages express a
dominant negative (DN) version of Dfos (DfosDN) (right). Time in minutes is indicated in the upper right corner.
Scale bar: 10 um.

S2 Movie. Dfos does not affect macrophage migration along the vnc

Movies corresponding to stills shown in Fig 2G. Macrophages (green) labelled by sroHemo-Gal4 driving UAS-
GFP::nls are imaged during their migration along the segments of the vnc in control embryos (left) and embryos
in which DfosDN is expressed in macrophages (right). Time in minutes is indicated in the upper right corner.
Scale bar: 10 pum.

$3 Movie. Macrophages in Dfos? mutants invade germband more slowly

Movies corresponding to stills shown in S2B Fig. Macrophages (green) labelled by srpHemo-Gal4 driving UAS-
GFP::nls are imaged while entering the gb in control embryos (left) and Dfos? mutant embryos (right). Time is
indicated in minutes. Scale bar: 10 pum.

S4 Movie. DfosDN expressing macrophages make long actin protrusions during germband entry

Movies corresponding to stills shown in S5A Fig. F-actin in macrophages (green) labelled with sroHemo-Gal4
driving UAS-LifeAct::GFP is imaged during gb entry in control embryos (left) and embryos with macrophages
expressing DfosDN (right). Note the extended protrusion of the DfosDN expressing macrophages. Time is
indicated in minutes. Scale bar: 10 um.

S5 Movie. Dfos controls cell shape in macrophages

Movies corresponding to stills shown in Fig 5B-C and S5B Fig. Microtubules of macrophages are labelled with
srpHemo-Gal4 driving UAS-CLIP::GFP. They are imaged during gb entry in control embryos (left) and embryos
with macrophages expressing DfosDN (right). Note the extended shape of the DfosDN expressing macrophages.
Time is indicated in minutes. Scale bar: 10 um.
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3.1 ABSTRACT

Recent studies have shown that Drosophila immune cells (hemocytes) invade a tissue barrier
during their colonization of the embryo in a manner akin to mammalian immune cell
extravasation from the vasculature, introducing them as a new model for tissue barrier
penetration. Here, we reveal a novel hemocyte subpopulation, one in which BMP signaling is
active during early migratory steps prior to their penetration of the tissue barrier of the
germband. BMP* hemocytes predominantly populate the germband tissue and lead
germband invasion. The BMP type | receptor thickveins (tkv) is crucial for regulating the
persistent migration of leading hemocytes specifically at the tissue entry site. Surprisingly,
leading hemocytes inside the germband belong to a previously unknown cluster enriched in
the expression of enhancer of split complex (E(sp!/)C) genes, which we identify by single-cell
RNA-Sequencing of hemocytes throughout early embryonic stages. This E(spl)C cluster shows
higher expression of putative BMP target genes Fasciclin2, Fasciclin3, Tsp39D, and Pvf3 that
regulate th efficiency of hemocyte invasion into the germband tissue, a process independent
of Notch signaling. As such, our findings extend the current view of embryonic hemocyte
heterogeneity and point toward a conserved role for canonical BMP signaling in specifying
the subpopulation that leads migration of tissue-resident macrophages during
embryogenesis.


mailto:daria.siekhaus@ist.ac.at

3.2 INTRODUCTION

Blood cells not only play an important role in immune responses and tissue repair, but tissue-
resident macrophages are also crucial for normal embryonic development, such as the
formation of the eye, the brain, fetal testis, and mammary glands (Chaplin, 2010; DeFalco et
al., 2014; Fantin et al., 2010; Gouon-Evans et al., 2000; Ingman et al., 2006; Rymo et al., 2011;
Wynn et al., 2013; Yosef et al., 2018). Advantages in lineage tracing and RNA-Sequencing have
allowed for deeper insights into the complexity of the vertebrate immune system, leading to
a paradigm shift in the view of tissue-resident macrophages (Gautiar et al., 2012; Wynn et al.,
2013). Previously believed to solely originate from bone marrow-derived monocytes, they are
now defined as independent yolk-sac-derived erythro-myeloid lineages which are predicted
to be a heterogeneous population themselves (Dzierzak & Speck, 2008; S. J. Morrison &
Scadden, 2014; van Furth et al., 1972; Yamane, 2018). Different organs harbor specific types
of tissue-resident macrophages, and their colonization during early embryogenesis is
controlled by different signaling pathways such as TGFB and BMP signaling for the microglia
population of the brain and the Langerhans cells in the skin (T. Borkowski et al., 1997; T. A.
Borkowski et al., 1996; Butovsky et al., 2014; Kel et al., 2010; Utz et al., 2020). While these
studies clearly show an effect of TGFB signaling in establishing a tissue-resident macrophage
population, whether this plays a role during the macrophage tissue infiltration or at another
point during embryonic development remains unclear. Moreover, the complexity of
macrophage populations in the same tissue that can be differentially affected by TGFf
signaling complicates the interpretation of in vivo data in mice (Utz et al., 2020).

The immune system of Drosophila melanogaster is less complex, but shares functional
characteristics and genetic factors with vertebrate immune cells. In both species, GATA and
Runx factors control immune cell differentiation, and JAK/STAT, IMD, and Toll pathways
mediate the immune response (Buchon et al., 2014; Lebestky et al., 2000). Additionally, the
tissue infiltration of immune cells in the early embryo is regulated by Integrins and Rho-
GTPases, similar to invasive immune cell migration in vertebrates, making them an ideal
model to study the effects of BMP signaling on immune cell tissue invasion (Comber et al.,
2013; Paladi & Tepass, 2004; Siekhaus et al., 2010; Wood & Jacinto, 2007).

Similar to vertebrates, there are two waves of hematopoiesis in the fly, with the first wave
resembling primitive hematopoiesis in the embryo and the second wave in the lymph gland,
the hematopoietic organ of the larva, giving rise to stem cell-like progenitors (Banerjee et al.,
2019; Gold & Briickner, 2014; Makhijani et al., 2011). Embryonic hemocytes originate in the
procephalic mesoderm and relate to the erythro-myeloid lineage of tissue-resident
macrophages in vertebrates (de Velasco et al., 2006; Gold & Briickner, 2014; Tepass et al.,
1994). The lymph gland lineage originates from cardiogenic mesoderm more similar to
hematopoietic stem and progenitor cells of the vertebrate aorta-gonad-mesonephros (AGM)
(Jung et al., 2005; Mandal et al., 2004). While lymph gland hemocytes are only released into
circulation upon metamorphosis, embryonic hemocytes actively migrate via stereotyped
routes (Siekhaus et al., 2010; Tepass et al., 1994). Similar to yolk-sac-derived vertebrate
macrophages, they are crucial for the process of organ development, such as the positioning
of renal tubules by localized amplification of BMP signaling through Collagen IV secretion and
condensation of the nerve cord by engulfment of apoptotic midline glia (Olofsson & Page,
2005; Sears et al., 2003; Zhou et al., 1995).

The migration of embryonic hemocytes is regulated by the PDGF/VEGF-related ligands Pvf2
and Pvf3, known to be expressed along the future path of their migration ( Cho et al., 2002;
Heino et al., 2001), and the receptor Pvr, which is expressed in hemocytes themselves (N. K.
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Cho et al., 2002; Heino et al., 2001; Parsons & Foley, 2013; Wood et al.,, 2006). Another
PDGF/VEGF-related ligand, Pvfl, seems to be dispensable for embryonic hemocyte migration
(N. K. Cho et al., 2002; Harris et al., 2007; Wood et al., 2006) but induces hemocyte
proliferation in a Drosophila tumor model (Parisi et al., 2014). However, Pvr is also involved
in hemocyte survival (Brickner et al., 2004), and individual Pvf ligands are not exclusively
expressed along specific paths (N. K. Cho et al., 2002). Thus, it remains unknown how
hemocytes decide between different routes. In the absence of Pvr, Pvf2 and Pvf3 were shown
to be crucial for germband invasion when cell survival was restored. In contrast, migration
from the side of origin in the head mesoderm up to the germband is Pvr-independent (N. K.
Cho et al., 2002). Moreover, as hemocytes migrate in a stream of individual cells, additional
mechanisms must exist that allow the leading cells to move beyond possible attractive signals
while the following hemocytes still need to be able to sense guiding signals. This regulation
was proposed to be either dependent on hemocyte interactions with the surrounding tissue
or signaling from leading to following hemocytes, similar to Pvf gradient formation during
lateral line migration in zebrafish (Dona et al., 2013; Ratheesh et al., 2015; Venkiteswaran et
al., 2013). However, differences in embryonic hemocytes that could enable them to follow
one another have yet to be investigated.

Despite the characterization of the precise origin of hemocytes from different zones of the
head mesoderm (de Velasco et al., 2006), differences in gene expression in hemocyte
subpopulations are just starting to be unraveled. One recent study identified functionally
distinct subpopulations in late embryos at stage 15, a time when hemocytes have already
dispersed through the embryo (Coates et al., 2021). These subpopulations showed
characteristics of pro-inflammatory M1 macrophages of vertebrates with a faster migration
towards wounds, and exhibited different localizations and dynamics throughout later fly
development, demonstrating the complexity of embryonic hemocytes. However, during early
embryonic development, hemocytes face very different tissue environments and display
more characteristics of M2-like macrophages that shape tissue development.

Other studies utilized single-cell RNA-Sequencing of larval hemocytes and identified
previously unknown subpopulations in Drosophila immune cells, different states of
hemocytes upon inflammation and immune challenge, and novel subtypes of crystal cells and
lamellocytes enriched in the FGF-receptor breathless and the ligand branchless that are
crucial for parasite defense (Cattenoz et al., 2020; Fu et al., 2020; Tattikota et al., 2020). The
very small population of primocytes was proposed as a novel hematopoietic precursor
population labeled by the expression of transcription factors controlling cell fate specification
and differentiation, including Antennapedia, knot, hamlet, Mothers against dpp (Mad), and
Z600 (Fu et al., 2020). However, a comparison between larval and embryonic hemocytes
showed significant differences in their gene expression and highlighted the need for in-depth
characterization of hemocytes throughout embryonic development.

In an attempt to describe the embryonic hemocyte population during the time of their
specification, transcriptome data from larval and embryonic single-cell RNA-Sequencing from
the early Drosophila embryo at Stage 5 have been used to generate a pseudo-transcriptome
(Cattenoz et al., 2021). Therein, procephalic mesoderm cells that will go on to form hemocytes
were verified to express the earliest hemocyte-specific transcription factors Glial Cell
Missing/Glial Cell Deficient (Gecm) and the GATA factor Serpent (Srp). Pro-hemocytes highly
correlated with the proliferative plasmatocyte subgroups of the larval lymph gland, indicating
that proliferating embryonic hemocytes give rise to larval hemocytes (Cattenoz et al., 2021).
However, factors regulating macrophage subpopulations to penetrate a tissue barrier as a



physiological developmental process similar to the migration of yolk-sac-derived tissue-
resident macrophages in vertebrates remain unknown.

Recently, we have shown that the transcription factor DFos in Drosophila modulates cellular
properties of embryonic hemocytes by transcriptional regulation to aid their migration within
the constrained environment of the germband tissue (Belyaeva et al., 2022). Previously, Dfos
was shown to genetically interact during Drosophila development with one of the major
signaling pathways — BMP — to control the formation and migration of leader cells during
dorsal closure (Perkins et al., 1988; Riesgo-escovar & Hafen, 1997; Riesgo-Escovar & Hafen,
1997; Zeitlinger et al., 1997). Here, we describe the role of BMP signaling in embryonic
hemocyte migration, revealing a novel hemocyte subpopulation activated by BMP signaling
that predominantly populates the germband tissue and leads germband invasion. The BMP
type | receptor Thickveins (Tkv) is crucial for regulating the persistent migration of leading
hemocytes specifically at the tissue entry site. Surprisingly, leading hemocytes inside the
germband belong to a previously unknown cluster enriched in the expression of enhancer of
split complex (E(sp!)C) genes, which we identify by single-cell RNA-Sequencing of hemocytes
throughout early embryonic stages. This E(spl)C cluster shows higher expression of putative
BMP target genes Fasciclin2, Fasciclin3, Tsp39D, and Pvf3 that regulate the efficiency of
hemocyte invasion into the germband tissue, a process independent of Notch signaling.
Thereby, our findings extend the current view of embryonic hemocyte heterogeneity and
point toward a conserved role for canonical BMP signaling in specifying the subpopulation
that leads migration of tissue-resident macrophages during embryogenesis.

3.3  RESULTS

3.3.1 Early Drosophila embryonic hemocytes contain a BMP* subpopulation

Recently, cellular properties of Drosophila hemocytes populating the embryo from their origin
in the head mesoderm via conserved routes (Fig. 1A) were shown to be regulated by the
transcription factor DFos, which has been linked to BMP signaling in different contexts
(Belyaeva et al., 2022; Dequier et al., 2001; Perkins et al., 1988; Riesgo-escovar & Hafen, 1997;
Riesgo-Escovar & Hafen, 1997). However, the role of BMP signaling in this process is not
known. Therefore, we first visualized active BMP signaling by antibody staining against the
activated form of the transcriptional regulator P-Mad. P-Mad staining can be found in the
nucleus of hemocytes at stage 10, when they have started to spread out from the head
mesoderm (Fig. 1C). P-Mad-positive hemocyte nuclei are not observed during their later
migration into the germband. To our surprise, BMP-signaling was only active in a
subpopulation of hemocytes at Stage 10, comprising about 25% of the total population
(Mean=25.1%, lower 95% Cl of mean=22.8%, upper 95% Cl of mean=27.3%, minimum=17%,
maximum=30%). Those hemocytes positively labeled for BMP signaling activity (BMP*) are
localized close to the outer epithelium of the head and typically form a stripe underneath the
cephalic furrow at the edge between the head and gnathal segments. At this stage, dpp, the
predominant ligand of BMP signaling shaping Drosophila embryonic development, is
expressed throughout the lateral ectoderm, and in the head it is enriched in the area that
abuts the BMP* hemocytes (Francois et al., 1994). Thus, Dpp diffusion from the ectoderm
could be spatially restricted to affect only a subpopulation of hemocytes.

To examine if hemocytes that have experienced BMP signaling occupy any particular
migration route during later stages, we made use of the fluorescent Dpp-signaling sensor Dad-
GFP which is comprised of the conserved minimal Dad enhancer fused to GFP, which has been
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frequently used to label canonical BMP-signaling activation at the transcriptional level
(Hamaratoglu et al., 2011; Ninov et al., 2010; Weiss et al., 2010b).

As our previous results had shown a specific role for Dfos during hemocyte penetration of the
germband tissue, we closely examined the Dad-GFP signal during the early phase of germband
entry (Fig. 1E-F). At this stage, about 33 hemocytes on average have penetrated the
germband; of these 41% were Dad-GFP positive (Fig. 1G, Mean=41.3%, lower 95% Cl of
mean=36.9%, upper 95% Cl of mean=45.7%, minimum=21%, maximum=65%), indicating that
a high fraction of hemocytes which invade into the germband tissue are BMP*. Moreover, in
the majority of embryos, the BMP* hemocytes were found among those farthest inside the
germband (Fig. 1E, F). In 78% of embryos, the leading hemocyte showed Dad-GFP signal, and
in another 19% of embryos either the second or third hemocyte showed marker expression
(Fig. 1G). Precise discrimination of the second or third hemocyte inside the germband is not
feasible, as they can overtake each other during migration and sometimes the two nuclei are
located side by side. In one embryo, the precise order of the hemocytes inside the germband
could not be assessed and was therefore categorized as unclear. These results indicate that
hemocytes that have experienced BMP-activation are predominantly the leading cells inside
the germband.

To examine the specificity of this linkage between previous BMP signaling and invasive
migration, we assessed the Dad-GFP reporter’s activity in hemocytes migrating along the vnc,
an environment in which surrounding cells are less densely packed compared to inside the
germband tissue (Evans et al., 2010; Ratheesh et al., 2018). In contrast to the germband, only
one Dad-GFP positive hemocyte was found midway along the vnc in two out of 13 embryos
(Fig. 1H-1). Thus, the majority of vnc hemocytes do not belong to the BMP* subpopulation.
However, BMP* hemocytes do reside in the head area, especially anterior to the vnc segments
in the labial gnathal segment (Fig. 1H, white asterisk).

Taken together, these results show a novel BMP* subpopulation of embryonic hemocytes at
stage 10, which are localized in a stereotypic pattern. The majority of hemocytes inside the
germband belong to this BMP* subpopulation at this developmental timepoint.

