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Summary

Until recently, Drosophila immune cells, named hemocytes, were only
characterized and clustered into subpopulations based on morphology, function,
and a limited number of marker genes. Thus, the cells were subdivided into
plasmatocytes, crystal cells, and lamellocytes, and the population of Drosophila
plasmatocytes has been thought to be a relatively homogenous sub-group.
However, new single-cell RNA sequencing approaches revealed a complex
heterogeneity and plasticity within this cell population. Particularly, the
transcriptional profile of hemocytes changes in response to the significant
environmental changes during the transition from the larval to the pupal stage of
development. Additionally, the here identified complex heterogeneity of
Drosophila immune cells includes cells derived from embryonic and lymph
gland precursors with a highly migratory and immune responsive Posterior
Signaling Center (PSC) niche-like blood cell type that persists into the adult fly.
Those niche-like progenitor cells could be potential precursor cells for known
hemocyte subpopulations like the lamellocytes. However, so far, lamellocytes
have only been reported to differentiate from progenitor hemocytes in response

to infestation by parasitoid wasps.

Hemocytes rely on the ability to rapidly adapt to different immune challenges
and migrate to locations where they are needed. This is only possible because
of the highly regulated actin cytoskeleton. Dynamic remodeling of this dense
network — especially inside the lamellipodium - is highly regulated and a crucial
step for the necessary cell shape changes to allow locomotion and efficient
immune defense. A key regulator, which builds lamellipodial protrusions and
thereby drives cell migration, is the Arp2/3 complex, which in turn is activated by
the hetero-pentameric WAVE regulatory complex. The role of phosphorylation
in regulating WAVE, an indispensable part of the complex, has been addressed
in various in vitro studies. However, the in vivo relevance of WAVE
phosphorylation on actin dynamics is still poorly understood and further

investigated in this study.

CK1a is a constitutively active and ubiquitously expressed serine/threonine
kinase, which is involved in regulating many cellular processes ranging from cell

division, and signaling to circadian rhythm and has now emerged as an
I



essential regulator of WAVE. MARCM induced ck7a missense mutant
hemocytes phenocopy WAVE depletion resulting in the disruption of the actin
network that causes reduced lamellipodia formation and impaired migratory
behavior. Rescue experiments using a phosphorylation-deficient mutation in the
CK1a target sequence within the VCA domain of WAVE outline the dependency
on CK1a phosphorylation for WAVE stability. Remarkably, loss of
phosphorylation leads to proteasomal degradation of WAVE. This suggests that
WAVE has a basal level of phosphorylation by CK1a, which protects it from

degradation and thus promotes its function in vivo.



Zusammenfassung

Bis vor einigen Jahren wurden die Immunzellen der Fruchtfliegen Drosophila,
genannt Hamozyten, nur basierende auf deren Zellstruktur, Funktion und einer
beschrankten Anzahl an Signaturgenen beschrieben und unterteilt. Daraus
folgte eine Unterteilung in Plasmatozyten, Crystal Cells und Lamellozyten,
wobei die Population der Plasmatozyten als relativ homogene Gruppe vermutet
wurde. Mit der Weiterentwicklung der Einzelzell RNA Sequenzierungsmethode
wurde jedoch festgestellt, dass diese Zellpopulation eine komplexe
Heterogenitat und Variabilitdt aufzeigt. Insbesondere verandert sich das
transkriptionelle Profil der Hamozyten als Reaktion auf signifikante
Veranderungen wahrend des Ubergangs von der Larven- zur
Puppentwicklungsphase.. Die Ergebnisse bestatigen zudem, dass es sich um
eine Vereinigung von Immunzellen, die entweder embryonalen Ursprungs sind
oder von Vorlauferzellen aus der Lymphdrise abstammen, handelt. Zusatzlich
umfasst die hier identifizierte komplexe Heterogenitat der Immunzellen von
Drosophila einen hoch migratorischen und immunreaktiven Zelltyp des
posterioren Signalzentrums der Lymphdrise, welcher bis zur adulten Fliege
erhalten bleibt. Diese nischenartigen Zellen konnten als potenzielle
Vorlauferzellen fir bekannte Subpopulationen von Hamozyten wie die
Lamellozyten fungieren. Bisher wurde berichtet, dass Lamellozyten als
Reaktion auf den Befall durch parasitare Wespen nur aus Vorlaufer-Hamozyten

differenzieren..

Wichtig fur das Migrationsverhalten der Immunzellen ist die schnelle
Anpassungsfahigkeit in der Immunabwehr. Das ist vor allem maoglich aufgrund
des dynamisch regulierten Aktin-Zytoskelettes. Veranderungen des verzweigten
Aktin-Netzwerkes ist ein entscheidender Schritt fir diese Anpassung und durch
viele Faktoren reguliert. Der Arp2/3 Komplex ist dabei der wichtigste Regulator
im Aufbau von lamellipodialen Ausstllpungen, was die treibende Kraft der
Zellmigration ist. Dieser Komplex wiederum wird aktiviert durch den hetero
pentamerischen WAVE regulatory complex. Die Phosphorylierung von WAVE
als Regulationsmechanismus dieses Komplexes wurde in den letzten Jahren

intensiv in vitro untersucht. Jedoch wurde bisher die Bedeutung der



Phosphorylierung von WAVE und den Einfluss dadurch auf die Aktin

Dynamiken in vivo nicht gezeigt.

In einem ausfuhrlichen Screen stellte sich heraus, dass die Casein Kinase 1a
ein entscheidender Faktor in der Regulation von WAVE ist. Bei dieser Kinase
handelt es sich um eine Kkonstitutiv aktive und ubiquitar exprimierten
Serin/Threonin Kinase. MARCM induzierten ck1a — Verlustmutanten zeigen
eine ahnliche Storung des Aktin-Netzwerkes wie bei einer WAVE
Herrunterregulierung. Das stellt sich in einer reduizerte Lamellipodienbildung
und beeintrachtigten Migration der Hamozyten dar. Rettungsexperimente mit
einer Phosphorylierungs-defizienten WAVE-Mutante zeigen deutlich die
Bedeutung der CK1a Phosphorylierung fur die WAVE-Stabilitat. Ohne diese
Phosphorylierung wird das WAVE Protein proteasomal abgebaut, ein Prozess,
der dem kontrollierten Abbau von Proteinen in der Zelle, z.B. bei fehlerhaften
Proteinfaltung, dient. Diese Ergebnisse deuten darauf hin, dass WAVE eine
basale Phosphorylierung durch CK1a aufweist und dadurch sowohl der

frihzeitige Abbau verhindert als auch die Funktionalitat in vivo geschutzt ist.
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1. Introduction

1.1. Drosophila immune system is closely related to the
human innate immune system

The innate immune system is the first line of defense in most multicellular
organisms, including humans and the fruit fly Drosophila melanogaster. It is a
collection of cells and molecules that recognize and respond to various
pathogens, including bacteria, viruses, fungi, and parasites. Unlike the adaptive
immune system, which takes several days to develop a response to a specific
pathogen, the innate immune system provides immediate defense against
infection (Janeway & Medzhitov, 2002).

In humans, the innate immune system can be divided into two major
components: the humoral immune response and the cellular immune response
(Medzhitov & Janeway, 2000). Both components work together in a coordinated

manner to provide the innate immune response.

The cellular immune response involves the activation and migration of immune
cells, such as phagocytes, natural killer cells, and dendritic cells, to the site of
infection. These cells recognize and engulf invading pathogens and secrete
cytokines and chemokines to activate other immune cells to the site of infection.
The humoral immune response involves producing and releasing of soluble
factors such as complement proteins, cytokines, and antimicrobial peptides
(AMPs) that circulate in the blood and lymphatic system. These factors act to
neutralize pathogens directly or activate other immune system cells to do so
(lwasaki & Medzhitov, 2015; Janeway & Medzhitov, 2002; Medzhitov, 2007).

The Drosophila blood system closely resembles the myeloid blood cell system
in mammals developmentally and functionally (Gold & Brickner, 2015, 2016;
Hartenstein, 2006). It contributes to the innate immune response, tissue
integrity, wound healing, and various forms of stress responses (Gold &
Bruckner, 2014). But unlike mammals, Drosophila has an open circulatory
system in which the heart pumps blood, the so-called hemolymph, into the body
cavity circulating all organs. However, it is worth mentioning that the molecular
pathways are highly conserved besides the differences in tissue types

(Bergman et al., 2017; Buchon et al., 2014). The development of the innate
1



immune system in both humans and Drosophila is closely linked to
hematopoiesis, the process by which blood cells are produced. In both species,
hematopoiesis occurs in specialized tissues, such as the bone marrow in
humans and the lymph gland in Drosophila. The hematopoietic process is
regulated by various signaling pathways and transcription factors that control
the differentiation of blood cell progenitors into mature cell types (Banerjee et
al., 2019; Evans et al., 2014; Gold & Bruckner, 2014). Hematopoiesis will be

introduced in more detail in a later chapter.

Similar to mammals, the Drosophila immune system can be divided into
humoral and cellular components. The humoral immune response involves the
production and release of effector molecules, such as AMPs, into the
hemolymph, and directly kill or inhibit the growth of invading pathogens
(Bergman et al., 2017; Vlisidou & Wood, 2015).

1.2. AMPs are essential in the humoral immune response
AMPs are an essential component of the humoral immune response. They play
a critical role in the early stages of the immune response by providing the first
line of defense against invading pathogens. These peptides are typically small,
cationic, and amphipathic, allowing them to target and disrupt the negatively
charged cell membrane of bacterial, viral, and fungal pathogens (Joo et al.,
2016). AMPs are produced in various tissues like the trachea, midgut, oviduct,
spermatheca, ganglia, and a subpopulation of Drosophila immune cells (D.
Ferrandon, 1998; Tzou et al.,, 2000). Human AMPs can be classified into
several families, such as defensins, cathelicidins, and histatins, each with
different modes of action and specifies for different pathogens. In contrast,
Drosophila AMPs are more limited in their diversity, with seven well-
characterized families, such as the drosomycin and attacin families.
Corresponding to their target, AMPs are further classified into three categories:
response to fungi, gram-positive bacteria, and gram-negative bacteria (Hanson
et al., 2019; Hanson & Lemaitre, 2020; Martinez et al., 2020; Tzou et al., 2000).
The production and secretion of AMPs are regulated by nuclear factor k B (NF-
kB)-related Toll and immune deficiency (Imd) pathways in Drosophila, which is

described as the hallmark of humoral immunity. In addition, several transcription



factors, including Relish, Dif, and Dorsal, are involved in regulating AMP gene

expression (Hanson et al., 2019; Younes et al., 2020).

1.3. Drosophila Toll signaling pathway
Both Toll and Imd signaling pathways play essential roles in the humoral
immune response in Drosophila, and their relative importance may depend on
the specific pathogen being encountered. The Toll pathway is more important
for defense against fungi and gram-positive bacteria, while the Imd pathway is
more important for defense against gram-negative bacteria (Lemaitre &
Hoffmann, 2007). However, the relative importance of these pathways can also
vary depending on the tissue and cell type involved in the immune response, as
well as the developmental stage of the fly. Both play crucial roles in the immune
response, but regarding the results of this work, the introduction will focus on

the Toll pathway.

The Toll signaling pathway is an evolutionarily conserved signaling pathway that
plays a critical role in humans' and Drosophila’s innate immune response. The
pathway was first identified in Drosophila and was subsequently found to have
analogous components in humans. Dysregulation of the pathway has been
implicated in various diseases, including infections, autoimmune disorders, and
cancer (Valanne et al., 2011; Shichao Yu et al., 2022). With the advances in
single-cell sequencing, more information on the relationship between immune

cell subpopulation and the immune signaling pathways will be provided.

In humans, Toll-like receptors (TLRs) are located on the surface of immune
cells and recognize specific ligands associated with pathogens, such as
bacterial lipopolysaccharides or viral nucleic acids. TLR binding triggers a
signaling cascade that activates NF-kB and other transcription factors, which
regulate gene expression in the immune response. In Drosophila, the Toll
receptors play a similar role in recognizing and responding to pathogens. The
Toll signaling pathway is mainly activated by fungi and gram-positive bacteria.
Extracellular pathogen recognition leads to a serine protease cascade which
ultimately ends in the cleavage of the ligand Spatzle. The Toll signaling pathway
is activated by the binding of Spatzle to the Toll receptor on the surface of cells.
This binding triggers a cascade of events that leads to the activation and

translocation of the transcription factor Dorsal or Dorsal-related immunity factor
3



(DIF) into the nucleus, where it regulates the expression of genes involved in
the immune response, including AMPs (Bergman et al.,, 2017; Lemaitre &
Hoffmann, 2007; Valanne et al., 2011). In the cellular immune response, the
Toll signaling pathway has been described to be involved in the development,

lamellocyte differentiation, and encapsulation (Shichao Yu et al., 2022).

1.4. Cellular immune response in Drosophila
Cellular response in Drosophila is far less understood. The cellular immune
response in Drosophila involves activating and migrating of the mammalian
equivalent of blood cells, collectively called hemocytes, to the site of infection.
They engulf and eliminate invading pathogens and activate other immune
system cells to respond to the infection (Bergman et al., 2017; Gold & Brlckner,
2015; Vlisidou & Wood, 2015).

Drosophila hemocytes can be subdivided into three groups: (1) plasmatocytes,
which make up about 95% of all hemocytes, (2) crystal cells; and (3)
lamellocytes (Rizki, 1962). The next chapter will detail the difference between
those cell types. In short, crystal cells mainly function in the melanization of
wounds, which is a form of encapsulation that helps to isolate and kill invading
pathogens. Lamellocytes usually are not present in healthy flies but are
dramatically induced upon infestation by parasitoid wasps. Plasmatocytes are
functionally closely related to vertebrate bone-marrow-derived macrophages
(Gold & Bruckner, 2016). They are the main phagocytic cells in Drosophila and
play a similar role to human macrophages. Remarkably, the differentiation
process into such mature cell types does not require the involvement of stem
cells, but, unlike in mammals, they are derived from precursor prohemocytes.
Additionally, vertebrate blood cell types are more varied, whose functions in

Drosophila are resembled by only few terminally differentiated cell types.

1.5. Functions and characteristics of plasmatocytes, crystal
cells, and lamellocytes
Hemocytes have been traditionally classified into three main effector cell types
based on their morphology: plasmatocytes, crystal cells, and lamellocytes
(Rizki, 1962). But with the advances of single-cell RNA sequencing (scRNA),
hemocyte's diverse gene expression patterns at the single-cell level were

investigated. This technique enables the identification and classification of
4



different hemocyte classes and subtypes based on their transcriptional profiles.
Thus, recent studies confirmed the existence of different effector cell types as
initially described. In addition, many marker genes have been discovered, which
are characteristic for each cell type and expand the possibilities for cell lineage
research (Cattenoz et al., 2020; Cho et al., 2020; Fu et al., 2020; Tattikota et al.,
2020).

90-95% of the total hemocytes are comprised by plasmatocytes, the main
phagocytic cells in Drosophila, and fulfill a similar role to human macrophages.
The primary immune functions are the phagocytosis of pathogens, the
production of AMPs in response to bacterial challenge and the first stages of
encapsulation of large parasitic invaders (Baer et al., 2010; Basset et al., 2000;
Dominique Ferrandon et al., 2004; Gold & Brickner, 2015; Sears et al., 2003;
Yasothornsrikul et al., 1997). Without infection, they fulfill an essential role in
development, such as embryonic morphogenesis and tissue homeostasis. For
instance, plasmatocytes remove large amounts of debris that result from the
remodeling activities associated with metamorphosis (Lanot et al., 2001; Regan
et al., 2013). Additionally, in the development from embryo to larvae, many
genes for different extracellular matrix (ECM) molecules are upregulated
(Yasothornsrikul et al., 1997) and secreted by plasmatocytes (Wood & Jacinto,
2007; Yasothornsrikul et al., 1997). Thus, circulating plasmatocytes are the
main source for delivering ECM molecules such as papilin, laminin, and
collagen IV to develop basement membranes, covering all cell surfaces that are
in contact with the hemolymph (Fessler & Fessler, 1989). In later stages, this
membrane component deposition is essential for organogenesis and
morphogenesis (Matsubayashi et al.,, 2017; Tepass et al., 1994). Following
tissue damage or injury, plasmatocytes are recruited to the site of injury, where

they phagocytose debris and initiate tissue repair.

The detailed mechanism of how plasmatocytes detect and eliminate both
apoptotic cells and invading particles has been intensely studied. This process
is important for maintaining the organism’s overall health by preventing the
accumulation of pathogens in the hemolymph. In general, the cell-surface
proteins involved are Croquemort (crq), NimC4, Draper, and Eater, which also

serve as a marker for mature plasmatocytes (Bretscher et al., 2015; Franc et
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al., 1996; Kocks et al., 2005; Kurucz, Markus, et al., 2007; Kurucz, Vaczi, et al.,
2007; Nelson et al., 1994). Each protein recognizes and binds to apoptotic cells
or pathogens, leading to their internalization and degradation within the
plasmatocytes. Moreover, depletion experiments of crqg revealed that
plasmatocytes are indispensable for both removing apoptotic cells during
embryogenesis and cellular debris during pupal development (Charroux &
Royet, 2009; Defaye et al., 2009; Guillou et al., 2016).

Crystal cells are a specialized type of blood cells that are involved in the innate
immune response. They represent 2-5% of the total hemocyte population
(mainly in the larval stages) and owe their name to their crystalline inclusions
(Kurucz, Vaczi, et al., 2007; Rizki, 1962). Their function is more relevant during
embryogenesis and in larvae than in the adult fly, where they are present to a
minor degree (Ghosh et al., 2015; Hultmark & Ando, 2022). Interestingly, the
head mesoderm already contains a cluster of 20-30 crystal cells during stages

10-12 of embryogenesis (Lebestky et al., 2000) (Figure 1, Figure 2, Figure 3)

Crystal cells facilitate wound healing and are active in the immune response.
They play a crucial role in the melanization process by releasing
prophenoloxidases (proPO/PPO) activating enzymes and related factors into
the hemolymph. The Drosophila genome contains three genes encoding PPOs.
Two of them, PPO1 and PPO2, are found in the crystal cells and the
hemolymph at the larval stage. Once a pathogen is recognized and the PPOs
are released, a complex serine protease cascade known as the proPO
activation system is activated. This ultimately results in the cleavage of the
zymogen prophenoloxidase to its active form, phenoloxidase (PO). Once the
PO enzyme is activated, it catalyzes the oxidation of phenolic compounds, such
as catechols, to quinones, which spontaneously polymerize to form melanin.
The melanin is deposited on the surface of the invading microorganisms or
foreign particles, forming a dark insoluble coating that encapsulates and
immobilizes them, preventing their spread and promoting their clearance by
phagocytic cells (Binggeli et al., 2014; Lemaitre & Hoffmann, 2007). Those
phenoloxidase and melanization reactions bridge the humoral and cellular arms
of the innate immune response. The proteins PPO1 and PPO2 are well-

characterized for their activity in crystal cells and, together with Lz and
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pebbled/hindsight (Hnt), are used as marker genes (Jung et al., 2005; Lebestky
et al., 2000; Tokusumi et al., 2009). Remarkably PPOs are incorporated in
crystalline inclusions, which in turn define the specific cell morphology of crystal

cells (Kurucz, Vaczi, et al., 2007).

Commonly not seen in healthy flies are the larger blood cells called
lamellocytes. Besides their large size, they are distinguished from other blood
cells by their irregular morphology and the presence of large lamellae or flat,
sheet-like extensions of their plasma membrane, which allows them to spread
out and adhere to the surface of a foreign capsule (Banerjee et al., 2019;
Shresthaa & Gateff, 1982). They can be recognized by the expression of the
surface protein Atilla and RPS-integrin Myospheriod (mys) and are mainly
required to neutralize invading pathogens too large to be phagocytosed, for
instance for the encapsulation of parasite eggs that are injected into larvae by a
parasitic wasp (Anderl et al., 2016; Honti et al., 2009; Irving et al., 2005; Kurucz,
Vaczi, et al., 2007). Upon infection, lamellocyte differentiation starts within the
first 2-10 hours. Even though lamellocytes are present in larvae and pupae, in

adult flies, it appears that they do no longer exist (Boulet et al., 2021).

Unlike mammals, where such comparable giant cells arise through the fusion of
macrophages (McNally & Anderson, 2011), in Drosophila, there are three
known and described pathways of lamellocyte hematopoiesis, which have been
studied in the context of infestation by wasp eggs into the larvae (Anderl et al.,
2016; Banerjee et al., 2019). In general, differentiation is regulated by a variety
of signaling pathways, including the Janus kinase (JAK)/signal transducer and
activator of transcription (STAT), Jun N-terminal kinase (JNK), and Toll
pathway. Activation of these pathways leads to gene expression changes,
producing the transcription factors that induce lamellocyte differentiation
(Krzemien et al., 2007; Tokusumi et al., 2009; Zettervall et al., 2004). When a
parasitic wasp egg is detected in the Drosophila larva, it triggers a systemic
immune response. Host defense starts as a cascade of events by which the
host attempts to neutralize the wasp egg through encapsulation (Labrosse et
al., 2005; Letourneau et al., 2016; Nappi & Carton, 2001). In the first 2-10 hours
after infestation into the larvae, spreading of the already existing sessile

plasmatocytes from the hematopoietic pockets is initiated. They bind the wasp
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egg, which leads to the formation of a multicellular structure called the
melanotic capsule. This is followed by either recruitment of the already available
low number of lamellocytes or transdifferentiation of existing plasmatocytes into
lamellocytes (Russo et al., 1996). Noticeably, those cells can be recognized by
expression of both, the plasmatocyte-specific gene eater and the lamellocyte
surface protein Atilla (Anderl et al., 2016; Evans et al., 2014). About 10 hours
after the infestation, the progenitor cells within the lymph gland differentiate
(Crozatier et al., 2004), the number of circulating hemocytes increases (Russo
et al., 2001), and the lymph gland disintegrates already in the 3™ instar larva
(around 20 hours post-parasitism) (Eleftherianos et al., 2021; Letourneau et al.,
2016). Subsequently, the number of lamellocytes dramatically increases (Lanot
et al., 2001; Louradour et al., 2017). Those lamellocytes are distinguishable
from these lamellocytes, which transdifferentiate earlier from plasmatocytes, by
a missing expression of eater (Anderl et al., 2016). Interestingly, the Posterior
Signaling Centre (PSC) of the lymph gland fulfills an indispensable role in
lamellocyte differentiation (Crozatier et al., 2004; Krzemien et al., 2007; Sinenko
et al., 2012). This was first investigated by targeted expression of the pro-
apoptotic gen reaper (rpr) in the PSC. Ablating PSC cells by targeted
expression of rpr leads to a repression of lamellocyte differentiation.
(Benmimoun et al., 2015). In this context, a critical factor is the reactive oxygen
species (ROS) level. Upon wasp parasitation, the level of ROS dramatically
increases in the PSC, which in turn activates the EGFR and Toll/NFkB
pathways. Both act parallel to initiate lamellocyte differentiation of
prohemocytes in the lymph gland. Thus, PSC cells contribute to the
differentiation either by signaling to progenitors of the Lymph Gland or by
providing signals to circulating blood cells (Benmimoun et al., 2015; Krzemien et
al., 2007; Oyallon et al., 2016).

Correct timing of differentiation linked to the release of the lamellocytes into
hemolymph occurs through a breakdown of the lymph gland’s basement
membrane. This in turn is regulated by Toll/NFkB signaling (Louradour et al.,
2017). Remarkably this dependency is restricted to the PSC.

Encapsulation of the foreign pathogen requires intracellular signaling for

recruitment and cooperation of different immunocompetent hemocytes and for
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adhesion and cell shape (L. Yang et al., 2021). As described above, the first
step of encapsulation is the disposal of a protein layer on the surface of the
parasite egg capsule made by extracellular matrix proteins. Lamellocytes are
known to adhere to each other via septate junctions mediated by integrins to
build a capsule. Integrins in turn can directly bind to ECM. This suggests an
indispensable role for integrins in this process (Howell et al., 2012). Additionally,
recent studies have demonstrated that Rac GTPases are critical regulators of
the actin cytoskeleton during lamellocyte encapsulation. Specifically, Rac1 and
Rac2 have been shown to be required for lamellocyte spreading and adhesion
to the surface of the parasitic wasp egg, as well as for stabilizing the actin
cytoskeleton. Localization of mys, an integrin that interacts with its ligand to
cause hemocyte capsules to surround the wasp egg, to the lamellocyte
periphery depends on Rac1. Rac2 is furthermore essential for integrin formation
(Williams et al., 2005; Xavier & Williams, 2011).
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Figure 1 - Prohemocytes can differentiate into three different cell types regulated
by distinct transcription factors. Overview of the three different hemocyte subgroups
of hemocytes. The GATA transcription factor Srp is the master regulator in early
hemocyte specification and is already present in undifferentiated prohemocytes. In
embryonic hematopoiesis, Srp regulates eater, gcm, and gcm?2 for differentiation into
plasmatocytes. Ush and Lz define crystal cell differentiation and are both regulated by
srp. Crystal cells comprise 2 to 5 % of the larval hemocyte population. Normally are not
seen in healthy flies are the lamellocytes. Ush regulates transdifferentiation. Note the
different cell morphology.

The GATA family of zinc transcription factors, which are highly conserved from
yeast to mammals, play a fundamental role in early cell fate specification,
differentiation, and proliferation (Evans et al., 2003). The master regulator is the
GATA factor Serpent (Srp), especially in the early hemocyte specification. For
example, Srp directly controls the expression of the gene pair glial cell missing
(gcm) and glial cell missing 2 (gcm2). They play a role in the terminal
differentiation of functional plasmatocytes determined by their transcriptional
targets (Alfonso & Jones, 2002; Vivancos, Roberto Bernardoni & Giangrande,
1997).

Another GATA transcription factor is Pannier (pnr), and there are the friend of
GATA (FOG) multi-zinc finger protein U-shaped (Ush), and the RUNX domain
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protein Lozenge (Lz) (Banerjee et al., 2019; Fossett et al.,, 2001; Fossett &
Schulz, 2001; Lebestky et al., 2000). Ush and Lz are transcriptional cofactors
regulated by Srp and define crystal cell production. From stage 8 of
embryogenesis, Ush, represses crystal cell fate, whereas Lz promotes crystal
cell development by interacting with Srp (Fossett et al., 2001; Lebestky et al.,
2000) (Figure 1). Besides the regulation of hemocyte-specific genes, Ush
targets metabolism-related as well as cell cycle regulator genes. Recently, it
was shown that Ush interacts with the Nucleosome Remodeling and
Deacetylation (NuRD) complex, which represses explicitly hemocyte-specific
genes (Lenz et al., 2021). Noticeably, Ush is likewise known to interact with
various GATA transcription factors to regulate various steps of hematopoiesis
similar to its function in mammals (Fossett et al., 2003; Lebestky et al., 2000;
Lenz et al., 2021). Thus, the interaction of Srp with Ush in Drosophila is similar
to the vertebrate GATA:FOG interactions (Fossett et al., 2003; Tevosian et al.,
1999).

Interestingly, Srp is also involved in lamellocytes differentiation together with the
FOG homolog Ush (Gajewski et al., 2007) (Figure 1). Knockdown of Ush by
RNAI makes it more likely to increase the number of lamellocytes. Additionally,
overexpression of the hop gene, which encodes for the Drosophila JAK, leads
to the induction of lamellocyte differentiation within the lymph gland. Thus,
downregulation of the JAK-STAT signaling is required for the differentiation of

lamellocytes in the lymph gland (Makki et al., 2010).

1.6. Hematopoiesis occurs spatially and temporally divided
Hematopoiesis is the process of blood cell formation that give rise to innate
immune cells, which are critical for the defense against pathogens. It occurs in
two waves, spatially and temporally divided and closely related to vertebrate
primitive and definitive hematopoiesis (overview in Figure 2) (Crozatier &
Meister, 2007; Evans et al., 2003). In the first wave, hemocytes derive from the
embryonic head mesoderm, whereas the second wave occurs post-

embryonically in the lymph gland of larvae (Vlisidou & Wood, 2015).
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The lymph gland is a hematopoietic organ structurally divided into multiple lobes
and proliferates during the first half of larval development. Those lobes flank the
Dorsal Vessel (DV), the cardio-vascular system that originates from the
embryo's thoracic mesoderm, posterior to the brain (Mandal et al., 2004). The
highest level of hematopoietic activity can be found in the primary lobes, which
derivate from the embryonic cardiogenic mesoderm (Mandal et al., 2004). The
primary lobes can be further divided into zones based on the differential
expression of various marker genes with distinct functions. The Medullary Zone
(MZ) is the most inward zone and closest to the DV, then the Cortical Zone (CZ)
with an Intermediate Zone (IZ) in between and the Posterior Signaling Center
(PSC), which acts as a niche to regulate progenitor maintenance (structural
overview Figure 3) (Grigorian et al.,, 2011; Mandal et al., 2004). The PSC
produces signaling molecules, such as cytokines and growth factors, that
regulate the differentiation and proliferation of blood progenitors in the adjacent
anterior lobes. The differentiation of blood cells in the primary lobes is regulated
by a complex network of signaling pathways and transcription factors, including
the JAK-STAT pathway, Notch signaling, and GATA factors. The lymph gland
undergoes a dramatic remodeling during metamorphosis, leading to the
generation of adult blood cells necessary for the fly’s survival. The lymph gland
provides a powerful genetic model system for studying the molecular
mechanisms underlying blood cell development, differentiation, and
homeostasis. Additionally, the ontology of the lymph gland can be described as
analogous to the aorta-gonad-mesonephros region of vertebrates (Evans et al.,
2003).

As mentioned before, similarly to mammals, hematopoiesis in Drosophila starts
early in embryonic development and takes place in immune compartments in
multiple waves. A loose mass of cells is initially formed in the head of the
embryo (Grigorian et al., 2011). There, the first specification of embryonic
hemocytes appears in stage 5-embryos and is characterized by the expression
of the GATA factor Srp (Holz et al., 2003). Srp is one of the five Drosophila
GATA factor homologs and represents a conserved transcription factor involved
in the blood-lineage specification (Rehorn et al., 1996). Drosophila hemocyte
precursors expressing srp start to differentiate from this state on to form the first

subsets of plasmatocytes and crystal cell populations (Banerjee et al., 2019).
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In stage 12 of Drosophila embryogenesis, a population of about 700
prohemocytes begins to spread throughout the embryo and differentiate. This
population resembles the first plasmatocytes characterized by relatively large,
actin-rich filopodia and lamellipodia structures (Tepass et al., 1994; Wood et al.,
2006). Those cells exhibit phagocytosis to clear the developing tissue of

apoptotic debris (Tepass et al., 1994).

In the development of the larval states, hemocytes are found either circulating in
the hemolymph or attached to the body walls in sessile pools called
hematopoietic pockets (HPs) (Makhijani et al., 2011; Petraki et al., 2015). Those
HPs are located between the epidermis and muscle layers of the larval body
wall and can disperse through external mechanical disruption but rearrange
within 30-60 minutes. Hemocytes in those pockets are named self-renewing
“primitive” or “tissue macrophages” (Gold & Brtickner, 2014) and have a high
rate of self-renewal, expanding the number of 30 cells in the 15t larval instar to
around 10000 in the late 3™ instar (Gold & Briickner, 2015). In addition, upon
different immune challenges, e.g. through pathogens, tissue macrophages can
be released into the circulation on demand and are able to proliferate or

differentiate into lamellocytes or crystal cells (Makhijani et al., 2011).

An important fact to keep in mind is that the dispersal and activation of sessile
hemocytes upon pupariation are induced by ecdysone signaling. That in turn

leads to tissue remodeling during metamorphosis (Regan et al., 2013).

The second lineage of Drosophila hemocytes post-embryonically derives from
the lymph gland and resembles vertebrates’ definitive hematopoiesis (Evans et
al., 2003; Gold & Bruckner, 2014). The MZ contains undifferentiated progenitor
cells with the potential to differentiate into all three different mature hemocyte

types (Figure 2, Figure 3) (Jung et al., 2005).
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Figure 2 — Drosophila hematopoiesis can be spatiotemporal divided into two
waves. Left panel shows the first wave of hematopoiesis, which begins in the head
mesoderm of stage 5 embryo. There embryonic progenitors (yellow) start to
differentiate into plasmatocytes and crystal cells (Topaz) and spread out in the embryo.
In 3" instar larva, mature plasmatocytes are located around hematopoietic pockets
(dark grey) where they can be released on demand. The right panel shows the second
wave of hematopoiesis, which begins with the development of the lymph gland in the
2" instar larva state. The lymph gland of the 3" instar larva can be divided into
different zones where differentiation of plasmatocytes occurs. For more details, see
Figure 3. After lymph gland disintegration, the total hemocyte population is merged in

the pupa.
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Figure 3 - The lymph gland is the place of the 2" wave of Drosophila
hematopoiesis. Schematic overview of the lobes of the lymph gland along the dorsal
vessel (grey). Most anterior is the primary lobe, which is the largest lobe and is divided
into different zones. Those are the Medullar Zone (MZ) with high domeless expression,
an Intermediate Zone (IZ), the Cortical Zone (CZ) with high hml expression, and the
niche-like Posterior Signal Centre (PSC) with defined by kn, tau, and Antp expression.
Plasmatocytes develop from a quiescent-progenitor state to a progenitor state in the
MZ. Cells of the IZ represent cells that express both progenitor and mature
plasmatocyte markers. Cells of the CZ are mature plasmatocytes that contribute later
to the total population of plasmatocytes in the hemolymph. The PSC acts as a niche
and maintains the hematopoiesis by signaling to the MZ. The posterior lobes along the
dorsal vessel are smaller, consisting of quiescent-progenitor cells, and remain
undifferentiated. The posterior lobes are separated by pericardial cells.

As development proceeds from the late second instar, distinct separation of the
CZ appears, and maturation of hemocytes continues until they finally emerge
(Jung et al., 2005). A dynamic interplay and regulation exist between the MZ
and CZ during development. In the early larval instars, the proliferation state in
the MZ is high, but then it slows down dramatically. At the same time, the CZ
maintains a high proliferation rate throughout the third instar to expand the
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maturating population. This regulation step controls the MZ cells to remain
multipotent and undifferentiated. Although it has been shown that the 1Z locates
between the MZ and CZ, a clear function has not been resolved so far (Jung et
al., 2005; Mandal et al., 2004, 2007).

Differentiation of hemocytes within the lymph gland terminates by 12h after
puparium formation (APF) with the disintegration of the lymph gland and
subsequently releasing of the blood cells into the hemolymph (Grigorian et al.,
2011; Holz et al., 2003).

Recently, a lot of effort has been put into the research on the PSC, which
comprises a small cluster of about 30-40 cells located at the medio-posterior
side of the lymph gland (Figure 3) (Krzemien et al., 2007). Primary markers of
the PSC are the homeobox (Hox) protein Antennapedia (Antp), an autonomous
determinant of PSC cells, and the Drosophila early B cell factor Collier (Col,
also known as knot) (Benmimoun et al., 2015; Koranteng et al., 2022; Krzemien
et al., 2007). Recent investigations also revealed that kn expression in the PSC
is required for controlling PSC fate and cell number (Pennetier et al., 2012).
Additionally, kn is expressed in a low number in the MZ, preventing
prohemocytes from premature differentiation (Benmimoun et al., 2015). The
expression of kn in the posterior lobes was recently investigated and will be
introduced in the next chapter. A signature of PSC cells is the extension of
numerous filopodia that mediate signaling between the PSC and prohemocytes
in the MZ. Various signaling factors, including Hedgehog (Hh) signals, are
secreted by PSC cells and transferred to progenitor cells by filopodia structures
which enable direct cellular contact between PSC cells and MZ progenitors
(Krzemien et al., 2007; Mandal et al., 2007). This signaling by the PSC cells into
the MZ maintains hemocyte progenitors in a quiescent state, thereby regulating
differentiation (Krzemien et al., 2007). Worth to notice is that the Ush/dNuRD
complex represses the Hh enhancer activity in cells of the MZ and CZ and
keeps hh expression restricted to the PSC (Lenz et al., 2021). Conclusively, the
PSC cells significantly influence the fate of the MZ cells (Benmimoun et al.,
2015; Crozatier et al., 2004; Krzemien et al., 2007; Mandal et al., 2007;
Pennetier et al., 2012; Tokusumi et al., 2009).
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Conclusively, the lymph gland is the primary site of hematopoiesis in Drosophila
larvae. Prohemocytes differentiate into various blood cell lineages and then
migrate out of the lymph gland into circulation to carry out their respective
functions. Of further notice is that blood cells from the secondary wave of
hematopoiesis are most important for immunity, similar to those cells from

definitive hematopoiesis in vertebrates (Evans et al., 2003).

One reason most blood cells are produced in the lymph gland is that it provides
a highly controlled and regulated environment for hematopoiesis. The lymph
gland niche provides various signals and factors that regulate the proliferation
and differentiation of prohemocytes, ensuring that the proper balance of blood
cell types is maintained. Another reason the lymph gland is the primary site of
hematopoiesis is that it provides a mechanism for the rapid production of blood
cells, such as during an infection or injury; the lymph gland can rapidly increase
its output of blood cells to meet the demand. In addition, the lymph gland
provides a mechanism for immune surveillance and defense. The lymph gland
contains the three different blood cells that are involved in the innate immune
response, as described earlier. These cells quickly recognize and respond to
pathogens, helping to prevent infections and protect the organism. Further
research will be needed to fully understand the diversity and function of these
specialized blood cell subtypes and how they contribute to the overall immune
response in Drosophila. Single-cell sequencing as described in this work will
help to expand the knowledge of different development stages of Drosophila
immune system. (Cattenoz et al., 2021; Cho et al., 2020; Evans et al., 2003;
Lemaitre & Hoffmann, 2007; Tattikota et al., 2020).

1.7. Heterogeneity of the posterior lobes of the Drosophila
Lymph Gland: An overview of current knowledge

In addition to the anterior lobes of the lymph gland, the posterior lobes are
located along the dorsal vessel (Figure 3) (Banerjee et al., 2019; Kanwal et al.,
2021; Rodrigues et al., 2021). Cells of these lobes were neither analyzed in
detail in recent research about hematopoiesis nor subjected to scRNA-seq
experiments (Benmimoun et al., 2015; Kanwal et al., 2021; Rodrigues et al.,
2021). A contribution to the hematopoiesis has not been described so far, and

the cells of the posterior lobes stay as undifferentiated progenitors with no
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expression of known marker genes for mature hemocytes like hemolectin (hml),
P1/NimC1 or Pxn, but high expression levels of progenitor marker like Tep4, E-
cad and dome until dispersal. This leads to the suggestion that these cells
dissociate as incompletely differentiated hemocytes (Grigorian et al., 2011;
Rodrigues et al., 2021). To further outline the heterogeneity, common markers
of the PSC Antp and Hh are not present in the posterior lobes, but kn is
expressed at least in one of the lobes (Rodrigues et al., 2021). Furthermore,
Ghosh and colleagues proposed that the posterior lobes also contribute to the
adult population of hemocytes (Ghosh et al., 2015). Because cells of the
posterior lobes persist until 10 to 15 hours APF in a progenitor state and the
lobes disintegrate later than the anterior lobes; their contribution might be as a

long-term pool of progenitors.

As mentioned earlier, expression of the Hox gene Anip in the primary lobes
depends on kn expression (Mandal et al., 2007). However, Antp is absent in the
posterior lobes. Instead, recently, the Hox gene Ultrabithorax (Ubx) was found
to be strongly expressed in the posterior lobes (Kanwal et al.,, 2021).
Consequently, it was proposed that the dependency on Antp for maintaining the
hematopoietic niche is recapitulated in the posterior lobes by Ubx. Comparable
to the PSC, the Ubx-Kn interplay defines the progenitor pool (Kanwal et al.,
2021).

1.8. Cytoskeleton dynamics of Hemocytes

The routine immune and phagocytic functions of hemocytes rely on their ability
to migrate. Cells utilize the dynamic formation of filamentous actin filaments (F-
actin) to rapidly adjust the actin cytoskeleton to move and communicate.
(Blanchoin et al., 2014). The dense F-actin-based branched and crosslinked
network, which forms a structure called lamellipodia within the actin
cytoskeleton, pushes a cell forward during migration. The diversity and flexibility
for the cellular functions are furthermore achieved through the additional
possibility of forming parallel actin filaments called filopodia, for instance, for
phagocytosis and long-range cell-cell communication (Figure 4). Additionally,
anti-parallel filaments called stress fibers are made of F-actin and span the cell
body.
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In addition, microtubules provide structural support for the actin cytoskeleton,
whereby both, F-actin and microtubules, influence and stabilize each other,
particularly in their structure and function (Akhshi et al., 2014). To maintain an
appropriate balance of the essential processes, actin filament assembly must

be regulated accurately in time and space (Blanchoin et al., 2014).

Figure 4 - Organization of the actin cytoskeleton (see next page). (A) Dynamic
rearrangement of F-actin structures enables a rapid adaption to environmental immune
challenges. The lamellipodia and filopodia are the driving structures of motility and
phagocytosis. Reprinted and modified from (Rofttner et al., 2021), with permission from
Elsevier. (B-D) Parallel actin filaments create filopodia. (B) Platinum-replica electron
microscopy of the cytoskeleton at the leading edge. Filopodia extension is made of
actin filament bundles (cyan) spanning the dense actin filament network of the
lamellipodia (brown). Sometimes they get through to the more stable region behind the
lamellipodia named lamella (purple). Scale bar is 1 um. (C) Enlarged box region from
(B) shows long parallel actin filaments (cyan) extending beyond the leading edge. A
complex of regulatory proteins (pink) is located at the filopodia tip. (D) Branched actin
network. Platinum-replica electron microscopy of the cytoskeleton at the leading edge
shows the actin filament organization in the lamellipodium. A region outlined by the
yellow box is enlarged in the yellow-framed inset to highlight branched actin filaments.
Scale bar is 500 nm. (B-D) Reprinted from (T. Svitkina, 2018) by permission of Cold
Spring Harbor Laboratory Press.
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1.9. The dynamic and regulated network of the actin
cytoskeleton: A comprehensive overview of actin-binding
proteins and polymerization mechanisms

The actin cytoskeleton is composed of monomeric globular actin (G-actin; a
42kDa ATP-binding protein), which assembles into helically twisted filamentous
actin (F-actin) microfilaments (Blanchoin et al., 2014; Holmes et al., 1990). Actin
filaments continually assemble and disassemble as required by the cell,
creating a dense and dynamic network. The underlying mechanism is an ATP-
based polymerization at the fast-growing barbed end in contrast to the slower
polymerization at the pointed end. Consequently, the combination and co-
occurring of both mechanisms create a directionality of the pushing force
mediated by actin polymerization. Elongating barbered ends produce the
sustained forces that are required to extend the outer part of the lamellipodia
forward at the front, leading edge of a migrating cell. Disassembly at the more
flexible pointed end guides the release of monomers for recycling (Pollard,
2016). The polymerization mechanism is regulated by numerous actin-binding
proteins, which balance each other’s competing activities to build a dense and

dynamic network (Overview in Figure 5).

Profilin is an actin monomer-binding protein that promotes nucleotide exchange
and restores the G-actin pool, resulting in a faster polymerization rate
(Pinto-Costa & Sousa, 2020). Recent research shows an indispensable role in
regulating the actin cytoskeleton (Rotty, 2020). Capping proteins prevent further
elongation of growing actin filaments and keep up a sufficient amount of free
actin monomers. Cofilin enhances the depolymerization rate of actin-ADP and
functions in the debranching of the existing dynamic network. The group of actin
nucleators stabilizes the nucleus formation to enhance the polymerization rate.
In addition, there are formins, which stabilize intermediates, initiate, and
elongate unbranched filaments. They are autoinhibited by intramolecular
interactions of two domains and only activated by binding Rho-family GTPases.
Similar to formins, proteins of the Enabled (Ena)/Vasodilator-stimulated
phosphoprotein (VASP) family can associate with growing actin flament barbed
ends and promote elongation. Both formins and Ena/VASP locate at the barbed

ends of growing actin filaments and produce long and unbranched filaments
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within an existing branched network antagonistic to capping proteins. Those
linear, unbranched actin filaments are for example important to build finger-like
protrusion emerging from the lamellipodium, called filopodia (Campellone &
Welch, 2010; Chan et al., 2009; Chesarone et al., 2010; Cooper & Sept, 2008;
Edwards et al., 2014; Nadkarni & Brieher, 2014; Pollard, 2016; Pollard & Borisy,
2003; T. M. Svitkina et al., 2003).

The most prominent actin nucleator is the Arp2/3 complex, which, in principle,
mimics an actin dimer and subsequently builds a more stable oligomer by
adding a fourth subunit (Goley & Welch, 2006) (Figure 5, Figure 6). Monomers
are likewise supplied by profilin to the Arp2/3 complex to promote branched
actin assembly at the leading edge of a cell. Consequently, there is a dynamic
competition between different actin polymerization factors utilizing profilin-bound
G-actin. A recent research study uncovered that especially with low
concentrations of profilin, bundled filaments generated by Ena/VASP are
favored over Arp2/3-mediated branched F-actin (Skruber et al.,, 2020).
Therefore, a cell can rapidly shift the leading-edge actin architecture by
modulating the profilin concentration. The mechanism of how the Arp2/3
complex produces actin filament branches will be introduced in more detail in

the next chapter.

Lastly, there are the nucleators Spire, Cordon bleu (Cobl), and Leiomodin
(Lmod), which all have a tandem actin monomer-binding WASp-homology 2
(WH2) domain. They bind and align multiple G-actin monomers, forming a

polymerization seed (Chesarone & Goode, 2009).
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Figure 5§ - Cycle of actin polymerization from (Schaks et al., 2019). Overview of the
variety of factors involved in the regulation of actin polymerization. Monomer ADP-Actin
is recycled by profilin, which promotes a nucleotide exchange from ADP to ATP.
Subsequently, ATP-Actin is ready for nucleation of a new filament or elongation of an
existing filament. Either formin, a multi-WH2 protein, or Arp2/3 promote nucleation.
Elongation occurs with the help of formin, Ena/VASP, or a P-WH?2 protein. Capping
proteins protect a filament from further growing. Disassembly is ensured by twinfilin
and ADF/cofilin. Used with permission of Portland Press, Ltd., from (Schaks et al.,
2019), permission conveyed through Copyright Clearance Center, Inc.

1.10. The Arp2/3 complex: a key regulator of actin nucleation
and cell migration

The Arp2/3 complex consists of seven subunits, including the actin-related
proteins Arp2 and Arp3 and the Arp 2/3 complex subunits 1-5 (ARPC1-5). Arp2
and Arp3 show high similarities to monomeric actin and are thereby able to
mimic the first units of the growing filament to overcome the instability of actin
dimers and trimers. In that way, the complex binds pre-existing mother filaments
via Arp2/3. It brings three monomeric actin proteins in close proximity to form a

nucleation core at which spontaneous polymerization can occur. As a result, the
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newly formed daughter filament has an angle of 70 degrees relative to its
mother filament (Figure 6). The resulting dense actin meshwork — which is
stabilized by cortactin -builds the lamellipodium that constitutes the driving force

in cell migration.

mother
1 actin filament

daughter
actin filament

Figure 6 - Actin branching by Arp2/3 complex. A branch between two actin
filaments (blue) created by Arp2/3 complex (red and yellow). The Arp2/3 complex binds
to an existing actin filament (the “mother filament”), mimics the first actin monomer to
overcome the instability of actin self-assembly, and nucleates the assembling of a new
actin filament (the “daughter filament”). Note the resulting angle of 70 degrees between
the mother and daughter filament. ATP is shown in green. Image with permission from
the RCSB PDB November 2022 Molecule of the Month feature by David Goodsell
(Goodsell, 2022).

The Arp2/3 complex itself is mostly inactive and subject to regulation by multiple
nucleation-promoting factors (NPFs) through direct protein-protein interaction
(Goley & Welch, 2006; Rotty et al., 2013). These are additional tools to regulate

the overall actin assembly by tuning nucleation activity. There are two
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subfamilies of Arp2/3 NPFs. The verprolin central acidic (VCA) domain-
containing proteins of the Wiskott-Aldrich syndrome protein (WASP) family
belong to the NPFs type I family. The weaker Arp2/3 activators of the NPFs

type @I family are for instance cortactin, hematopoietic lineage cell-specific

protein 1 (HS1), and coronin (Rotty et al., 2013), all of which lack a WH2
domain, which is part of the VCA domain, for binding G-actin (Campellone &
Welch, 2010). Instead of using the acidic VCA domain for binding to Arp2/3,
these proteins have an acidic domain at their amino terminus to bind and
activate the complex along with tandem repeat domains to bind to F-actin (Rotty
et al., 2013).

In contrast, the interaction of Arp2/3 and NPFs type I relies on the acidic nature

of the C-terminal VCA domain (Higgs et al., 1999; Machesky & Insall, 1998).
The V domain binds G-actin and delivers it to the Arp2/3 complex, whereas the
CA domain is responsible for binding the Arp2/3 complex (Chereau et al., 2005;
Marchand et al., 2001). A dimerization of two individual CA sequences induces
conformational changes and increases the VCA binding to the Arp2/3 complex
(Kramer et al., 2022; Padrick et al., 2008, 2011; Padrick & Rosen, 2010).

The N-terminus is more variable between members of the type I NPFs, which

enables differences in activity regulation, membrane localization and ligand
interactions (Goley & Welch, 2006).

1.11. NPFs are indispensable for the activation of the Arp2/3
complex

The mammalian NPF type I family proteins can be further subdivided into five
groups: (1) WASP and neural WASP (N-WASP); (2) three WASP-family
verprolin homolog (WAVE1 — WAVES3; also known as SCAR) isoforms; (3)
WASP and SCAR homolog (WASH); (4) WASP homolog associated with actin,
membranes, and microtubules (WHAMM) and (5) junction-mediating regulatory
protein (JMY). Additionally, WHAMY - a novel WASP-like protein - was found in
the regulation of Arp2/3 in Drosophila blood cells (Alekhina et al., 2017,
Brinkmann et al., 2015; Campellone et al., 2008; Derry et al., 1994; Miki et al.,

1996, 1998; Suetsugu et al., 1999). All these NPFs, except for WAVE, are
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intrinsically inactive because their binding site for actin monomers and Arp2/3
complex is sequestered. Each one is activated by the binding of small Rho
GTPase in response to upstream signals, i.e. Rac1 activates WAVE, and Cdc42
activates WASP.

WASP is the first member of the WASP protein family that was discovered as
the gene mutated in patients with the Wiskott-Aldrich syndrome (WAS), which is
characterized by actin cytoskeletal defects in blood cells, leading to
thrombocytopenia, eczema, and immunodeficiency (Derry et al., 1994; Massaad
et al., 2013; Orange et al., 2002). Loss-of-function mutations of WASP revealed
an essential role in mammals linked to the actin-associated processes that are
affected in cells (Facchetti et al., 1998; Gallego et al., 1997; Kenney et al.,
1986; Molina et al., 1992). Mammalian WASP is mainly expressed in
hematopoietic cells, whereas neural WASP (N-WASP) is present in most cell
types (Campellone & Welch, 2010). Both have functional versatility and are
autoinhibited by intramolecular interactions of the VCA domain with the CRIB
domain. This is stabilized by binding of the WASP-interacting Protein (WIP) to
the N-terminal WASP homology 1 domain (WH1), protecting the protein from
degradation. They are activated by binding of the small GTPase Cdc42, causing
conformational changes in the VCA domain. The binding of Cdc42 together with
phosphatidylinositol-4.5-bisphosphate changes the conformation and releases
the VCA domain for binding to the Arp2/3 complex, facilitated by binding of
profilin-G-actin to the polyproline region (Alekhina et al., 2017; Antén et al.,
2007; Campellone & Welch, 2010; Rottner et al., 2010).

The WASP-family verprolin-homologous protein (WAVE) is the second group of
the WASP-family proteins and contains three orthologs in vertebrates: WAVE1,
WAVE2 and WAVES3. In mammals, WAVE1 and WAVES3 are enriched in the
brain, whereas WAVEZ2 is mainly expressed in all tissues, particularly in
peripheral blood leukocytes (Suetsugu et al., 1999; Uhlén et al., 2015).

WAVE was first discovered in 1998 by multiple laboratories. Bear and
colleagues identified the protein as a suppressor of cyclic AMP receptor
downstream of Rac signaling in regulating the actin cytoskeleton in
Dictyostelium. This led to its first name SCAR (suppressor of cAR) (Bear et al.,
1998). Meanwhile, two other labs were searching for an Arp2/3-interaction
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partner and WH2-containing protein and identified the human homolog SCAR1
and introduced the name WAVE (Machesky & Insall, 1998; Miki et al., 1998).

Similar to the other NPFs, WAVE can be structurally divided into four domains.
It possesses an N-terminal WHD Domain, a lipid-binding basic region (B), a
PRD, and the VCA domain, common for the NPFs. Unlike WASP, WAVE lacks
the GBDs that are usually essential for binding of the GTPases, which in turn
indicates a further regulatory mechanism (Miki et al., 1998). Additionally, first in
vitro studies revealed that WAVE itself is fully active and exhibits a basal actin

nucleation activity by interacting with Arp2/3 (Machesky et al., 1999).