3.3.2 BMP signaling components regulate tissue invasion of embryonic
hemocytes

We then sought to assess whether BMP signaling activation can affect hemocyte migration
by counting the number of hemocytes that had invaded the germband of stage 12 embryos
(marked by a black box in Fig. 2A) in BMP gain- and loss-of-function experiments. Down-
regulation of the canonical BMP signaling pathway was achieved by expressing the full-length
inhibitory Smad that is directly fused to the hemocyte-specific srpoHemo promoter (srpHemo-
Dad). Dad down-regulates BMP signaling by blocking the phosphorylation of Mad through the
Tkv receptor and oligomerization of P-Mad (H. Inoue et al., 1998). Moreover, this inhibition
has been shown to be targeted to Mad, but not the other transcriptional regulator in
Drosophila, Smad2 (Kamiya et al., 2008). Compared to the control, 31% fewer sroHemo-Dad
expressing hemocytes were found inside the germband at the same stage (Fig. 2A). However,
this effect was only visible when Dad expression was directly driven by the srpoHemo promoter
and could not be observed for Dad over-expression using the Gal4 system (srpHemo-Gal4,
UAS-Dad) (Fig. 2 S1A), indicating that the timing of BMP signaling is crucial for effects on
hemocyte migration into the germband.



69



A Stage 10 Stage 11 B BMP signaling in Drosophila

germband germband BMP-ligand
e e (Dpp)
: \ (] Thickveins

early Stage 12 Stage 12
germband germband

dad-GFP*hemo
inside gb [%]
]

single z

15t hemo
= dad-GFP~*
279/3 hemo
- dad-GFP~*
- [ unclear
total
embryos=27

dad-GFP*hemo
along vnc [%)]
oO=MNwsO
.

hemocytes (srp-H2A::3xmCherry) DAPI Dad-GFP::nls
Chapter 3 Fig 1. A subpopulation of Drosophila embryonic immune cells show BMP-signaling

activation
(A) Stages of Drosophila embryogenic development. At stage 10, characterized by germband retraction less than

29%, hemocytes are spreading out from head mesoderm. At stage 11 (germband retraction 29%-31%)



hemocytes approach germband border and align in a semi-circular arch, and start to migrate along vnc on the
ventral side. At early stage 12 hemocytes invade into germband tissue. Later during stage 12 the germband
retracts further to the posterior, hemocytes that did not invade into the germband reside in the pre-germband
zone, whereas hemocytes at the ventral side migrate through vnc segments. (B) Schematic of BMP signaling in
Drosophila: binding of the BMP-ligand (primarily Dpp) to type | (primarily Thickveins, Tkv) and type Il (primarily
Punt, Put) receptors leads to phosphorylation and activation of the transcriptional regulator Mad (P-Mad) by the
hetero-receptor-complex. Upon binding of P-Mad to the transcriptional co-regulator Medea the complex
translocates into the nucleus regulating transcription. Eventually, a negative feedback loop is initiated through
Dad-mediated inhibition of Mad activation. (C) Representative images of a stage 10 embryo (maximum z-
projection of 25 slices, inter-slice interval 1um) in which hemocyte nuclei (magenta) are labelled by sroHemo-
H2A::3xmCherry and stained with an antibody against the phosphorylated form of Mad (P-Mad) shown in green.
Black box in the schematic of stage 10 indicates position of imaged area of the anterior lateral embryo. Area of
hemocytes closest to the overlying epidermis showing P-Mad positive hemocytes is indicated by a white dashed
line. (D) Quantification of P-Mad positive hemocytes in stage 10 embryos shown in Fig. 1C. Number of total
hemocytes and P-Mad positive hemocytes were quantified per embryo and shown in % for 15 individual
embryos. Boxplot with mean=25.1%, lower 95% Cl of mean=22.8%, upper 95% Cl of mean=27.3%,
minimum=17%, maximum=30%. (E,F) Analysis of BMP* hemocytes, which invaded into the germband. (E)
Representative image of early stage 12 embryo imaged with 20x objective for measuring germband retraction
used for quantification in Fig. 1E-E’ with BMP* cells labelled by Dad-GFP::nls (green), hemocytes labelled by
srpHemo-H2A::3xmCherry (magenta) and all cell nuclei labelled with DAPI (blue). Edge of germband tissue is
indicated by a white dashed line. White box indicates analyzed area in Fig. 1E-E’, and area imaged with a 63x
objective shown in (F). (F) showing a single z-slice with nuclei of the leading three hemocytes inside the
germband. Note the arrow pointing towards the Dad-GFP::nls positive 1%t hemocyte nucleus. 2" hemocyte
nucleus behind without GFP, and 3™ hemocyte nucleus following positive for Dad-GFP::nls. (G) Top panel
showing quantification of BMP* hemocytes inside the germband of early stage 12 embryos by assessment of the
BMP-signaling reporter Dad-GFP::nls in hemocytes labelled by sroHemo-H2A::3xmCherry. The number of BMP*
hemocytes was divided by the number of hemocytes that had already invaded into the germband tissue for each
embryo in a total of 27 embryos. Boxplot with mean= 41.3%, lower 95% Cl of mean= 36.9%, upper 95% Cl of
mean= 45.7%, minimum=21%, maximum=65%. Bottom panel showing BMP-signaling activation of first 3
hemocytes invading into the germband tissue in embryos analyzed in top panel. Quantification of the number
of embryos in which either the leader hemocyte (1%t mac), or the following two hemocytes (2"/3¥ mac) were
Dad-GFP::nls positive. For one embryo the order of invading hemocytes was unclear. Total n=27, 1% mac Dad-
GFP::nls positive 78% (n=21), 2"%/3'® mac Dad-GFP::nls positive 19% (n=5), unclear 4% (n=1). (H-1) Analysis of
BMP* hemocytes at the ventral side of stage 13 embryos. (H) Representative image of stage 13 embryo (see
schematic in upper left panel) imaged with 20x objective for measuring germband retraction. BMP* cells labelled
by Dad-GFP::nls (green), hemocytes labelled by sroHemo-H2A::3xmCherry (magenta) and all cell nuclei labelled
with DAPI (blue). White box in upper right image showing zoomed area of hemocytes migrating along the vnc in
middle and bottom panels; vnc segments indicated by a white dashed line. BMP* hemocytes are located anterior
to vnc segments in gnathal segments of the head. (1) Quantification of stage 13 embryos with BMP* hemocytes
along vnc in %, BMP* hemocytes were divided by total number of vnc hemocytes. Total embryos=13, average
hemocytes along vnc=36.4 (s.e.m.=2.3), 11 embryos without BMP* hemocytes along vnc, 2 embryos with BMP*
hemocytes along vnc (embryo 1= 1/56=2% and embryo 2= 1/32=3%), average BMP* hemocytes along vnc=0.4%.
All embryos shown throughout this thesis are oriented laterally, with anterior to the left and posterior to the
right. ns p>0.05, *p<0.05 **p<0.01 ***p<0.001 ****p<0.0001, Scale bars C,G=10um, F,H=20um.

Compared to the germband, where hemocytes are confined between closely apposing
ectoderm and mesoderm cells (Belyaeva et al.,, 2022; Aparna Ratheesh et al., 2018), the
segments of the vnc comprise a less confined environment (lwan R. Evans et al., 2010; Aparna
Ratheesh et al., 2018; Siekhaus et al., 2010) and can therefore be used as an approximation
of possible effects on the general developmental migration of hemocytes. While Dad-
expressing hemocytes accumulated in front of the germband (Fig. 2 S1B), we observed no
strong effect on migration along the vnc nor on total hemocyte numbers (Fig. 2 S1C-D). These

71



results point toward a specific role for canonical BMP signaling in aiding hemocytes to
overcome a tissue barrier during embryonic migration.

Next, we investigated if particular BMP receptors are involved in hemocyte germband
invasion. The BMP type | receptor Tkv controls early Drosophila embryonic development, and
embryos with maternal and zygotic mutations for tkv show developmental defects, including
dorsoventral patterning (Affolter et al., 1994; Zeitlinger et al., 1997). However, maternal Tkv
governs early development, and zygotic Tkv is only needed for developmental processes
following germband retraction (Affolter et al., 1994). We therefore examined early stage 12
embryos that were zygotically mutant for the amorphic allele tkv? and found the number of
hemocytes inside the germband reduced by 28% (Fig. 2B). Moreover, hemocyte-specific
down-regulation of tkv using three independent RNAi constructs decreased hemocyte
germband numbers by 39%, 30%, and 48%, respectively (Fig. 2C). In tkv loss-of-function
experiments, hemocytes were still able to migrate up to the germband, accumulating in the
pre-germband area (Fig. 2 S1E, G), and tkv RNAi-expressing hemocytes migrated normally
along the vnc (Fig. 2 S1H). Similar to Dad overexpression, there was no change in total
hemocyte numbers in tkv loss-of-function (Fig. 2 S1F, I). In accordance with these results,
overexpression of the dominant negative variant tkv®" inside hemocytes also decreased their
germband numbers by 24% without changes in the pre-germband and the vnc, while
expression of the constitutively active tkv did not affect hemocyte migration at the analyzed
stage (Fig. 2D, Fig. 2 S1J-K), and neither changed the number of total hemocytes (Fig. 2 S1L).
These results show a stronger effect of the dominant negative receptor variant over the tkv
RNAI, possibly caused by additional changes in BMP receptor binding and sequestering. They
further indicate that canonical BMP signaling aids hemocyte tissue invasion.

Another receptor in Drosophila that has been shown to transduce the signaling downstream
of the BMP-like ligand Dpp is Sax, whose closest orthologue in mice is the Activin A receptor
like kinase 1 (Acvrl) (Haerry et al., 1998). While tkv is expressed more strongly in particular
regions, sax is expressed faintly throughout the early embryo, and ubiquitous expression of
tkv can rescue sax loss-of-function mutants (T. J. Brummel et al.,, 1994). It is therefore
assumed that Tkv is the primary BMP type | receptor for Dpp. Expression of two different RNAi
constructs against sax reduced hemocyte numbers inside the germband by 39% and 34%,
respectively (Fig. 1E), and resulted in hemocyte accumulation in the pre-germband (Fig. 2
S1M), while migration along the vnc was not strongly affected (Fi. 2 SIN). Total hemocyte
numbers were increased in sax RNA/? at late stage 12/early stage 13 (Fig. 2 $10). We also
guantified the total hemocytes in earlier embryos used for germband counts and found more
hemocytes in those embryos as well (Fig. 2 S1P). Normalization to the total numbers revealed
that still more sax RNA?-expressing hemocytes accumulated in the pre-germband and did not
enter the germband normally (Fig. 2 S1Q-R). This indicates that both BMP type | receptors
regulate hemocyte germband invasion efficiency.

We also wanted to examine the role of BMP type Il receptors. In Drosophila, two type Il
receptors can form a complex with Tkv and Sax to regulate BMP signaling. One of them is Wit;
however, this receptor is first expressed at stage 12 in a subset of cells of the CNS (Marqués
et al., 2002; Roy et al., 2010; Tomancak et al., 2002, 2007), so we did not examine it. The other
BMP type Il receptor is Put, which can respond to dpp (Ruberte et al., 1995), or Activin, which
regulates hemocyte homing to hematopoietic pockets in the larva (Makhijani et al., 2017).
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(A) Number of hemocytes inside the germband (gb) was quantified for all samples in stage 12 embryos, area
indicated by a black box in the schematic on the left. Hemocytes were labeled using sroHemo-H2A::3xmCherry
shown in magenta. Representative images of maximum z-projections shown for each genotype as indicated in
the image, white dashed line indicating edge of germband tissue. Expression of the full length Dad by a direct
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fusion construct to the hemocyte specific srpoHemo promoter (srp-Dad) leads to reduced numbers of hemocytes
in the germband compared to the control. n=21 (ctrl), n=26 (srp-Dad), p=0.0071. (B) Embryos homozygous for
the amorphic mutation of the BMP receptor type | Thickveins (tkv*) show strongly reduced numbers of
hemocytes inside the germband. n=33 (ctrl), n=20 (tkv#), p<0.0001. (C) Hemocyte-specific loss of function of
BMP receptor type | tkv by expression of three independent RNAI lines (tkv RNAi*=TRiP.GLV21018, tkv
RNAP=TRiP.GLO0035, tkv RNAP=TRiP.GL01338) under the hemocyte driver srpHemo-Gal4 strongly decreases
hemocyte numbers in the germband. n=29 (ctrl), n=29 (mac> tkv RNAi') p<0.0001, n=27 (mac> tkv RNA/?)
p=0.001, n=23 (mac> tkv RNA/*) p<0.0001. (D) Expression of a dominant negative version of tkv in hemocytes
(mac>tkvPM) leads to reduced hemocytes inside the germband. Expression of a constitutively active version of
tkv in hemocytes (mac>tkvP?) does not change germband invasion efficiency of hemocytes. n=26 (ctrl), n=22
(mac>tkvPN) p=0.0019, n=16 (mac>tkv"*) p=0.94. (E) Hemocyte-specific loss of function of another BMP receptor
type | sax by expression of two independent RNAi lines (sax RNAi*=TRiP.JF03431 and sax RNAP?=TRiP.HM(C04135)
under the hemocyte driver sroHemo-Gal4 decreases hemocyte numbers in the germband similar to loss of tkv.
n=27 (ctrl), n=23 (mac>sax RNAi') p=0.0002, n=23 (mac>sax RNA?) p=0.0074. (F) Hemocyte-specific loss of
function of BMP receptor type |l put by expression of three independent RNAI lines (put RNAi*=TRiP.GLO0069,
put RNAP=TRiP.JF02664, put RNAP=P{GD49}v848) under the hemocyte driver sroHemo-Gal4 decreases
hemocyte numbers in the germband significantly in two of them. n=26 (ctrl 1), n=26 (mac>put RNA*) p=0.0002,
n=22 (mac>put RNA?) p=0.17, n=24 (ctrl 2), n=27 (mac>put RNA#) p=0.0029. (G) Summary of hemocyte
guantification in different areas in BMP-signaling loss and gain of function experiments shown in Figure 2 and
Figure 2 Supplement 1. Arrow pointing down indicating decreased numbers of hemocytes (mac#) in this specific
area, arrow pointing up indicating increased hemocyte numbers, two arrows pointing left and right indicating
no significant change compared to control, slash indicating no assessment. Total numbers of hemocytes were
increased in embryos used for vnc quantification in put RNA/*. Scale bars=20um.

However, expression of Activin only begins in later stages and is then restricted to the
developing CNS and PNS (Graveley et al., 2010; Roy et al., 2010). Knockdown of put in
hemocytes with RNAI constructs led to comparable results to knockdown of tkv and sax.
Hemocyte migration into the germband tissue was reduced by 32% and 28% in mac>put RNA/*
and mac>put RNA#3, respectively (Fig. 1F) and not significantly changed by a third RNAI line
(mac>put RNAP?). However, hemocytes did not accumulate in front of the germband (Fig. 2
S1S). Knock down of put did not change hemocyte numbers along the vnc (Fig. 2 S1T), and did
not strongly affect total hemocyte numbers; an increase in hemocyte numbers for put RNA/
observed at late stage 12/early stage 13 (Fig. 2 S1U) was not found in the stage 12 embryos
used for germband quantifications (Fig. 2 S1V). These results suggest a function for BMP
receptor type Il Put in the regulation of hemocyte migration up to the pre-germband.

Taken together, these experiments show the necessity of functional canonical BMP-signaling
to allow for proper germband invasion of hemocytes. However, quantification of hemocytes
in fixed embryos gives only a static image of the involvement of BMP signaling in migration
efficiency while leaving the effects on dynamic hemocyte migration parameters unexplored.

3.3.3 Tkv in hemocytes is crucial for directional migration specifically during
germband entry

We therefore were eager to observe hemocytes live during their migration out of the head
towards the germband and during germband entry upon reductions in Tkv function. The
bright sroHemo-H2A::3xmCherry reporter generated in our lab allowed us to record a time
series for several hours of development without bleaching or damaging the embryo (Gyoergy
et al., 2018). Previous studies have described different phases of the hemocyte migratory
route through the embryo. In the first phase, which is independent from the PDGF/VEGF
receptor Pvr, hemocytes migrate out from their origin in the head mesoderm over the yolk
towards the germband tissue (Briickner et al., 2004; N. K. Cho et al., 2002; Parsons & Foley,



2013; Siekhaus et al., 2010). They then face the tissue barrier of the germband ectoderm,
clearly visible by their alignment outside the edge of the germband (Belyaeva et al., 2022;
Aparna Ratheesh et al., 2018; Sanchez-Sanchez et al., 2017; Siekhaus et al., 2010; Valoskova
etal., 2019). During germband entry, they face closely apposed ectoderm and mesoderm cells
(Fig. 3A) and must push them apart to create space for their further migration (Belyaeva et
al., 2022; Aparna Ratheesh et al., 2018). In contrast to the first phase, phase 2 is described as
the Pvr-dependent step of hemocyte penetration into the germband tissue (N. K. Cho et al.,
2002). This is later followed by phase 3 when hemocytes disperse throughout the embryo,
which is again Pvr-independent.

We specifically aimed to investigate the invasion of hemocytes into the germband tissue.
Therefore, we first analyzed the time span for germband crossing of tkv RNAi-expressing
hemocytes. We define the time span for germband crossing as the time between the
alignment of all hemocytes in front of the germband (Fig. 3B-C, upper left panel) and the time
point when the first hemocyte pushes its nucleus into the germband (Fig. 3B, upper middle
panel, white arrowhead). Knockdown of tkv in hemocytes leads to a strong delay of hemocyte
germband invasion (Fig. 3B and Movie 1) with a 2.1 fold increase of germband crossing time
compared to the control (Fig. 3B-C, control=32min, n=3 vs. tkv RNA?=67min, n=7). Thus, Tkv
affects hemocyte germband invasion at the first step of germband crossing.