However, in contrast to WASP, in vivo studies showed that WAVE is
incorporated into the heteropentameric WAVE regulatory complex (WRC)
(Gautreau et al., 2004; Innocenti et al., 2004), which is crucial for most of the
interactions and activity regulation and especially for the activation by Rac1
(Miki et al., 1998). The WRC can be described as a central signaling hub
through which a large diversity of membrane ligands can transmit signals to
Arp2/3 complex-mediated actin polymerization (S. Yang et al., 2022). Deleting
one subunit of this complex diminishes the functionality of the whole complex. In
this manner, WAVE is a central Arp2/3 regulator for driving actin assembly and
consequently mediating cell shape and cell migration. The importance of WAVE
in regulating actin dynamics will be introduced in more detail in the following

chapters.

WASH is another Arp2/3 NPF different from other NPFs due to its N-terminal
WASH-homology domain (WAHD). WASH exists in a stable pentameric
complex similar to the WRC. Alone, WASH is inactive, whereas the complex is
constitutively active, which differs from the WRC. Moreover, WASH is crucial for
early development and is not functionally redundant with WASP or WAVE.
Furthermore, WASH promotes F-actin branching at endosomes/endocytic
vesicles and regulates endolysosomal system structure and integrin receptor
trafficking (Alekhina et al., 2017; Gomez & Billadeau, 2009; B. M. Nagel et al.,
2017).
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WHAMM and JMY are other NPFs that function in regulating vesicle transport
and Golgi morphology and accumulate in the nucleus upon DNA damage,

respectively (Campellone et al., 2008; Zuchero et al., 2009, 2012).

1.12. Hemocytes utilize actin-based protrusion for migration
and phagocytosis

As mentioned before, cell migration is based on membrane protrusions. The
most important migratory mechanism is based on the branched actin network
facilitated by the Arp2/3 complex. This dendritic F-actin network constructs the
leading edge of a motile cell, which is the outermost 1 pm part of the
lamellipodia (Figure 4, Figure 5, Figure 7). To exhibit a dynamic forward
movement, the cell must be polarized, and the Arp2/3 complex needs to be
located accordingly to the moving direction. A dynamic extension of the
lamellipodia is made possible through the addition of monomeric actin between
pre-existing growing ends of flaments and the membrane interface (Bisi et al.,
2013). This is initiated by the small GTPase protein Rac1 which activates the
WRC binding to the Arp2/3 complex at the leading-edge membrane leading to
actin polymerization. Arp2/3 mediated actin polymerization constantly creates
barbed ends, which are elongated by formins or Ena/VASP, which form long
branched filaments that structure the mesh network. Notably, the pointed ends

of the newly formed filaments are capped and anchored in the existing network.

Typically, the lamellipodia have a fan-like structure. As mentioned before, the
angle between the branched actin filaments is 70°, which leads to the fact that
the angle between the elongating barbed ends and the plasma membrane is
approximately 45°. This is described as an optimal angle for translating filament
elongation into membrane displacement (Mogilner & Oster, 1996; Mullins et al.,
1998). Although the WRC was described to target the Arp2/3 complex to the
front leading edge, it is noteworthy that actin polymerization also occurs
throughout the lamellipodium (Watanabe & Mitchison, 2002).

Additionally, filament elongation by Ena/VASP and formins contribute to the
overall structure of the actin network at the plasma membrane and are critical

for maintaining network organization (Figure 5, Figure 7) (Chesarone & Goode,
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2009). It was discovered that formins also play an important, but not essential
role in the constitution of the lamellipodial actin network, as they can adjust the
stability and protrusive dynamics of the lamellipodium (Kage et al., 2017). Even
when lamellipodia-based migration is dominant, they contribute to an efficient
migration by nucleating and elongating of individual filaments. Without this
support, the lamellipodia width is reduced, leading to a less effective force
generation (Kage et al., 2017; Pfisterer et al., 2020). Coexistence of filopodia
and branched lamellipodia structures (T. Svitkina, 2018) is tightly regulated and
variable among different cell types. The equilibrium is balanced between the
need for fast lamellipodia-based locomotion versus filopodia-based precise
navigation. (T. Svitkina, 2018)

A more stable region directly behind the lamellipodia is called lamella. It is
formed out of a parallel array of filaments that interacts with myosin-Il. In this
way, the actin network is coupled to myosin-Il mediated contractility and cross-
linking functions (Lehne et al., 2022). Opposing to the dynamic elongation at the
front leading edge, the small GTPase RhoA activates the Rho-associated
protein kinase (ROCK) in the rear end of the cell. This leads to actomyosin
contraction and the cell actively retracts at the trailing edge which dynamically

regulates the protrusion rate (Lammermann & Sixt, 2009).

Besides lamellipodial-based motility, a cell can utilize filopodia to fulfill immune
functions efficiently. Filopodia-based migration relies on the pushing force
created by the F-actin polymerization (Bischoff et al., 2021). Interestingly,
filopodia can thereby drive migration independently of lamellipodia. This was
first discovered during investigating an explorative role for filopodia (Karp &
Solursh, 1985; Malinda et al., 1995). Additionally, various cancer cells utilize

filopodia structures for migration (Jacquemet et al., 2015).

Generally, filopodia are small and rod-like protrusions of linear actin filament
bundles (Rottner & Schaks, 2019). While Arp2/3 complex-mediated actin
polymerization promotes a branched actin network formation, formins like
Ena/VASP proteins are important for linear actin elongation and are therefore
found in filopodia. F-actin elongation at the barbed ends promoted by
Ena/VASP occurs mainly by protecting the tip’s growing end from capping.
Since filopodia structures are linear bundles, growing actin filaments are

29



additionally cross-linked by fascin to keep the F-actin filament densely packed
(Vignjevic et al., 2006). Furthermore, Fascin enables elongation of filopodia
beyond the leading edge, which underlies their importance in long-rage cell-cell

communication (Mattila & Lappalainen, 2008).

Filopodia are also formed to explore the surrounding environment and to
capture various particles for subsequent phagocytosis, which in turn is mediated

by Arp2/3-dependent actin branches (Vignjevic et al., 2006).

They are further regulated by cofilin, which severs actin filaments at the pointed
end to fine-tune the dissociation rate and contractile properties of myosin Il (T.
Svitkina, 2018). Therefore, a constant retrograde flow is given and can even
completely counterbalance the polymerization. This would lead to an apparently
stationary state. Conclusively, a regulated dissociation and binding to actin

filaments promote the force for filopodia assembly.

actin polymerisation T actin polymerisation

contractile pressure

Figure 7 — Actin based membrane protrusions. From left to right are shown a
branched lamellipodia structure and filopodia structures. The Arp2/3 complex (light
green, left panel)-dependent lamellipodia actin network creates protrusion of the
plasma membrane essential for a dynamic forward moving of a cell. Filopodial actin
bundles are decorated with formins at the top barbered (green ring, right panel). Space
between two filopodia structures is filled by the contractile activity of myosin Il (green,
right panel). Note that lamellipodia and filopodia membrane protrusions are based on
actin polymerization. Used with permission of Portland Press, Ltd., from (Schaks et al.,
2019), permission conveyed through Copyright Clearance Center, Inc.
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1.13. An overview of the WAVE complex: Regulating actin
dynamics and cell migration

WAVE is a central Arp2/3 regulator driving actin network remodeling and

consequently mediating cell shape and migration.

As mentioned earlier, WAVE is incorporated into the WRC. Other members of
this complex are Abi (Abelson interactor), Sra1 (specifically Rac1-associated
protein 1, also known as Cyfip), Nap1 (also known as Kette), and HSPC300
(haematopoietic stem/progenitor cell protein 300) (Gautreau et al., 2004;
Innocenti et al., 2004). The complex can be described as an assembly of a
large, elongated dimer formed by Sra1 and Nap1, and a smaller trimer formed
by WAVE, Abi and HSPC300 (Figure 8). The trimer forms a four-helix bundle
and is aligned along the axis of the a-helical Sra1-Nap1 dimer. Importantly, only
the amino termini of WAVE (i.e., its WHD domain), Abi and HSPC3000 make
this intracomplex association (Fokin & Gautreau, 2021). The remaining
extending part of WAVE plays essential regulatory roles. The first 90 amino
acids are known as the meander region. They are necessary for stabilizing the
VCA domain and thereby essential for inhibiting and activating the WRC. The
C-terminal VCA domain inhibits WRC function by intracomplex sequestration

into a conserved recess of Sra1.
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Figure 8 — Assembly of the WRC. Assembly of the pentameric WRC appears through
two parallel assembly routes. The left panel shows the assembly of a trimer of WAVE,
Abi and HSPC300. The left panel shows the assembly of a dimer of Sra1l and Nap1.
Subsequently, the trimer forms a four-helix bundle aligned along the axis of the a-
helical dimer. Reprinted from (Rottner et al., 2021), with permission from Elsevier.

Various membrane ligands can directly interact with the WRC, which in turn
recruit the complex to the plasma membrane and facilitate its interaction with
the Arp2/3 complex. The binding of Rac1 as the canonical activator of the WRC
to two distinct locations on the opposite ends of the Sra1 subunit leads to the
release of the VCA domain. This is followed by recruitment to the plasma
membrane, thereby binding and activating the Arp2/3-mediated actin
polymerization to generate a dense actin meshwork responsible for cell shape
and migration (Figure 9). Noticeably, Rac1 binding affinity is increased to a
WRC with the VCA domain deleted, which leads to the conclusion that Rac1
binds at the body of the WRC competitively to the VCA (Buracco et al., 2022).
This observed link between Rac1 and WRC components highlights their
importance in lamellipodia formation, thereby regulating migratory behavior.
Since a high concentration of Rac1 is necessary for the structural change (B.
Chen et al., 2017; Steffen et al., 2004; Stradal et al., 2004), there are more
mechanisms to further regulate the WRC activity.

Recently Yang and colleagues identified a novel binding site for the small

GTPase Arf, which is distinct from the canonical binding site for Rac1. The
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authors demonstrated that Arf could activate the WRC and promotes actin
polymerization through this binding site. They also showed that this Arf-
mediated activation of the WRC is important for normal actin cytoskeleton
dynamics in Drosophila cells. These findings suggest a previously unrecognized
mechanism for WRC regulation and highlight the complex interplay between
different small GTPases in controlling actin cytoskeleton dynamics (S. Yang et
al., 2022). Interestingly, a recent publication reports the existence of a novel
actin network in cells lacking the WRC. The study found that the new network
called lamellipodia-like structure (LLS) appears to be formed through a pathway
involving the Arp2/3 complex and essentially requires Rac1 and Cdc42
signaling and is similar in appearance to lamellipodia. Additionally, the authors
observed neither a WRC-mediated Arp2/3 complex activation nor an
Ena/VASP-dependent actin assembly in WRC knockout clones. The findings
suggest that there may be multiple pathways for generating lamellipodia-like

structures (Kage et al., 2022).

An important step in WRC regulation is recruiting the complex to the plasma
membrane. This is further facilitated by PIP3 (Lebensohn & Kirschner, 2009;
Oikawa et al., 2004) and multi-module scaffold proteins, including IRSp53,
Toca1, and WRP, which also tend to promote clustering of the WRC (X. J. Chen
et al., 2014; Z. Chen et al., 2010; Fricke et al., 2009; Padrick et al., 2008;
Padrick & Rosen, 2010; Takenawa & Suetsugu, 2007).

So far, research has been focused mainly on the positive control mechanism of
WAVE2 in actin dynamics, but the pathway of how WAVE2 is negatively
regulated, effectively ending up in degradation, has yet to be investigated in the
same way. One example is that Ura and colleagues mentioned that
dephosphorylated WAVE is subject to degradation (Ura et al., 2012). They
conclude that when WAVE is activated, it is degraded even when incorporated
into its regulatory complex. This degradation is the physiological process that

removes the activated WAVE and controls actin branching.

Even though it has been proposed that even the loss of only one member of the
WRC leads to an improper function of the whole complex, a
WAVE:Abi:HSPC300 complex that lacks Sra-1 and Nap-1 is active (Padrick et
al., 2008). However, with cell type-specific knockdown experiments of
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Drosophila immune cells, it was proven that a loss of Abi leads to a disruption of
lamellipodia formation comparable to a knockdown of wave. Interestingly the
same study also revealed an important interaction of Abi, as part of the
complex, with Ena/VASP proteins that sequentially enhances the WRC-
mediated actin polymerization (X. J. Chen et al., 2014). Until then, Ena/VASP
was thought to stimulate cell migration by antagonizing actin filament capping

and acting as processive actin polymerases.

Besides the regulation based on degradation, the Nance-Horan Syndrome-like
1 protein (NHSL1) has been identified in human BF16-F1 cells as a novel
negative regulator. NHSL1 belongs to the Nance-Horan Syndrome family, and
one ortholog has been identified in Drosophila, GUK-holder (GUKh) (S P
Brooks, 2004; Caria et al., 2018). Mutations in the NHS gene have been linked
to Nance-Horan Syndrome, a rare genetic disorder. The NHSL1 protein
contains a functional WHD domain and was first described to maintain the
integrity of the circumferential ring, a structure formed by actin filaments in the
cell cortex that plays a role in cell shape and division (Simon P. Brooks et al.,
2010). Recently it was shown in human BF16-F1 cells that NHSL1 is recruited
to the leading edge by binding to membrane-associated active Rac1.
Subsequently, NHSL1 binds with its WHD domain to the SH3 domain of Abi and
reduces Arp2/3 activity by negatively regulating the WAVE regulatory complex
by controlling the complex stability and activity (Law et al., 2021). Loss of
NHSL1 leads to a persistent overactivation of the complex, increases Arp2/3
activity, and in the lamellipodium, Arp2/3 and actin densities are higher than the
wild-type (Law et al., 2021). However, this has yet to be demonstrated in vivo
for the Drosophila ortholog GUKh.

Additionally, Arpin has been described as a negative regulator of the Arp 2/3
complex, which inhibits the activity of the complex that is essential for actin
filament nucleation and branching. Similar to the NPF WAVE, Arpin function is
regulated by Rac1. However, this mechanism is so far unknown. Arpin itself is
thought to inhibit the Rac-WAVE-Arp2/3 complex interaction to control the
directional persistence of migration (Krause & Gautreau, 2014). Recently it was
found that Arpin binds to the Arp2/3 complex in a manner that directly competes

with the binding of actin-NPF to the Arp3 subunit. This, in turn prevents the
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binding of the actin-NPF to the Arp2 subunit required for the Arp2/3 complex to
undergo the conformational changes necessary for filament nucleation (Fregoso
et al., 2022).

A so far poorly described negative regulator of the WRC is CYRI (CYFIP-related
Rac interactor). CYRI interacts with Rac1 at a specific domain called the
DUF1394 domain leading to a restricted activity of Rac1 at the cell membrane.
In that way, CYRI decreases the activity of the WRC. However, CYRI is needed
to maintain the cell’s flexibility and allow the actin structures at the front leading

edge to respond quickly to environmental changes (Whitelaw et al., 2019).

Moreover, members of the WRC possess different consensus sequences that
kinases and phosphatases can recognize. It has been described that
phosphorylation might regulate activity and localization (Krause & Gautreau,
2014; Singh et al., 2021). Most recently, for Abi, a phosphorylation-dependent
regulation of degradation was reported. It was proposed that phosphorylation of
Abi could increase the proteolysis rate of the complex or make the active

complex shorter-lived (Singh et al., 2021).
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Figure 9 — Activation of the WRC at the plasma membrane. Schematic overview of
simultaneous activation of the WRC and its translocation to the plasma membrane. The
WCA (another name for VCA) domain is sequestered and stabilized by the meander
region, which leads to an inhibition of the WRC. Activation by GTPases and interaction
with various membrane ligands and PIPs lipids, in turn, leads to the release of the WCA
domain, translocation to the plasma membrane and activation of the complex.
Subsequently, the WCA domain gets phosphorylated and binds to the Arp2/3 complex
to stimulate actin nucleation. WCA stands for WH2-central-acidic and is equal to the
VCA domain. Different groups of ligands that interact with the WRC are listed in the
text boxes. In addition, important regulators are explained in the text in more detail.
Reprinted from (Rottner et al., 2021), with permission from Elsevier.

1.14. The role of tyrosine and serine phosphorylation in
regulating WAVE-mediated actin dynamics
Previous studies indicated that the phosphorylation of WAVE regulates various
aspects of actin dynamics. Several kinases such as Cdk5, Erk, Abl, CK2, and
Src have been described to phosphorylate tyrosine and serin residues of both
WAVE and Abi (Z. Chen et al., 2010; Danson et al., 2007; Kramer et al., 2022;
Mendoza, 2013; Pocha & Cory, 2009; Singh et al., 2021; Ura et al., 2012).

Primary observation proposed that phosphorylation, especially of three tyrosine
within the meander domain of WAVE, is important for WRC-mediated actin
dynamics (Leng et al., 2005). Particularly a specific role of tyrosine
phosphorylation in the interaction between Abi and WAVE has been
investigated. It has been shown in vitro that the Abelson tyrosine kinase (Abl)
localizes Abi upon phosphorylation to WAVE, followed by additional
phosphorylation of WAVE (Leng et al., 2005). Conclusively, the interaction of
Abi and WAVE, and a subsequent activation of the WRC by Rac1, is favored
through tyrosine phosphorylation of one or both proteins. However, this has not

been proven in vivo yet (Leng et al., 2005). Later, it was demonstrated that
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phosphorylation of tyrosine residues within the meander region destabilizes the
binding to Sra1. This leads to the release of the VCA domain and favors the
WRC activation (Z. Chen et al., 2010).

More recently, the phosphorylation of serine residues within the VCA domain
became more interesting and was further investigated. Experiments focused
more on a serine-dependent phosphorylation by Casein Kinase 2 (CK2)
interacting with the NPFs N-WASP and WAVE. Different studies commonly
revealed the importance of phosphorylation. However, the results can be
considered controversial regarding the way of regulation (Cory et al., 2003;
Mendoza, 2013; Nakanishi et al., 2006; Pocha & Cory, 2009; Singh & Insall,
2021).

It has been shown that the activity of WASP depends upon the phosphorylation
of its VCA domain by CK2 (Cory et al., 2003). More precisely, phosphorylation
of the VCA domain has distinct effects on its Arp2/3 complex binding and
activation properties. Phosphorylation of WASP increases the affinity to the
Arp2/3 complex. However, a subsequent enhancement of Arp2/3 activity and
thereby actin polymerization has not been detected in vitro. It is suggested that

other components contribute to this complex interaction (Cory et al., 2003).

Because of the homology of the target residues in the WASP-VCA domain with
the WAVE sequence, further research focused on outlining the interaction
between CK2 and WAVE (Pocha & Cory, 2009). Pocha and colleagues found
that WAVE’'s VCA domain is phosphorylated at five serine residues by CK2 in
vitro. However, further in vitro investigations with either a CK2-specific inhibitor
or a variety of other kinase inhibitors did not abolish phosphorylation (Pocha &
Cory, 2009). Nevertheless, the authors proposed multiple phosphorylation
events necessary for high-affinity binding of WAVE to the Arp2/3 complex.
Moreover, they pointed out that phosphorylation of the WAVE VCA domain is
essential for normal WAVE function (Pocha & Cory, 2009).

Ura and colleagues used Dictyostelium discoideum, which expresses a WAVE
(in Dictyostelium, the name for WAVE is SCAR) with sequence homology to the
human WAVEZ2 and Drosophila WAVE. This protein has five conserved putative

serine residues that are targeted for phosphorylation in the VCA domain. They
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proposed that dephosphorylation of SCAR is the essential step (Ura et al.,
2012). They found that the acidic domain is basally phosphorylated and an
intramolecular inhibition through binding of the acidic residues to the basic
region occurs. Ura and colleagues mutated the potential serine residues within
the VCA domain to mimic an unphosphorylated state (serine to alanine) or a
constitutively phosphorylated state (serine to aspartate). Interestingly both
mutants rescued the growth and cell size in vivo, however, not to the same
extent as the wildtypic protein. That led to the assumption that phosphorylation
regulates the extent rather than the initiation of SCAR activation (Ura et al.,
2012).

Another casein kinase family member with a canonical target consensus
sequence in the VCA-domain of WAVE, like the CK2 phosphorylation site, is the
Casein Kinase 1a (CK1a). This phosphate-directed protein kinase has not been
widely described to be involved in WAVE regulation. However, independent
RNAIi screens both in S2 cells as well as ex vivo macrophages revealed a
potential interaction of CK1a with the WRC (D’Ambrosio & Vale, 2010; B. Nagel,
2018).

1.15. Identification of a new WAVE regulator driving immune
cell shape dynamics: Casein Kinase 1a

Casein Kinase 1a (CK1a) is a widely distributed monomeric Serine/Threonine
(S/T) protein kinase with a size of 39.5 kDa (Tuazon & Traugh, 1991). In
Drosophila, there are 10 known isoforms of casein kinase 1 family members, of
which CK1a, CK1¢ and CK1y are well described (L. Zhang et al., 2006). CK1a
is present in the nucleus and cytoplasm and mainly consists of the 288 amino
acid long kinase domain (Figure 10). Its activity depends only on ATP and no
other cofactors (Flotow et al., 1990). In contrast to other CK1 family members,
CK1a does not harbor a C-terminal regulatory domain (Cegielska et al., 1998;
Gietzen & Virshup, 1999; Graves & Roach, 1995). For example, it has been
shown that the human CK19, a homolog of the Drosophila CK1¢ (Knippschild et
al., 2005), has an inhibitory domain that functions as a pseudosubstrate thereby
inhibiting its own kinase activity (Cegielska et al., 1998; Rivers et al., 1998).
Lacking this inhibiting domain, CK1a is constitutively active and is not subject to

further regulatory interactions. Thus, the primary regulation mechanisms are the
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subcellular localization because the kinase must be in close proximity to its
substrate to successfully phosphorylate (P. C. Wang et al.,, 1992), and

additionally, the nature of the target sequence.

1I S/T Kinase Domain I337

20 288

Figure 10 — Predicted three-dimensional (3D) structure of CK1a. Representation of
the predicted 3D structure of CK1a using the UCSF Chimera software (Pettersen et al.,
2021). The S/T Kinase Domain from amino acids 20 to 288 is highlighted in purple. The
C-terminus is highlighted in blue, and the N-terminus in red. The total length of the
protein is 337 amino acids.

CK1a substrate recognition has first been described for acidic protein
substrates such as casein and phosvitin (Flotow et al., 1990; Flotow & Roach,
1991). Initial research exclusively focused on the role of aspartate (D) and
glutamate (E) residues in phosphorylation sites for kinase activity. However,
consecutive studies shed light on the importance of phosphorylation as well as
the location of the phosphate groups relative to the phosphate acceptor for
kinase activity. Subsequently, the recognition site was determined as S(p)/T(p)-
X-X-S/T, where S(p)/T(p) indicates a phosphorylated residue and X represents
any amino acid. Nevertheless, a cluster of 3 or 4 acidic residues ending at the -
3 position can permit phosphorylation by CK1a but in a weaker nature (Flotow &
Roach, 1991; Marin et al., 1994; Pulgar et al., 1999).
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Since CK1a is widely distributed and constitutively active, various studies of
interaction partners pointed out the diversity of phosphorylation by CK1a.
Therefore, the number of proven substrates involved in various pathways is still
increasing. Overall, the kinase is involved in many different cellular functions
like cell cycle progression, cell morphogenesis, erythrocyte survival, circadian
rhythm, Hh and Wnt signaling, trans-Golgi network maintenance and cellular
differentiation (Chia et al., 2014; J. Jia et al., 2005; Knippschild et al., 2005;
Legent et al., 2012; Price, 2006; L. Wang et al., 2013; Zelenak et al., 2012).

Jia and colleagues observed that CK1a targets an inactive form of the
transcription factor Cubitus Interruptus (Ci), a regulator of Hh signaling (J. Jia et
al., 2005). Phosphorylation of Ci by CK1a initiates two different processing
steps depending on the Hh signal and the interplay with other kinases. Ci is
either ubiquitinated, which is mediated by the F-Box protein Slimb, to promote
subsequent proteasome-mediated degradation or activated through
phosphorylation (Han et al., 2019; J. Jia et al., 2005). This observation shed
light on the role of CK1a-mediated phosphorylation leading to subsequent
ubiquitination followed by proteasome-mediated degradation (Jiang, 2017).
Additionally, CK1a regulates the Hh pathway by interacting with the Hh signal
transducer Smoothened (Smo), which is hyperphosphorylated among others by
CK1a (Yongbin Chen et al., 2011). Consequently, CK1a plays a dual role in
regulating the Hh pathway and acts on multiple levels (Han et al., 2019).
Noticeably this interplay with other kinases also highlights that the desired
target residues for CK1a are determined through sequential phosphorylation

events by various kinases.

While investigating the role of CK1a in Wnt signaling, it has been shown that the
CK1a substrates NF-AT and beta-catenin are phosphorylated even without the
common recognition site. In this case, a non-canonical motif consisting of the
sequence SLS combined with a C-terminal cluster of acidic amino acid residues
appeared sufficient for CK1a phosphorylation. However, phosphorylation
efficiency for this target was 15-25 fold lower. This leads to the assumption that
the tertiary structure of the target protein might also play an important role in
CK1a phosphorylation activity (Cegielska et al., 1998; Knippschild et al., 2005;
Marin et al., 2003; Rivers et al., 1998).
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In Drosophila, CK1a function was thoroughly investigated over the last years
regarding cellular circadian rhythm. Especially the collaborating activity with the
key clock kinase DOUBLETIME (DBT) targeting the clock protein PER1 to
maintain the 24 hours length of circadian clocks revealed the indispensable role
of CK1a in the circadian rhythm (Hirota et al., 2010; Lam et al., 2018). However,
CK1a has not been widely described to be involved in actin regulation. As
mentioned earlier, CK2 has been mainly described as potentially
phosphorylating WAVE2 (Pocha & Cory, 2009). Even though both belong to the
family of casein kinases, they are structurally completely different (Pinna, 1994).
CK2 comprises two catalytic CK2a and two regulatory CK2B subunits that form
a hetero-tetrameric holoenzyme (Bandyopadhyay et al., 2016). For CK2, the
substrate recognition site has been carefully described in terms of D or E
residues. Remarkably it has been proposed that phosphorylation processes can
be hierarchal (Flotow et al., 1990). In case of the casein kinase family, it could
be that serine or threonine residues in a cluster of acidic residues are first
phosphorylated by CK2, leading to the phosphorylation of serine +3 by CK1a
(Flotow et al., 1990). Thus, CK2 acts cooperatively with CK1a, but it remains
unclear if one kinase alone or various kinases are responsible for multiple
hierarchical phosphorylation events. Different studies support this hypothesis by
showing a CK1a-mediated phosphorylation coupled to the activity of another
kinase (H. Jia et al., 2009; J. Jia et al., 2005; Leng et al., 2005).

1.16. Aim of this work
The present work aims to characterize the diversity and functional plasticity of
Drosophila blood cells, the so-called hemocytes, as well as novel insights into
the regulation of the actin cytoskeleton necessary for their immune and

phagocytic functions, representing Drosophila as a suitable model organism.

Despite the differences in the detail of hematopoiesis between flies and
vertebrates, many of the molecular and cellular mechanisms underlying blood
cell development and function are conserved, making Drosophila a powerful
tool for studying hematopoiesis and innate immunity. Recent Bulk RNA-
sequencing analysis performed by our lab (Lehne et al., 2022) revealed a

remarkable amount of differentially expressed genes between the larval and
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pupal states. Single-cell transcriptomics will further investigate the complex
heterogeneity of activated pupal hemocytes. Subsequently high-resolution
microscopy aims to uncover phenotypically and functionally subpopulations that
first appear during pupal development when plasmatocytes become more
active. Especially a small group of immune cells that resembles cells of the
PSC, a niche that controls blood cell differentiation and maintains hematopoietic
progenitors equivalent to the hematopoietic niche of vertebrate bone marrow,
highlights the emerging role of niche cells in developmental processes. The role
of the PSC cells beyond lymph gland niche function is subject of further

investigation with lineage tracing and in vivo laser-ablation experiments.

The immune and phagocytic functions of hemocytes rely on their ability to
migrate, which is mediated through dynamic changes of the actin cytoskeleton,
resulting in cell shape changes. A central regulator of the dense actin network is
the Arp2/3 complex, which, in turn, is regulated by WAVE. Phosphorylation is
an essential modification in this regulation process. In order to determine the in
vivo relevance of the phosphorylation of WAVE, a wide screen of putative
WAVE interaction partners was performed (B. Nagel, unpublished results) in
Drosophila hemocytes. Screening 162 kinases by using the RNAI system under
control of the Drosophila hemocyte-specific driver revealed CK1a as the most
prominent candidate regulating the actin machinery. Thereby, it has been
shown that knockdown of CK1a alters the morphology of Drosophila hemocytes
comparable to the already described loss of lamellipodia protrusions evoked by
WAVE knockdown (Bogdan & Klambt, 2003; Rogers et al., 2003).

Although there are two known recognition sites within the WAVE structure, an
unfavored SLS motif in the N-terminus, as well as a canonical CK1a consensus
sequence in the C-terminal acidic region comprising the VCA domain, a clear
phosphorylation relevance has not been proposed so far, albeit the described
phenotype. Therefore, experiments with phosphorylation-deficient mutations of
the putative phosphorylation sites shall reveal the role of phosphorylation of
WAVE. Various loss-of and gain-of function and rescue experiments will be

performed to further uncover the substrate specificity to CK1a.
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Abstract (149 words)

Drosophila blood cells called hemocytes form an efficient barrier against infections
and tissue damage. During metamorphosis, hemocytes undergo tremendous
changes in their shape and behavior preparing them for tissue clearance. Yet, the
diversity and functional plasticity of pupal blood cells have not been explored. Here,
we combine single-cell transcriptomics and high-resolution microscopy to dissect the
heterogeneity and plasticity of pupal hemocytes. We identified undifferentiated and
specified hemocytes with different molecular signatures and cellular functions clearly
distinct from other stages of hematopoiesis. Strikingly, we identified that PSC cells,
which function as lymph gland niche, are highly migratory and immune responsive
cells in the pupa. PSC cells can transdifferentiate to lamellocytes triggered by wasp
infection. Altogether, our data highlight a remarkable cell heterogeneity, and identifies
a cell population that acts not only as a stem cell niche in larval hematopoiesis, but

functions as new cell type in pupal and adult blood.
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Introduction (1070 words)

The innate immune system depends on a wide array of conserved cellular and
molecular strategies to mediate pathogen defense, tissue remodeling and repair.
Drosophila is a powerful genetic model organism to study blood cell development
and innate immunity (Banerjee et al., 2019; Evans et al., 2003; Lemaitre and
Hoffmann, 2007). The fruit fly has an open circulatory system in which the heart
pumps blood, the so-called hemolymph into the body cavity circulating all organs. To
fight against infections, flies evolved a large variety of defense responses that share
highly conserved features with the human innate immunity (Bergman et al., 2017,
Buchon et al., 2014). Similar to mammals, the first line of defense against invading
pathogens and wounds in Drosophila relies on both, a humeral response by which
effector molecules such as antimicrobial peptides are secreted into the hemolymph
and a cellular response, in which pathogens are phagocytosed by blood cells, the so-
called hemocytes (Gold and Bruckner, 2015; Vlisidou and Wood, 2015). Hemocytes
have been traditionally classified by their cell morphology into three different effector
cells, plasmatocytes, crystal cells, and lamellocytes (Rizki, 1962). Plasmatocytes, the
most abundant immune cell type in flies, are professional phagocytes similar to
mammalian bone marrow-derived macrophages (Gold and Bruckner, 2015).
Circulating and tissue-resident plasmatocytes are immediately recruited to sites of
wounding and infections and mediate the major cellular immune response by
phagocytosing pathogens and secreting antimicrobial and clotting factors (Evans and
Wood, 2014; Sander et al., 2013). Upon injury, platelet-like crystal cells are required
for the melanization of wounds, a process that involves the rapid synthesis of the
black pigment melanin required for wound healing and encapsulation of invading
parasites. Lamellocytes, by contrast, are rarely observed in healthy flies, but are

dramatically induced in response to infection by parasitic wasps (Anderl et al., 2016).

Blood-lineage specification in flies requires a similar conserved set of transcriptional
regulators and signaling pathways to those that control mammalian hematopoiesis
including the GATA factor Serpent (Srp) and the friend of GATA (FOG) transcription
factor U-shaped (Crozatier and Vincent, 2011). Drosophila hematopoiesis occurs in
two spatially and temporally distinct phases with clear parallels to mammals
(Crozatier and Meister, 2007). Blood cells initially derive from the head mesoderm of

the developing embryo and give rise to both plasmatocytes and crystal cells. These
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cells colonize and self-renew in segmentally repeated epidermal-muscular niches in
larvae (Crozatier et al., 2004; Makhijani et al., 2011) (Jung et al., 2005; Mandal et al.,
2004). The hematopoietic pockets provide both an attractive and trophic
microenvironment, promoting proliferation of the initial 600-700 embryonic cells to
about 9000-10000 cells per third-instar in the differentiated state (Petraki et al.,
2015). The second wave of hematopoiesis in flies occurs post-embryonically in the
lymph gland of larvae, a specialized hematopoietic organ of mesoderm origin, which
is arranged in multiple paired lobes along the anterior part of the dorsal aorta (Lanot
et al., 2001). The lymph gland harbors progenitors, differentiating and mature blood
cells within distinct zones, the cortical zone (CZ) with mature hemocytes, the
medullary zone (MZ) with progenitors and the posterior signaling center (PSC). PSC
is thought to function as a stem cell niche to control the differentiation of all three
effector types from progenitors (Jung et al., 2005). The PSC comprises a small
cluster of about 30-40 cells and are mitotically inactive in the mature lymph gland.
These cells are marked by high levels of the conserved member of the Early B-cell
Factor (EBF) family of transcription factors, Collier/Knot (Col/Kn) that controls PSC
specification and cell numbers, the expression of the homeobox protein
Antennapedia (Antp) and the absence of Ultrabithorax (Ubx) expression (Krzemien et
al., 2007; Krzemien et al., 2010; Mandal et al., 2007; Boulet et al. 2021; Rodrigues et
al. 2021; Kanwal et al. 2021). Genetic ablation experiments showed that the PSC is
dispensable for blood cell progenitor maintenance but vital for induction of
lamellocyte formation (Benmimoun et al., 2015; Oyallon et al., 2016) Interestingly,
PSC-like cells have been identified by single-cell RNA-sequencing (scRNA-seq)
among circulating blood cells of larvae and adults (Cattenoz et al. 2020; Tattikota et
al. 2020; Fu et al. 2020; Li et al. 2022). In the adult, these PSC-like cells can
proliferate and differentiate to plasmatocytes in response to bacterial infection (Boulet
et al. 2021).

Under normal conditions, progenitors in the lymph gland give rise to plasmatocytes
and crystal cells. Both effector cell types are released into the circulation as the
lymph gland dissociates at the onset of metamorphosis (Csordas et al., 2021). Thus,
with the onset of pupation, both embryo and lymph gland-derived blood cells mix
together and populate the pupa. Recent advances in scRNA technologies further
revealed a much larger diversity of the hemocytes present in the Drosophila larva as
well as in the lymph gland and adult fly (Cattenoz et al., 2020; Cho et al., 2020; Fu et
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al., 2020; Girard et al., 2021; Leitao et al., 2020; Li et al., 2022; Tattikota et al., 2020).
Comparative analysis of these datasets showed important differences in the
molecular signatures between hemocytes during embryogenesis and larval stages
and further suggest an even increased complexity of hemocyte populations in
metamorphosis and in adult flies (Cattenoz et al., 2021; Hultmark and Ando, 2022; Li
et al.,, 2022; Liegeois and Ferrandon, 2020). Metamorphosis goes along with
dramatic and systemic physiological changes that requires an integration of the
innate immune system. In response to ecdysone, hemocytes rapidly upregulate cell
motility and phagocytosis of apoptotic debris, and acquire the ability to chemotax to
tissue damage. (Regan et al., 2013; Sampson et al., 2013; Sander et al., 2013). Bulk
RNA-seq gene expression analysis recently uncovered thousands of genes that are
differentially expressed in pupal hemocytes compared to larvae (Lehne et al., 2022).
However, whether this striking differential expression pattern of pupal hemocytes
might also reflect the differentiation of new hemocyte subtypes or cell types has not
yet been addressed. Insights into heterogeneity of these activated hemocytes would,

however, also shed light on how tissue clearance is regulated during development.

Here, we employ the scRNA-seq technology to characterize the molecular signatures
of pupal hemocyte subpopulations in early stages of metamorphosis. Our data
reveals the presence of different undifferentiated and specified hemocytes with
distinct transcriptomic signatures and cellular functions including antimicrobial
peptide production, proteasomal degradation, fatty acid oxidation, and phagocytosis.
Cross-stage dataset analysis provides evidence that most pupal hemocyte
populations display distinct transcriptomic profiles suggesting specific functions
during metamorphosis. Among the pupal blood cell types, we identified a highly
migratory and immune responsive PSC cell cluster that persists into the adult fly.
Lineage tracing experiments analysis reveal that these plastic PSC cells are able to
differentiate to lamellocytes in response to wasp infection. This displays the

remarkable ability of a niche cell to differentiate in response to environmental cues.

Results

Drosophila pupal hemocytes display remarkable cellular heterogeneity

Recent comparative scRNA-seq analyses revealed cellular heterogeneity in the

molecular signatures of Drosophila hemocytes but also important differences during
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embryogenesis and larval stages (Cattenoz et al., 2021; Cattenoz et al., 2020; Fu et
al., 2020; Girard et al., 2021; Hultmark and Ando, 2022; Leitao et al., 2020; Tattikota
et al., 2020). Both, embryo and lymph gland-released hemocytes mix together at the
onset of pupariation and persist into adulthood. Our recent bulk RNA analysis already
revealed a highly differential expression profile in pupal hemocytes compared to
larvae (Lehne et al., 2022). To analyze this mixed blood cell population in maore
detail, we used scRNA-seq technology to dissect the cellular heterogeneity of the
total blood cells in Drosophila early pupa. We applied a high-throughput full coverage
of transcripts approach using the SMART-Seq technology on the ICELL8 system
(Figure 1A). (Shomroni et al., 2022). The use of the ICELL8 platform allows beside
the use of flexible chemistry for library preparations on a one-nanowell chip reaction
the analysis of living or fixed cells with a large range of sizes (Shomroni et al., 2022).
Hemocytes were isolated from 2-10h APF pupae. Wild type live or fixed single cells
were dispensed on the iCell8 platform (Figure 1A). After alignment to the Drosophila
genome using STAR, downstream analysis and batch effects correction were
performed using Seurat (Stuart et al., 2019). We filtered cells based on the number of
detected genes as well as the percent of mitochondrial genes (Supplementary figure
S1A). A total of 2811 high-quality cells from three replicates were used for
subsequent cluster analyses. Using hierarchical clustering, we identified a total of 15
cell clusters. Two of these clusters revealed a large overlap of expressed markers
and differential gene expression analysis failed to identify markers to discriminate
between these clusters. We decided to merge these two clusters (resulting in the
cluster “undifferentiated PL"). For the resulting 14 clusters we identified unique sets
of differentially expressed genes (DEG, Figure 1B-C, supplementary data 1-2). All
three datasets contributed to each of these 14 clusters (Supplementary figure S1B-
D). The name of each cluster corresponds to the name of marker genes or to specific
biological features (see subsequent GO term analysis, using DEGs in supplementary
data 3-16).

Cellular identity is driven by transcription factor activity. To identify gene regulatory
networks that characterize the clusters, we performed a regulon analysis using
SCENIC (Aibar et al., 2017). SCENIC analysis highlights several populations of
specific transcription factor activities (Figure 1D, supplementary data 17-18). 12 cell
clusters showed significant expression of the pan-hemocyte markers serpent (srp)

and hemese (he), but also to a varying extent of known pan-plasmatocyte markers
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such as genes encoding the phagocytosis receptor NimC1 (antigen marker P1) and
the scavenger receptor Croquemort (Crq) (Supplementary figure S1E). We did not
observe a population expressing lamellocyte markers, as expected for non-infested
animals (Supplementary figure S1E). Remarkably, we also did not identify a distinct
crystal cell cluster in our dataset differentially expressing known transcription factors
such as the Runt related transcription factor lozenge (/z) or hindsight (hnt)
(Supplementary figure S1E). Compared to wandering third instar larvae we only
found very few circulating Hnt-positive hemocytes in pupal hemolymph preparations
suggesting that crystal cells represent a rare cell type in Drosophila pupae and adults
as recently reported (data not shown, (Ghosh et al., 2015). Additionally, crystal cells
may have been lost due to the sensitive nature of crystal cells, which tend to burst
after bleeding (Bidla et al., 2007; Hultmark and Ando, 2022).

Two of the clusters contain non-hemocytes that express muscle or neuron specific
DEGs and transcription factors, respectively (Supplementary figure S2A-D). Muscle-
and neuron-specific cell clusters are characterized by increased activities of the
transcription factors that specify or maintain muscle or neuronal identity such as ase,
onecut, Rbp6, SoxN, E(sp)m3-HLH, E(spl)m7-HLH, E(spl)mdelta-HLH and twi
(Supplementary figure S2E-L).

We previously identified several cytoskeleton and cell motility genes upregulated in
pupal hemocytes using a bulk RNA-sequencing approach (Lehne et al., 2022).
Among the top 50 of these genes, 37 genes showed cluster specific expression
profiles (Supplementary figure S2M). Many of these genes were highly expressed in
undifferentiated PL, the most abundant cell cluster we identified. This is plausible
since bulk RNA-sequencing experiments tend to reflect the expression profile of the
most abundant cell types. Another subset of these genes showed differential
expression in OxPhos-PL or Adhesive-PL and Hydrolyzing-PL, suggesting that these
populations change transcription profiles with the onset of pupariation to become
motile. One gene, tau, was specifically detected in a cluster that we later identified as
posterior signaling center (PSC) cells. Hemocyte extracts isolated from pupal stages
contain the dissolved lymph gland cells, including PSC cells, in contrast to larval
hemocyte extracts where the lymph gland is still intact. Thus, the upregulation of fau

reflects differences of cell population composition at the onset of pupariation.
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In order to examine which pupal hemocyte populations may correspond to hemocyte
cell types identified in other developmental stages we examined cell type specific
marker genes identified in other scRNA-seq studies (Cattenoz et al., 2020; Cho et al.,
2020; Fu et al., 2020; Girard et al., 2021; Leitao et al., 2020; Li et al., 2022; Tattikota
et al., 2020). Most of the pupal hemocyte populations indeed express marker genes
suggesting that they correspond to specific larval, lymph gland and/or adult hemocyte
populations (Supplementary Figure S3A, supplementary table 1). These similarities

are discussed in more detail below.
Undifferentiated plasmatocyte subtypes with the potential to specify

Several clusters express higher levels of srp and SCENIC revealed higher srp activity
levels in these clusters (undifferentiated PL, transitory PL1-2, Osiris-PL and
Secretory-PL; figure 2A-B). Expression analysis of a srp Gal4 promoter trap that we
expect to reflect srpo mRNA levels confirmed that srp expression is heterogeneous in
hemocytes (Figure 2C). In contrast, a srp exon trap, which allowed us to monitor Srp
protein expression, showed little differences in Srp protein expression across
hemocytes (Figure 2D). In the embryo, srp mRNA is high in undifferentiated
prohemocytes and decreases during hemocyte differentiation (Rehorn et al., 1996).
In contrast, Srp protein is expressed in all lymph gland hemocytes (Jung et al., 2005;
Lebestky et al., 2000). Adult flies appear to have hemocyte populations with varying
Srp protein levels (Ghosh et al., 2015) but the presence of a proliferating hemocyte
precursor stage in adults has been refuted (Sanchez Bosch et al.,, 2019).
Undifferentiated PL displayed the highest levels of srp expression and transcription
factor activity (Figure 2A, B). According to the expression of markers identified in
other studies this cluster corresponds to a larval plasmatocyte population (PL-0,
Cattenoz et al., 2020; PLASM1; Leitao et al., 2020) and/or a lymph gland
plasmatocyte population (PM1-2; Cho et al., 2020; PL2, Girard et al., 2021} as well
as an adult plasmatocyte subtype (Plasmatocytes nAChRalpha3/troll (Li et al., 2022;
Supplementary Figure S3A, supplementary table 1). Pseudotime trajectory and RNA
velocity analysis have placed these clusters midway through the development from a
precursor stage to highly specialized plasmatocyte cell types in both circulating larval
hemocytes and lymph gland hemocytes (Cattenoz et al., 2020; Cho et al., 2020). We
surveyed the expression of cell cycle genes to investigate whether srp high

undifferentiated PL have proliferative potential and found that they display little

8
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expression of M-phase specific genes, as all other hemocyte populations
(Supplementary figure S3B). Taken together, srp high hemocyte populations
correspond to the most undifferentiated hemocyte cell types in pupae but do not
display an actively proliferating precursor stage. Consistently, undifferentiated PL
expresses genes which encode proteins involved in hematopoiesis (Figure 2E).
Markers expressed in undifferentiated PL were also detected in other clusters with
high srp expression (Figure 2F, E). This was particularly true for transitory PL-1.
However, this cluster differs from undifferentiated PL by sharing markers with the low
srp expressing cluster Spermatid-Marker-PL (Figure 2E, G-l), suggesting that
transitory PL-1 could be a transition state towards a more specified plasmatocyte
fate. To test this hypothesis using an unbiased approach, we applied pseudotime
analysis using monocle3 (Trapnell et al., 2014). This method orders cells based on
stepwise transcriptomic changes with the most undifferentiated state on one end and
more differentiated states on the other end. Indeed, the pseudotime analysis located
the undifferentiated PL cluster on one end of the trajectory, suggesting that these are
the most undifferentiated plasmatocytes (Figure 2J-K). Transitory PL-1 located
between undifferentiated PL and Spermatid-Marker-PL, confirming that it is likely a
transition state during plasmatocyte specification. We also found transitory PL-2 to be
a transition state towards the more differentiated AMP-PL state. The remaining high
srp expressing clusters Osiris-PL and Secretory-PL were not identified as a transition
states.

Despite overlapping marker genes, transitory PL-2 and Osiris-PL can be
distinguished from undifferentiated PL by the expression of cluster specific markers
and cluster specific transcription factor activity as well as the enrichment of distinct
GO-terms (Figure 2E, L-M; supplementary figure S3C). The same was true for
Secretory-PL, which we will revisit later. Osiris-PL expressed many genes important
for immunity, providing further support that Osiris-PL are differentiated cells rather
than undifferentiated cells (Figure 2E). Additionally, the Osiris-PL cluster is
eponymously characterized by the expression of insect-specific gene family Osiris
encoding putative transmembrane proteins linked to the development of resistance
against a range of different plant and fungi toxins (Figure 2E)(Lanno et al., 2019;
Smith et al., 2018; Trienens et al.,, 2017). The Osiris-PL cluster showed a
characteristic increased activity of invected (inv), encoding a lineage specific
homeodomain transcription factor that is specifically required for anti-fungal defense
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(Supplementary figure S3D, E) (Jin et al., 2008). In addition, we identified increased
activities of transcription factors selectively controlling a subset of JAK/STAT
pathway target genes such as ken and barbie (Ekengren and Hultmark, 2001) that in
turn regulates slow border cells (sibo) gene expression (Supplementary figure S3F,
G). Interestingly, Osiris-PL did not express a gene profile suggesting that these cells
correlate to a larval, lymph gland or adult cell population (see Supplementary Figure
S3A, supplementary table 1). Thus, the Osiris-PL cluster might be a new cell

population of specialized hemocytes specific for metamorphosis.

Identification of specialized plasmatocyte subtypes with distinct molecular
signatures

We identified six types of srp low-expressing hemocyte populations with distinct
markers and molecular signatures that indicate that these are specialized immune
cells (Figure 3A-H). Many of these clusters were active for Relish, a well-known
transcription factor that acts downstream of the immune deficiency (IMD) pathway,
regulating antibacterial responses (Figure 3L; Imler and Hoffmann, 2000). Among
them, we identified Spermatid-Marker-PL, Lsp-Bomanin-PL, OxPhos-PL, Chitinase-
PL, Adhesive-PL, and AMP-PL.

The Spermatid-Marker-PL cluster expresses immunity genes and a high number of
genes that have previously been identified in spermatids (Figure 3A, G). A cluster
with similar marker gene expression has been identified among adult hemocytes but
is absent in earlier stages, suggesting that Spermatid-Marker-PL specify during
metamorphosis (compare supplementary figure S3A; supplementary table 1; Li et al.,
2022). This cluster is further characterized by highly specific activity of several
transcription factors including CG34367, CG11294 and HGTX (Figure 3J-L). Among
the immunity genes we found a member of the conserved Niemann-Pick type C
protein family (Npc2h) protein, which is involved in immune signaling, particularly in
the recognition of pathogen related products such as lipopolysaccharides, lipid A,
peptidoglycan and lipoteichoic acid (Shi et al., 2012). In addition, Spermatid-Marker-
PL cluster is enriched for CG42830 encoding a protein related to Akirins, which play
a conserved central role in immune gene expression in insects and mammals, linking
the SWI/SNF chromatin-remodeling complex with the transcription factor NF-

kappaB (Goto et al., 2008). Furthermore, we identified milkah (mil) as cluster-specific
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marker encoding a conserved nucleosome assembly factor of the Nap family
involved in spermatogenesis and long-term memory formation (Dubnau et al., 2003;
Kimura, 2013). Interestingly, the human homologue, NAP1L has been implicated in
stress response and apoptosis through control of the NF-kappaB pathway acting on
the anti-apoptotic Mcl-1 gene (Tanaka et al., 2017). Recent studies identified NAP1L
as a novel prognostic biomarker associated with macrophages promoting
hepatocellular carcinoma (Shen et al., 2022). Spermatid-Marker-PL also display high
expression of TrxT encoding the cytoprotective thioredoxin against oxidative stress
which is also a known conserved marker for inflammatory macrophages. This further
suggests that Spermatid-Marker-PL represents an immune-active plasmatocyte
population (El Hadri et al., 2012; Itoh and Bryson, 2018).

Lsp-Bomanin-PL expresses several genes encoding larval serum proteins like
Lsplalpha and its receptor Fbp1 (Figure 3B, G). Plasmatocyte populations
expressing these genes have previously been identified in larvae (Cattenoz et al.,
2020; Fu et al., 2020) and consistently, we can identify a larval plasmatocyte cluster
(PL-Lsp; Cattenoz et al., 2020) and Lsp+ (Fu et al., 2020) with a corresponding
expression profile (compare supplementary figure S3A; supplementary table 1).
Other genes expressed by Lsp-Bomanin-PL include Bomanin genes like BomS3 and
genes encoding secreted anti-fungal and antibacterial peptides such as Drosomycin
(Drs) or Drosomycin-like 5 (Drs-5) (Figure 3G). Overall, a GO-term analysis revealed
an enrichment for genes important for the defense response to Gram-positive
bacteria (Figure 3H). Further, these cells expressed several genes whose products
are secreted from the fat body including stress-induced humeral factors such as
Turandot A and B (TotA, TotB) and the coagulation factor encoding fondue (fon;
Figure 3G; Bajzek et al., 2012, Ekengren and Hultmark, 2001).

Thus, the gene expression profile of Lsp-Bomanin-PL partially resembles fat body
cells. However, this cell cluster is different from the fat body as it expresses all known
hemocyte markers including srp, He, Pxn and crq (Supplementary figure S1E) and its
overall gene expression profile correlates well with the other plasmatocyte cell
clusters (Supplementary figure S4A). Further, we used ICELL8 imaging data to
confirm that the nuclei of these cells were not significantly bigger than other
hemocyte populations (27,76 px for Lsp-Bomanin-PL in comparison to 31,97 px for

all other plasmatocytes), as one would expect from a fat cell population. Hence, this
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cell type represents plasmatocytes of larval origin with the expression of fat body

specific genes.

OxPhos-PL contained mostly cells from dataset2 (Supplementary figure S1C-D) and
expressed fewer genes than other plasmatocyte clusters (Figure S4B). However, the
number of detected UMIs as well as the percentage of mitochondrial genes were
similar (Fig. S4C-D), leading us to keep this cluster as high-quality cells. In
agreement, a cell type with a similar expression pattern is present among larval
circulating hemocytes (PM12, Tattikota et al., 2020; supplementary figure S3,
supplementary table 1. OxPhos-PL show a striking increased expression of several
genes involved in mitochondrial oxidative phosphorylation system (OXPHGQCS, figure
3G, H). This cluster also specifically expresses genes encoding several ribosomal
proteins (Figure 3G) which might reflect an important cross-regulatory mechanism
between mitochondrial energy production and increased ribosomal assembly and
translation as recently described for macrophage tissue invasion in the Drosophila
embryo (Emtenani et al., 2022). For professional phagocytes, sufficient ATP as the
critical energy source is even required to drive endocytic and phagocytic processes,
especially at the onset of metamorphosis when plasmatocytes encounter and clear
apoptotic cells from massive larval tissue histolysis. Interestingly, OxPhos-PL
plasmatocytes show an increased expression of genes encoding known actin
nucleators and actin-binding proteins required for phagocytosis such as single
subunits of the WAVE regulatory complex (WRC; HSPC300) and the Arp2/3 complex
(Arpc4) suggesting a role of this cluster in the clearance of the larval body during
metamorphosis (Figure 3G). OxPhos-PL also strongly expresses the Ribonuclease
Kappa (RNASEK) encoding a V-ATPase-associated factor involved in clathrin-
mediated endocytosis of large cargo, such as viruses (Hackett et al., 2015; Perreira
et al., 2015).