Next, we aimed to identify changes in their migration behavior specifically during tissue
invasion by analyzing the first 30-35um inside the germband, before they join hemocytes
invading from the other side to migrate along the dorsal midline. While tkv-RNAi expressing
hemocytes showed no difference in their speed (Fig. 3D, control=3um/min, n=3 vs. tkv
RNA?=3um/min, n=5), the average persistence of the first 3-4 hemocytes was reduced by
41% (Fig. 3E, control=0.64, n=3 vs. tkv RNAi?°=0.38, n=5). Consistent with our observations in
fixed embryos, there was no change in the speed and persistence of tkv RNAi expressing
hemocytes during their migration from the head to the germband (Fig. 3F-G).

Individual analysis of the persistence of the first, second, and third hemocyte entering the
germband showed a negative trend for all three (Fig. 3H). However, there was a higher
variability in the persistence measurements for the second hemocyte in different embryos
compared to the data for the first and third hemocyte. Upon tkv RNAi expression, the
persistence of the first hemocyte entering the germband was reduced by 40% (control 0.6,
n=3, tkv RNAi 0.36, n=5), and the persistence of the third was reduced by 48% (control 0.8,
n=3, vs. tkv RNAi 0.42, n=4). These results indicate that Tkv regulates hemocyte germband
invasion by affecting their persistence specifically at the entry site.

3.3.4 BMP* hemocytes lead invasion into the germband tissue

These results, together with our observations from fixed embryos showing BMP signaling
activation in the hemocytes furthest inside the germband in the great majority of embryos
(Fig. 1E), suggest that BMP* hemocytes lead efficient germband invasion by regulating the
persistence of hemocytes. However, during germband entry, hemocytes can squeeze past
one another and take over each other’s position, complicating our analysis. Therefore, we
performed live imaging of the Dad-GFP::nls reporter embryos in which hemocytes were
labeled with srpHemo-H2A::3xmCherry (Fig. 31).
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Chapter 3 Fig 3. BMP regulates persistence of hemocytes to allow efficient germband invasion

(A) Detailed illustration of the germband edge and hemocyte entry side into the germband. Hemocytes
(magenta) migrate from the pre-germband zone (beige) into the germband comprised of closely opposed
ectoderm (light blue) and mesoderm cells (light green). Hemocytes then migrate in between those tissues
dorsally. Their migration within the first 30-35um inside the germband was analyzed for speed and persistence
in the germband entry zone (gb entry). (B) Stills of hemocyte nuclei labelled by srpHemo-H2A::3xmCherry
(magenta) used for tracking during germband invasion in vivo. The germband edge is indicated by a white dashed
line. Time in minutes is shown in upper right corners of each still image starting at 0’ with hemocytes lining up



in front of the germband tissue in a typical semi-circle arch prior to further posterior migration between
germband and yolk, and germband invasion between mesoderm and ectoderm, respectively. Hemocyte nuclei
of control entering into the germband after 30’ indicated by white arrowhead (top panel), followed by migration
as a stream. Hemocyte nuclei expressing tkv RNA/? driven by sroHemo-Gal4 (mac>tkv RNAi?) show delayed entry;
at 60’ the first hemocyte nuclei are present in the germband indicated by white arrowhead (bottom panel). Note
that tkv RNA/? expressing hemocyte nuclei align in a bulk approaching germband entry at a further posterior
position of the germband after 60’ (white asterisk, bottom panel). (C) Time for hemocyte germband crossing
was quantified in min for control and tkv RNAP? expressing hemocytes starting from the time point when
hemocytes had migrated up to the germband aligning in front of the germband tissue in a typical semi-circular
arch (T0). The time point of the first hemocyte nucleus moving into the germband by a typical step toward the
dorsal side of the germband was taken as the time point of germband entry (T1). Schematic illustrates the
analyzed area of the embryo. T1-TO is shown for n=3 independent control embryos and n=7 embryos with
hemocytes expressing tkv RNA?, p=0.0037. (D) Hemocyte speed was similar in control and tkv RNA/ at the
germband entry. The average of the first 3-4 hemocyte nuclei per embryo was used for analysis. n=3 embryos,
total number of tracks=11 (control) and n=5 embryos, total number of tracks=18 (mac>tkv RNAi?), p=0.48. (E)
Persistence of hemocyte nuclei was extracted from 3D tracks generated in IMARIS as track straightness, which
is calculated from the total track distance divided by the total track length. The average of the first 3-4 hemocyte
nuclei per embryo was used for analysis. tkv RNAiZ expressing hemocytes showed decreased persistence at the
germband entry compared to the control. n=3 embryos, total number of tracks=11 (control) and n=5 embryos,
total number of tracks=18 (mac>tkv RNAi?), p=0.0036. (F) Speed of hemocytes during their migration towards
the germband was not changed in tkv RNAi? expressing hemocytes compared to the control. Analyzed area
marked by dashed black line in the schematic to the right. The average speed of all tracks per embryo was used
for analysis. n=6 embryos, total number of tracks=463 (control) and n=5 embryos, total number of tracks=436
(mac>tkv RNAP), p=0.62. (G) Persistence of hemocytes during their migration towards the germband was not
changed in tkv RNAi? expressing hemocytes compared to the control. Analyzed area marked by dashed black
line in the schematic to the left. The average speed of all tracks per embryo was used for analysis. n=6 embryos,
total number of tracks=463 (control) and n=5 embryos, total number of tracks=436 (mac>tkv RNAJ?), p=0.996.
(H) The persistence of the first 3 hemocyte nuclei invading into the germband tissue was assessed individually.
The leading and third hemocyte nucleus moved significantly less persistent compared to the control in tkv RNA?
expressing hemocytes. The second tkv RNAP expressing hemocyte did not show a significantly reduced
persistence. n=3 (control) and n=5 (mac>tkv RNA#®), persistence 1*t mac p=0.031, persistence 2"¢ mac p=0.17,
persistence 3" mac p=0.0025. (1) Single z-plane images showing representative stills of two-photon movies from
early stage 12 embryos during hemocyte germband invasion imaged with a 40x objective. Hemocytes were
labeled with srpHemo-H2A::3xmCherry (magenta) and BMP signaling was visualized using a Dad-GFP::nls
reporter (green). The edge of the germband tissue is indicated by a white dashed line. White boxes in left
overview images indicate zoomed area shown in single color and merged in panels on the right next to
corresponding overview images. First hemocyte (white asterisk) is approaching the germband entry side at T1
(top panel), and translocating into the germband at T2 showing weak reporter signal. T3 and T4 show stronger
BMP reporter signal in the first hemocyte within the germband. At T4 the germband has already started to
retract towards the posterior of the embryo. Stills from one representative movie are shown, total n=4
movies/embryos. Scale bar A=10um, 1=20um left overview panels, 5pum single color zoom images

Here, we could observe the activation of the BMP reporter in the first hemocyte to enter the
germband (Fig. 31, white asterisk, germband indicated by white dashed line). The Dad-GFP::nls
fluorescence inside hemocytes became stronger while they entered the germband tissue (Fig.
31, T2, and T3, white asterisk). We did not observe a strong bias for BMP reporter activity in
either the second or the third hemocytes following the leader into the germband. In two out
of three movies, the first, second and third hemocyte showed Dad-GFP::nls fluorescence, and
in one of them, the second hemocyte did not show BMP activation, unlike the first and third
BMP* hemocytes (Supplemental Movie 2-4). Thus, our data support the hypothesis that BMP
signaling activation is predominantly needed for the leading hemocyte to invade the
germband.
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3.3.5 Bulk RNA-Sequencing of BMP* hemocytes identifies regulators of
germband invasion

We hypothesized that BMP signaling activated the transcription of target genes to enable
invasion. This idea was based on two findings: the Dad-GFP reporter relies on the canonical
BMP pathway and transcriptional signaling cascade to be activated, and we were able to
inhibit invasion by expressing Dad, an inhibitor of the transcriptional arm of BMP responses.
To identify target genes we first collected Stage 12 embryos expressing the Dad-GFP reporter
and mCherry to mark hemocytes, and FACS isolated hemocytes as previously described
(Belyaeva et al., 2022; Gyoergy et al., 2018). We gated for either mCherry-positive hemocytes,
or GFP and mCherry double positive BMP* hemocytes (Fig. 4A). We conducted RNA-
Sequencing on both populations and looked for differentially expressed genes (DEG). Among
these, 31 genes showed significantly higher expression in the BMP* hemocytes compared to
all other hemocytes at stage 12 (Fig. 4B). We selected five of these genes that had previously
been shown to affect cell migration yet had not been examined in the context of hemocyte
movement for further analysis.

We first investigated a potential effect of Mippl, which aids the migration of leader cells
during tracheal development (Cheng & Andrew, 2015). While expression of a dominant
negative version of Mippl in hemocytes reduced the numbers inside the germband and
increased their numbers in the pre-gb (Fig. 4C-D), it also affected total hemocyte numbers
and migration along the vnc (Fig. 4 S2B, E). Furthermore, when normalized to the total
number of hemocytes in the same stage, the decrease in germband numbers was not
significant (Fig. 4 S2C). However, the increase in hemocytes in the pre-gb was still prominent
(Fig. 4 S2D). These results likely point toward an effect of Mipp1°V in hemocytes besides cell
migration.

Fasciclin 2 (Fas2) is the Drosophila ortholog of the neural cell adhesion molecule (NCAM) and
is known to control neuronal recognition of a specific axon type (Grenningloh et al., 1991).
Further, Fas2 has been shown to regulate the migration of border cells by organizing cluster
polarity and motility (Szafranski & Goode, 2004). Knockdown of Fas2 in hemocytes using two
independent RNAI lines slightly decreased their numbers in the germband and led to higher
hemocyte numbers in the pre-gb area (Fig. 4C-D and Fig. 4 S2A). However, only the reduction
inside the germband for Fas2 RNA#? was significant. The numbers along the vnc were
unchanged, and total hemocyte numbers for Fas2 RNAi? even increased (Fig. 4 S2B,E).
Fasciclin 3 (Fas3) has been shown to be crucial for selective filopodia formation in distinct
subtypes of cardioblasts to allow cell matching (S. Zhang et al., 2018). Interestingly, Fas3 has
recently been identified in a sub-cluster of pro-hemocytes in the larval lymph gland, which is
also high in the expression of enhancer of split complex (E(spl)C) genes (B. Cho et al., 2020).
However, a role in hemocyte migration has not been identified so far. Knock-down of Fas3 in
hemocytes strongly reduced their numbers inside the germband, and increased hemocyte
numbers in the pre-gb zone without affecting their migration along the vnc or total hemocyte
numbers (Fig. 4C-D and Fig. 4 S2A-B,E). Thus, Fas3 and potentially Fas2 appear to have specific
roles in enhancing hemocyte germband invasion.



A Stage 12 B name function mouse ortholog| identity
= CG14932 unknown none
f3 CG31627 transcription factor (madf-bess domain) none
E Fasciclin 3 cell adhesion Cadm3 22%
vk Actin 57B myofibrillar actin, embryonic muscle development ActB 95%
hemocytes (mCherry) CG12011 unknown none
+ BMP reporter (G FP) abrupt transcription factor, cell migration, oncogenesis, germ cell differentiation Zbtb12 22%
Cystatin-like cysteine-type endopeptidase Cstl1 23%
astray serine metabolism, nervous system development Psph 50%
FACS CG11876 acetyl-CoA biosynihesis Pdhb 69%
Mipp 1 Multiple inositol polyphosphate phosphatase, generation of IP3 Minpp1 26%
mab-21 mab21 domain, embryonic development Mab2111 75%
Tetraspanin 39D |scaffolding protein, formation of tetraspanin-enriched microdomains CD36 32%
arouser adaptor protein interacting with Egfr and PI3K pathways, synapse formation Eps8I2 26%
CG31121 cholesterol transporter activity, ATP-binding c transporter family Abcg5 25%
Actin 87E cytoskeleton formation, cell migration ActB 96%
yellow-e3 Major royal jelly protein, melanization pathway none
CG13631 unknown none
Fasciclin 2 cell-cell adhesion, negative regulation of EGFR signaling, fibronectin type lil Ncam?2 2%
Chitinase 6 hydrolysation in chitin polymers Chit1 35%
varicose tracheal system development, septate junction assembly Mpp6 38%
rutabaga cAMP synthesis Adcy1 39%
CG7294 unknown none
uninflatable negative regulation of Notch signaling, localization of Sara endosomes Elapor1 21%
Megalin EGF-like doamin, predicted to be involved in endocytosis Lrp2 40%
crumbs apico-basal cell polarity, negative regulator of Notch and Hippo pathway Crb1 29%
BMP* BMP- grainy head transcription factor, response to Branchless/FGF signaling Grhi1 31%
hemocytes hemocy{es frizzled Whnt receptor, planar cell polarity pathway Fzd1 47%
Myosin light chain 2|subunit of myosin complex, myofibril assembly Myl2 37%
\ / CG5080 unknown none
fat tumor suppressor, receptor for Hippo signaling, planar cell polarity pathway Fat4 36%
DEG Pvi3 chemoattractant, macrophage migration Pgf/Vegfa 26%/23%)
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Chapter 3 Fig 4. Putative target genes up-regulated in BMP+ subpopulation can regulate germband invasion
efficiency of hemocytes

(A) Workflow for identification of differentially expressed genes (DEG) in the BMP+ hemocyte subpopulation.
Embryos with hemocytes labeled by srpHemo-3xmCherry and activated BMP signaling shown by the BMP
signaling reporter Dad-GFP were collected at stage 12, when hemocytes had already invaded into the germband
tissue and GFP reporter intensity in hemocytes was strong enough for detection. BMP* and BMP~ hemocytes
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were separated by FACS from a single cell suspension of pooled and homogenized embryos. Both populations
were further processed for RNA-Sequencing and compared to identify DEG. n=3 samples for BMP* hemocytes
and n=6 for BMP~ hemocytes. (B) List of identified DEG significantly up-regulated in BMP* hemocytes of stage 12
embryos showing name, function, mouse ortholog, and identity to mouse ortholog in % (comparison of
Drosophila m. and mouse protein). Candidates highlighted in purple were used for further analysis of their effect
on hemocyte germband invasion efficiency due to their function indicating a role for cell migration. (C)
Representative images of loss of function of selected putative BMP regulated candidate genes in stage 12
embryos with hemocyte nuclei labeled by srp-Hemo-H2A::3xmCherry. Germband edge indicated by white
dashed line. (D) Quantification of hemocyte numbers inside the germband in RNAi knock-down of selected
putative BMP regulated candidate genes in hemocytes driven by sroHemo-Gal4. Knock-down of Fas2 shows mild
effect on hemocyte germband invasion with Fas RNA* (TRiP.JF02918) not reaching significance, and Fas RNA/?
(TRiP.HMS01098) showing mild reduction of hemocyte germband numbers. Three independent RNAI lines for
Tsp39D, and two RNAI lines targeting Fas3 all strongly decrease numbers of hemocytes inside the germband
(Tsp39D RNAi'=TRiP.JF01847, Tsp39D RNAi*=KK104661, Tsp39D RNAi*=GD1796, Fas3 RNAi*=GD13161, Fas3
RNA?=GD2576). Expression of a dominant negative variant of Mipp1 (Mipp1°") inside hemocytes mildly reduces
their numbers inside the germband. n=28 (ctrl 1), n=22 (mac>Fas2 RNAi') p=0.0666 ns, n=27 (mac>Fas2 RNA/?)
p=0.038, n=21 (mac>Tsp39D RNAJ*) p<0.0001, n=22 (ctrl 2), n=20 (mac>Fas3 RNA*) p<0.0001, n=24 (mac>Fas3
RNA/?) p<0.0001, n=22 (mac>Tsp39D RNAI?) p=0.0009, n=21 (mac>Tsp39D RNA*) p=0.0004, n=23 (ctrl 3), n=18
(mac>Mipp1PV) p=0.039. (E) Quantification of hemocyte numbers inside the germband in RNAi knock-down of
chemoattractants Pvf2 and Pvf3 in hemocytes driven by srpHemo-Gal4. One RNAi line for Pvf2 (Pvf2
RNAi*=KK110608) and three independent RNAI lines for Pvf3 (Pvf3 RNAi'=GD5238, Pvf3 RNAi’=KK112796, Pvf3
RNAP=TRiP.HMS01876) all lead to decreased numbers of hemocytes inside the germband in stage 12 embryos.
(F) Representative images of Pvf2 and Pvf3 knock-down in stage 12 embryos with hemocyte nuclei labeled by
srp-Hemo-H2A::3xmCherry. Germband edge indicated by white dashed line. Scale bar C,F= 20um

Additionally, we selected the scaffolding protein Tetraspanin 39D (Tsp39), which is the fly
ortholog of CD63, a marker for immune cells in mammals that regulates the secretion of von
Willebrand Factor (vWF) and has been shown to interact with integrins (Mannion et al., 1996;
Vischer & Wagner, 1993). Hemocyte-specific knockdown of Tsp39D strongly reduced their
numbers inside the germband in three independent RNAI lines (Fig. 4C-D), and two of them
also led to significantly increased hemocyte numbers in the pre-gb (Fig. 4 S2A) without
affecting total hemocyte numbers (Fig. 4 S2B). However, knockdown using these two RNAI
lines additionally slightly reduced hemocyte numbers in the first segment of the vnc (Fig. 4
S2E), indicating that Tsp39D plays a crucial role in invasion and potentially a small role in vnc
migration.
Surprisingly, the chemoattractant Pvf3 was identified as one of the up-regulated genes in
BMP* hemocytes. Together with the closely related Pvf2, Pvf3 is a well-known
chemoattractant for Drosophila hemocytes and plays a crucial role during embryonic
hemocyte migration and germband invasion (Briickner et al., 2004; N. K. Cho et al., 2002;
Parsons & Foley, 2013; Sears et al., 2003; Wood et al., 2006). However, studies on this
relationship did not identify expression in a hemocyte subpopulation and have either used
full mutants for their analysis or knocked-down pvf2 and pvf3 ubiquitously by dsRNA
injections into the embryo. Hemocyte-specific knock-down of pvf2 and pvf3 strongly
decreased their germband invasion efficiency, and two out of three RNAi-mediated
knockdowns also strongly increased hemocyte numbers in the pre-gb (Fig. 4E and Fig. 4 S2F).
This indicates that Pvf3 and likely Pvf2 are not only expressed in surrounding tissues to guide
hemocyte migration but that their expression is also needed in hemocytes to regulate their
tissue invasion during early stage 12.