Chitinase-PL show abd-A activity and express high levels of immunity relevant genes
such as persephone (psh) and spirit which encode serine proteases , but also
diverse genes encoding regulators of the Toll signaling pathway including windbeutel
(wbl), Gram-negative bacteria binding protein 3 (GNBP3), Gamma-interferon-
inducible lysosomal thiol reductase 1 (GILTT), Transferrin 1 (Tsf1) and Thioester-

containing protein 2 (Tep2) that mediate the cellular immune response to bacteria
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(Figure 3G, M). The characteristic high expression of Cht6 encoding a chitinase, an
evolutionarily conserved enzyme involved in ecdysis, organization of the exoskeletal
barrier, but also in immune defense in vertebrates, prompted us to name this cluster
accordingly (Figure 3G). Recent studies further revealed that the functions of
chitinases are not exclusive to catalyze the hydrolysis of chitin producing pathogens,
but also include a crucial role in bacterial infections and inflammatory diseases (Di
Rosa et al., 2016). Interestingly our GO-term analysis not only identified the
enrichment of genes involved in innate immune response but also an increased
expression of genes implicated in cell-cell adhesion and septate junction assembly
(Figure 3H), a special feature that we could already observe in our previous bulk
RNA seq analysis of pupal hemocytes (Supplementary figure S2M, (Lehne et al.,
2022). Septate junction (SJ) proteins play an essential role in regulating
hematopoiesis in the Drosophila lymph gland, but might be also essential for an
effective response to parasitic wasp attack (Khadilkar et al., 2017) (Williams, 2009).
Lamellocytes are known to encapsulate wasp eggs by forming an encapsulation
epithelium sealed by SJs that protects the larval tissue (Russo et al., 1996). Hence,

Chitinase-PL might assume similar functions.

Similar but even more prominent, the Adhesive-PL cluster expresses several genes
implicated in cell-cell adhesion prompting us to name this cluster accordingly (Figure
3G, supplementary figure S4E). The expressed markers range from cadherin-
encoding genes like shotgun (shg), echinoid (ed) cad87A, fat (ff) to Fasciclin 3
(Fas3), prickle (pk) and piopio (pio) known to be involved in epithelial cell polarity.
Interestingly, the Adhesive-PL cluster is characterized by low levels of Atilla and
Cherrio expression (compared to other clusters, supplementary figure S1E) and
might be an intermediate state with the potential to transdifferentiate into terminally
differentiated lamellocytes as recently described (Anderl et al., 2016; Csordas et al.,
2021)

AMP-PL express a high number of immunity genes and our GO-term analysis
revealed an enrichment in genes involved in defense to Gram positive bacteria
(Figure 3G, H). Among the immunity genes we identified a large repertoire of AMP-
encoding genes like Attacin-A, Attacin-B, Drosomycin-like 1, Drosomycin-like 6,
Cecropin A, Cecropin B and Drosocin (Figure 3H). Several of these genes, those
encoding Cecropins in particular, have been identified as markers of larval (PL-AMP,
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(Cattenoz et al., 2020) and adult plasmatocytes (plasmatocytes Cec and other
immunity genes high, (Li et al., 2022; supplementary figure S3A; supplementary table
1). However, AMP-PL show an increased number of ecdysone inducible genes
involved in pupal morphogenesis (Eig71Ek, Eig71Ej, Eig71Ec, Eig71Ef, Eig71Eh,
Eig71Eb) (Figure 3G) (Wright et al., 1996). AMP-PL also express several genes
encoding extracellular matrix components, including salivary gland secretion proteins
(Sgs) which are also induced by ecdysone (Figure 3G) (Lehmann, 1996). This
suggests that the gene expression profile of AMP-PL changes upon metamorphosis.
These pupal AMP-PL may therefore assume a pupa-specific function.

Secretory-PL are among the srp-high expressing clusters but without any descending
clusters (Figure 2A-B, J-K). This cluster expresses some markers identified in
circulating larval blood cells (PL-Pcd, (Cattenoz et al., 2020; Thanacytes; Fu et al.,
2020; supplementary figure S3A; supplementary table 1), suggesting that it may be
of embryonic origin. This cluster expresses many genes encoding proteins involved
in proteolysis with annotated serine-type endopeptidase activity (CG30098,
CG31174, CG30083, CG18636, CG14088) and the intracellular membrane system
as well as protein export, inspiring us to name this cluster Secretory-PL (Figure 4A-E,
Supplementary figure S5A). SCENIC further identified high activity of cAMP response
element binding (CREB) protein CrebA a transcription factor regulating components
of the secretory pathway (Johnson et al., 2020; figure 4F). In addition, target genes of
dorsal, encoding the executive transcription factor downstream of Toll signaling
pathway were highly expressed in Secretory-PL, confirming the importance of this
cell type in innate immunity (Figure 4G).

Secretory-PL expresses a highly distinct set of marker genes and shared some
marker genes with another cluster that we later identified as PSCs (Figure 4B-E).
Shared markers included Tep4, Ance and ham (Figure 4B-D). Using Gal4-enhancer
traps and GFP-exon traps for these genes we identified two morphologically distinct
cell types: plasmatocyte-shaped cells and small spiky cells (Figure 4H-K). In contrast,
CG31174, which was not detected in PSCs in our biocinformatic data (Figure 4A) was
solely detected in cells with a normal plasmatocyte morphology (Figure. 4K). To
confirm that these morphologically different cells are indeed transcriptomic distinct
cell types, we co-labeled CG31174 with Tep4 and indeed, while plasmatocyte-
shaped cells co-expressed both markers, small spiky cells were never CG31174

positive. Thus, Secretory-PL are plasmatocytes with a classical cellular morphology
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(Figure 4L). CG31174 has been recently shown to be expressed in crystal cells (Fu
et al., 2020). We did not detect any classical crystal cell markers in the Secretory-PL
cluster (Supplementary figure S1E) and neither larval nor pupal CG31174 cells with
plasmatocyte morphology express the crystal cell marker Hnt. As mentioned above,
we detect a very low number of crystal cells in pupal bleeds. Among the six replicates
of pupal bleeds in which we stained CG31174 cells with Hnt, representing about
3000 blood cells, we identified one CG31174 positive cell that was Hnt positive. This
cell displayed crystal cell morphology. In larval bleeds, CG31174 cells with crystal
cell morphology and positive for Hnt were more abundant (data not shown). Thus,
CG31174 is expressed in crystal cells, as recently reported (Fu et al., 2020).
However, the pupal CG31174 positive cell cluster represents a plasmatocyte cell
type distinct from crystal cells. To further confirm that Secretory-PL are distinct from
crystal cells, we made use of datasets available in public single cell databases from
various stages (Cattenoz et al., 2020; Cho et al., 2020; Li et al., 2022), merged and
batch corrected the data with our dataset (Supplementary figure S5B). As suggested
by the large shift in gene expression detected in our bulk RNA-sequencing analysis,
pupal hemocytes were largely located on a distinct region in the resulting UMAP-plot
(Supplementary figure S5C). This confirms that pupal hemocytes are, indeed,
transcriptomically distinct from other stages. Due to the availability of cell annotation,
we were able to map larval as well as adult crystal cells identified by the authors
(Cattenoz et al., 2020; Li et al., 2022). While larval and adult crystal cells located on
the same region in the UMAP plot, Secretory-PL located differently, confirming that
Secretory-PL are different from crystal cells (Supplementary figure S5D-F).

In addition to these major plasmatocyte clusters, our scRNA-seq also identified a
small cell cluster that expresses a very unique set of markers, including the early
hemocyte marker srp, but without detectable levels of more mature hemocyte
markers like He, Pxn and crq (Figure 2A, E, S1E, GO-term analysis in S6A).
Remarkably, this cell cluster expresses striking markers of the posterior signaling
center (PSC) present in the lymph gland, such as the transcription factors encoding
gene knot/collier (kn) (Makki et al., 2010) and the recently identified new PSC marker
such as tau (Cho et al., 2020) (Figure 5A-D). kn is also expressed in a subset of cells
in the posterior lymph gland, which have not yet been subjected to scRNA-seq

(Benmimoun et al., 2015; Kanwal et al., 2021; Rodrigues et al., 2021). However, in
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contrast to posterior lymph gland cells, PSC cells express Antp but do not express
Ubx (Benmimoun et al., 2015; Boulet et al., 2021; Kanwal et al., 2021; Rodrigues et
al., 2021). In agreement with a lymph gland PSC origin, the PSC cluster expresses
kn, tau, Antp but not Ubx (Figure 5D). Both, Antp as well as Kn were also active in
the PSC cluster according to SCENIC analysis (Figure 5E-F). We queried datasets
containing larval, lymph gland and adult hemocytes and found a corresponding
cluster in each stage (Supplementary figure S6B-D) (Cattenoz et al., 2020; Cho et
al., 2020; Fu et al., 2020; Girard et al., 2021; Li et al., 2022). PSCs can be found in
the lymph gland and the identification of PSC-like cells in adults suggests that PSCs
persist throughout life (Boulet et al., 2021; Li et al., 2022). The identification of PSC-
like cells among larval hemocytes from embryonic origin was, however, unexpected.
It has previously been suggested that PSC-like cells of embryonic origin are
plasmatocytes with PSC-like expression pattern(Cattenoz et al., 2021; Cattenoz et
al., 2020). To test whether these cells are indeed distinct from PSCs, we performed
cross-stage data integration using datasets for each developmental stage (Cattenoz
et al., 2020; Cho et al., 2020; Li et al., 2022). We found that pupal and adult PSCs
localize at the same region on the UMAP plot with larval PSC-like PL-Impl2 cells
(Supplementary figure S6E-G). While the pupal dataset did not provide cell
annotations, we also identified cells from the lymph gland dataset localizing with
other PSC-like cells, suggesting that these represent lymph gland PSCs. We then
attempted to identify differentially expressed genes across stages of PSC cells,
comparing pupal PSCs, adults Hml+ cells with PSC markers, larval PL-Impl2 cells
and lymph gland derived cells localizing similarly on the UMAP plot. However, this
analysis did not return any significant differences in gene expression among PSC
cells from different stages. While this analysis is limited by a low number of cells
across all datasets, this result suggests that PSCs remain transcriptionally stable
upon lymph gland dissociation. Remarkably, the expression of PSC markers in
circulating or sessile larval blood cells has not been confirmed yet (Cattenoz et al.,
2020; Fu et al., 2020; Tattikota et al., 2020). Similarly, we could not identify any kn,
tau or Antp positive cells in larval bleeds (data not shown). Thus, whether the
identification of PSC-like cells in larval stages can be ascribed to issues during
dissection or whether some PSC-like cells indeed dissociate from the lymph gland
prior to metamorphosis or are specified from an independent source remains to be

assessed. We noted that the amount of kn, tau or Antp positive cells with small, spiky
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cell morphology exceeded the percentage of PSC cells we identified in our scRNA-
seq analysis (0.569 % of cells). We assume that these small cells were lost during
centrifugation steps with a higher likelihood than the larger plasmatocytes.

We further validated this distinct gene expression profile of PSC cells and
characterized them morphologically in more detail. Using transgenic Gal4-enhancer
traps and GFP-exon trap fly lines we found that PSC markers kn, Antp and tau
labeled small spiky cells reminiscent of those cells observed by shared markers
(Tep4, ham, Ance) labelling Secretory-PL (Figure 4H-L, 5G-J). This cellular
morphology is reminiscent of the fusiform PSC-like cells identified recently in adults
(Boulet et al. 2021). In contrast to tau, kn occasionally labels cells with a more
plasmatocyte-like round morphology (Figure 5K). However, this population of kn
positive plasmatocytes was less frequent than plasmatocytes labelled by the
Secretory-PL marker CG31174, suggesting that they are distinct cell populations
(Figure 5K). Indeed, co-staining with CG31174 further confirms that PSC cells are
morphologically very distinct from Secretory-PL (Figure 5G).

Since kn is not only expressed in the PSC but also in the MZ and posterior lobes
(Benmimoun et al., 2015; Boulet et al., 2021; Kanwal et al., 2021; Rodrigues et al.,
2021), additional kn positive cells with plasmatocyte morphology might derive from
the MZ or posterior lobes. In contrast, the tau-GAL driver exclusively labeled a subset
of cells in the PSC region of the primary lobe of the lymph gland (Figure 5L, L, L"),
suggesting that tau is indeed a PSC specific marker gene as recently proposed (Cho
et al., 2020).

PSC cell cluster can differentiate into lamellocytes upon wasp infestion

Independent of its role in stem cell maintenance in the lymph gland, the PSC is also
required for the induction of lamellocyte formation (Crozatier et al., 2004; Krzemien et
al., 2007; Lebestky et al., 2000; Mandal et al., 2007). Next, we addressed whether
PSC cells are capable of blood cell differentiation and can respond to parasitoid
wasp infection. 48 hours after egg transfer, female wasps were added into vials for
infection treatments and allowed to infect larvae. Lamellocytes are identified as large
flat cells with a very prominent dense actin cytoskeleton meshwork (Figure 6A).
Indeed, induced lamellocytes could be also marked by kn expression in pupae

(Figure BA, A’). To test whether these lamellocytes could also derive from PSCs, we
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made use of the G-TRACE (GAL4 Technique for Real-time And Clonal Expression)
lineage tracing system (Figure 6B)(Evans et al., 2009). This method uses a cell type
specific Gal4 driver and a UAS-RFP construct to mark Gal4 positive cells with RFP.
Gal4 also induces Flp expression, which removes the stop codons in a ubi-FRT-
Stop-FRT-GFP construct, resulting in stable GFP expression. Hence, Gal4 positive
cells are RFP and GFP positive, while offspring cells are GFP positive but RFP
negative.

Using kn-Gal4 to drive G-TRACE we observed small RFP+/GFP+ cells with the PSC
specific spiky morphology (Supplementary Figure S7A-A”’). In addition, we detected
GFP+/RFP- cells with plasmatocyte-like morphology (Supplementary Figure S7A-
A’’). This indicates that kn positive posterior lobe cells cease to express kn after
dissociation from the lymph gland. After wasp infestation we additionally detected
GFP+/RFP- cells with prominent lamellocyte morphology (Figure 6C-C’”). As these
cells were always RFP-, either the GFP+RFP+ PSCs or the GFP+/RFP-
plasmatocytes with presumably posterior lymph gland lobe origin may be the
precursors for these lamellocytes. To determine whether PSCs could indeed
transdifferentiate into lamellocytes we also applied the fau-Gal4 driver, which we do
not detect outside the PSC niche (compare also Figure 5L-L”). Supporting this
notion, tau driven G-TRACE marks small, spiky PSC cells with both GFP as well as
RFP (Supplementary Figure S7B-B’’). Remarkably, upon wasp infestation, we further
identify GFP+/RFP- cells with a distinct lamellocyte morphology (Figure 6D-D’”’). This
confirms that the cells of the PSC cluster are able to differentiate into lamellocytes
upon parasitoid infection and suggests that the PSC apart from being a lymph gland

hematopoietic niche also functions as a cell reservoir to pupal and adult blood cells.

PSC cells are migratory immune responsive cells persisting into adult

To better characterize PSC cells in vivo, we used the kn-Gal4 as well as tau-Gal4
drivers to perform live-cell imaging in developing pupae (Figure 7). While kn-Gal4
also occasionally marks plasmatocytes (Figure 5K), our in-depth analysis of different
PSC markers allowed us to determine that PSCs are smaller with a distinct
morphological shape. We therefore focused our analysis on cells with the typical
PSC morphology. High-resolution spinning disc live cell imaging microscopy of 4h
APF old pupae revealed migrating single kn-marked and tau-marked PSC cells that

form polarized dynamic lamellipodial protrusions and start to redistribute from the
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dorsal patches of the body wall as similarly observed for plasmatocytes (Figure 7A,
B, C; Supplementary movie M1, M2) (Lehne et al., 2022; Sander et al., 2013). PSC
cells are highly motile but much smaller as compared to hmi-marked plasmatocytes
(Supplementary movies M1). This difference in cells size becomes more evident in
later pupal development (> 16h APF) when cell dispersal in the pupa is further
advanced and cell numbers are increased (Supplementary movie M3). Compared to
Ami-marked plasmatocytes, which are more evenly distributed in the whole
developing pupa, kn-marked PSC cells become more restricted to the abdomen
during pupal development until hatching (compare stages 4h APF and 16h APF in
Figure 7 D, D’ and E, E’). Remarkably, cells marked either by kn-Gal4 or tau-Gal4
are not only highly motile, but also immune-responsive as shown by laser-ablation
wounding experiments (Figure 7F, G, supplementary movie M3, M4 and M5). Upon
wounding cells switch from random to directed migration towards the wounding site
as indicated (Figure 7D, E). No significant differences in directionality were found
between kn-positive cells and hm/-marked plasmatocytes as quantified by measuring
the cell bias angle (Figure 7F). We also visualized migrating tau-marked PSC cells in
the living prepupae and 16h APF old pupae which look morphologically exactly the
same as kn positive cells (Figure 7, supplementary movies M3). fau-marked PSC
cells are also cable to phagocytose cell debris upon wound damage and in rare
cases we observed dividing tau-positive cells (Supplementary movie M5). The overall
number of cells marked by tau-Gal4 in 16h APF old pupae are significantly lower
than those marked by the kn-Gal4 driver. This reflects the presence of tau-marked
PSC cells in contrast to kn-marked PSC cells as well as posterior lymph gland cells,
a cell population which has been recently designated as the posterior lobe signaling
center (PLSC; Kanwal et al. 2021).

Combined, these data strongly suggest a dual function of PSC cells in Drosophila
hematopoiesis. Apart from its well-known important function as larval hematopoietic
progenitor niche, PSC cells can function as tissue resident immune-responsive cell
reservoir with limited phagocytic ability but still capable of blood cell differentiation
upon immune challenge later in development. QOur data also further highlight a
second new pupal blood cell type derived from the posterior lobe signaling center

persisting to adulthood.
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Discussion

In this study we present a comprehensive single-cell transcriptome analysis of
Drosophila pupal hemocytes at the onset of metamorphosis when larval structures
are degraded and replaced by adult tissues and organs. This developmental stage
represents a striking example of dramatic and systemic physiological changes that
requires an integration of the innate immune system. In response to ecdysone,
hemocytes rapidly upregulate cell motility and phagocytosis of apoptotic debris, and
acquire the ability to chemotax to tissue damage (Regan et al., 2013; Sampson et al.,
2013; Sander et al., 2013). At this early stage of metamorphosis (2-10 h APF), the
primary lobes of the lymph glands have disintegrated but the posterior lobes are
largely intact (Rodrigues et al., 2021). In agreement, we do not identify a hemocyte
cluster with expression patterns described for posterior lobe cells (eg. kn+, Ubx+,
Antp-). While we cannot exclude the presence of posterior lymph gland lobe cells in
our data, comparative marker analyses suggest that our study is well comparable
with previous scRNA-seq studies which have covered hemocytes of embryonic origin
or the primary lymph gland lobe but disregarded the posterior lymph gland lobes
(Cattenoz et al., 2020; Cho et al., 2020; Fu et al., 2020; Girard et al., 2021; Leitao et
al., 2020; Tattikota et al., 2020).

Recent bulk RNA-seq analysis revealed 1542 differentially regulated genes, from
which 804 genes are up-regulated in pupal hemocytes compared to quiescent larval
hemocytes (Lehne et al.,, 2022). These striking differences in the global gene
expression likely reflect both transcriptional changes of embryo-derived hemocytes
and the emergence of new progenitor-derived hemocytes of the lymph gland since
both hemocyte lineages mix together and disperse in the pupa (Holz et al., 2003).
Consistently, our single cell RNA-seq data analysis revealed both cell clusters
common in other stages of hematopoiesis and new subgroups appearing with the
onset of metamorphosis and persisting into adulthood. The most abundant srp-high
expressing undifferentiated PL represents a good example for a cluster present
across all stages of hematopoiesis, annotated as PL-0 or PLASM in larvae (Cattenoz
et al., 2020; Leitao et al., 2020), as PM1/PM2 or PL2 in lymph glands (Cho et al.,
2020; Girard et al., 2021) and as nAChRalpha3/trol-high in adult flies (Li et al., 2022).
Undifferentiated PL contain unspecified cells with a broad gene expression profile.
However, these cells are committed to the plasmatocyte fate and are likely able to

differentiate towards more specialized fates. Undifferentiated PL appear to not
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display a proliferative precursor stage comparable to srp high embryonic
prohemocytes (Rehorn et al., 1996). This is in agreement with the recent finding that
adult flies are devoid of a prohemocyte stage and do not display active
hematopoiesis and suggests that active hematopoiesis ceases in larval stages
(Sanchez Bosch et al., 2019). Lsp-Bomanin-PL correlate with the comparable PL-Lsp
and Lsp+ clusters in larvae (Cattenoz et al., 2020; Fu et al.,, 2020), however, no
correlations are found in lymph glands or adult suggesting that this cell population
derives from the embryonic/larval lineage with distinct functions in metamorphosis.
By contrast, Spermatid-Marker-PL only has a common expression profile with the
Hml+ with sperm markers cluster found in adults (Li et al., 2022) suggesting that it
represents an immune-active plasmatocyte population with important functions
beyond metamorphosis.

Remarkably, some plasmatocyte clusters do not correlate to larval plasmatocytes
from either embryonic or LG origin, which highlights the diverse hemocyte functions
during pupal development. The Chitinase-PL and Adhesive-PL clusters might
represent such effector cells both sharing an increased expression of several genes
implicated in cell-cell adhesion and septate-junction formation required for
encapsulation of parasitic wasp egg. Most known parasitoid wasp species attack the
larval or pupal stages of Drosophila. While Trichopria drosophilae infect the pupal
stages of the host, females of the genus Leptopilina and Ganaspis attack the larval
stages (Chen et al., 2018; Small et al., 2012). Core components of Toll pathway are
highly upregulated in Adhesive-PL that control the immuno-genetic circuit of host
immune response against parasitoid wasp attack by activating the NF-kappaB
transcription factor, Dorsal. Future high-resolution live-imaging combined with
genetics will be further required to dissect in more detail how these newly identified
plasmatocyte effectors contribute to this fascinating process of encapsulation.
Another example is the Osiris-PL cluster, for which we could not identify correlating

cell types in any other developmental stage.

Besides the identification of new specialized plasmatocyte subpopulations that first
appear during pupal development, we identified a small group of immune cells that
resembles the PSC, a well-known stem cell niche that controls the differentiation of
effector types from progenitors in the lymph gland, but also participate in the larval

response to wasp parasitization (Banerjee et al., 2019). PSC cells are clearly
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distinguished by their co-expression of Antp and Collier/knot from other regions
within the lymph gland (Crozatier et al., 2004; Lebestky et al., 2000; Mandal et al.,
2007) and we confirmed tau as an additional specific marker. Previous work has
shown that PSC cells reside in the lymph gland and provide signals to regulate
progenitor maintenance or differentiation (Crozatier et al., 2004; Krzemien et al.,
2007; Lebestky et al., 2000; Mandal et al., 2007). Recently, circulating PSC-like cells
have been identified in the adult fly and the presence of larval circulating PSC-like
cells has been suggested, although the presence of such a cell type remains to be
proven in vivo (Boulet et al., 2021; Cattenoz et al., 2020; Fu et al., 2020; Tattikota et
al., 2020). In this work, we identified PSC cells from the hemolymph of early pupa
that are characterized by the expression of Antp and Collier (Kn), but also by the
recently identified new PSC markers such as Tau (Fu et al., 2020). High-resolution
live-imaging microscopy analysis using kn-Gal4 and tau-Gal4 enhancer traps further
confirmed the existence of single motile and immune-responsive PSC cells persisting
throughout pupal development, thus, far longer than described for progenitor cells

from histolyzing lymph glands (Rodrigues et al., 2021).

Our lineage tracing results demonstrate that pupal PSC cells are able to differentiate
into lamellocytes in response to wasp infection. While kn positive cells contain PSCs
as well as other immune cell populations (Benmimoun et al., 2015; Boulet et al.,
2021; Ghosh et al., 2015), the identification of fau as a specific marker for PSCs
allowed us to determine the PSCs as the cell pool transdifferentiating into
lamellocytes. Further, adult PSC-like cells have been shown to transdifferentiate into
plasmatocytes upon bacterial infection (Boulet et al., 2021). While the importance of
PSC cells as stem cell niche in larval hematopoiesis has been extensively proven,
the existence as well as relevance of circulating PSC cells was unclear (Hultmark
and Ando, 2022). Our results corroborate recent findings that PSC cells also serve as
a reservoir for blood cells upon immune challenges and show that this function is not

limited to the adult stage (Boulet et al., 2021).

In summary, this study identified new pupal undifferentiated and differentiated
effector hemocytes with distinct molecular signatures and cellular functions clearly
distinct from other stages of hematopoiesis. Our data further uncovers an additional

route for lamellocyte differentiation. Besides the transdifferentiation from existing
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plasmatocytes or from differentiating lymph gland prohemocytes, we provide first
evidence that PSC cells can differentiate into lamellocytes. This work will allow future
genetic studies to better understand immune cell plasticity and function during

metamorphosis and innate immunity.

Experimental procedures

Drosophila Genetics

Fly husbandry and crossing were carried out according to the standard methods.
Crosses were maintained at 25°C. The following fly lines were used: hm/-DsRed (D.
Siekhaus), srpHemo-3xmCherry (Gyoergy et al., 2018); srp-GFP (VDRC 318053);
hm! -Gal4, UAS-eGFP (Sinenko and Mathey-Prevot, 2004); UAS-eGFP (BL 6874).
tep4-Gal4 (BL 76750), Ance™°-GFP (BL 59828), kn-Gal4 (BL 67516), pcol85-Gal4
(Crozatier et al., 2004), Antp-Gal4 (BL 26817), ham(GMR80G10)-Gal4 (BL 40090),
tau-Gal4 (BL 77641), CG31174"M°.GFP (BL 24040); UAS-mCherry-NLS (BL
38425). G-TRACE (UAS-RedStinger, UAS-FLP, Ubi-p63E(FRT.STOP)Stinger) (BL
28281). For wasp infection, flies were transferred into a fresh food vial and placed at
25°C for 48h. Flies were then removed and larvae submitted to egg laying by wasps
of the species Leptopilina boulardi, strain G486. Wasps were removed before

dissecting pupae as described below.

Isolation of Drosophila hemocytes for single-cell RNA-sequencing

50-60 2-10h APF pupae were collected and washed in 1 x PBS. The pupae were
then transferred to 1 x Schneider’s Drosophila medium (Gibco) supplemented with
10% FBS, 50 units/mL penicillin, and 50 ug/mL streptomycin and opened using forks
to rinse out the hemolymph. Cells were filtered through a 50-um cell strainer and
collected in a total volume of 500 uL. Subsequently, centrifugation at 500 x g and 4°C
for 20 minutes was performed. The supernatant was discarded, and the pellet was
resuspended with 500 uL PBS + 0.01 % BSA for single-cell sequencing of live cells.
For fixed samples, the previous pellet was resuspended with 100 yL 1 x PBS and
subsequently fixed by adding 4 volumes of ice-cold 100% methanol (final
concentration of 80% methanol in PBS) and thoroughly mixed with a pipette. Cells
were stored at -20°C until use (1-3 days). For single-cell sequencing, cells were

moved to 4°C and kept on ice throughout the procedure. Fixed cells were pelleted at
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500 x g for 15 minutes and rehydrated in 500 uyL PBS + 0.01 % BSA. For datasets 1
and 2 we used fixed samples, while we used live cells for dataset 3.