Taken together, three out of four of the selected potential BMP signaling target genes
showed a specific invasion defect.



3.3.6 Single Cell RNA-Sequencing identifies subpopulations of hemocytes
throughout embryogenesis

As far as we know, the BMP* hemocyte subpopulation is the earliest described subpopulation
of Drosophila embryonic hemocytes. However, very recently different hemocyte populations
were identified in stage 15 embryos (Coates et al., 2021), which inspired us to investigate the
embryonic hemocyte population from stages 8, 10, 12, and 16 in greater depth using single
cell RNA-Sequencing (scRNA-Seq).

We could identify distinct clusters of hemocytes already in stage 8 embryos (Fig. 5A), which
showed differential expression of certain genes. Most of the top markers identified for stage
8-12, the time window when hemocytes disperse through the embryo and invade into the
germband, are not exclusively expressed in hemocytes, but can be used for cluster
identification (Fig.5A-C). During development, the number of identified hemocyte clusters
increased from four in stage 8 to 10 in stage 12, indicating an increase in population
complexity over the course of development. Additionally, when compared with previously
identified proliferative markers from Drosophila lymph gland data, stage 8 and stage 10
hemocytes are enriched in proliferative genes, whereas their expression is rapidly decreasing
in stage 12 hemocytes (Fig. 5 S3B). We were especially curious if we could identify a cluster
corresponding to the BMP* hemocytes at stage 12. At stage 12, two clusters stood out from
all the others with a strong enrichment of E(sp/)C gene expression (Fig. 5C-D cluster 0 and
cluster 1). DEG in hemocytes at stage 12 identified from bulk RNA-Seq of the BMP reporter
shows significant enrichment in the same clusters as the E(sp/)C genes (Fig. 5E), compared to
genes down-regulated in BMP* hemocytes (Fig. 5 S3A). We therefore hypothesized that there
might be an overlap between the BMP* hemocytes and the E(spl)C enriched clusters. To test
our hypothesis, we imaged embryos in which E(spl)m5 was labeled by GFP and found a
stronger signal in the first hemocytes entering the germband (Fig. 5F), indicating a possible
overlap of these markers.

Typically, E(spl)C genes are known to be Notch-responsive. However, Notch does not play a
role in hemocyte germband invasion (Valoskova, 2019). However, E(sp/)mf8 has been shown
to be expressed in response to dpp in pro-hemocytes of the larval lymph gland to keep them
in a stem cell-like state (Dey et al., 2016). Thus, BMP could enhance E(spl)C gene expression
to define a hitherto unknown hemocyte subpopulation in the Drosophila embryo that leads
invasion into the germband tissue.

3.4 DISCUSSION

We have identified a novel subpopulation of early Drosophila embryonic immune cells that
are leaders of tissue invasion in vivo. This subpopulation is defined by transient BMP signaling
activation prior to hemocyte tissue invasion. BMP* hemocytes localize to distinct areas of the
embryo and are especially prominent in the germband. They differ from the rest of the total
immune cell population in their transcriptional profile and rely on those up-regulated genes
for crossing the germband tissue barrier efficiently.
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Chapter 3 Fig 5. Single Cell RNA-Seq identifies E(spl)C enriched hemocytes sharing overlapping characteristics
(A) Single Cell RNA-Sequencing of isolated hemocytes was performed from embryos of stage 8, 10, 12, and 16.

with BMP+ subpopulation at stage 12

Dotplots show relative average gene expression levels indicated by color code in purple and red with darkest



colors showing strongest gene expression. The fraction of cells in the identified cluster is represented by the size
of each dot. Stage 8 embryos are comprised of hemocytes from 4 different clusters. The top markers
characteristic for stage 8 clusters are shown. (B) A higher number of hemocytes clusters were identified for stage
10 embryos. Dotplot shows the top markers for each of the 7 clusters identified. (C) Hemocytes from stage 12
embryos can be clustered into 10 different populations with cluster 0 and 1 showing a strong enrichment of
E(spl)C genes. Top markers for stage 12 are shown in dotplot. (D) Two clusters in stage 12 embryos are highly
enriched in E(spl)C genes, all E(spl)C genes are shown in dotplot. (E) Putative target genes upregulated in BMP*
hemocytes as identified by bulk RNA-Seq of BMP reporter embryos at early stage 12. They are predominantly
enriched in cluster 0 and 1 characterized by higher levels of E(spl)C genes in the single cell RNA-Seq analysis. (F)
Stills of hemocytes invading into the germband tissue in an early stage 12 embryo expressing E(spl)::GFP::m5
shown in green. Hemocytes are labeled by sroHemo-H2A::3xmCherry shown in magenta. White dashed line
indicating edge of the germband. At T1 hemocytes have already started to enter into the germband and
E(spl)::GFP::m5 is strongly expressed in the amnioserosa, and weakly in some hemocytes inside the head. At T2
the stream of hemocytes moves posterior along the dorsal midline of the germband with the leading hemocytes
showing stronger E(spl)::GFP::m5 expression (white arrowhead). Some hemocytes inside the head and at the
ventral side of the embryo, at a location of the gnathal segments show strong E(spl)::GFP::m5 signal intensity.
At T3 the germband retracts further posterior showing leading hemocytes inside the germband with
E(spl)::GFP::m5 enrichment (white arrowhead). Scale bar=20um

Previously, BMP signaling has been shown to affect the second wave of Drosophila
hematopoiesis through regulation of cardiogenic mesoderm formation and effects on the size
of the lymph gland (Mandal et al., 2004; Pennetier et al., 2012b). Here, we identify a novel
role for BMP signaling activation in the early embryo, one that is crucial for single immune
cells leading penetration into the germband tissue. This function appears to be specifically
required for tissue invasion, as loss of BMP signaling does not strongly affect hemocyte
migration in the less confined environment of the vnc.

Using single cell RNA-Sequencing, we identify two distinct clusters of hemocytes from
embryonic stage 12 that are strongly enriched in genes belonging to the Enhancer of Split
complex (E(spl)C). The E(spl)C-enriched clusters share several up-regulated genes with
hemocytes that received BMP signal in their earlier development. Surprisingly, leading
hemocytes inside the germband become stronger in E(spl)m5 expression, indicating an
overlap of BMP* hemocytes and E(spl)C enrichment in germband hemocytes.

Taken together, these data show a previously unidentified subpopulation of BMP-activated
hemocytes crucial for embryonic tissue invasion. They further suggest that this subpopulation
becomes enriched in E(spl)C expression during germband invasion, a process that is
independent of Notch signaling.

34.1 Canonical BMP signaling primes a subpopulation of Drosophila immune
cells of the myeloid lineage

BMP ligands are well-known morphogens that can control Drosophila development via short-
or long-range signaling (Ferguson & Anderson, 1992; Nellen et al., 1996; Shimmi et al., 2005;
Wharton et al., 1993). In the larval lymph gland, the BMP-related ligand Dpp was shown to
maintain the stem cell-like identity of hematopoietic stem cells (HSCs) in the posterior
signaling center (PSC) via short-range signaling of the niche cells to neighboring HSCs (Dey et
al., 2016b). This process is reminiscent of the effect of the Dpp-related Activin (Actp) ligand,
which was shown to regulate the local proliferation of hemocytes in larval hematopoietic
pockets (Makhijani et al., 2017). In the embryo, dpp is expressed in the lateral ectoderm and
it is strongly enriched in the gnathal segments that overlay hemocytes, which start spreading
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out from the head mesoderm (Francois et al., 1994). The same area also shows an enriched
expression of the tolloid protease Tld that can accentuate the signaling ability of dpp (Canty
et al., 2006; Childs & O’connor, 1994; Ferguson & Anderson, 1992; Marqués et al., 1997,
Tomancak et al., 2002, 2007). It is therefore likely that Dpp in close proximity is the ligand that
activates BMP signaling in the identified hemocyte subpopulation, and further affects
migration of immune cells of the erythro-myeloid-like lineage. The BMP* subpopulation can
be visualized by antibody staining against the phosphorylated transcriptional regulator Mad,
which functions in canonical BMP signaling downstream of dpp and Tkv (Kim et al., 1997;
Newfeld et al., 1996, 1997). We cannot exclude a possible cross-reaction of the antibody with
the Smad2/3-related transcriptional regulator Smox (also called dSmad2). However, the other
ligands of the BMP/TGFB and Activin family that exhibit transcriptional signaling via Smox,
ActivinB, and Dawdle, are expressed either later in development or only in other tissues
(Myoglianin) (Das et al., 1999; Kutty et al., 1998; Lee-Hoeflich et al., 2005; Lo & Frasch, 1999;
Tomancak et al., 2002, 2007). Moreover, the Dad-GFP reporter used in this study labels the
leading hemocytes of germband tissue invasion. Dad-expression is regulated by recruitment
of the P-Mad/Medea complex to the Activating Element (AE), and was shown to be specific
for Dpp signaling via the receptors Tkv and Sax, but not Babo (H. Inoue et al., 1998; Kamiya et
al., 2008; Tsuneizumi et al., 1997; Weiss et al.,, 2010b). These arguments point towards
activation of canonical BMP signaling in an embryonic hemocyte subpopulation by a local
ligand source.

3.4.2 The BMP receptor type | Tkv exerts a crucial role in hemocyte tissue
invasion

In Drosophila embryos, the BMP receptor type I-related Tkv has been shown to be the
predominant receptor that binds dpp, whereas the ubiquitously expressed alternative type |
receptor Sax acts rather redundantly, and has been proposed to fine-tune BMP signaling (T.
J. Brummel et al., 1994). In loss-of function experiments we find that tkv mutants decrease
hemocyte germband invasion efficiency leading to lower numbers inside the germband and
increase hemocyte accumulation in the pre-germband with no effect on vnc migration or total
hemocyte numbers. In contrast, type | receptor sax and type Il receptor put can also affect
total numbers. Knock down of put in hemocytes by RNAI, or expressing tkv®" in hemocytes
affected their numbers in the pre-germband. While Tkv®N lacks its intracellular GS domain and
kinase domain that exert signaling function in the wildtype Tkv receptor (Haerry et al., 1998),
it can still bind ligands and form complexes with other receptors possibly causing pleiotropic
effects. Moreover, BMP signaling corresponding to P-Mad nuclear localization is only active
in 25% of hemocytes at stage 10. However, over-expression of Tkv®N was performed in all
hemocytes, which could lead to additional changes in hemocyte-hemocyte interactions.

Knock-down of Put was shown to affect hemocyte adhesion and proliferation in larvae
together with the ActPB receptor Babo (Makhijani et al., 2017). In the early embryo, no
function for babo has been shown, even though it is expressed throughout embryogenesis (T.
Brummel et al., 1999). In contrast, expression of the ligand ActP only starts in later stages of
embryogenesis (Kutty et al., 1998). However, interfering with put expression could possibly
cause additional effects on hemocyte proliferation, similar to what was shown in embryos for
proliferation of progenitors in the germline, which is only affected by put, but not by tkv
(Matunis et al.,, 1997). Moreover, Put was shown to be able to signal through a Mad-
independent mechanism regulating neuronal development in larvae (Ng, 2008). This non-



canonical function of put remains unknown during embryogenesis. Nevertheless, it could be
possible that put could affect general migration of embryonic hemocytes via unknown Mad-
independent processes.

While we cannot exclude a functional role for related signaling pathways downstream of Put,
we favor a mechanism in which Tkv-Mad-Dad signaling in the hemocyte subpopulation causes
transcriptional changes specifically regulating hemocyte invasion into the germband.

3.4.3 Differentially expressed genes affecting cell-cell interactions allow
efficient tissue invasion

The penetration of hemocytes into the germband tissue has been shown to rely on Integrin-
dependent adhesion, similar to vertebrate monocytes moving through the vasculature
(Abraham et al., 2009). In Drosophila, the hemocyte-specific GTPase RholL controls proper
localization of a GEF for Rapl (Dizzy), leading to activation of a-Integrin (inflated) at the
leading edge (Siekhaus et al., 2010). In the RhoL mutant, hemocytes cannot enter into the
germband. Moreover, if Inflated is activated by expressing the constitutively active Rap1“* in
hemocytes, they adhere to each other and build big clumps. This indicates that their adhesion
to the tissue and to other hemocytes needs to be tightly controlled.

Our identification of higher expression of the adhesion molecules Fas2, Fas3 and Tsp39D in
the BMP* hemocytes supports the argument that differential capacities of the BMP*
subpopulation potentially have a positive impact on their tissue invasion. Fas2, the orthologue
of NCAM, is also expressed in a distinct subset of Drosophila interneurons allowing homophilic
clustering and fasciculation of Fas2-expressing axons (D. M. Lin et al.,, 1994). Fas3, an
orthologue of the Nectin-family adhesion molecules, controls selective filopodia matching of
cardioblasts during heart formation in Drosophila (S. Zhang et al., 2018) and was recently
identified in a larval hemocyte subpopulation (B. Cho et al., 2020). In vertebrates, nectin-
family members were shown to interact with PDGF and VEGF receptors as well as integrins to
regulate angiogenesis and directional cell movement by localization at the leading edge
(Kinugasa et al., 2012; Ogita et al., 2010). Furthermore, Nectin-2 is necessary for the
localization of zyxin to cell-cell contacts in vitro (Gregory Call et al.,, 2011). In Drosophila
embryos, zyxin-regulated contact inhibition of locomotion (CIL) is crucial for hemocyte
dispersal on the ventral side (Davis et al., 2012), pointing towards a possible function of Fas3
for zyxin localization in hemocyte-hemocyte interaction during germband invasion in leading
cells. CIL is also known to enhance efficient migration of leader cells during collective
migration of Xenopus neural crest cells, which migrate along a chemokine gradient (Carmona-
Fontaine et al., 2008). Moreover, we found the tetraspanin Tsp39D as an interesting putative
BMP target gene in hemocytes that affects their ability of efficient tissue invasion. The
vertebrate orthologue of Tsp39D (CD63) controls integrin-dependent leukocyte rolling and
recruitment to endothelial cells (Doyle et al., 2011; Vischer & Wagner, 1993). In addition,
CD63 is not expressed at a similar level in all myeloid blood cells, but was recently shown to
be enriched in one human monocyte subpopulation (Champion et al., 2018; Tippett et al.,
2013). These findings highlight potential functions for BMP signaling to upregulate adhesion-
related target genes in a subpopulation of hemocytes affecting cell-cell contacts, eventually
leading to efficient germband tissue entry. Transient cell-cell adhesions could exert similar
functions for the collectively migrating hemocytes like in neural crest cells.

Drosophila embryonic hemocytes migrate collectively, and BMP* hemocytes show increased
expression of the chemokine Pvf3 and Fas2 pointing towards a possible signaling function
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from leader to follower cells during tissue invasion. While previous studies identified the
VEGF/PDGF ligands Pvf2/3 to be crucial for germband invasion, both ligands were thought to
be expressed in the germband tissue raising the question of how other hemocytes can follow
the pioneers, and how pioneering hemocytes can possibly move past the Pvf2/3 source. In
pvf2 and pvf3 mutant embryos, hemocytes cannot enter into the germband, but this
phenotype can be rescued by expression of pvf2 inside the germband edge (Parsons & Foley,
2013). Signaling of Pvf2 from the germband edge could affect leading hemocytes, which
themselves express Pvf3 and other cell-cell interaction candidates to migrate further into the
germband and possibly signal back to following hemocytes. Along the vnc, Pvf2 and Pvf3 have
different roles to control hemocyte migration and downregulation of pvf2 along the dorsal
midline is needed for lateral migration of hemocytes at stage 15 (Wood et al., 2006).
Differences between Pvf2 and Pvf3 have not been identified in hemocytes during germband
invasion. Recently, Pv3 and Pvf3 were shown to differentially affect larval hemocytes
(Bakopoulos et al., 2022). Whereas a transient expression in a hemocyte subpopulation
affected proliferation, Pvf3 was suggested to have an earlier effect, possibly in the embryo.
This indicates that hemocyte subpopulations can express pvf2/3 ligands themselves affecting
the whole hemocyte population. Interestingly, we not only find pvf3-expression to be
upregulated in the BMP* hemocytes, but also higher expression levels of Fas2. Recently, Fas2
was also found to be expressed by Drosophila glia cells and proposed to exert adhesion-
independent signaling functions in a secreted form, as glia expression of secreted Fas2 could
rescue the lethal Fas2 mutant phenotype (Neuert et al., 2020). These findings point towards
a role for BMP* hemocyte upregulated genes to provide signals to follower cells allowing the
stream of hemocytes to migrate further along the germband route.

While hemocytes were proposed to migrate towards a source of Pvf2/3 chemokines, there
seems to be a missing link that gives insights into their role during germband invasion.
Expression of pvf2 in an area through which hemocytes migrate leads to clumps of hemocytes,
which was suggested to show that pvf2 acts as a chemoattractant (N. K. Cho et al., 2002;
Parsons & Foley, 2013). However, overexpression of the constitutively active receptor Pvrc*
did not block hemocyte migration. Furthermore, hemocytes expressing Pvr? in the pvr
mutant background cannot be rescued for their inability to invade the germband (Parsons &
Foley, 2013). These results point toward a role for Pvr in hemocyte adhesion, especially at the
germband entry. Similar to the expression of Pvr®®, we did not observe changes in the
migration of Tkv®A expressing hemocytes. However, expression of both active receptors was
driven in all hemocytes. We observe that leading hemocytes belong to the BMP-activated
subpopulation suggesting that they show advantages in their ability to invade the tissue.
Strikingly, knockdown of tkv in hemocytes does not affect migration speed, but specifically
lowers persistence at the germband entry, indicating a role for tkv signaling in leader cells to
affect the entry of the collective. This differs from the effect of other regulators of hemocyte
germband invasion, such as minerva, atossa, and porthos, as well as Dfos, which all lead to
decreased migration speed (Belyaeva et al., 2022; Emtenani et al., 2021; Valoskova et al.,
2019). Additionally, upregulation of pvf3 and Fas2 in the BMP* hemocytes suggests that they
could possibly signal to follower hemocytes allowing efficient tissue entry of the collective.
We hypothesize that activation of Pvr and BMP signaling pathways in hemocytes needs to be
controlled in a spatio-temporal manner to allow efficient invasion of leading hemocytes into
the germband and for other hemocytes to follow in a stream. We speculate that BMP*
hemocyte show an advantage in their formation of the invading leading edge, such as through
higher levels of factors enhancing integrin signaling. This allows them to move forward in a



more directional orientation, and signaling from leader to follower hemocytes ensures
efficient invasion of the collective.

3.4.4 Could BMP* hemocytes resemble M2 macrophages in higher organisms?

Screening for possible counterparts of the BMP* hemocyte subpopulation in higher organisms
led us to the pro-healing M2 macrophages, which share similarities with BMP* hemocytes in
Drosophila. Macrophages in vertebrates can be functionally divided depending on their
inflammatory state into pro-inflammatory M1 and anti-inflammatory/ pro-healing M2
macrophages. However, this binary classification should be handled with caution, as it might
rather refer to extreme states of activation, and different grades of those states can likely be
found in the complex in vivo environment (Wynn et al.,, 2013). M2 macrophages were
proposed as the default program of resident tissue macrophages (Murray & Wynn, 2011),
which are important drivers of tissue repair as they secrete components of the ECM such as
collagen, drive fibrosis, and remodel the tissue (ltaliani & Boraschi, 2014). Comparable to the
M2 macrophage pro-healing function, larval hemocytes are needed for tissue repair after
induction of a sterile wound, a process that is dependent on the JNK orthologue Basket (Wood
& Martin, 2017). Their tissue remodeling functions are similar to the role of resident
macrophages such as microglia, which regulate brain development (Paolicelli et al., 2011). In
a similar way, Drosophila embryonic hemocytes are crucial for tissue development such as for
the nervous system by providing components of the ECM, removing dead cells and
remodeling other tissues (Olofsson & Page, 2005; Sears et al., 2003; Zhou et al., 1995). These
aspects highlight shared characteristics of M2 macrophages and BMP* hemocytes during
development.

Moreover, BMP and TGFB pathway signaling components play a role for macrophage
polarization towards an M2 phenotype in flies and higher organisms. One study in adult flies
revealed differences in hemocyte functions during a sterile infection, reminiscent of M1 and
M2 macrophage differences in higher organisms. There, Dpp signaling was necessary for a
subset of immune cells in the adult fly to serve as anti-inflammatory regulators, repressing
expression of anti-microbial peptides (Clark et al., 2011a). In contrast, another Activin-like
ligand Dawdle was shown to be crucial for driving the inflammatory response. Additionally,
Mad-Med-Shn silencer elements were identified near many anti-microbial peptide genes,
suggesting that Dpp signaling induces M2-like characteristics in Drosophila immune cells.
Similarly, Smad2/3 signaling was shown to promote the M2 state of macrophages in mice and
humans (Gong et al., 2012; F. Zhang et al., 2016). Moreover, BMP-2 and BMP-4, orthologues
of Drosophila Dpp, promote features of M2-like macrophages, enhance adhesion to
endothelial cells and increase macrophage migration (Martinez et al., 2017; Pardali et al.,
2018). While overexpression of an inhibitory Smad in mice can block expression of VEGF-A
(Nakagawa et al., 2004), the BMP-4 induced shift towards M2-macrophages is associated with
higher levels of VEGF-A, which is closely related to the Pvf ligands in Drosophila (N. K. Cho et
al., 2002; Martinez et al., 2017). In contrast, a recent screen in Drosophila utilizing the VT-
enhancer trap library identified functionally and molecularly distinct subpopulations of
hemocytes in the later embryo at stage 15 (Coates et al., 2021). Those subpopulations show
characteristics of M1 phenotypes with faster migration and wound response. However, these
were not linked to Dpp signaling. These indications highlight similarities in the role of BMP
signaling activation for the tissue-remodeling role of immune cells in flies and mammals. We
therefore propose that BMP* hemocytes act similar to M2 macrophages.
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3.4.5 BMP* hemocytes overlap with a novel E(spl)C-enriched cluster

The overlap of BMP signaling with functions of orthologues of E(spl)C genes in mammalian
M2 macrophages suggests further similarities with the BMP* hemocyte subpopulation in
Drosophila embryos. We identified two clusters of hemocytes strongly enriched in E(sp/)C
genes, and show enrichment of one of them in the leading hemocytes resembling the BMP*
hemocyte subpopulation. E(spl)C genes are related to genes of the Hes/Hey family, and Hes1
was recently identified as a suppressor of inflammatory responses that promote M2
macrophage characteristics in vitro and in vivo (T. Inoue et al., 2019; Shang et al., 2016).
Peritoneal M2-like macrophages that rapidly infiltrate tissue upon a sterile injury via a non-
vascular route, to clear apoptotic cells without initiating an inflammatory response were
shown to have a higher expression of Hes1 regulated by the transcription factor KLF4 (Roberts
et al., 2017) and were characterized as M2 macrophages with yolk-sac origin (Bou Ghosn et
al.,, 2010; J. Wang & Kubes, 2016). KLF4 has also been associated with gene expression
patterns of tumor promoting macrophages leading to secretion of VEGF and other factors
that help tumor cells to intravasate into surrounding tissues (Sica & Mantovani, 2012). As we
see BMP* hemocytes secreting the VEGF-like ligand Pvf3, similar mechanisms could play a role
in promoting the invasion of other hemocytes into the germband tissue in Drosophila.

The enrichment of E(spl)m5 in leading hemocytes during germband invasion visualized by in
vivo live imaging suggests a potential role for BMP signaling in the regulation of E(spl/)C gene
expression. E(spl)C proteins are known to be signaling components downstream of Notch
(Wurmbach et al.,, 1999). However, Notch does not play a role in hemocyte germband
invasion and Notch protein was not found to be enriched in hemocytes prior to germband
invasion (Valoskova et al., 2019). Nevertheless, another member of the E(spl)C gene family
(E(spl)mp) was shown to be activated via Dpp in the larval lymph gland (Dey et al., 2016b). In
this process, Dpp is secreted from the hematopoietic niche (posterior signaling center, PSC)
to keep adjacent hematopoietic stem cell (HSC)-like progenitors in an undifferentiated state,
similar to the role of BMP4 for HSC maintenance in the vertebrate aorta-gonad mesonephros
(AGM) (Drevon & Jaffredo, 2014; Durand et al., 2007). While the Notch pathway in Drosophila
has been shown to regulate differentiation and maintenance of only crystal cell (Duvic et al.,
2002; Lebestky et al., 2000), a recent publication revealed Notch signaling to be a binary
regulator of both plasmatocyte and crystal cell fate depending on the presence of Notch-
ligand Serrate in surrounding cells (Blanco-Obregon et al., 2020). For future studies, it will be
interesting to take a closer look at possible functions linked to Notch signaling in the BMP*
hemocytes after their germband entry.

We find BMP reporter activity and E(spl)C enrichment in leading hemocytes resembling the
interaction of BMP and Notch signaling in sprouting morphogenesis. During angiogenesis,
BMP signaling defines tip cells in the front, while synergistically signaling with Notch to
regulate stalk cell identity (Moya et al., 2012). Combining results from myogenic cells shown
to react to synergistic Notch and BMP signaling pathways (Blokzijl et al., 2003; Dahlqvist et
al., 2003), Itoh and colleagues analyzed the relationship between Notch and BMP signaling
during the migration of endothelial cells in different conditions. Interestingly, they showed
that endothelial cells without cell-cell contacts express the target gene Id1 downstream of
BMP ligands, thereby inducing cell migration. In contrast, upon contact with cells expressing
components of Notch signaling (Jagged or Delta) the Hes-related gene Herp2 is synergistically
up-regulated by BMP and Notch signaling pathways eventually inhibiting migration through
Id1 degradation by Herp2 (ltoh et al., 2004). These results highlight the synergistic regulation
of cell migration by BMP and Notch signaling.



3.4.6 BMP signaling during invasive migration in vertebrates

BMP and Notch signaling were shown to interact during the migration of epithelial sheets and
collective migration of mesenchymal cells, but the role of leader cell formation in blood cells
is not known. During mammalian angiogenesis, BMP type | receptors can take over distinct
roles depending on the cellular context (Benn et al., 2017). Activation by the ligand BMP2
induces leader cell (tip cell) competence by driving the expression of tip cell-associated genes
such as the Notch-activating delta-like ligand 4 (DLL4). Whereas signaling activated by BMP6
triggers collective cell migration and expression of follower cells (stalk cells), associated genes
such as the E(spl)C-related genes hairy and enhancer of split 1 (HES1) are activated by
Smad1/5. In this process, expression levels and complex formation of different BMP type |
receptors determine leader vs. follower cell identity. In zebrafish angiogenesis, BMP-activated
leader cells form filopodia mediated by activation of Cdc42 in the front edge and actin
assembly through Formin-like 3 (Wakayama et al., 2015). Moreover, BMP4 was shown to
enhance epithelial-to-mesenchymal transition (EMT) of breast cancer cells via Notch
signaling, which can induce migration of cancer cells in vitro (Choi et al., 2019).

The tissue invasion of BMP* hemocytes leading a stream of immune cells in Drosophila
embryonic development shows similarities to the recently proposed role for BMP signaling
for neural crest migration. The invasive front of cranial neural crest migration in chicken
shows enrichment of BMP signature genes, which are also upregulated upon BMP-induced
EMT via the transcription factor SNAIL1 in a human colorectal cancer model (Frey et al., 2020).
This invasive front is defined by highly invasive neural crest Trailblazer cells with a specific
transcriptional signature (McLennan et al., 2015; J. A. Morrison et al., 2017). Moreover, BMP
was shown to induce faster mesenchymal migration of pre-osteoblastic cells via actin-rich
membrane waves at the leader edge in vitro (Zouani et al., 2014). Additionally, in zebrafish
lateral mesoderm migration in vivo, BMP signaling is crucial for regulation of cell-cell
adhesions (Myers et al., 2002; von der Hardt et al., 2007). These indications lead us to
hypothesize that BMP signaling activation might have similar functions for inducing leading
hemocytes during the invasion of the germband tissue in Drosophila embryos. We believe
that our findings will pave the way for a deeper understanding of BMP-induced cellular
mechanisms of immune cell invasive migration.
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3.5 MATERIALS AND METHODS

3.5.1 Fly strains and genetics

Flies were raised on standard food bought from IMBA (Vienna, Austria) which contained
agar, cornmeal, and molasses with the addition of 1.5% Nipagin. For cage crosses, adult flies
were placed in cages in a Percival DR 36VL incubator maintained at 29°C and 65% humidity;
embryos were collected on standard plates prepared in house from apple juice, sugar, agar
and Nipagin supplemented with normal baking yeast on the plate surface. For stock
maintenance, flies were kept at 18°C or 25°C in humidified rooms, or at 29°C in a humidified
incubator. Cage crosses and embryo collections for RNA interference experiments (7-8 hour
collection) as well as live imaging (4-5 hour collection), and for bulk RNA-sequencing of the
dad-GFP reporter positive macrophages were conducted at 29°C. Collection of embryos for
single cell RNA-sequencing of isolated macrophages was performed at 25°C.

3.5.2 Fly stocks and genotypes

srpHemo-GAL4 and UAS-Dad were kindly provided by K. Briickner (Briickner et al., 2004). Dad-
GFP::nls and Dad-GFP lines were kindly provided by T. Kornberg (UCSF, USA). UAS-tkv®N and
UAS-tkv® were a gift from G. Pyrowolakis (Freiburg, Germany). E(spl)::GFP::m5 was a gift
from F. Schweisguth (Paris, France).

The RNA lines tested in this PhD thesis were obtained from the Bloomington Drosophila Stock
Centre (Bloomington, USA) and the Vienna Drosophila Resource Center (VDRC, Vienna,
Austria), see Table 1 for exact genotypes. Lines w-; P{w[+mC]; srpoHemo-3xmCherry}, w-;
P{w[+mC]; sroHemo-H2A::3xmCherry} were published previously (Gyoergy et al., 2018).