Single-cell RNA-sequencing of Drosophila pupal hemocytes

The Takara ICELL8 5,184 nano-well chip was used with the full-length SMART-Seq
ICELL8 Reagent Kit. Cell suspensions were fluorescent-labelled with live/dead stain,
Hoechst and propidium iodide (NucBlue Cell Stain Reagent, Thermo Fisher
Scientific) for 15 min prior to their dispensing into the Takara ICELLS 5,184 nano-well
chip. CellSelect Software (Takara Bio) was used to visualize and select wells
containing single and live cells. Next, cDNA was synthesized via oligo-dT priming in a
one-step RT-PCR reaction. P5 indexing primers for subsequent library preparation
were dispensed into all wells receiving a different index, in addition to Terra
polymerase and reaction buffer. Transposase enzyme and reaction buffer (Tn5
mixture) were dispensed to selected wells. P7 indexing primers were dispensed to
wells. Final lllumina libraries were amplified and pooled as they were extracted from
the chip. Pooled libraries were purified and size selected using Agencourt AMPure
XP magnetic beads (Beckman Coulter) to obtain an average library size of 500 bp. A
typical yield for a library comprised of ~ 1,300 cells was ~ 15 nM. Libraries were
sequenced on the HiSeq 4000 (lllumina) to obtain on average ~ 0.3 Mio reads per
cell (SE; 50 bp). A list of Gald-enhancer trap and GFP-exon trap fly lines used for ex

vivo validation can be found in Supplementary data 19.

Bioinformatic analysis

Raw sequencing files (bcl) were converted into a single fastqg file using lllumina
bcl2fastq software (v2.20.0.422) for each method. Each fastq file was de-multiplexed
and analyzed using Cogent NGS analysis pipeline (CogentAP) from Takara Bio
(v1.0). In brief, “cogent demux” wrapper function was used to allocate the reads to
the cells based on the cell barcodes provided in the well-list files. Subsequently,
‘cogent analyze” wrapper function performed a preliminary analysis, including: read
trimming with cutadapt (version 3.2); genome alignment to Drosophila M. Version
103 using STAR (version 2.7.2a); read counting for exonic, genomic and
mitochondrial regions in Drosophila M. genes from ENSEMBL gene annotation
version 103 using featureCounts (version 2.0.1); and summarizing the gene counts

into gene matrices with number of reads expressed for each cell in each gene. Raw
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gene matrices underwent quality-control filtering for cells and genes using the
following parameters: for cells, only those with at least 10,000 reads associated to at
least 300 different genes were kept, and for genes, only those containing at least 100
reads mapped to them from at least 3 different cells were kept. Subsequent analyses
were performed using Seurat v4.1.1 in Rstudio 2022.02.2. Low-quality cells were
filtered out based on the number of detected genes and percentage of mitochondrial
genes (Supplementary figure S1A). Batch correction between the three replicates
was performed, UMAP coordinates were calculated and unsupervised clustering was
perfomed with 16 dimensions and the default resolution factor. Clustering was
controlled by testing for sufficient distinct marker genes using the FindAllMarkers()
command and two clusters were merged due to insufficient distinct markers (resulting
in Precursor-PL-1) (Script 1). Pseudotime analysis was performed using monocle3
v1.0.0 using UMAP coordinates calculated with Seurat v4.1.1 and with
learn_graph_control = list(ncenter=480) in the learn_graph() command (Script 2).
SCENIC analysis was performed with SCENIC v1.3.1 using the cisTarget v8 motif
collection me8nr (Script 3). For a GO-term analysis we used differentially expressed
genes identified using FindMarkers(). Gene names were converted to FlybaselDs
and analysed with DAVID 2021. Cross-dataset analysis was performed using Seurat
v4.1.1 including batch correction and UMAP calculation (Script 4). Scales in Seurat
expression plots and maps display the expression in log((UMI + 1/total UMI)x10%). To
determine M-phase gene expression, we monitored the expression of the M-phase

specific genes polo, aurB, Det as applied in (Cho et al., 2020) .

Data and Code availability

Raw data is available at GEO with the accession number GSE216339. Output files
as well as data associated with figures are published as Supplementary data files. In
addition, the final processed data will be made available for download from Mendeley
as a .rds file. To allow easy use of this file, we provide Script 5, which aims to guide
users without prior knowledge in R. Code used in this study is submitted in Scripts 1-

4 and any further details can be obtained upon request.

Immunohistochemistry
Pupal macrophages were isolated as described previously (Lehne et al., 2022). In

short, white to light brownish prepupae (2-4h APF) were collected and washed in 1 x
25
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PBS. The prepupae were then transferred to 1 x Schneider’s Drosophila medium
(Gibco) supplemented with 10% FBS, 50 units/mL penicillin, and 50 pg/mL
streptomycin and opened using forks to rinse out the hemolymph. Cells were spread
on glass coverslips, previously coated for 30 minutes with ConcanavalinA (0.5
mg/mL, Sigma), for 1 h at 25°C. The supernatant was removed and adherent cells
were subsequently fixed for 15 min with 4% paraformaldehyde in 1 x PBS at RT.
Cells were treated shortly with 1 x PBS + 0.1 % Triton X-100 followed by three
washing steps with 1 x PBS. If no antibody staining was performed, the treatment
with PBS-T was omitted. Cells were stained with antibody for 2 h at RT and
secondary antibody with Phalloidin and DAPI for 1 h at RT in a humidified dark
chamber. Stained cells were mounted in Mowiol 4-88 (Carl Roth).

The following antibodies were used: anti-Atilla (1:10), anti-Hnt (1:5, 1G9 from DSHB).
The following secondary antibody were used: polyclonal Alexa Flour-647-conjugated
goat-anti-mouse (1:1000 dilution; #A21236, Invitrogen). F-actin staining was
visualized using Phalloidin-iFlour 405 (1:100 dilution, Abcam #176752) or Alexa
Flour-Phalloidin 568 (1:100 dilution, #A12380, Invitrogen) and nucleus by DAPI
staining (1 pg/mL, #62248, Thermo Scientific).

Preparation of larval lymph glands

Wandering L3 larvae were anesthetized on ice and placed ventral side up on a
silicone dissection pad in a drop of PBS. The larvae were pinned in place with one
insect pin at the mouth hooks and one between the posterior spiracles, then sliced
open lengthwise with a fine cataract scissor. The ventral cuticle was pinned to the
side and the gut and fat body were carefully removed. The larva was fixed by
removing the PBS and adding 10 pl of 4% PFA for 20 minutes at RT. The lymph
gland was then carefully pulled from the fillet along with the attached brain and
transfered to a drop of Fluoromount with DAPI (Invitrogen) on a microscope slide.
The brain was severed and removed from the lymph gland before placement of the
coverslip. Lymph glands were imaged using a Leica TCS SP8 confocal microscope

(20x objective).

Image acquisition and microscopy
Pupae were imaged as a whole with Leica Fluorescence Stereo Microscope and
Leica Application Suite X (LasX, Version 3.5.2.18963).
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Confocal fluorescent images were taken with a Leica TCS SP8 with an HC PL APO
CS2 63x/1.4 oil objective and Leica Application Suite X (LasX, Version 3.5.2.18963).
Live imaging of macrophage cultures was performed using a Zeiss CellObserver Z.1
with a Yokogawa CSU-X1 spinning disc scanning unit and an Axiocam MRm CCD
camera (6.45 ym x 6.45 um) and ZenBlue 2.5 software. Ablation experiments were
done using the UV ablation system DL-355/14 from Rapp OptoElectronics, as

reported previously %2°.

Live-cell imaging of pupal macrophages

Live imaging of pupal macrophages 4 h APF for random migration as well as 16 h
APF for directed migration experiments were performed as described previously 8 4
h APF prepupae were collected and glued to a glass coverslip on their dorsal-lateral
side. Spinning disk time-lapse movies were taken with images every 20 s for 30 min.
16-18 h APF pupae were dissected out of their cuticles and laid on a glass coverslip
on their dorsal abdomen. Single cells were ablated as described in the previous

chapter. Spinning disk-time-lapse movies were taken every 30 s for 60 min.

Quantification of directed migration of macrophages

Tracking of migrating macrophages was performed using the spots module in the
Imaris 9.3 (Bitplane) software. The reference frame module was set at the ablation
site. After automatic tracking, all time laps movies were checked for correct results
and were manually corrected. The bias angle between the vector toward the ablated
cell and the direction vector of the cell was calculated in R (R Studios Version 1.4).

The angle between the vector directly towards the ablation cell and the direction
vector of the cell at each time point was calculated with S—
i.e., the scalar product of vectors a and b divided by the multiplication of the

length of each vector
For directed migration only cells within a 10-80 ym radius of the wounding site were
analyzed. Results were statistically analyzed using GraphPad Prism 7 by GraphPad

Software.
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Figure legends

Figure 1. scRNA-seq analysis of pupal Drosophila hemocytes reveals a
remarkable cellular heterogeneity

A) Workflow for the full-length SMART scRNA-Seq approach using the ICELLS8
platform. Hemocytes were isolated from 2-10 h APF Drosophila pupae. Cells were
stained with Hoechst (additionally, propidium iodide for live cell dataset) prior to their
dispensing into the Takara ICELLS8 5,184 nanowell chip. Only wells containing single
cells were selected using the CellSelect Software prior to the on-chip RT-reaction,
library preparation and sequencing. Exemplary images of Lsp-Bomanin-PL, PSC and
Secretory-PL cells are shown. B) UMAP plot of 2811 high quality cells in fourteen
transcriptomically distinct clusters. C) Heatmap of the top 50 differentially regulated
genes per cluster showing transcriptomic differences between cell groups. D)
Transcription factor activity of selected transcription factors identified by SCENIC

identifies distinct activities between clusters.
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Figure 2. Identification of several precursor plasmatocyte populations

A-B) UMAP plots. srp is highly expressed (A) and active (B) in several clusters. C-D)
Maximum intensity projection of confocal images of differential expression of the
transcription factor srp in pupal hemocytes using (C, C’) srpHemo-3xmCherry; white
arrowheads highlight low-expressing cells. Scale bar represents 10 um. (D, D’, D*’)
srp GFP trap; scale bar represents 10 ym. E) Dotplot showing the average
expression and percent expression per cluster for marker genes of clusters with high
srp expression: undifferentiated PL, transitory PL1-2 — 3 and Osiris-PL. F)
Expression of CG8046, a undifferentiated PL marker, on the UMAP plot. G-l)
Expression of transitory PL-1 markers on the UMAP plot. G) CG4822 expression is
also detected in undifferentiated PL. H) CG371741 expression is also detected in
Spermatid-Marker-PL. 1) Combined expression of CG4822 and CG317141 is only
detected in transitory PL-1. J-K) Monocle3 pseudotime analysis. J) Pseudotime
trajectory on the UMAP plot. K) UMAP plot with pseudotime trajectory and cells
colored based on pseudotime. L-M) Expression of marker genes on the UMAP plot.
L) CG13012, identified as a marker for transitory PL-2. M) ich, identified as a marker
for Osiris-PL.

Figure 3. Identification of effector cells with distinct molecular signatures

A-F) Expression of selected markers on the UMAP plot. A) mil is a marker for
Spermatid-Marker-PL. B) LspTalpha is expressed in Lsp-Bomanin-PL. C) 28SrRNA-
Psi:CR40596 is highly expressed in OxPhos-PL. D) CG6426 is a marker for
Adhesive-PL. E) CG15905 marks Adhesive-PL. F) CG5402 marks AMP-PL. G)
Dotplot of selected marker genes with average expression and percent expression
per cluster for the following clusters: Spermatid-Marker-PL, Lsp-Bomanin-PL,
OxPhos-PL, Chitinase-PL, Adhesive-PL and AMP-PL. H) Representative terms of the
top seven annotation clusters identified with DAVID 2021 GO-term analysis of
differentially expressed genes of the clusters Spermatid-Marker-PL, Lsp-Bomanin-
PL, OxPhos-PL, Chitinase-PL, Adhesive-PL and AMP-PL. The barplot height reflects
the enrichment score of the annotation cluster and is colored based on the p-value of
the GO-term. I-M) Activity of transcription factors on the UMAP plot identified with
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SCENIC. I) Rel is highly active in Precursor-PL-3, AMP-PL and Hydrolyzing-PL. J-L)
CG34367 (J) and CG171294 (K) and HGTX (L) are active in Spermatid-Marker-PL. M)
abd-A is active in Chitinase-PL.

Figure 4. Secretory-PL, a new plasmatocyte type in pupae, is transcriptomically
distinct from other developmental stages.

A-D) UMAP plots showing the expression of Secretory-PL markers. A) CG31174 is
specific for Secretory-PL. B-D) Tep4 (B), ham (C) and Ance (D) expression can also
be detected in PSC. E) Average expression and percent expression of Secretory-PL
markers on a Dotplot. Note the importance of many genes in immunity or their
function in proteolysis. F-G) Activity of transcription factors highly active in Secretory-
PL on the UMAP plot as identified by SCENIC. F) CrebA. G) dl. H-L) Maximum
intensity projection of confocal images of pupal hemocytes expressing GFP; cells
with plasmatocyte-like cell shape are marked by the white arrowhead; small spiky
cells with filopodial protrusions are marked by yellow arrowheads; Alexa568-labeled
phalloidin was used to stain the actin cytoskeleton. (H) Tep4-Gal4. (1) Ham-Gal4. (J)
Ance ™M°-GFP. (K) CG31174 ™™°.GFP. (L, L’, L”) Small spiky cells are not
CG31174 positive. CG31174 ™™°-GFP co-expressing Tep4-Gal4-nls-mCherry. Small
spiky cells are marked by a yellow asterisk and plasmatocyte-like shaped cells co-

expressing both markers are marked by a white asterisk. Scale Bar represents 10 ym

Figure 5. Identification of individual tissue-resident PSC cells in pupae

A-C) Expression of PSC markers on the UMAP plot. A) kn. B) Antp. C) tau. D)
Dotplot with average expression and percent of expression of PSC markers. E-F)
Activity of transcription factors kn (E) and Antp (F) on the UMAP plot. G-J) Maximum
intensity projection of confocal images of the actin cytoskeleton in pupal
macrophages; phalloidin (white) was used to stain the actin cytoskeleton and DAPI
for the nuclei (blue). (G) PSC cells and Secretory-PL cells represent different cell
types. CG31174 mimic-GFP co-expressing kn-Gal4-mCherry. PSC cells are marked
by a yellow asterisk and CG31174-positive cells are marked by a white asterisk. H)
kn-Gal4 driving UAS-GFP. I) Anip-Gal4 driving UAS-GFP. J) tau-Gal4 driving UAS-
GFP. K) Quantification of GFP-positive spiky PSC cells, GFP-positive and GFP-
negative cells with plasmatocyte morphology frequency represented by kn (n=462;

GFP-positive =3%; PSC = 16%,; GFP-negative = 81%), tau (n=464; GFP-positive =
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0%; PSC = 8 %,; GFP-negative = 92%) and CG31174 (n =3 59; GFP-positive =
24 .5%; GFP-negative = 75%). Cells were obtained from six individual experiments.
Scale bar represents 10 um. L) A representative wandering third instar larval lymph
gland expressing GFP (green) under the control of tau-Gal4 driver co-stained with
DAPI (white). Scale bar represents 100 um. L’, L”’) Expression of GFP is exclusively
found in the PSC region of primary lobes. No expression is found in the smaller

posterior lobes. Scale bar represents 50 pm.

Figure 6. PSC cells can differentiate into lamellocytes upon wasp infestion

A-D) Maximum intensity projection of confocal images of isolated pupal
macrophages; Alexa568-labeled phalloidin was used to stain the actin cytoskeleton.
Nuclei were stained by DAPI. A) kn-Gal4 > UAS-GFP individuals were infested with
wasps. Upon infestion GFP positive cells are either small and spiky (yellow
arrowhead) or large with lamellocyte typical morphology (white arrowhead). B)
Schematic overview of the G-TRACE system. Gal4 protein is specifically expressed
in PSCs under the control of the fau promoter. PSCs are RFP positive due to the
UAS-RFP transgene. Gal4-positive PSCs induce flipase (FLP) expression via UAS-
FLP. FLP can remove an FRT-flanked stop codon downstream the ubiquitous ubi
promoter. Stop codon removal leads to stable and inheritable expression of GFP,
which allows tracing of offspring cells produced by PSCs. Differentiating PSC
offspring turn off tau-Gal4 resulting into GFP positive but RFP negative cells. C, D)
Cell lineage analysis of pupal hemocytes using C) kn > G-TRACE. PSCs are small
and spiky cells double positive for RFP and GFP (yellow arrowhead). kn > GFP cells
correspond to the small and spiky PSC morphology, a small number of GFP positive
cells displayed plasmatocyte typical morphology (green arrowheads), GFP positive
lamellocytes are marked by white arrowheads. D) fau > G-TRACE. Some
lamellocytes are GFP positive (green arrowhead) showing that they derived from
PSC cells. Other lamellocytes are GFP negative and may thus differentiated from

other cellular sources. Scale bar represents 10 pm.

Figure 7. PSC cells are motile tissue-resident immune responsive cells
persisting into adult

A-C) Frames of a spinning disc time-lapse movies of randomly migrating 4h and 16h

APF and pupal hemocytes marked by GFP expression under the control of A) kn-
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Gal4 and B, C) tau-Ga4 in 4h and 16h APF pupae, respectively. Images were taken
every 20 s for 30-60 min. A white arrowhead mark the migrating PSC hemocytes.
The time point of each image is annotated, scale bar is 20 um. D, E) Still images of
spinning disc time-lapse movies of directed macrophage migration upon wounding of
a single cell in the D) kn-Gal4, UAS-GFP and E) hm/-Gald4, UAS-GFP background.
Cells were imaged for 60 min after laser ablation in 30 s intervals and tracked by
Imaris software. Trajectories indicate that GFP expressing PSC hemocytes are highly
motile. Note: Hml-marked plasmatocytes are much bigger and contain more
phagocytic vacuoles than PSC cells marked by kn-Gal4. F) Quantification of the
directionality of cells marked with hm/ or kn towards the wound. Directionality is
described with the bias angle of the migrating cells. kn positive PSC cells show a
similar wound response as hml/-GFP cells, which serve as a pan-hemocyte control.
kn (n=129) hm! (n=103) values from 10 individual experiments. Graphs are depicted
in a scatter dot blot with bars indicating mean and standard deviation. ns =p = > 0.03
(Welch's t test). G) Magnification of PSC macrophages close to the ablated cell
(marked by a red asterisk) at the indicated time points. Green asterisk marks a

migrating wound-responsive PSC hemocyte towards the ablation site.

Supplementary Figure 1

A) Violin plots representing the number of Features, UMI counts and percent of
mitochondrial genes per cell and per dataset. B) UMAP plot with cells labeled by
dataset origin. ¢, d) Contribution of cells per dataset in a table (C) or represented as
a barplot (D). Note that all datasets (two fixed and one live cell dataset) contribute to
every cluster. E) Average expression and percent expression per cluster of known

pan-hemocyte, crystal cell and lamellocyte markers.

Supplementary Figure 2

A) Dotplot showing the average expression and percent expression of muscle and
neuron markers. B-C) Expression of the muscle marker sing (B) and the neuron
marker App/ (C) on the UMAP plot. D) DAVID 2021 GO-term analysis of Neuron and
Muscle markers. For each of the top seven annotation cluster a representative term
is presented. Barplot shows enrichment score of the annotation cluster and p-value
of the GO-term. E-L) SCENIC determined activity of transcription factors active in
Neuron (E-H) or Muscle (I-L) on the UMAP plot. E) ase, F) onecut, G) Rbp6, H)
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SoxN, ) E(spl)/m3-HLH, J) E(sp)m7-HLH, K) E(spl)mdelta-HLH, L) twi. M) Average
expression and percent expression per cluster of cytoskeleton and cell motility genes
identified in a bulk RNA-sequencing experiment comparing larval and pupal
hemaocytes.

Supplementary Figure 3

A) Dotplot of the average and percent expression of hemocyte subtype specific
markers identified other studies as indicated. B) Expression level of the M-phase
specific genes polo, aurB, Det per cluster. C) Marker genes of undifferentiated PL,
transitory PL-1-2 or Osiris-PL were analyzed with DAVID 2021. For the top seven
annotation cluster one representative GO-term is shown. Barplot shows enrichment
score of the annotation cluster and is colored by GO-term p-value.D-G) Activity of
transcription factors on the UMAP plot as identified by SCENIC. D) Hsf, E) inv, F)
ken, G) sibo.

Supplementary Figure 4

hiah clusters correlate

A) Cross cluster correlation analysis of hemocyte cell types. srp
well with each other and with several differentiated plasmatocyte types.
Transcriptomes of plasmatocytes Chitinase-PL and AMP-PL differ dramatically,
suggesting a high level of specification. b-d) Violin plot showing the number of (B)
features, (C) UMIs or (D) percent of mitochondrial genes per cluster. E) Average and
percent expression of genes implicated in cell adhesion identified as markers for
Adhesive-PL. Note that most genes are also expressed in Chitinase-PL.
Supplementary Figure 5

A) GO-term analysis of Secretory-PL markers performed with DAVID 2021.
Representative GO-terms for the top seven annotation clusters are shown.
Enrichment score of annotation clusters and p-value of GO-terms are presented in A
barplot. B-F) UMAP plots of integrated hemocyte datasets across different
developmental stages. B) Labelled by dataset. C) Pupal cells are highlighted in
magenta. D) Adult crystal cells are highlighted in magenta. E) Larval crystal cells are

shown in magenta. F) Pupal Secretory-PL are represented in magenta.

Supplementary Figure 6
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A) PSC markers were analysed with DAVID 2021 and representative GO-terms of
the top seven GO-terms are presented. Barplot shows the enrichment score of the
annotation cluster and is colored by p-value of the GO-term. B-D) Dotplots of
markers of pupal PSCs showing average expression and percent expression per
cluster in B) the normal lymph gland ? at 120h afer egg laying, C) free larval
hemocytes of embryonic origin and D) in adult Hml positive cells. D-F) UMAP plot of
integrated datasets across developmental stages showing the location of D) pupal

PSC, E) adult Hml positive cells with PSC markers and F) larval PL-Impl2 cells.

Supplementary Figure 7
(A, B) Cell lineage analysis of non-infested pupal hemocytes using (A) kn > G-
TRACE. (H) tau > G-TRACE. Scale bar represents 10 pm.

Supplementary table 1

Pupal blood cell types and likely corresponding cell types identified in studies
characterizing other stages of hematopoiesis. Corresponding clusters were identified
by examining the respective cluster specific markers in pupal blood cell clusters
(compare to Supplementary figure S3A). In addition, we considered previously

identified overlap between clusters (Hultmark and Andé, 2022).

Supplementary movies

Supplementary movie M1 kn-positive cells randomly migrate in prepupae.
Representative spinning disc microscopy video of randomly migrating pupal Am/+
(left) versus kn+ (right) cells expressing an EGFP transgene imaged from a living
prepupa (4h APF). Note the difference of hm/+ hemocytes marked by a yellow arrow.

Scale bar represents 20 um. Cells were imaged for 30 minutes.

Supplementary movie M2 tau-positive cells randomly migrate in prepupae.
Representative spinning disc microscopy video of randomly migrating pupal tau+
cells expressing an EGFP transgene imaged from a living prepupa at 4h APF (left)
and at 16h APF (right).

Supplementary movie M3 PSC cells are wound responsive and differ in size
compared to hm/-marked plasmatocytes
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Representative spinning disc microscopy videos of himi+ (left) and kn+ (right) cells in
the Drosophila abdomen 16h APF upon single cell laser ablation. Cells are imaged
for 60 minutes after ablation in a 30 seconds interval and tracked afterwards using
Imaris. Representative migratory tracks are shown (colored, jagged lines).
Characteristic plasmatocytes are marked by yellow arrows compared to a small,
spiky PSC cell marked by a white arrow. Yellow asterisk marks the ablated wounding

site. Scale bar represents 20 pm.

Supplementary movie M4 PSC cells switch from random to directed migration
upon single cell laser ablation.

Representative spinning disc microscopy video with a magnification (indicated by
yellow rectangle) of single kn+ cells that migrate towards a laser-ablated cell marked
by a yellow asterisk. Note the size difference between plasmatocytes marked by

yellow arrows and PSC cells. Scale bar represent 20 pym.

Supplementary movie M5 PSC cells are able to phagocytose cell debris

Representative spinning disc microscopy videos of randomly migrating pupal tau
positive cells expressing an EGFP transgene imaged from living prepupae (16h
APF). A) Single tau-positive PSC cell (yellow arrowhead) migrate towards a laser-
ablated cell marked by a green asterisk. Note the formation of dynamic filopodial
protrusion toward the wound. B) Single tau-positive PSC cell (yellow arrowhead)
starts to phagocytose particles derived from the laser-ablated cell (green asterisk).
Note the formation of dynamic filopodial protrusion toward the wound. C) Single fau-

positive PSC cell (yellow arrowhead) rounds up and divides.

Supplementary Data 1
List of differentially expressed genes across all 14 clusters identified with Seurat
v4.1.1 FindAlIMarkers() command.

Supplementary Data 2

Data associated with Figure 1C. This list contains the top50 genes identified with
Seurat v4.1.1 FindAllMarkers() and is an abbreviated version of Supplementary Data
1.
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Supplementary Data 3
Differentially expressed genes of undifferentiated PL identified with Seurat v.1.1
FindMarkers() used for DAVID 2021 GO-term analysis.

Supplementary Data 4
Differentially expressed genes of transitory PL-1 identified with Seurat v.1.1
FindMarkers() used for DAVID 2021 GO-term analysis.

Supplementary Data 5
Differentially expressed genes of transitory PL-2 identified with Seurat v.1.1
FindMarkers() used for DAVID 2021 GO-term analysis.

Supplementary Data 6
Differentially expressed genes of Osiris-PL identified with Seurat v.1.1 FindMarkers()
used for DAVID 2021 GO-term analysis.

Supplementary Data 7
Differentially expressed genes of Spermatid-Marker-PL identified with Seurat v.1.1
FindMarkers() used for DAVID 2021 GO-term analysis.

Supplementary Data 8
Differentially expressed genes of Lsp-Bomanin-PL identified with Seurat v.1.1
FindMarkers() used for DAVID 2021 GO-term analysis.

Supplementary Data 9
Differentially expressed genes of OxPhos-PL identified with Seurat v.1.1
FindMarkers() used for DAVID 2021 GO-term analysis.

Supplementary Data 10
Differentially expressed genes of Chitinase-PL identified with Seurat v.1.1

FindMarkers() used for DAVID 2021 GO-term analysis.

Supplementary Data 11
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Differentially expressed genes of Adhesive-PL identified with Seurat v.1.1
FindMarkers() used for DAVID 2021 GO-term analysis.

Supplementary Data 12
Differentially expressed genes of AMP-PL identified with Seurat v.1.1 FindMarkers()
used for DAVID 2021 GO-term analysis.

Supplementary Data 13
Differentially expressed genes of Secretory-PL identified with Seurat v.1.1
FindMarkers() used for DAVID 2021 GO-term analysis.

Supplementary Data 14
Differentially expressed genes of PSC identified with Seurat v.1.1 FindMarkers()
used for DAVID 2021 GO-term analysis.

Supplementary Data 15
Differentially expressed genes of Neuron identified with Seurat v.1.1 FindMarkers()
used for DAVID 2021 GO-term analysis.

Supplementary Data 16

Differentially expressed genes of Muscle identified with Seurat v.1.1 FindMarkers()
used for DAVID 2021 GO-term analysis.

Supplementary Data 17

Scaled regulon activity identified by SCENIC v1.3.1. A subset of this data is visually
presented in Figure 1D.

Supplementary Data 18
Top active transcription factors per cell type identified by SCENIC v1.3.1.

Supplementary Data 19
Validation of marker genes for each cluster of Drosophila hemocytes. A list of Gal4-

enhancer trap and GFP-exon trap fly lines used for ex vivo validation is included.

Script 1
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R script for data processing steps including quality filtering, normalization, data

integration, clustering and cluster annotation using the Seurat package.

Script 2

R script for the pseudotime analysis using Monocle3

Script 3
R script for the identification of transcription factor activity with SCENIC.

Script 4
R script for the integration of datasets from different developmental stages using the

Seurat batch correction algorithm.

Script 5
R script containing an overview of how the processed data can be read into R and

analyzed for gene expression.
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CK1a protects WAVE from degradation to regulate cell shape
and motility in the immune response

Alexander Hirschhauser!, Marianne van Cann? and Sven Bogdan®2-*

ABSTRACT

The WAVE regulatory cormplex (WRC) is the main activator of the
Arp2/3 complex, prometing lamellipodial protrusions in migrating
cells. The WRC is basally inactive but can be activated by Racl and
phospholipids, and through phosphorylation. However, the in vivo
relevance of the phosphorylation of WAVE proteins remains largely
unknown. Here, we identified casein kinase I alpha (CK1la) as a
regulator of WAVE, thereby controlling cell shape and cell motility in
Drosophila macrophages. CKla binds and phosphorylates WAVE
in vito. P hosphorylation of WAVE by CK1a appears notto be required
for activation but, rather, regulates its stability. Pharmmacologic
inhibition of CKla promotes ubiquitin-dependent degradation of
WAVE. Consistently, loss of Ckla but not ck2 function phenocopies
the depletion of WAVE. Phosphorylation-deficient mutations in the
CK1la consensus sequences within the VCA domain of WAVE can
neither rescue mutant lethality nor lamellipodium defects. By
contrast, phosphomimetic mutations rescue all cellular and
developmental defects. Finally, RNAi-mediated suppression of 265
proteasome  or E3 ligase complexes substantially rescues
lamellipodia defects in CK1la-depleted macrophages. Therefore, we
conclude that basal phosphorylation of WAVE by CK1la protects it
from premature ubiquitin-dependent degradation, thus promoting
WAVE function in vivo.

This article has an associated First Person interview with the first
author of the paper.

KEY WORDS: Drosophila, Macrophages, Cell migration, Cell shape,
Lamellipodia, Cell motility, Actin, Arp2/3, WAVE, CK1a, CK2,
Phosphorylation, Ubiquitin-dependent protein degradation

INTRODUCTION

Cell shape changes require dynarric remodding of the actin
cytoskeleton. The WASP farily verprolin hornologous protein
(WAVE) is a centrd Am2/3 reguldor driving lamellipodia
protrusions and cdl migration in most eukaryotic cdls. Together
with Abi, NCKAP1MNapl, CYFIP/Sra-1 and BRK1MHSPC300,
WAVE forms a consarved hetero-pentameric complex, the WAVE
reguletory complex (WRC). Within the WRC, activity of WAVE
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towards the Amp2/3 complex is inhibited by intacomplex
sequestidion of its Amp2/3 adivaing domain, i.e the verprolin
hormology, cofilin homplogy, acidic region (VCA ) dorrein. One of
the centrd WRC activaors is the smell RhoGTPase Racl, which
directly binds to the WRC subunit Sra-1 and activates the WRC by
dlostericaly rdeasing the bound Arp2/3-activaing VCA dormain of
WAVE. Several studies have shown that phosphoryletion plays an
important role in regulaing WRC-Arp2/3-mediaed actin filament
branching and lamdlipodia formetion (Mendoza, 2013). WAVE
proteins are phosphorylaed & numerous sites, and several kinases
have been identified as potential regulators (Mendoza, 2013). A
previous in vitro sudy hes identified multiple functional
phosphorylaion events within the acidic VCA domein of
mammeian WAVE2 (officidly known as WASF2) by casan
kinese 2 (CK2), which are required for its activity (Pochaand Cary,
2009). However, the resuits are basad on the overexpression of
phosphorylation-deficient mutants in cultured NIH-3T3 cdllsin the
presence of the endogenous wild type protein (Pocha and Cory,
2009). A more recent in vivo study confimed that the C-termring
acidic region withintheVCA domain of the DictyostdiumWAVE is
basally phosphorylated a four phosphorylation sites by CK2 and
suggested thet a regulated dephosphorylation of a fraction of the
cdlular WAVE pool is akey siepin its activation during pseudopod
dynamics (Ura et d., 2012).

In this work, we andyze the role of phosphorylaion of WAVE
(dso known as SCAR) in Drosophila in vivo. By using RNA
interference (RNAI), we identified casain kinase 1a (CK 1a) but not
CK2 asanimportant regulator of lamellipodiaformation and inmune
cdl migaion. Cklo-mutant mecophages exhibit a delae
momphology and an dtered migraory behavior that phenocopies
wanve-defidient cdls. Wealso found that CK 1a caninterect physically
with WAVE. Drosophila WAVE contgins two consarved CK1a
congansus sequences thet are located in the N-tenring WHD and the
C-enming acidic donrain, overlapping with two consarved CK2
phosphorylation sites within memmelian WAV E2. Phosphorylaion-
defident mutations in the N-termina but not C-termind dormain of
WAVE can fully rescue the lethdity of the wave mutant and the
lamdllipodium defects of maarophages deficient for wave. Loss-of
and gain-offunction analysis, and pharmecologica inhibiton of
CK1a further suggest thet basal phosphorylaion of VCA domain
by CK1la is crucid for WAVE dability rather than its activity
invivo.

RESULTS

Loss of Cklafunction results in a prominent stellate

cell morphology

As previously shown, suppression of Am2/3-mediated actin
polymerization in arp2- or wavedepleted mecrophages results in
complete loss of lamelipodial protrusions (Rogers e al., 2003;
Zobdl and Bogdan, 2013). To screen systermatically for candidate
protein kinases that are required for lamellipodia formation, we used

1
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Fig. 1. Loss of CK1a functions disrupt lamellipodia formaticn. (A-H) Maximum intensity projection of confocal images that show larval macrophages
expressing GFP (green); Alexa Fluor 568-labeled phalloidin was used to stain the actin cytoskeleton (white). Scale bars: 10 pm. (A) Wild type macrophages show
a highly polarized actin cytskeleton with a broad lamellipodial cell front. (B,C) Macrophage-specific knockdown of CK1a in larval macrophages using the
hermolectin-Gal4 driver disrupts lamellipodia formation. Embryo-derived macrophages that do not co-express Ckla dsRNA and GFP show wild type cell
morphology (asterisk). (D) Macrophage-specific knockdown of wave results in a complete loss of lamellipodial protrusions. (E) MARCM control clones show a wild
type cell morphology. (F-H) Ckla+mutant cells show a stellate cell morphology. (T) Quantification of cell circularity. Macrophage-specific knockdown of Ckla Wild
type (WT; n=99), Ckla RNAi #1 (n=116), Ckla RNAi #2 (n=127) and wave RNAi (n=89), depicted in a scatter dot plot with bars indicating meanss.d. *p <0.001
ANOVA. () Quantification of cell circularity. FRT 18 control (n=205), Ckla 43° (n=152), Ckla €155 (n=282) and Ckla “'*™ (n=135) cells, depicted in a scatter
dot blot with bars indicating mean4s.d. **P <0.001 (one-ANOVA with Dunnett’s multiple comparison test). Iand 1 show a uniless measure. (L,M) Structured
illumination microscopy {SIM) images of lamellocytes isolated from Drosophila larvae stained for Atilla (red) and F-actin {white); nuclei were stained with DAPT
{blue). Scale bars: 10 um. Wild type cells (L), ransheterozygous ck2a™RP1 mutant cells (M). (K,N) Quantification of lamellocyte frequency (K) and macrophage
size (N). Note that loss of ck2a induces notonly lamellocytes at the expense of plasmatocytes bt also results in macrophages with reduced cells size, likely to
represent intermediates.
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Drosophila mecrophages as a modd system, therefore combining
many advantages of cultured cells with a gendic in vivo modd
sydemn (Rider et al., 2018; Sander et al., 2013). We tested 308
conditional transgenic RNAI fly lines tageting 162 kinases
encoded in the fly genome (see Table S1). Transgene RNAIS were
specificaly coexpressed with GFP in the mecrophage lineage using
the hmlA-Ga4 driver (Sinenko and Mahey-Prevot, 2004).
Macrophages were isolaed from third-instar larvae, and tested for
thar phenotypic &fects on lamelipodia formetion and cdll
spreading ex vivo.

Wild type mecrophages acquire a round, pancakeike shape with
abroad lamdllipodid actin filament network (Fig. 1A). Expression
of most double-stranded RNAs (dsRNAs) induced no defects in the
cdl morphology and lamdlipodia formretion (see Table S1). We
identified the casein kinase 1a (Ckla) gene as a candidate that most
strongly dfected lamdlipodia formrelion and phenocopied wave-
depleted cdls, characterized by a prominently reduced circularity
index (Fig. 1B-D,I). We only found a few more dsRNAs thet
afected cdll shape (see Table S1).

Next, we andyzed Ckla mutants, bearing distinct missense
mutaions (Ck1a®®1?, Ckla” and Ckia®). Of those, Ck1a®81?
(Ck1a%#Py is the only functionally charaderized Ckla allde
caying a mutation that transforms the consarved glycine residue &
position 43 into an aspertic acid (G43D). Tt has been first describerd
a5 a stong hypomorph or anorphic dlde (Legent e al., 2012).
Ckla? (Ckla“+*M) and CklaP (Ck1a®¥85) have been previously
isoladed in a large EMS scoreen, but neither allde has so far been
functionally characterized (Hadltermren et ., 2014). Ckla” carries
amutaion tha leads to replacerment of a conserved lysine residue
with methionine & position 141 (L141M), constituting the only
mutaion that yields remova of an H-bond — which might affect the
active site of the CK 1 (see 3D structure in Movie 1, dashed linesin
magenta). By contrast, Ckla® replaces glycine with a serine &
position 148 (G148S) without any obvious sructurd changes.

To andyze these embryonic lethd Ckla mutdions in
macrophages we performed mosaic andysis with a repressble
cdl marker (MARCM; Wu and Luo, 2006) to generale Ckla-
mutant mecrophages in a wild type animal background. Compared

3 3 =3

Track speed mean [pm/min]
[

-
e

R
o

b

Fig. 2. Loss of CK1a impairs macrophage migration. (A-D) Still images of randomly migrating pupal macrophages (after 20 min recording). Cells were tracked
using Imaris software; single trajectories are depicted in different colors. Wild type macrophages (A) expressing GFP show broad lamellipodia that migrate
constartly. Mutation of Ckla (B-D) results in reduced cell speed. Scale bars: 10 pm. (E) Quantification of cell speed. Shown is a scatter dot plot with bars
indicating meands.d, **P 0,001 (Welch’s ttest); ns, not significant. The mean track speed of Ckla M“™M>Ckla 4P mutant cells is significanty reduced
comparison to control macrophages. Based on lamellipodium defects and impaired migratory behavior, we ranked the mutations into the following allelic series:
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Fig. 3. See next page for legend.

with control cells (Fig. 1E), isolated GFP-positive Ckia-™™  Thus, we confirmed CK1a as an important novel regulaor of
mutent cdls displayed the stongest defects in lamdlipodia  cdl shape

formetion, showing a prominent sdlae cdl momphology A possible role on cell shape has also been suggested for casgin
compared  with Cki1a®® and CklaS¥S  (Fig. 1E-H, kinese 2 (CK2; Kramerov et d., 2011; Pocha and Cory, 2009), a
quantificaion of reduced dircularity is shown in Fig. 1]). sructudly compledy different enzyme that was dso induded in
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Fig. 3. Loss of CK1a impairs macrophage directionality upon wounding
of a single cell. (A-D) Still images of spinning disc time-apse movies of
directed macrophage migration upon wourding of a single cell (encircled by
yellow dashed line, t=0). Scale bars: 20 um. Cells were imaged for 30 min after
laser ablation in 30 s intervals and tracked by using Imaris software. {A) Upon
wounding, wild type cells switch from random to directed migration. Within
30 min, most cells within a distinct radius reach the wound site. (B) Trajectories
indicate that Ckla-mutant macrophages are attracted to the wound site, but
they migrate with a reduced directionality. A similar, buteven stronger impaired
migratory behavior was found for mys® (C) and wave®37 (D) mutant
macrophages. (E ) Quantification of cells at the wounding site 30 min after laser
ablation of wild type FRT19 control, Ck1a-241M, rrys! and wave® cells.

4P <0.001 (Welch's ttest). (F) Quantification of cell speed. Shown is a scatter
dotplot, with bars indicating mean4s.d. **f <0.001, *P <0.033 (Welch's t-test).

our initial RNAI screen (see also Table S1). Whereas CK1a is a
nmonomeric sarine kinase, CK 2 is composed of two caalytic CK2a
and two regulaory CK2B subunits that form a hatero-telramernic
(a2B2) holoenzyme (Bandyopadhyay et a., 2017). RNAi-nediated
deplefion of dther CK2a or CK23 subunit did not significantly
dfect lamellipodia formmetion but resulted in atered blood cdl
homecsasis, which could be also confimmed in da (@so known
& Cllla)-mutant larvae (Table S1; Fig. 1K-M). Loss of cka
function induced the fonmetion of Atilla-positive lamd locytes e the
experse of mecrophages (Fig. 1L, M; gquartificaion in Fig. 1K).
Lamd locytes are giant cd s that are rardly obsarved in hedthy flies,
but trensdifferentiation from rmecrophages is drameicaly induced

The mean track speed of mys and wave® >Ckia-"*™ mutant cells is
significantly reduced compared to that of control macrophages. Wild type
FRT19 control (n=130), Ckla"*™ (n=445), mys' (n=72) and wave">’
(n=120). (G) Quantification of the bias angle. Wild type FRT19 contol (n=130),
Cklat"#1M (h=445), B >-integrin (mys, n=72)and wave® (n=120). Shownis a
scatter dot blot with bars indicating meants.d. *#P<0.001 (Welch's t-test).
{H) Polar histogram chart of the bias angle distribution, showing impaired
directionality of Ckla“™ mutant macrophages when compared to wild type
FRT control cells,

in response to infection by paresitic wasps (Anderl et al., 2016).
Transheterozygous ck2a ™1 and ck2a T8RP mutant larvae, which
lack CK2a kinaese adtivity (Bulek et al., 2014), showed an enlarged
lamdlocyte corrpartment (=30%) and rrecrophages (70%) whose
average size differs compared with control mecrophages (Fig. 1N).
as recently suggested, these cdlls might beat an intermediate state of
transdifferentiaion (Ander et a., 2016). Our daa suggest that CK2
regulates blood cell differentiation, rather than blood cdll shape.
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Fig. 4. RNAi-induced depletion of CK1a results in reduction of WAVE protein levels in macrophages. (A) CKla physically interacts with WAVE. S2 cells
were co-transfected with EGFP-tagged CK1a and Myc-tagged WAVE . Total cell lysates (input) were used for immunoprecipitation with a pre-immune control
serum [rabbit (rab) IgG]or a-GFP serum(a-GFP ). Samples were separated using SDS-PAGE and analyzed by westem blotting using antibodies against GFP (a-
GFP, top) or Myc (a-Myc, bottom). (B) Detection of in vitro phosphorylated WAVE protein, phosphorylated through recombinant human CK1 or Abl. Reactions
were performed using recombinant GST-WAVE purified from E. coli. —/+indicates absence (—) and presence {+) of the CK1 or Abl (NEB). Reaction conditions
depend onthe added kinase. Samples were separated by SDS-PAGE and analyzed by westem blotting using anti-WAVE and anti-thicphosphate esterantibodies
(a-WAVE and a-thiophosphate ester, respectively). (C) Inhibition of CK1a increases WAVE protein levels. S2 cells were treated with vehicle control (DMSQ), the
CK1la-specific inhibitor D4476, the proteaseme inhibitor MG 132 or D4476 and MG132 tgether for 4 h. The cells were collected, lysed and analyzed by
immunobloting with antibodies against WAVE or tubulin. Inhibition of CK1a decreases levels of endogenous WAVE protein, whereas MG132-treated cells show
rmarkedly increased levels. Tubulin served as loading control. (D) Quantification of WAVE protein levels in response to pharmacological inhibition of CK1a. Results
are the average of five independent experiments nonmalized to wild type protein level (set at 1). P-values from ratio paired t-test are shown when significantly
differentfrom control (** <0.001). (E)RNAI induced CK1a depletion results in substantial reduction of WAVE protein levels in macrophages. Larval macrophages
were isolated, centrifuged and resuspend in SDS-sanple buffer, and immunacblotted with antibodies against WAVE or tubulin. RNAI of wave serves as control to
clarify specificity and reduction of WAVE protein levels. Tubulin serves as the loading control, (F) Quantification of WAVE protein levels upon RNAiI-mediated
knockdown. RNAI of wave serves as control. Results are the average of nine independent experiments. P-values from ratio paired t#est are shown when
significanty different from control (=P <0.001).
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Fig. 5. Lamellipodia defects in CK1a-depleted macrophages are rescued
upon inhibition of proteasomal degradation. (A,B) Maximum intensity
projection of confocal images that show larval macrophages expressing GFP
(green). Alexa Fluor 568-abeled phalloidin was used o stain the actin
cytoskeleton (white). Scale bar: 10 pm. (A) Macrophage-specific kneckdown of
proteasome components mnii, pn6, prosps or prosa? in larval macrophages
using the hermolectin-Gal4 driver does not affect cell morphology. Rescue of
cell morpholegy defects of Ckla RNAi-depleted cells by co-expression of
indicated transgenic RNAis against indicated proteasomal components.

(B) Macrophage-specific knackdown of any of the: six known cullin proteins
does not significant impact on cell shape. Embryo-derived macrophages that
do not co-express dsRNA and GFP are indicated (asterisks). RNA-mediated
knockdown of Cull and Cul2 butnot Cul3 to Culé rescued cell shape defects of
macrophages evoked by Ckla RNAI. Scale bars: 10 pm. (C) Quantification of
cell circularity. Shown is a scatter dot plot, bars indicate meanss.d. *P<0.033,
D £0.001 (one-way ANOVA with Bonferroni’s multiple comparison test). Wild
type WT (n=78) Ckla RNAI (n=172), rpn1l RNAi (n=40), Rpné RNAI (n=163),
prosp5 RNAI (n=117), prosa7? RNAi (n=47), Ckla RNAI-+pn11 RNAi (n=124),
Ckla RNAI-+HPn6 RNAI (n=145), Ckla RNAI+prosB5 RNAI (n=74) and Ckla
RNAi+prosa7 RNAI (n=83), Cullin 1 RNAI (h=61), Cullin 2 RNAi {(n=66), Cullin
3 RNAi (n=120), Cullin 4 RNAi (n=130), Cullin 5 RNAi (n=90), Cullin 6 RNAi
(n=54), Ckla RNAI+Cullin 1 RNAI (n=48), Ckla RNAi+Cullin 2 RNAI (n=174),
Ckla RNA+Cullin 3 RNAI (n=144), Ckla RNAI+Cullin 4 RNAT (n=177), Ckla
RNAI+Cullin 5 RNAi (n=170), Ckla RNAi+Cullin 6 RNAi (n=76).

Loss of Cklafunction impairs macrophage migration and
immune response

Tofurther examinea possibleroleof CK 1a in cdl migration, we first
andlyzed the migratory behavior of Ckla-*™ mutant mecrophages
expressing GFP in prepupae. Wild type control mecrophages form
broad larrellipods to migrete dong the epidermis (Fig. 2A). Cell
trajecories show wild type macrophages migrate long disances
within 20 min of acquisiion (Fig. 2A; Movie 2; quentificdion of
rrigration speed is shown in Fig. 2E). By conrest, Ck1a®*P and
Ckig“**™ mu@ant macophages migde considerably  slower
(Fig. 2B,C,E). No significant differences were observed between
(FRT, where FRT indicates the terget site for the FLP reconrbinase)
control and Ck1a®S mutant mecrophages, suggesting that
Ck1a®*#5 i a hyporromph (Fig. 2D,E).

To deterrine the role of CK1a in directed wound response of
macrophages, |aser ablation experiments were performed inasingle
cdl within the pupa wing (Fig. 3A-D, area encircdled by dashed
yellow line). Upon wounding, control mecrophages (FRT control)
switch from random to directed rrigrdion towards the wounding
site. Cdls were autonetically tracked within the first 30min
post wounding and trgjectories were constructed (Fig. 3A-D;
quantificationin Fig. 3E-H; Movie 3). Ckla-defident mecrophages
dill respond to the cdll however, due to reduced
lamdlipodia formration, Ckla""*™ mutant cells were impaired
in their ability o migrae towards the ablated cdl. To belter
characterize defedts in the migratory behavior we first counted the
numberof cdlls that reached the wound within the first 30 min after
wounding (Fig. 3E). Nurrber of cdlls at the wound were normralized
to the total numberof cdls within 10-80 pmof theablaion site. We
a so measured the mean treck speed of mutant cdll s compared to thet
of FRT control cdlls (Fig. 3F). Both, cdll nunbers &t the wound and
cd| speed were ggrificantly reduced in Ckda ™™ as well & in
rmyospheroid (myst) and wave® mutant cells (Fig. 3E,F; Movie 3).
To further describe the impeired migratory behavior of Ckla-14M
mutant cells we a so measured the bias angle, i .e. the angle between
the motion vector (a step of the call) and the direction vector
pointing towards the wound (Liepe & al., 2016; Weavers e al.,
2016). A bias angle of ~0° indicates the highest directionality to the
wound, whereas cdls with a vaue of ~180° move in the opposite

direction. For migrating wild type maaophages, the biss angle had
vaues of <80° (shown in Fig. 3G,H as frequency distribution of the
bias angle for each trajectory). By contragt, Ckla-" mrutent cells
rmove with a bias angle between 80° and 180° (Fig. 3G,H). Ckla-
mutant macrophages showed reduced distance fromthe origin, with
a reduced dirediondity (indicaed by the odl bias angle; Fig. 3F).
A similar, but more severdy impaired migratory behavior was
shown for wave®™’ and BHntegrin (mys') mutant mecrophages
(Fig. 3F,G; Morgirm et al., 2013). These results indicate that CK 1a is
required for proper lamdlipodia formation and immune cdl
migraion in vivo.

CK1la physically interacts with WAVE and human

recombinant CK1&can phosphorylate Drosophila WAVE

in vitro

Given the similar cdlular phenotypes, we next tested for a
possible physicd interaction batween CK1a and WAVE. To this
end, we transiently co-trensfected Drosophila S2R+ cells with
EGFPtagged CKla and Myctagged WAVE, followed by
coimmunoprecipitation  experiments.  Pull-down assays using
lysates from cells expressing tagged CK 1a and WAVE reveded a
physical interaction between the two proteins (Fig. 4A). To further
exarmine whether CK 1 can phosphoryl ae WAVE, we performed an
in vitro kinase assaly using recormbinant huren CK 19 kinese (1-
317aa) — which has 65% identity to Drosophila CK1a - in the
presence of purified gluathione S-ransferese (GST )tegged
Drosophila WAVE protein (GST-WAVE). In this assay, ATPYS
sarved as the phosphate donor from which mono-thiophosphate
instead of phosphate is trarsfered to the substrate (Fig. 4B).
Alkylated thiophosphate crestes an epitope for thiophosphate estar-
specific antibodies, which allows detection of phosphorylaion
(Allen et a., 2007). Our thiophosphorylaion assay showed that
WAVE can be phosphorylated by CK1 and its positive control
Abelson kinase (Abl) (Leng et d., 2005) (Fig. 4B).