Table 3-1: List of genotypes used in this study (Chapter 3)

name in
thesis genotype obtained from
Bloomington Stock Center
tkv? w(]; tkv[4] P{ry[+t7.2]n=eoFRT}40A/CyO (USA)
Bloomington Stock Center
tkv RNAJ* y1 scvl; P{TRiP.GLV21018}attP2 (USA)
o RNaZ | V1S VL P(TRIP.GLOO035)attP2 F&%%nmgto” Stock - Center
Bloomington Stock Center
tkv RNAP? y1 scvl; P{TRiP.GLO1338}attP2 (USA)
Bloomington Stock Center
sax RNAJ* y1 v1; P{TRiP.JFO3431}attP2 (USA)
Bloomington Stock Center
sax RNA#? y1 v1; P{TRiP.HMC04135}attP2 (USA)
y[1] scf] v[1] sev[21]; | Bloomington Stock Center
put RNAJ* P{y[+t7.7]v[+t1.8]=TRiP.GLO0069}attP2 (USA)
y[1] v[1]; P{y[+t7.7] | Bloomington Stock Center
put RNAF? v[+t1.8]=TRiP.JF02664}attP2 (USA)
y[1] v[1]; P{y[+t7.7] | Bloomington Stock Center
Mad RNAI v[+t1.8]=TRiP.JFO1264}attP2 (USA)




y[1] v[1]; P{y[+t7.7] | Bloomington Stock Center

Fas2 RNAJ! v[+t1.8]=TRiP.JF02918}attP2 e[] (USA)

y[1]  sc[] v[1] sev[21]; P{y[+t7.7] | Bloomington Stock Center
Fas2 RNA? | v[+t1.8]=TRiP.HMS01098}attP2 (USA)
Tsp39D y[1] v[1]; P{y[+t7.7] | Bloomington Stock Center
RNAJ* v[+t1.8]=TRiP.JFO1847}attP2 (USA)

Bloomington Stock Center
Mipp1PN w(]; P{w[+mC]=UAS-Mipp1.H67A}2 (USA)

, . Bloomington Stock Center
PVf3 RNAP y1 v1; P{TRiP.HMS01876}attP40/CyO (USA)

Bloomington Stock Center
attP2 ctrl y[1] v[1]; P{y[+t7.7]=CaryP}attP2 (USA)

Bloomington Stock Center
attP40 ctrl y[1] v[1]; P{y[+t7.7]=CaryP}attP40 (USA)

Vienna Drosophila Resource
put RNAP® w([1118]; P{GD49}v848 Center (VDRC), Austria
Tsp39D Vienna Drosophila Resource
RNAP? PKK104661}VIE-2608 Center (VDRC), Austria
Tsp39D Vienna Drosophila Resource
RNAP? wl1118; P{GD1796}v37127 Center (VDRC), Austria

. Vienna Drosophila Resource
Fas3 RNAJ! w1118; P{GD13161}v26850 Center (VDRC), Austria

Vienna Drosophila Resource
Fas3 RNA#? will18; P{GD2576}v3091 Center (VDRC), Austria
Vienna Drosophila Resource

Pvf2 RNAJ? PKK110608;VIE-2608 Center (VDRC), Austria
Vienna Drosophila Resource
1118; P{GD52 7
puf3 RNARL | WI118 P{GD5238)v37933 Center (VDRC), Austria
Vienna Drosophila Resource
P{KK112796}VIE-260B
Pvf3 RNAJ? { 96/ 60 Center (VDRC), Austria
3.5.3 Exact genotypes of Drosophila lines used in each Figure:
Figurel

Fig. 1C-D w,;+;srpHemo-H2A::3xmCherry, Fig. 1E-l w,;Dad-GFP::nls;srpHemo-H2A::3xmCherry

Figure 2 and Figure 2 Supplement 1

Fig. 2A, Fig. 2S1B-D, w;+; srpHemo-H2A::3xmCherry (ctrl) and w7;sroHemo-Dad; srpoHemo-
H2A::3xmCherry (srp-Dad), Fig. 2B, Fig. 2S1E,F w;+; sroHemo-H2A::3xmCherry (ctrl), w; tkv*
P{ry[+t7.2]=neoFRT}40A; sroHemo-H2A::3xmCherry (tkv*), Fig. 2C, Fig. 251G-l1 w/y[1] v[1];+;
srpHemo-Gal4,srpHemo-H2A::3xmCherry/P{y[+t7.7]=CaryP}attP2 (ctrl), w/yl sc vi1;+
srpHemo-Gal4,srpHemo-H2A::3xmCherry/P{TRiP.GLV21018}attP2 (mac>tkv RNAi*), w/ y1 sc
v1;+; sroHemo-Gal4,srpHemo-H2A::3xmCherry/P{TRiP.GLO0035}attP2 (mac>tkv RNAP), w/
y1 sc v1;+; sroHemo-Gal4,srpHemo-H2A::3xmCherry/P{TRiP.GL01338}attP2 (mac>tkv RNA/),
Fig. 2D, Fig. 2S1J)-L w; P{10XUAS-IVS-myr::GFP}su(Hw)attP5/+;srpoHemo-Gal4,srpHemo-
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H2A::3xmCherry/+ (ctrl), w;+;srpHemo-Gal4,srpHemo-H2A::3xmCherry/UAS-tkvPN
(mac>tkvPN), w;+;srpHemo-Gald,srpHemo-H2A::3xmCherry/UAS-tkv@ (mac>tkvPA),

Fig. 2E, Fig. 2S1M-R w/y[1] v[1]+; srpHemo-Gal4,srpHemo-
H2A::3xmCherry/P{y[+t7.7]=CaryP}attP2 (ctrl), w/yl sc v1;+; srpHemo-Gal4,srpHemo-
H2A::3xmCherry/P{TRiP. JF03431}attP2 (mac>sax RNAi'), w/ yl sc vl;+; srpHemo-
Gal4,srpHemo-H2A::3xmCherry/P{TRiP.HMC04135}attP2 (mac>sax RNA/?), Fig. 2F, Fig. 251S-
V w/y[1] v[1];+; sroHemo-Gald,srpHemo-H2A::3xmCherry/P{y[+t7.7]=CaryP}attP2 (ctrl 1), w
/vl sc v1;+; srpHemo-Gal4,srpHemo-H2A::3xmCherry/P{TRiP. GL00069}attP2 (mac>put
RNAiY), w/ yl1 sc vi;+; srpHemo-Gal4,srpHemo-H2A::3xmCherry/P{TRiP. JF02664}attP2
(mac>put RNAP?), w;+;srpHemo-H2A::3xmCherry/+ (ctrl 2), w[1118]; P{GD49}v848 (mac>put
RNAP) Fig. 2S1A  w;+;srpHemo-Gald,srpHemo-H2A::3xmCherry/+  (ctrl),  w;UAS-
Dad/+;srpHemo-H2A::3xmCherry/+ (mac>Dad)

Figure 3

Fig. 3B-H w/ y[1] v[1];+; srpHemo-Gal4,srpHemo-H2A::3xmCherry/ P{y[+t7.7]=CaryP}attP2
(control), w/ y1 sc vi;+; sroHemo-Gal4,srpHemo-H2A::3xmCherry/ P{TRiP.GLO0035}attP2
(mac>tkv RNAP?), Fig. 3 | w; Dad-GFP::nls; sroHemo-H2A::3xmCherry

Figure 4 and Figure 4 Supplement 2

Fig. 4A w;Dad-GFP; srpHemo-3xmCherry (for FACS), Fig. 4C-D, Fig. 4S2A-E w/ y[1] v[1];+;
srpHemo-Gal4, srpHemo-H2A::3xmCherry/ P{y[+t7.7]=CaryP}attP2 (ctrl 1), w+; srpHemo-
Gald,srpHemo-H2A::3xmCherry/ + (ctrl 2), w; P{10XUAS-IVS-myr::GFP}su(Hw)attP5/ +;
srpHemo-Gal4, srpoHemo-H2A::3xmCherry/ + (ctrl3), w/y[1] v[1]; +; sroHemo-Gal4, srpHemo-
H2A::3xmCherry/P{y[+t7.7] v[+t1.8]=TRiP.JFO2918}attP2 e[] (mac>Fas2 RNA'), w /y[1] sc[]
v[1] sev[21]:+; srpHemo-Gal4, srpHemo-H2A::3xmCherry/ P{y[+t7.7]
v[+t1.8]=TRiP.HMS01098}attP2 (mac>Fas2 RNAi), w /w[1118]; P{GD13161}v26850/ +;
srpHemo-Gal4, srpHemo-H2A::3xmCherry/+

(mac>Fas3 RNAiY), w/ w[1118]; P{GD2576}v3091/ +; srpHemo-Gal4,srpHemo-
H2A::3xmCherry /+ (mac>Fas3 RNAP), w/ y[1] v[1];+; srpHemo-Gal4, srpHemo-
H2A::3xmCherry/ P{y[+t7.7] v[+t1.8]=TRiP.JFO1847}attP2 (mac>Tsp39D RNAi%), w/ + ;
P{KK104661}VIE-260B/ +; sroHemo-Gal4, sroHemo-H2A::3xmCherry/ + (mac>Tsp39D RNA/?),
w/w[1118]; P{GD1796}v37127/ +; srpHemo-Gal4,srpHemo-H2A::3xmCherry/+ (mac>Tsp39D
RNAR), w; P{w[+mC]=UAS-Mippl.H67A}2/ +; srpHemo-Gal4,srpHemo-H2A::3xmCherry /+
(mac>Mipp1PN), Fig. 4E-F, Fig. 452G w’; + ; sroHemo-Gal4, srpHemo-H2A::3xmCherry/ + (ctrl
1), w/ +; P{KK110608}VIE-260B/ +; srpHemo-Gal4, sroHemo-H2A::3xmCherry/ + (mac>Pvf2
RNAiY), w/ [wi1118]; P{GD5238}v37933/ +; srpHemo-Gal4,srpHemo-H2A::3xmCherry/ +
(mac>Pvf3 RNAIY), w/ +; P{KK112796}VIE-260B/ +; sroHemo-Gal4, sroHemo-H2A::3xmCherry/
+ (mac>Pvf3 RNAP), w/ y[1] v[1]; P{attP,y[+],w[3']})/ +; srpHemo-Gal4, srpHemo-
H2A::3xmCherry /+ (ctrl2), w /y[1] v[1]; P{TRiP.HMS01876}attP40/ +; srpHemo-Gal4,
srpHemo-H2A::3xmCherry/+ (mac>Pvf3 RNAF)

Figure 5
Fig. 5A-C,E w*; +; srpHemo-3xmCherry (for all single cell RNA-Sequencing samples), D
srpHemo-H2A::3xmCherry/ + ; E(spl)::GFP::m5/+



3.5.4 Cloning and generation of srp-Dad line

Standard molecular biology methods were used and constructs were sequenced by
Mycrosynth (Vienna, Austria) before injection into flies. Not/ was obtained from New England
Biolabs. PCR amplifications were performed with Clone Amp polymerase (Clontech) using a
PCR machine from Bio-Rad Laboratories. All Infusion cloning was conducted using an Infusion
HD Cloning kit (Clontech’s European distributer). The relevant oligo sequences were chosen
using the Infusion primer Tool at the Clontech website
(http://bioinfo.clontech.com/infusion/convertPcr sinit.do). Generation of the line was
performed by Attila Gyorgy. A 1707 bp fragment containing the full length Dad CDS was
amplified from a plasmid containing cDNA of Dad (stock number DSPL418, BDGP plasmid
LD47465) using the primers for further infusion cloning additionally introducing an N-terminal
HA-tag:

5
AGTTCTAGAGCGGCCGCATGTACCCATACGATGTTCCAGATTACGCTGCCGCCGCCATGATATTCCC
AAG3’

5 ACCGCGGTGGCGGCCGCTCACCGCAGATGACTAAAGTG 3'.

The fragment was cloned into the srpWattB plasmid (stock number DSPL336) after
linearization with Not/, using an Infusion HD cloning kit (Clontech’s European distributor). The
final construct was then injected into flies carrying the attP2 landing site.

3.5.5 DNA isolation from single flies

Single male flies were frozen overnight before being ground with a pellet homogenizer (VWR,
Radnor, USA) and plastic pestles (VWR, Radnor, USA) in 50ul of homogenizing buffer (100 mM
Tris-HCI, 100 mM EDTA, 100 mM NaCL, and 0.5% SDS). Lysates were incubated at 65°C for 30
minutes. Then 5M KAc and 6M LiCl were added at a ratio of 1:2.5 and lysates were incubated
on ice for 10 min. Lysates were centrifuged for 15 minutes at 20,000xg, supernatant was
isolated and mixed with Isopropanol. Lysates were centrifuged again for 15 minutes at
20,000xg, the supernatant was discarded and the DNA pellet was washed in 70% ethanol and
subsequently dissolved in distilled water.

3.5.6 Embryo staging

Embryos were staged for imaging based on the invagination of the stomodeum as well as
germband retraction away from the anterior in a lateral orientation as described previously
(Ratheesh et al., 2018). In brief, embryos which showed stomodeal invagination and a
germband retraction of less than 29% were classified as Stage 10 and embryos with germband
retractions between 29-31% as Stage 11 and 35-45% as Stage 12.

3.5.7 Embryo fixation and immunohistochemistry

Embryos were collected on apple juice plates for between 5-8 hours at 29°C. The chorion was
removed by incubation in 50% Chlorox (DanClorix) for 5 min following rinsing with cold tap
water. Embryos were fixed with 4% formaldehyde/heptane for 20 min followed by methanol
devitellinization. Fixed embryos were blocked in BBT (0.1M PBS + 0.1% Triton X-100 + 0.1%
BSA) for 2 hours at RT and then incubated with primary antibodies rotating overnight at 4°C.
Antibodies were used at the following dilutions: Chicken Anti-GFP (Abcam, ab13970, dilution
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1:500) and Rabbit Anti-Smad3 phospho S$423+S425 [eP823Y] (Abcam, ab52903, Lot
GR128879-63, dilution 1:200). Afterwards, embryos were washed in BBT for 2 hours,
incubated with secondary antibodies Anti-Chicken 488 Alexa (Thermo Fisher Scientific, A-
11039) at RT for 2 hours, and washed again with PBST for 2 hours. Alexa fluor 488 labelled
secondary antibodies were used at a dilution of 1:500. The embryos were mounted overnight
at 4°C in Vectashield mounting medium (Vector Laboratories, Burlingame, USA) containing
DAPI. Embryos were placed on a slide and imaged with a Zeiss Inverted LSM800 or Zeiss
Upright LSM900 Confocal Microscope using a Plain-Apochromat 20X/0.8 Air Objective or a
Plain-Apochromat 63X/1.4 Oil Objective as required.

3.5.8 FACS sorting of macrophages

FACS sorting was performed to isolate total RNA from embryonic macrophages as described
previously (Gyorgy et al., 2018). For bulk RNA-Sequencing of BMP* macrophages, embryos
were collected from srpHemo-3xmCherry;, Dad-GFP reporter flies, as well as wildtype and
srpHemo-10xsf::EGFP as negative controls for setting the gates. To obtain embryos from the
correctly synchronized stages, flies were added to big collection cages topped with apple juice
agar plates and sprinkled with yeast 2 days prior to collection. They were allowed to adjust to
the cages by keeping them at the desired collection temperature (29°C for bulk RNA-
Sequencing of dad-GFP positive vs. dad-GFP negative macrophages) in a 8AM-8PM light-dark
cycle for 2days while changing plates at least 4x per day.

On the collection day, flies were pre-fed for 2h changing plates with yeast every 30min.
Afterwards, embryos were allowed to lay for 1h. The isolated plates were further incubated
at 29°Cfor a total of 6h30min to reach early stage 12, when macrophages have already started
to invade into the germband tissue and the dad-GFP reporter reaches an intensity that can
be clearly separated in the FACS gating. Embryos were collected for 1 day with about 8-9
collections per day and meanwhile stored at 4°C to slow down development. Collected
embryos were dissociated and macrophages were sorted according to the procedure
described in (Gyoergy et al., 2018). The cells were sorted using a FACS Aria Ill (BD) flow
cytometer. Emission filters were 600LP, 610/20 and 502 LP, 510/50. Data was analyzed with
FloJo software (Tree Star). Approximately 1-1.5x10°> macrophages were sorted within 30
minutes.

For isolation of macrophages for single cell RNAseq, the procedure was slightly adjusted, using
a temperature of 25°C for collection. Additionally, to decrease the time embryos were
incubated at 4°C, collection and sorting were performed on one day using 12 large cages for
parallel collection. Embryos were allowed to develop for a total of 3h30min for stage 8, 5h for
stage 10, 8h30min for stage 12, and 13h for stage 16.

3.5.9 Total RNA-Sequencing of Drosophila embryonic hemocytes

Bulk RNA-Seq from pooled embryonic macrophages of dad-GFP reporter flies

Isolated macrophages from early stage 12 embryos were FACS sorted and separated
according to GFP fluorescence intensity. 3 replicates of BMP* macrophages and 6 replicates
of BMP~ macrophages of the genotype dad-GFP; srpoHemo-3xmCherry had total RNA isolated
from the FACS-sorted macrophages using Qiagen RNeasy Mini kit



(Cat No. 74104). The quality and concentration of RNA was determined using an Agilent 6000
Pico kit (Cat No. 5067-1513) on an Agilent 2100 Bioanalyzer: about 100ng of total RNA was
extracted from 1.5x10° macrophages. RNA sequencing was performed by the CSF facility of
Vienna Biocenter according to the standard procedures
(https://www.vbcf.ac.at/facilities/next-generation-sequencing/). Briefly, cDNA libraries were
synthesized using QuantSeq 3’ mRNA-seq Library Prep kit and sequenced on the Illumina
HiSeq 2500 platform. The reads were mapped to the Drosophila melanogaster Ensembl
BDGP6 reference genome with STAR (version 2.5.1b). The read counts for each gene were
detected using HTSeq (version 0.5.4p3). The Flybase annotation (r6.19) was used in both
mapping and read counting. The counts were normalised using the TMM normalization from
edgeR package in R. Prior to statistical testing the data was transformed and then the
differential expression between the sample groups was calculated with limma package in R.
The functional analyses were done using the topGO and gage packages in R (Anders, Pyl, &
Huber, 2015; Dobin et al., 2013).

Single Cell RNA-Sequencing of embryonic Drosophila hemocytes

To increase the precision of embryonic stage assignments, all embryos were additionally
hand-picked on an ice cold metal plate under a fluorescent microscope after dechorionisation
of each staged collection to remove slightly older, younger, or unfertilized embryos. Total RNA
was then isolated from the FACS-sorted single hemocytes from stage 8, 10, 12, and 16
embryos of w?; +; srpHemo-3xmCherry flies to identify different subpopulations during
embryonic development. The following amounts of single cells were sorted per stage: stage
8=61, stage 10=279, stage 12=239, stage 16=290.

RNA sequencing was performed by Aleksandr Bykov (Luisa Cochella group, IMP Vienna) using
SMART Seq?2 as described previously (Picelli et al., 2014). To increase efficiency, the protocol
was slightly adjusted. As the most critical step for the adapted protocol during the RT the
plate was cooled down to 42°C after the incubation at 72°C to prevent oligo dT annealing to
rRNA. Additionally, homemade tn5 was used. After tagmentation a pre-incubation step at
72°C was introduced during PCR to improve efficiency. Further, different oligos were used:
Oligo dT:AATGATACGGCGACCACCGAGATCTACACTTTTTTTTTTITTTITITITITITTITITTITTTITTVN
Custom template-switching oligos (TSO) were ordered as RNA oligos (Sigma).
TSO=[dA][dA][dG][dC][dA][dG][dT][dG][dG][dT][dA][dT][dC][dA][dA][dC][dG][dC][dA][dG][d
A][dG][d T][dA][dC][dA][dT]GGG

Biotinylation at the 3’end avoided several template switching events in a row leading to
several TSO sequences at the 3’ end of the first cDNA strand.

Additionally pre-amplification primers were used as sequences of oligodT and TSO differed
from the original protocol.

ISPCR:AAGCAGTGGTATCAACGCAGAGT

P5PCR:AATGATACGGCGACCACCGAGATCTACAC

The original smartSeq protocol has the overhang which is present on the TSO also on the
oligoDT, therefore we only used ISPCR for amplifying the cDNA.

Following, all samples were sequenced using lllumina NextSeq550 high throughput with single
reads of 75b. Subsequent data analysis was performed by Pierre Cattenoz and Tao Ye (Angela
Giangrande group, IGBMC, Paris) as described previously (Cattenoz et al. 2020). In brief, reads
were preprocessed in order to remove adapter, polyA and low-quality sequences (Phred
quality score below 20). After this preprocessing, reads shorter than 40 bases were discarded
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for further analysis. These preprocessing steps were performed using cutadapt (Martin, 2011)
version 1.10.

Adapters were trimmed using trim_galore version 0.4.3. Reads were mapped onto the BDGP6
assembly of Drosophila melanogaster genome and quantified using STAR Solo (Dobin et al.,
2013) version 2.7.7a with default filtering and annotations from Ensembl release 95. For
further analysis and clustering, PCA was used for dimension reduction setting 500 variable
features and 15 dimensions. In FindClusters function SLM algorithm was used with a
resolution of 2 to not make too many clusters because of the low number of cells for each
stage. Gene markers were tested by the default method using Wilcoxon rank sum test.

3.5.10 Statistics and Repeatability

Statistical tests as well as the number of embryos/ cells assessed are listed in the figure
legends. All statistical analyses were performed using GraphPad Prism and significance was
determined using a 95% confidence interval. Data points from individual experiments/
embryos were pooled to estimate mean and SEM. No statistical method was used to
predetermine sample size and the experiments were not randomized. Unpaired t-test or
Mann-Whitney was used to calculate the significance in differences between two groups and
One-way Anova followed by Tukey post-test followed by Conover or Dunn’s post-test for
multiple comparisons. All measurements were performed in 3-34 embryos. Representative
images shown in FigurelC, F-H were from separate experiments that were repeated at least
3 and up to 7 times. Stills shown in Figure 3B,l and Figure 5F are representative images from
movies, which were repeated at least 3 times.

3.5.11 Time-Lapse Imaging

For time lapse imaging and further tracking of macrophage nuclei, embryos were
dechorionated in 50% bleach for 5 min, washed with water, and mounted in

halocarbon oil 27 (Sigma) between a coverslip and an oxygen permeable membrane (YSI).
The anterior dorsolateral region of the embryo was imaged on an inverted multiphoton
microscope (TrimScope, LaVision) equipped with a UApo N340 40xW, NA 1.15 objective
(Olympus). GFP and mCherry were imaged at 860 nm and 1150 nm excitation wavelengths,
respectively, using a Ti-Sapphire femtosecond laser system (Coherent Chameleon Ultra)
combined with optical parametric oscillator technology (Coherent Chameleon Compact OPO).
Excitation intensity profiles were adjusted to tissue penetration depth and z-sectioning for
imaging was set at 1 um for tracking. For long-term imaging, movies were acquired for 180-
200 minutes with a frame rate of 40-42 seconds. Embryos were imaged with a temperature
control unit set to either 29°C.

3.5.12 Image Analysis

Macrophage cell counts:

To determine the stage of each embryo stomodeal invagination as well as germband
retraction was assessed. DAPI staining and autofluorescence of the yolk were used to
distinguish the germband edge and measure the distance from head to germband for analysis
of fixed samples. Germband retraction away from the anterior was used to classify embryos
into Stage 11 or Stage 12. Embryos with germband retraction of between 29-31% were



assigned to Stage 11. Embryos with 35-45% retraction of the tip of the germband (Stage 12)
were analysed for the number of macrophages that had entered the germband. The
macrophage numbers inside the germband were counted manually using the Cell Counter
Plugin from Fiji. Embryos with 50-75% retraction were used for the number along the ventral
nerve cord (vnc) and in the number of total macrophages inside the whole embryo, except
for mac>tkv@ and mac>tkvPN in Fig. 251K, as well as for mac>put RNA/* in Fig. 2S1T, in which
the total number of macrophages was counted manually from embryos with germband
retraction of 38%-45%. Additionally, in Fig. 452 C-D the number of total macrophages for
mac>Mipp1DN was counted in embryos used for germband and pre-gb counts. For each
embryo the number of macrophages inside the germband (#gb) or in the pre-germband zone
(#pre-gb) was then divided by the number of total macrophages for that embryo. The results
are shown in %. Macrophages were visualized using confocal microscopy with a Z-resolution
of 2 um and the number of macrophages within the germband or the segments of the vnc
was calculated in individual slices (and then aggregated) using the Cell Counter plugin in FlJI.
Total macrophage numbers for all embryos excluding the mentioned exceptions were
obtained using Imaris (Bitplane) by detecting all the macrophage nuclei as spots.

Macrophage tracking, speed, persistence and time for macrophage entry analysis

Embryos in which the macrophage nuclei were labeled with srpoHemo-H2A::3XmCherry were
imaged and 250X130X35um 3D-stacks were typically acquired with a constant 0.5X0.5X1um
voxel size at every 40-42 seconds for approximately 3 hours. Images acquired from
multiphoton microscopy were initially processed with ImSpector software (LaVision Bio Tec)
to compile channels from the imaging data. Afterwards, the exported files were further
processed using Imaris software (Bitplane) to visualize the recorded channels in 3D and the
movie from each imaged embryo was rotated and aligned along the AP axis for further
tracking analysis.

To analyze the movies by Imaris, the following steps were applied:

i. To calculate the migration parameters while macrophages migrated from the head
mesoderm to the edge of the germband tissue, movies were cropped in time to that period
(typically 60 minutes from the original movie prior to germband entry of the first macrophage
were used for analysis).

ii. To calculate the migration parameters of the macrophage moving from the pre-germband
zone into the germband (germband entry), movies were recorded from the time point of the
first macrophage appearing in the pre-germband zone until the onset of germband retraction.

iii. Macrophage nuclei were extracted using the spot detection function and tracks generated
in 3D over time. We could not detect all macrophages in the head mesoderm as spots because
of limitations in our imaging parameters. Tracks of macrophages, which migrate towards the
dorsal vessel, ventral nerve cord (vnc) and to the anterior of the head were omitted. The edge
of the germband was detected using autofluorescence from the yolk and the mean position
of the tracks in X- and Y-axis was used to restrict analysis to before macrophages reach the
edge of the germband.
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iv. Nuclei positions in XYZ-dimensions were determined for each time point and used for
further quantitative analysis.

v. The time point when the macrophage nuclei reached the germband edge aligning in a
typical semi-circular arch was defined as TO and the time point when the macrophage nuclei
were within the germband and moved forward along the route between the ectoderm and
mesoderm was taken as T1. T1-TO was defined as the time for macrophage germband
crossing. TO and T1 were determined by precisely examining macrophage position in xy and z
dimensions (examination of individual 1 micron slices) over time.

vi. To measure the speed and persistence at the germband entry, tracks were generated from
the time when the first macrophages started to approach the germband tissue border
comprised of ectoderm and mesoderm, which can typically be distinguished by macrophage
nuclei appearing in a triangular form. Tracks were obtained from the first macrophage nuclei
invading into the germband towards the dorsal side until they started to reach the dorsal
midline and migrating further towards the posterior of the embryo.

vii. To calculate the speed of migration and persistence of the first, second, and third
macrophage inside the germband the track generated for the first, second, or third
macrophage alone was used to obtain the nuclei position in XYZ-dimensions. Moreover, the
average speed of the first three macrophages moving along the same route was also
measured. Speed and persistence were calculated within the first 30- 35 um of the path
between the germband ectoderm and mesoderm. The mean position of the tracks in X- and
Y-axis was used to restrict analysis to either of the migratory zones (head-germband,
germband crossing, germband entry=route along the germband ectoderm and mesoderm).
Embryos from the control (w/y[1] v[1];+; srpHemo-Gal4,srpHemo-H2A::3xmCherry/
P{y[+t7.7]=CaryP}attP2) and mac>tkv RNAP? (w/yl sc v1;+; srpHemo-Gal4,srpHemo-
H2A::3xmCherry/ P{TRiP.GLO0035}attP2) were used for calculating the time for macrophage
germband crossing, speed and persistence at the germband entry, and during their migration
from head to germband, respectively, as well as for the first three macrophages entering into
the germband separately. Speed values were extracted from IMARIS directly in um/sec, saved
as Excel file, and the average speed of all analyzed tracks per embryo was converted into
um/min and used for statistical analysis in GraphPad/PRISM. Persistence values were
extracted from IMARIS as “track straightness” values, which are calculated from the track
displacement divided by the total track length.
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Chapter 3 Fig 2 S 1.BMP receptors in hemocytes predominantly affect germband tissue invasion

(A) Overexpression of the negative regulator of BMP signaling Dad using srpHemo-Gal4 does not significantly
change hemocyte numbers invading into the germband. n=20 (ctrl), n=22 (mac>Dad) p=0.063 ns Representative
images shown to the right. (B-D) Quantification of hemocytes in the pre-germband, vnc, and total hemocytes
expressing full length Dad under the hemocyte promoter sroHemo. (B) Loss of function of BMP signaling by
expressing full length Dad under the hemocyte promoter sroHemo increases hemocyte numbers in the pre-



germband zone. n=21 (ctrl), srp-Dad (n=24), p=0.0001. (C) Expression of the negative transcriptional BMP
signaling regulator Dad under the sroHemo promoter has a mild effect on hemocyte numbers along vnc slightly
increasing hemocyte numbers in the first vnc segment T1 without changes in the following segments. n=12 (ctrl
in green), n=12 (srp-Dad in red) p=0.020 (T1), p=0.055 (T2) ns, p=0.14 (T3), p=0.096 (A1), p=0.10 (A2). (D)
Expression of the negative transcriptional BMP signaling regulator Dad under the sroHemo promoter has no
effect on total hemocyte numbers. n=12 (ctrl), n=12 (srp-Dad), p=0.85 (E) Hemocyte numbers in the pre-
germband zone are strongly increased in tkv? mutant embryos. N=20 (ctrl), n=20 (tkv*) p=0.0004 (F) tkv*
mutation has no effect on total hemocyte numbers. n=13 (ctrl), n=13 (tkv?) p=0.48 (G-lI) Quantification of
hemocytes in the pre-germband, vnc, and total hemocytes expressing three independent RNAI lines against tkv.
(G) Three independent RNAI lines for tkv expressed in hemocytes by sroHemo-Gal4 each increase pre-germband
numbers of hemocytes. ctrl (n=29), mac>tkv RNAi* (n=29) p=0.039, mac>tkv RNAi? (n=27) p=0.001, mac>tkv
RNA# (n=23) p=0.012. (H) Numbers of hemocytes in vnc segments are similar to the control in three independent
tkv RNAI expressing embryos. n=16 (ctrl in green), n=15 (mac>tkv RNA/* in purple) p=0.62 (T1), p=0.9972 (T2),
p=0.64 (T3), p>0.9999 (A1), p=0.98 (A2), p=0.6428 (A3), n=12 (mac>tkv RNA/in pink) p=0.85 (T1), p=0.34 (T2),
p=0.050 (T3), p=0.092 (A1), p=0.52 (A2), p=0.87 (A3), n=15 (mac>tkv RNAZ in light pink) p=0.99 (T1), p=0.70 (T2),
p=0.1068 (T3), p=0.35 (A1), p=0.93 (A2), p=0.64 (A3). (1) Knock-down of tkv by three different RNAi lines driven
in hemocytes by sroHemo-Gal4 does not affect total numbers of hemocytes. n=31 (ctrl), n=13 (mac>tkv RNA)
p=0.14, n=21 (mac>tkv RNAi?) p=0.9999, n=17 (mac>tkv RNA) p=0.29. (J-L) Quantification of hemocytes in the
pre-germband, vnc, and total hemocytes expressing dominant negative (tkv®") or constitutively activated tkv
(tkvPA). (J) Hemocyte-specific expression of dominant negative (tkvP") or constitutively activated tkv (tkv®4) by
srpHemo-Gal4 does not affect pre-germband hemocyte numbers. ctrl (n=26), mac>tkv®N (n=22) p=0.85,
mac>tkvP? (n=16) p=0.99. (K) Hemocyte-specific expression of dominant negative (tkv®") by sroHemo-Gal4 has
a mild effect on hemocyte numbers along vnc slightly increasing hemocyte numbers in the first vnc segment T1
without changes in the following segments. n=17 (ctrl in green), n=16 (mac>tkv®Vin blue), p=0.011 (T1), p=0.10
(T2), p=0.99 (T3), p=>0.9999 (A1), p=>0.9999 (A2) ns, p=0.9999 (A3). (L) Hemocyte-specific expression of
dominant negative (tkv®") or constitutively activated tkv (tkv®*) by sroHemo-Gal4 does not affect total hemocyte
numbers. n=19 (ctrl), n=16 (mac>tkv®") p=0.078, n=12 (mac>Tkv™) p=0.43. (M-R) Analysis of hemocytes
expressing two independent RNAI lines against the alternative BMP type | receptor sax. (M) Two independent
RNAi lines for sax expressed in hemocytes by srpHemo-Gal4 each increase pre-germband numbers of
hemocytes. ctrl (n=27), mac>sax RNAi* (n=23) p=0.030, mac>sax RNA? (n=23) p=0.0004. (N) Knock-down of BMP
receptor type | sax in hemocytes shows variable effect on their numbers along the vnc with sax RNA/* having a
mild effect on hemocyte numbers along vnc, slightly decreasing hemocyte numbers in the first vnc segment T1
without changes in the following segments, and sax RNAZ showing no difference to the control. n=16 (ctrl in
green), n=10 (mac>sax RNAi* in light orange) p=0.0022 (T1), p=0.79 (T2), p=0.997 (T3), p=0.997 (A1), p=0.991
(A2), p=0.995 (A3), n=15 (mac>sax RNA? in dark orange) p=0.057 (T1), p=0.14 (T2), p=0.23 (T3), p=0.3578 (A1),
p=0.96 (A2), p=0.99 (A3). (O) Knock-down of BMP receptor type | sax in hemocytes shows variable effect on their
total numbers with one RNAi (sax RNA/*) having no effect and another one (sax RNA/?) even increasing total
hemocyte numbers. n=15 (ctrl), n=14 (mac>sax RNAi*) p>0.9999, n=15 (mac>sax RNAi?) p=0.0016. (P) Total
hemocytes expressing sax RNAi? are already increased at stage 12. n=14 (ctrl), n=15 (mac>sax RNAi?) p=0.031.
(Q) The numbers of hemocytes inside the germband at stage 12 shown in Fig. 4 E were normalized to the total
hemocyte numbers in each embryo expressing sax RNAZ in hemocytes. Hemocyte numbers in the gb divided by
all hemocytes per individual embryo (gb/total (%)) was strongly decreased. n=14 (ctrl), n=15 (mac>sax RNAi?)
p=0.0007.(R) Analysis of normalized hemocyte numbers corresponding to M shows increased fraction of sax
RNA#? expressing hemocytes residing in the pre-germband zone in stage 12 embryos. n=14 (ctrl), n=15 (mac>sax
RNAP) p=0.047. (S-V) Quantification of hemocytes in the pre-germband, vnc, and total hemocytes expressing
two independent RNAI lines against the BMP type Il receptor put. (S) Knock-down of put by three different RNAi
lines driven in hemocytes by sroHemo-Gal4 does not change numbers of hemocytes in the pre-germband zone.
ctrl 1 (n=26), mac>put RNAi* (n=26) p=0.17, mac>put RNA? (n=22) p=0.51, ctrl 2 (n=24), mac>put RNA* (n=27)
p=0.18. (T) Numbers of hemocytes in vnc segments are similar to the control for the two independent put RNAI
expressing embryos that showed germband invasion efficiency effect. n=16 (ctrl 1 in green), n=12 (mac>put
RNAi* in blue) p=0.22 (T1), p>0.9999 (T2), p>0.9999 (T3), p>0.9999 (A1), p>0.9999 (A2), p>0.9999 (A3), n=11 (ctrl
2 in green), n=12 (mac>put RNAP? in dark blue) p>0.9999 (T1), p>0.9999 (T2), p=0.93 (T3), p=0.36 (A1), p=0.72
(A2). (U) Of two independent RNAI lines for knock-down of the BMP receptor type Il put that affect hemocyte
germband invasion efficiency, one of them increases total hemocyte numbers (put RNA/?), and one does not
significantly change them (put RNA/?). n=18 (ctrl 1), n=15 (mac>put RNAi') p=0.0056, n=11 (ctrl 2), n=12 (mac>
put RNAi®) p=0.19. (V) Total hemocyte numbers quantified in earlier embryos from stage 12 are not significantly
changed in put RNA*. n=13 (ctrl 1 in green), n=13 (mac>put RNA/* in blue) p=0.62.
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Chapter 3 Fig 4 S 1. Selected putative BMP target genes do not strongly regulate other routes of migration or
total hemocyte numbers

(A) Quantification of hemocytes in the pre-germband zone next to the germband, in which hemocytes reside
prior to germband invasion. Analyzed area shown in the schematic highlighted in light green with a thick black
outline. Same embryos as in germband quantifications shown in Fig. 4 of corresponding indicated genotypes
were used. Knock-down of nearly all selected putative BMP target genes except Tsp39D RNAF‘, as well as
overexpression of a dominant negative Mipp1 (Mipp1P") show increased numbers of hemocytes piling up in
front of the germband. Tsp39D RNA/* is similar to the control. n=28 (ctrl 1), n=22 (mac>Fas2 RNA*) p=0.0093,
n=27 (mac>Fas2 RNAi?) p=0.0004, n=21 (mac>Tsp39D RNA') p=0.34, n=22 (ctrl 2), n=20 (mac>Fas3 RNA{')
p=0.017, n=24 (mac>Fas3 RNA?) p=0.038, n=22 (mac>Tsp39D RNA?) p=0.0057 **, n=21 (mac>Tsp39D RNA{?)
p=0.0055, n=23 (ctrl 3), n=18 (mac>Mipp1°") p=0.025. (B) Total numbers of hemocytes in stage 13 embryos
were increased in the hemocyte specific knock-down of Fas2 that showed a germband invasion defect quantified
in Fig.4D (Fas2 RNA*), and overexpression of the dominant negative Mipp1P" decreases numbers of total
hemocytes. All other RNAI are not changed in their total hemocyte numbers. n=18 (ctrl 1), n=18 (mac>Fas2
RNAi') p=0.0017, n=18 (mac>Tsp39D RNA{’) p=0.19, n=15 (ctrl 2), n=15 (mac>Fas3 RNAi*) p=0.054, n=15



(mac>Fas3 RNAi?) p=0.94, n=15 (mac>Tsp39D RNA?) p=0.83, n=16 (mac>Tsp39D RNAi*) p>0.9999, n=15 (ctrl 3),
n=15 (mac>Mipp1°") p 0.0041. (C) The numbers of hemocytes inside the germband at stage 12 were normalized
to the total hemocyte numbers in each embryo expressing Mipp1P" in hemocytes. Hemocyte humbers divided
by all hemocytes per individual embryo (#gb/#total mac [%]) did not differ from the control. n=23 (ctrl 3), n=18
(mac>Mipp1°") p=0.18. (D) Analysis of normalized hemocyte numbers corresponding to Fig. 452C shows
increased fraction of Mipp1PN expressing hemocytes residing in the pre-germband zone in stage 12 embryos.
n=23 (ctrl 3), n=18 (mac>Mipp1°") p=0.0009. (E) Quantification of hemocytes inside segments of the vnc in stage
13 embryos. Knock-down of Fas2 (Fas2 RNAi') and Fas3 (Fas3 RNA/* and Fas3 RNA#?) did not affect hemocyte
numbers along vnc. Knock-down of Tsp39D slightly reduces hemocyte numbers along the vnc with less
hemocytes in the first vinc segment T1 for one RNAi (Tsp39D RNA#) and in segment T3 for another RNAi (Tsp39D
RNA#?), no change is observed for Tsp39D RNA/'. Hemocytes expressing the dominant version of Mipp1 show
strong impairment in migration along the vnc. n=18 (ctrl 1), n=17 (mac>Fas2 RNAi?) p=0.50 (T1), p>0.9999(T2),
p=0.40 (T3), p=0.99 (A1), p=0.999 (A2), p=0.55 (A3), n=18 (mac>Tsp39D RNA*) p=0.37 (T1), p=0.21 (T2), p=0.053
(T3), p=0.50 (A1), p=0.49 (A2), p=0.52 (A3), ctrl 2 (n=15), n=15 (mac>Fas3 RNAi*) p=0.15 (T1), p=0.20 (T2), p=0.97
(T3), p=0.53 (A1), p=0.065 (A2), p>0.9999 (A3), n=15 (mac>Fas3 RNA?) p=0.22 (T1), p=0.98 (T2), p=0.58 (T3),
p=0.999 (A1), p>0.9999 (A2), p=0.99 (A3), n=15 (mac>Tsp39D RNAi?) p=0.056 (T1), p=0.15 (T2), p=0.46 (T3),
p=0.027 (A1), p=0.065 (A2), p=0.80 (A3), n=16 (mac>Tsp39D RNA*) p=0.0006 (T1), p=0.055 (T2), p=0.035 (T3),
p=0.18 (A1), p=0.80 (A2), p=0.80 (A3), n=15 (ctrl 3), n=15 (mac>Mipp1°") p=0.0028 (T1), p=0.0081 (T2), p=0.011
(T3), p=0.024 (A1), p=0.9997 (A2), p=0.91 (A3). (F) Summary of hemocyte quantification in different areas in
BMP signaling loss and gain of function experiments shown in Figure 4 and Figure 4 Supplement1. Arrow pointing
down indicating decreased numbers of hemocytes (mac#) in this specific area, arrow pointing up indicating
increased hemocyte numbers, two arrows pointing left and right indicating no significant change compared to
control, slash indicating no assessment. *Total numbers of hemocytes were decreased in embryos used for gb
and pre-gb quantification in Mipp1P". (G) Quantification of hemocyte numbers in the pre-germband zone
corresponding to analysis in Fig. 4E. Knock-down of Pvf2 does not significantly show higher hemocyte numbers
in the pre-germband zone; whereas knock-down of Pvf3 by independent RNAI lines (Pvf3 RNAF*, Pvf3 RNAP, Pvf3
RNA#) increases hemocyte numbers in that area. n=24 (ctrl 1), n=19 (mac>Pvf2 RNAi*) p=0.062, n=19 (mac>Pvf3
RNAJ*) p<0.0001, n=25 (mac>Pvf3 RNAi?) p<0.0001, n=34 (ctrl 2), n=32 (mac>Pvf3 RNA{*) p=0.50.
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Chapter 3 Fig 5 S 1. Hemocyte clusters show no overlap with genes downregulated in BMP+ hemocytes, but
enrichment of proliferation markers at early stages

(A) Dotplot shows expression in clusters of stage 12 hemocytes of down-regulated genes identified in bulk RNA-
Sequencing of BMP* hemocytes. There is no enrichment in specific clusters. (B) Dotplot shows proliferative
markers for all stages in clusters of hemocyte single cell RNA-Sequencing. Hemocytes isolated from stage 8 and
stage 10 embryos show enrichment of proliferative markers.

S1 Movie. BMP facilitates macrophage motility during initial invasion into the germband tissue
Movies corresponding to stills shown in Fig 3B. Macrophages (magenta) labelled using srpHemo-
H2A::3xmCherry are imaged while entering the gb in control embryos (left) and embryos in which macrophages
express tkv RNA#? (right). Time in minutes is indicated in the upper right corner. Scale bar: 10 pm.

S2 Movie. BMP* hemocytes lead germband invasion

Movies corresponding to stills shown in Fig 3l. Macrophages (magenta) labelled by sroHemo-H2A::3xmCherry
are imaged during their invasion of the germband tissue. Activated BMP signaling is visualized using a Dad-
GFP::nls reporter (green). Time in minutes is indicated in the upper right corner. Scale bar: 20 um.



4 Future outlook

In this thesis, | describe two mechanisms that Drosophila immune cells rely on to overcome
the barrier of the germband tissue. One strategy is the strengthening of the actin cortex
through developmentally controlled transcriptional regulation induced by the Drosophila
proto-oncogene family member Dfos. Dfos induces expression of the tetraspanin TM4SF and
the filamin Cher, leading to higher levels of the activated formin Dia at the cortex and
increased cortical F-actin. The enhanced cortical strength allows hemocytes to overcome the
physical resistance of the surrounding tissue and translocate their nucleus to move forward.
This mechanism affects the speed of migration when hemocytes face a confined environment
in vivo. Another aspect is the initial step of the leading hemocytes entering the tissue that
potentially guide the follower cells. In Chapter 3, | describe a novel subpopulation of
hemocytes activated by BMP signaling prior to tissue invasion that lead penetration into the
germband. Hemocytes deficient in BMP signaling activation show impaired persistence during
their migration into the germband, while their migration speed remains unaffected. This
suggests that there might be different mechanisms controlling immune cell migration within
the confined environment in vivo, one of these being the general ability to overcome the
resistance of the surrounding tissue and another affecting the order of hemocytes that
collectively invade the tissue in a stream of individual cells. This opens up further questions
regarding both aspects of regulation individually, as well as their interplay during this
developmental process. In the following sections, | will give a short overview of future studies
that could shed light on this process.

4.1 HOW DO DFOS AND BMP SIGNALING INTERACT DURING HEMOCYTE
MIGRATION?

Dfos and BMP signaling both induce transcriptional changes in Drosophila embryonic
hemocytes to allow efficient penetration into the confined environment of the germband
tissue. However, their shared downstream mechanisms remain unknown. Previous
experiments performed by Vera Belyaeva utilizing trans-heterogeneous mutant embryos for
tkv and Dfos indicate their genetic interaction in hemocytes, which is reminiscent of their
interaction in the developmental migration of epithelial sheets in Drosophila embryos. During
dorsal closure, Dpp secreted from the leading edge cells regulates cell shape changes and
cellular identity in more lateral ectoderm cells through signaling via Tkv/Put leading to
changes in Dfos expression, which together with DJun regulates effector genes (Riesgo-
Escovar & Hafen, 1997). Dpp was proposed to act as a relay signal inducing stretching of the
more ventral cells in a Dfos-dependent manner (Perkins et al., 1988). Smad proteins were
shown to regulate expression of genes, whose promoters are close to DNA binding sites for
Fos-Jun family members, and Smad3 and Smad4 were shown to interact with AP-1 (c-Fos/c-
Jun) in TGFB signaling to synergistically induce gene expression (Omata et al.,, 2015;
Rodriguez-Pascual et al., 2003; Y. Wu et al., 2007; Y. Zhang et al., 1998). It would be interesting
to investigate a potential interaction between Dfos and Mad in Drosophila hemocytes and the
effect on hemocyte invasive migration. Measuring the expression of the putative BMP target
genes Fas2, Fas3, Tsp39D, and Mipp1 in Dfos-RNAi expressing hemocytes via qPCR of FACS-
isolated blood cells could give insights into possible synergistically controlled gene expression.
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Additionally, antibody staining for Dfos in embryos with BMP loss of function in hemocytes
could show if Dfos levels would potentially be affected by signals from BMP* hemocytes.
Together, these experiments could contribute to a broader understanding of the still-
unknown interaction of Fos and canonical BMP signaling for immune cell migration in vivo.

4.2 HOW DO HEMOCYTES INTERACT WITH EACH OTHER TO COORDINATE
GERMBAND INVASION?

It is still unknown how immune cells interact with each other to orchestrate their migration
during early tissue colonization. Hemocytes rely on Integrin localization to the leading edge
through Rhol and the Rho GEF Dizzy for their migration into the germband (Siekhaus et al.,
2010). Additionally, transplantation experiments demonstrated that they secrete the
basement membrane component Laminin, and loss of Laminin hinders their tissue invasion
(Sanchez-Sanchez et al.,, 2017). Moreover, our RNA-Sequencing identified the
chemoattractant Pvf3 and proteins regulating cell-cell interactions to be higher expressed in
a BMP* subpopulation of hemocytes leading tissue penetration. These findings point toward
an orchestrated interaction of hemocytes during their embryonic migration into the
germband. While Dia-dependent CIL through formation of a transient hemocyte-hemocyte
interaction via an inter-cellular actin-clutch was shown to play a role in hemocyte distribution
along the vnc (Davis, Luchici, Miodownik, et al., 2015), cell-cell interactions of hemocytes in a
confined tissue remain unknown. Additionally, a direct effect of the Dfos targets TM4SF and
Cher on the activation of Dia has not yet been demonstrated (Belyaeva et al., 2022). Future
studies investigating the subcellular localization and potential role of putative BMP
downstream target genes such as Fas3, Fas2, and TM4SF could shed light on inter-cellular
mechanisms governing the collective migration of hemocytes and pave the way for
investigations of their functions for tissue colonization by macrophages in higher organisms.

4.3  WHAT IS THE FUNCTION OF E(SPL)C FOR DROSOPHILA HEMOCYTES?

Surprisingly, leading hemocytes inside the germband belong to a previously unknown cluster
enriched in the expression of enhancer of split complex E(spl)C) genes, which we identify by
single cell RNA-Sequencing of hemocytes throughout early embryonic stages. This E(spl)C
cluster shows higher expression of putative BMP target genes that regulate the efficient
penetration of hemocytes into the germband. E(sp/)C gene expression is induced downstream
of Notch (Wurmbach et al., 1999) and does not play a role in hemocyte germband invasion
(Valoskova, 2018). However, expression of one E(sp/)C gene family member is activated
through local Dpp signaling in the larval lymph regulating HSC-like identity (Dey et al., 2016).
A direct link between E(spl)C expression and either BMP or Notch signaling in embryonic
hemocytes has yet to be discovered. This could be investigated by analyzing E(sp/)C gene
activity in hemocytes expressing RNAi against tkv or Notch in hemocytes using recently
generated tagged reporter lines (Couturier et al., 2019). Additionally, E(spl)C activity could be
monitored in hemocytes expressing a constitutively active form of the Tkv receptor.
Moreover, as Notch does not affect hemocyte tissue invasion, it would be very interesting to
explore possible alternative effects, such as effects on proliferation similar to hemocytes in
the larval lymph gland. Alternatively, E(sp!/)C enriched hemocytes might play specific roles for
the further development, or localize to specific tissues similar to peritoneal M2 macrophages
showing higher levels of the E(spl/)C orthologue Hes1 (Roberts et al., 2017; Shang et al., 2016).



Insights into potential BMP-dependent regulation of E(spl)C genes in immune cells would
further strengthen similarities of anti-inflammatory M2-like tissue macrophages in Drosophila
and higher organisms.

4.4 FURTHER INVESTIGATION OF THE DIFFERENT SUBPOPULATIONS

Hitherto, specific functions and localization throughout development of Drosophila
embryonic immune cell subpopulations have not been well understood. However, in silico
experiments correlated two subpopulations of unspecified immune cells (plasmatocyte
clusters PL-1 and PL-3) with the larval eye disc, and two proliferative clusters of immune cells
(plasmatocyte clusters PL-prolif and PL-Inos) with brain tissue (Cattenoz et al., 2021).
Moreover, M1-like hemocyte subpopulations identified in late-stage embryos were recently
shown to associate with distinct tissues (Coates et al., 2020). In larval hemocytes, immune
cells reside in hematopoietic pockets, and they were suggested to adhere to those
microenvironments because of local signals from the nervous system that triggers their local
proliferation (Makhijani et al., 2011). These data, along with our findings of BMP* hemocytes
predominantly populating the germband tissue, further suggest similarities between
Drosophila hemocytes and tissue-resident macrophages in higher vertebrates. In the future,
studies on the localization and additional functions of BMP+ hemocytes and other identified
early embryonic hemocyte subpopulations will increase our understanding of hematopoietic
complexity in flies, potentially revealing even more similarities with higher organisms. Over
the past decade, mammalian macrophages have been shown to consist of several different
types.

Similar to these findings and to what was suggested for other Drosophila hemocyte clusters,
BMP* hemocytes could represent a population that also might have different features
depending on their environment similar to tissue macrophages in higher organisms. In the
larva, two plasmatocyte subpopulations showed similar gene expression patterns, and
differed only in their level of proliferation markers. They were therefore suggested to reflect
different states of the same plasmatocyte cell type (Cattenoz et al., 2020).

Recently, tissue-resident myeloid cells in the mouse brain were shown to be of several
previously unknown subtypes expressing tissue-specific markers (Van Hove et al., 2019).
Further, single-cell RNA-Seq combined with lab-on-a-chip live cell imaging demonstrated the
complexity of macrophage ontogeny and tissue interaction that both account for macrophage
heterogeneity (Wills et al., 2017). Combinations of such elegant in vitro studies with
knowledge obtained from Drosophila in vivo could pave the way for a better understanding
of the true mechanisms influencing the complexity of tissue resident macrophages, as well as
their tissue infiltration ability during development and disease.
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