CK1la protects WAVE from ubiquitin-mediated degradation

We next andyzed the potertia effect of CK1a on endogenous
WAVE protain. First, we used the cellpemmeable, CK 1a-spexific
ATP-conplitive inhibitor D4476 (Rena et d., 2004). Remarkably,
inhibition of CK1a adtivity by D4476 resulted in a significant
reducion of WAVE protein levels in S2 cdls (Fig. 4C,
quantificaion is shown in Fig. 4D). This was prevented by
addition of the proteasormre inhibitor MG132, suggesting thet
phosphorylation of WAVE by CKla protects WAVE from
ubiquiitdmediaied degradation (Fig. 4C,D). In additon, we
found that CK1la depletion through RNAI results in substantia
reduction of WAVE protein levels in larval macrophages (Fig. 4E).
Quantification of nine independent expariments is shown in
Fig. 4F. To further analyze whether inhibition of ubiquitin-
mediated degradation can dso revert the lamdlipodium defects
evoked by depletion of CKla, we screened for protessome
components and tested various RNAI lines. Ubiquitin-dependent
degraddion is a multi-step process that involves members of the
cullin protein family as part of E3 ligase complexes (Mormeale and
Walden, 2016) as wdl as the 26S proteasome, consisting of a 205
catalytic core and a 195 regulatory complex (Saeki, 2017). Upon
inhibition of proteasomd degradaion by targaing ether the 20S
catalytic core (Prosf35, Prosf7) or the 19S5 regulaory complex
(Rpnll, Rpn6), wefound that the lamellipodiumdefectsinduced in
response to RNAT of Ckla were sgnificantly rescued, whereas
knockdown of rpnll, rpnG, prospS and prosB7 alone did not show
significant differences regarding cdl shape (Fig. 5A,C). We also
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Fig. 6. Phosphorylation of the acidic region within the VCA domain of
WAVE is essential for its function. (A) Schematic of domain structure within
the Drosophila WAVE protein. Shown are the WAVE homology dormain (WHD),
hasic region — B, proline-rich region - PRG, verprolin domain - V, central region
- C and acidic region - A, as well as sequence alignmentof N-terminal and C-
terminal parts of human of WAVE 1, 2 and 3, and Drosophila WAVE. Shown are
two CK1a consensus sequences within the WHD and the acidic regicn of
WAVE; conserved serne residues are underined in yellow. Serine residues
that match the CK1a consensus motif are underlined and/or shown in red.
Phosphorylatable serine residues that were replaced with alanine in the
unphosphorylatable mutant (SA) and with aspartic acid in the phosphomimetic
mutant (SD) are indicated on the right. (B) Rescue of wave®” homozygote
lethality into adulthood by ubiquitous re-expression of transgenic WAVE
variants as indicated. Results show the averages of three independent
crossings. Notice that only the C-terminal phosphomutant SA™ variant is
unable to rescue lethality. *P <0.03, ns, not significant (one-way ANOVA with
Dunnett’s multiple comparison test). (C) Maximum intensity projection of
confocal images that show larval wave®? mutant macrophages re-expressing
transgenic WAVE variants as indicated. Cells were stained for F-actin {white);
nuclei were stained with DAPI {blue). Scale bars: 10 pm. N-terminal (SD¥)and
C-terminal phosphomimetic (SD) as well as the N-terminal
unphosphorylatable mutant (SA®) can substantially rescue the wave-mutant
phenotype. In contrast, lamellipodia formation is still severely defective in
macrophages re-expressing the C-terminal unphosphorylatable mutant of the
VCA domain (SA). (D) Quantification of cell circularity of rescued
macrophages. WAVE -WT (n=122), WAVE-SA (n=143), WAVE-SD> (n=131),
WAVE-SA™ (n=92), WAVE-SD>* (n=246). Shown is a scatter dot blot with bars
indicating mean4s.d. *P =0.010, **P <0.001 ANOVA; ns, not significant.

(E) Quantification of mean track speed of directed migration of rescued
macrophages upon wounding of a single cell. WAVE-WT (n=94), WAVE-SA™
(N=384), WAVE-SD"* (n=128). Shown is a scatter dot plot with bars indicating
meands.d. ##P <0.001 (Welch's t-test). (F) Quantification of bias angles of
directed migration of rescued macrophages upon wounding of a single cell.
WAVE-WT (n=296), WAVE-SAS (n=206), WAVE-SD>* (n=233). Shown is a
scatter dot blot with bars indicating meants.d. **P<0.001 (Welch's t-test).
(G)Quantification of cell circularity. Rescue of cell morphology defects of Ckla
RNAi-depleted cells by co-expression of indicated transgenic WAVE variants.
D and G show a unitless measure. WT (n=160), Ckla RNAI (h=160), Ckla
RNAIHWAVE-SA™ (n=131), Ck1la RNAIHWAVE-WT (n=154) and Ckla
RNAI-HWAVE-SD>* (n=120). Graph is depicted in a scatter dot plot with bars
indicating means.d. *P<0.01, **P <0.001 ANOVA.

tested the six known Drosophila members of the cullin protein
family (Cull, 2, 3, 4, 5 and 6), which function as scafolds to
asseble diginct E3 ligase conplexes (Ketosugbo et d., 2017).
Interestingly, RNAi-mediaed knockdown of Cull and Cul2, butnot
Cul3to Cule (RNAI had alreedy been validated), rescued cell shape
defects of macrophages evoked by RNAI of Ckia (Fig. 5B,C).
Knockdown of any cullin protein aone did not show significant
differences in cdl shape (Fig. 5B,C). Taken together, these data
further provide evidence that CK 1a protects WAV E fromubiquitin-
mediated proteasomel degradetion to ensure the proper formetion of
lardllipodia.

We aso tested whether forced overexpression of CK1a might
increese WAVE protein levds. For this, we genargied a sably
transfected S2 cell line expressing CK1a under the control of a
Curnducible  metallothionein promoter (pMT).  However,
induced expression of full-length CKl1a did neither induce a
phosphoryl ation-dependent mobility shift of endogenous WAVE
nor did it yield increased levels of WAVE protein (Fig. S1A B),
suggesting thet prominent basal phosphorylation by CK 1a aready
stabilizes endogenous WAVE levels.

Phosphorylation of the acidic region within the VCA domain
of WAVE is essential for its function regarding lamellipodia
formation, cell migration and development

CK1a is ampnomeric, serinethrecnine-specific protein kinase thet
recognizes the canonicd consensus sequence [S(p)/T{(p)-X-X-5/T]

[where S(p)/T(p) indicates a phosphorylated residue (Flotow et al .,
1950) and X represents any amino acid]. In addition, non-canonical
consensus sequences recognized by CK1 family memrbers have
been described previously, i.e. the SLS motif as found in B-catenin
(Marinetal., 2003). WAVE proteins contain a conserved SLS rrotif
inthe N-tarminal WAV E honology donrein (WHD) and acanonical
CKla consensus sequence in the C-taminal acidic region
comprising VCA (Fig. 6A, marked in red). To further explore the
physiological relevance of phosphorylation, we paformed rescue
experimentsin fly. We generated different mutant WAVE variants,
in which the sarine residues within the N-terminal WHD (i.e. S44,
45 and $47) or the C-terminal VCA domain (i.e. S591, S593,
S596, S598 and S602) were replaced with unphosphorylatable
danine residues yidding SA mutants (N-terminal SA3 and C-
terming SA™ mutant variants) (Fig. 6A) or with phosphomimetic
aspartic adid residues yigdding SD mutants (i.e. N-terminal SD3-
and C-termina SD> mmutant variants) (Fig. 6A). To ensure equa
expression raes we integrated these transgenes into the same
landing site (68E) using the ®C31-mediaed transgenesis strategy
(Bischof et d., 2007).

Ubiquitous re-expression of N-taminad  phosphomutant or
phosphommimetic varants (SA or SD¥) fully rescued embryonic
lethdity of wawe mutants, indicging that the SLS rotif is
dispensable for WAVE function (Fig. 6B). By contrest,
phosphorylaion of the C-termind acidic domein of WAVE is
crucia for WAV E function. With only a small nurmber of progenies,
the phosphonmutant variant (SA>) failed to rescue the lehdity of
the wave mutant, whereas the C-tarmind phosphomimetic variant
(SD>) corrpletdy restored viability (Fig. 68). A similar phenotypic
andysis in  mecrophages  further confinmed tha  besa
phosphorylation of the C-terming acidic domein is required for
WAVE funcion (Fig. 6C). Defects regading lamdlipodia
formetion in weve-mutEnt mmecrophages can be substantialy
rescued by re-expressing wild type, N-temind phosphomirmetic
SD* or phosphormutant SA® WAVE protein (Fig. 6C). However,
C-erminal phosphomutant SA™ WAVE faled to rescue the
lamdlipodium defects (Fig. 6C). Cels expressing the SAS
variant still showed strongly reduced circularity and mean track
speed compared to cdlls rescued either by wild type, SA™ or SD>
protein (quantification in Fig. 6D and E). Similarly, we dlill found
significant defects in the migratory directionality of nmutant
macrophages expressing phosphomutant SA™ WAVE comrpared
to wild type or the phosphormimetic SD variant (quantifiction in
Fig. 6F). Findly, we tested whether defects in lamdllipodia
formation evoked by RNAI of Ckla can be rescued by
overexpression of the phosphomimetic SD3 variant. Indeed,
overexpression of the phosphomimetic SD™ but not the
phosphormutant SAS WAVE variant substantially rescued cell
shape defects of mecrophages deficient for Ckla (Fig. 6G).
Likewise, reexpression of wild type WAVE did not rescue
defects evoked by RNAi of Ckla, suggesing that besal
phosphorylation of the acidic dormain of WAVE is essentid for its
dability in vivo.

Phosphorylation of the acidic region within the VCA domain
of WAVE promotes its stability rather than its actin

nucleation in vivoe

We finally tested whether a phosphomi nelic WAVE SD mutant of
the VCA domein exhibits a higher protein gability or actin
polymerizaion activity in vivo. Here, we usad the Drosophila
wing imagind disc as an in vivo modd to measure the effect of the
WAVE ovearexpression. We usad the en-Gal4 driver, which only
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WAVE intensity
posterior/anterior
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F-actin intensity

posterior/anterior

Fig. 7. Phosphorylation of the acidic region within the VCA domain of WAVE promotes its stability rather than its actin nucleation in vivo. (A-E’)
Confocal images of wing imaginal discs expressing unphosphorylatable mutant WAVE-SA or phosphomimetic WAVE-SD™ constructs in the en-Gald pattem.
Expression of transgenes is verified by antibody staining as indicated. Anterior is to the left. The anterior—posterior compartment border is indicated by a red
dashed line. Scale bars: 50 pm. (F) Schematic representation of third-instar larvae wing imaginal disc. A, anterior; P, posterior. The anterior—posterior
compartment border is indicated by a red dashed line. (G) Quantification of WAVE levels upon overexpression of WAVE. Quotient of posterior over anterior signal
strength. EGFP serves as a negative control and wave RNA transgene as a positive control. WAVE-WT (n=15), WAVE-SA>* (n=143), WAVE-SD>* (n=9), WAVE-
SAP (n=14), EGFP {n=5), wave RNAi (n=3). (H) Quantification of F-actin upon overexpression of WAVE as the quotient of posterior/anterior signal intensity.
EGFP serves as a negative control and wave RNAI transgene as a positive control. *P <0.033, *P <0.002, **P <0.001 (Welch’s ttest). WAVE-WT (n=14),
WAVE-SAS (n=143), WAVE-SD™ (n=16), WAVE-SA (n=16), EGFP (n=8), wave RNAI (h=7).

induces expression in the posterior compartment of wing imeging
discs, whereasthe anterior compartment serves as a negeti ve control
(Fig. 7A—E, schermatic in F). Expression of an EGFP transgene
served as an additional negative control (Fig. 7A,A%) and thet of
wave RNAI transgene as a positive control (Fig. 7E,E’) for changes
in F-actin levds. We found that phosphominmetic WAVE-SDS
(Fig. 7C,C") is more stable compared to WAV E-wild type (WAVE-
WT (Fig. 7B,B") and phosphorrutant WAVE-SA> (Fig. 7D,D’,G).
Proin levels of WAVE-WT and WAVE-SA™ were not
significantly different (Fig. 7G). Moreover, despite the fact thet
phosphomirmdic WAVE-SD>* is more sable than the wild type
protein, we found no increased adtivity (F-actin induction) in
WAVE-WT and WAVE SD* cdls (Fig. 7H). Thus, these data
suggest that phosphorylation of the VCA domain promotes WAV E
gability rather then its adin nudeation activity in vivo.

DISCUSSION

WAVE proteins contain a consarved C-tarming VCA dorein that
directly binds to and activates the Arp2/3 conmplex, driving branched
actin polymerizaion. A previous shdy suggested that CK2

phosphorylates setine of memmalian WAVE2 & positions 482,
484, 488, 489 and 497 within the acidic domain of theVVCA domain
that promotes Amp2/3 conplex adtivity in vitro (Pocha and Cory,
2009). Consistenty, overexpression of a GFP-WAVE2 5A consinuct
inhibitslamd lipodia protrusionin transfected NIH3T 3 cdlls (Pocha
and Cory, 2009). Whether a phosphomimetic WAVE SD mutant of
the VCA domain exhibits incressad actin polymerization activity
in vitro has not been addressed so far, In this work, we found that
overexpression of phosphormimetic WAVE-SD™ and wild type
WAVE equally induces F-actin in epitheial tissue. This suggests
that increasad stabilization did not necessarily result into incressed
actin nuclegtion activity. However, inhibiting the phosphorylaion
of the VCA domain (see WAVE-SA™ variant) dearly leads to
significanly reduced F-adin inducion as compared to
overexpression of wild type WAVE (WAVE-WT). Theefore
basa phosphorylaion of the VCA domain not only seerms to be
required for protein sability but aso seers to promote WAVE
activity. However, the phosphomi metic SD>* variant behaves like
the wild type WAVE as it fully rescues wave-mutant lethality and
any defects in lamellipodia formretion. Thus, our daa more closdy
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WRC stable

basal phosphorylation
by CK1a

WRC unstable

Fig. 8. CK 1a protects WAVE from proteasomal
degradation. Schermatic showing the proposed role of CK1a
in regulating WAVE protein stability. The WRC forms a stable
pentameric complex that, in Droscphila consists of WAVE
(magenta), Abi (orange), Nap1 (blue), Sra-1 (officially known
as Cyfip; green), and HSPC300 (yellow). Basal
phosphorylation of the VCA domain contributes o protein
stability. The VCA domain is normally inhibited through
interaction with the meander region of the WAVE WHD
domain (Chen etal., 2010) and Sra-1. Release of the
autoinhibitory conformation faciliates exposure of WAVE to
ubiguitylation, leading to its degradation. Ubiquitylation of
WAVE might be mediated by a conserved lysine residue
within the WHD domain.

Cullin 1/2
26S proteasome

ubiquitin-mediated

degradation

reserble previous observations of WAVE2 in NIH3T 3 cdls (Pocha
and Cory, 2009). Our findings aso irply that dephosphorylationis
acrucia regulaory sep inthe regulation of WAV E. Qur daafurther
suggest that basal phosphorylation by CK 1a protects WAVE againgt
increased ubiquitindependent degradation. However, the question
remai ns how phosphorylaion of theV CA domein by CK 1a impacts
on WAV E sability? A recent study has demonetrated that WAV E2
undergoes ubiquitylation in a T-call acivat on-dependent manner
that is fol lowed by proteasormal degradation dependent on the VCA
dorrein (Joseph etal., 2017). The main WAV E2 ubiquitylation site
has been mepped to Lys45, a highly conserved residue within the
WHD, and is required for WRC integrity and stability (Joseph et al.,
2017). A modd has been proposed in which activation of WAVE
triggers aconformretional change that rel eases the sequestered VCA
dorrein, exposes the WHD (Lys45), to ubiquitylaion and, thereby,
pronotes WAV E degradation (Joseph etd ., 2017), Overdl, ourdaa
provide firstin vivo evidence for CK 1a-dependent phosphorylaion
of WAVE as a so far unknown and crucia mechanism to control
WAVE functions (Fig. 8).

Our data aso show that CK1a — but not CK2 —is an important
regulator of WAVE function in vivo. In contrast to Ckla-mutant
cdls, mecrophages deficient for the cad ytic CK 2a subunit formed
normel laellipodia but showed incressed differentiation of
lamell ocytes at the expense of macrophages. Our daka suggest thet
CK2 regulates differentigion, rather than shape and locomotion,
of blood cdls. Accordingly, previous dada reveded thet
phosphorylation of dMi-2, the caldytic subunit of the nucleosome
remodding and deacdlylase (NURD)Ush complex, by CK2
rmodulates nudeosorre remodeing activity, which might contribute
to the repression of blood lineage-spedfic genes (Bouazoune and
Brehm, 2005; Lenz et d ., 2021).

MATERIALS AND METHODS

Drosophila genetics

Fly husbendry and crossing were caried out according to the stendard
methods. Crosses were maintained at 25°C, UAS-Gd4-based experiments
including RNAI were performed & 29°C. The following fly lines were
used: CK1a RNAI BL 25786 and VDRC 16645, hmlA-Gald, UAS-eGFP
(Sinenko and Mahey-Prevot, 2004); enGald (Bloomington Stock
Certer). Transgenic pUASp-wave WT, pUASpwave SD¥, pUASpwave
SA>, pUASp-wave SD™ and pUASp-wave SA > flies were genarated Lsing
®C31-rediged transgeneds (M{3xP3-RFP.atP }ZH-86F (Bischof e 4.,
2007).

To generae MARCM-eady docks the following fly lines from
Bloomington Stock Center were usad: hsFLP, tubP-GALS0, w¥, FRT194A;
Pin/CyQ; (BL#5133); FRT194;; (BL#1709); ms'FRT19AFM7c; (BL#
23862), y! w* Ckial*] FRT19A/FM 7c, Kr-GA L4, UAS-GFP (BL#57084),
ylwtCkig® 12 FRT19A FM7i, twi-GAL4, UASEGFP; sna>lCyO (BL#
63802); y! w* Ckla[A] FRT19A/FM7c, Kr-GAL4, UASGFP (BL#
64459); hsFLP, w*, y; tubP-GALS0, FRT40A; hrA-GAL4, UAS<GFP/
TM6B; hsFLP; weve”?, FRT40A/Cyo; y* w¥;; dalMRITM3 (BL#
24511); y* w*;; ck2a T/ TM 3 (BL # 24512); y* w*;; d2a”/TMEB, Tbl
(Kyoto 141869). MARCM (Mosaic Andysis with a Repressible Cell
Marker; Wu and Luo, 2006) experiments were performed as follows.

Deleted in hermocytes only (DEMON) (Moreira et d., 2013) meles were
crossed with mutant or FRT 19a control virgin flies and placed a 25°C for
48 h. The progeny was subrmitted to three 1-h heat shocks every 24h a
37°C. Batween heat shocks, crosses were meintzined a 29°C. Each heat
shock wes carried out in a 37°C waker bath, followed by 1h a 18°C to
extend the G2 phese and improve MARCM effidiency. Ferdle third-instar
larvae containing GFP-expressing hemocytes were then sdected for further
andysis.

Cell culture, cell transfection

Drosophila S2R™ cdls weare propagated in 1x Schneider’s Drosophila
Medium, as described previously (Stephan et a., 2008). S2R* cdls were
transfected as described previously (Nagel et d., 2017).

Cell transfection and maintenance of stable cell line

Drosophila S2R * cdlls were transfected with 11.37 ug pMT-Ckla-6xc-myc
plasmid expressing M yc-tagged CK1a (Lamet a., 2018). For selection of
co-ransfacted cdlls, we used the pCoHygro (Invitrogen) selection vector
(1.26 g) expressing the hygromycin resistance gene. Three days Jter
transfection, mediumwas replaced and cdls were cultured in the presence of
300 pg/ml hygromycin-B (ThermoFisher). Stably transfected cdlls were
screened for hygromydin resistance over 5 weeks, During this ime, the
mediumwes changed every 4-5 days. Expression of CK 1a was induced by
addition of CuSO, (final concentration of 500 UM ). Cells were harvested a
indicated time points.

Chemical inhibitors

The CK 1a inhibitor D4476 (Sigme) was resuspended in DM SC to 5000 pM
stock dilution. D4476 was then diluted in cdl culture medium and added
to cdls & fina concentrdions of 100UM in 24-wdl tissue culture
plates. Cdls were treged for 4h. The proteasome inhibitor MG132
(Sigrme) was resuspended in DMSO to 1mM stock dilution. Cells were
trested with 10 pM MG132 for 4 h. Control-treated celIs were tregted with
equa volumes of DMSO under conditions identical to those of drug
trestmrert.

11

112



Journal of Cell Science (2021) 134, jcs258891. doi:10.1242/cs.258891

Phosphorylation assays

Phosphorylation assays were conducted using recorrbinant glutethione
S-ransferase (GST)-tagged Drosophila WAVE protein (GST-WAVE) as
substrate (0.2 /il in 50 mM Tris buffer pH 8.0). First, GST-WAVE was
incubdakad with ATPYS, Which serves as the phosphaie donor from which
mono-thiophosphate instead of phosphate is transfarred to the substrate.
Second, alkylaion of thiophosphorylated serine, threonine or tyrosine
resicdues is dlowed by addition of para-nitrobenzylmesylale (PNBM).
Alkylated thiophosphate creates an epitope for thiophosphate ester-spedific
antibodies, which dlows to detection phosphorylaion (Allen et d., 2007).
Kinases used were CK 1 (truncated hurman  isoform) (Graves and Roach,
1995) and Abl [truncated form of murine leukearria virus v-Abl (Foulkes
et d., 1985)], both purchased from NEB. Readions were mixed and
incubeted for 30 min & 30°C before PNBM was added for akylaion.
Alkylaion with PNBM occurred for 120 min a 30°C.

Co-immunoprecipitation experiments
Co-immuncprecipitstion  expariments were paformed & desaribed
previoudy (Bogdan et d., 2004). Samples were used for SDS PAGE and
westem hlot analysis as described below.

SDS-PAGE and western hlot analysis

Protein extracts were separaed by SDS-PAGE and andyzed by westem
blotting. The following anti bodies were used: anti-WAV E (1:1000; Bogdan
et d., 2004), anti-Tubulin (1:3000, DSHB AA4.3) and anti-thiophosphate
ester (rebbit, ab133473, Abcam). The following secondary antibodies were
used diluted 1:5000 in 10%milk TBS-T: goat anti-mouse IgG (H-+L), HRP
(ThermmoFisher) and goat anti-guinea Pig IgG (H-L), HRP. Western blots
were quantified using Image studio lite 5.2 software from Li-Cor and
sistically analyzed using GraphPad Prism 8 software.

Immunohistoechemistry of Drosophila macrophages and wing
imaginal discs

Pupa mecrophages were isolaed as desaibed previously (Ruder et dl.,
2018). Wing imeginal discs were dissected from third-instar larvee and
collected inice-cold PBS. The discs were fixed with 4%PFA for 45 min a&
RT on arotary mixer, 3% (wA/) BSA in PBS, 0.3%Triton X-100 was used
as blocking solution. Sarrples were incubated in primary antibody over
nightat4°C. 0.3%PBT was used for every washing step. Primary antibodies
used were anti-WAV E (1:1000; Bogdan et al., 2004) and anti-Atilla (1:10;
Kurucz et a., 2007). Secondary antibody was goak anti-guinea pig 483
(1:1000, Thermo Fisher Scientific). Actin saining was camied out using
Alexa Fluor 568 conjugated to phaloidin (1:100) during the secondary
antibody incubabion for 2h. Discs were mounted in Fluoromount G
(Therrro Fisher Scientific) and stored &t 4°C.

Image acquisition and microscopy

Structure illumination microscopy imeges were telken with an ELYRA S.1
microscope (Call Observer SD, 63%/1.4 cil-inmersion objective). Confocal
fluorescenceinmages weretaken using al eica TCS SP8withanHC PL APO
CS2 63x/1.4 oil objective. Live imaging of mecrophage cultures was
performed using a Zeiss CelObsarver 2.1 with a Yokogawa CSU-X1
gpinning disc scanning unit and an Axiocam MRm CCD camera
(6.45 rmx6.45 um). Ablaion experiments ware done using a 355 nm
pulsed UV laser (Rapp, Optodectronics), as reported previoudly (Sander
etd., 2013; Rider et al., 2018).

Structural protein visualization and analysis
Molecular visualization, editing and andysis, and imege production were
camied out using the UCSF Chirmera package (Pettersen et d ., 2021).

Quantification of Drosophila macrophages and analysis of cell
morphology

Cell morphology was andyzed by using FII shape descriptor parameter.
Circularity ranges were between O (infinitely dongated polygon) and 100
(perfect circle), Anxarea-perimetar® (Zdillaet d., 2016).

Quantification of directed migration of macrophages

Tracking of migrating macrophages was performed using the spots module
of Imaris 9.3 (Bitplane; https:/imeris.oxins.compversions/8-3) software.
The reference frame module was set & the ablation site. After autormatic
tracking, al time-lapse movies were checked and were manually cormected
if neccessary. The mean track speed was measured by using the Inreris
software and values were analyzed with Graph Pad Prism. The bias angle
between the vector towards the ablated cell and the direction vector of the
cell wes calculaed in R software (R Studios Varsion 1.4). The angle
between the vector directly towards the ablation call and the diredion vector

ofmcdlaeachﬁrrepointmscalculaewsirgcoswaw? .
Jai jbi
ie u‘escala“pt'oducte'\f\ﬁofvecharsaaildbdmdedbytt'nenultipﬂcamn
product of the length of each vector j&j jbi.
Polar histograms were geneaed using the package ggplot2. For

directed migration only odls within a 10-80 pm radius of the wounding
sitewere analyzed. Resits werestati o cally analyzed with GraphPad Prism 8.

Quantification of actin and WAVE levels in wing imaginal discs
Confoca microscopy imeges were processed and quantified with FLIT
software. F-actin and WAVE intensities were quantified within the same
plane. The intensities of three different regions (10x10 um size) within the
posterior and anterior corrpartment were quantified for each experirrent.
Theintegrated density of each square was messured using FII software. The
mean va ue of each side was taken to calcul ae the quotient of posterior over
anterior intensity.

Statistics
Resuits were datidically anayzed with GraphPad Prism 8.
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Fig. 1. {A) Induced expression of a myc-tagged CK1a protein in S2 cells. (B} Quantification of WAVE

protein level upon induced expression. The results are the averages of seven independent experiments.

There is no significant increase in WAVE level.
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Table 81. A list of transgenic RNAi fly lines screened for cell shape changes.

CG number
CG10023
CG10244

CG10260

CG10295
CG10564

CG10637

CG10673

CG10776

CG10895

CG10951

CG10967

cG1107

CG11228
CG11420
CG11489

CG11533
CG11660
CG12066

CG12062

CG1210

CcG12147

CG1227
CG12306
CG13388

CG14026

Gene name
Fak56D - Focal Adhesion Kinase
Cadherin96Ca

Phosphatidylinositol 4-kinase 11l alpha

PAK-kinase
Adenylyl cyclase 78C

Numb-associated kinase
Threonyl-carbamoyl synthesis 5
wishful thinking
loki
nimA-like kinase

Autophagy-specific gene 1
auxillin

hippo
pan gu
serine-arginine protein kinase at 79D

Asator
CG116860

cAMP-dependent protein kinase 2
CG12069

Phosphoinositide-dependent kinase 1
CG12147

CG1227
polo

A kinase anchor protein 200

thickvein

Phenotype
no

no

a few spiky
cells

no

no
no
no
no
no
no

no
no

no
no
no

no
no

no
no
no
no
no
no
no

no

Fly line ID
VDRC 17957
VDRG 108608
VDRC 1089
BL-35256
BL-38242
BL-35643
VDRC 15993
VDRC 105614
NIG 10260Rb-1
NIG 10260Rb-2

VDRC 12553
VDRC 51978

VDRC 35482
VDRC 35482
VDRC 865
VDRC 44980
VDRC 16120
VDRC 16133

VDRC 103426
VDRC 16182

VDRC 7823
VDRC 31500
VDRC 47544
VDRC 47544

VDRC 18526
VDRC 30685

VDRC 23719
VDRC 18736

VDRC 31658
VDRC 31659

VDRC 38647
VDRC 20177
VDRC 5647

VDRC 102374

VDRC 105834
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CG14030

CG14080
CG14217
CG14226
CG14305

CG14895
CG14992
CG1506

CG15224

CG15793

CG15862

CG1594

CG17090

CG17161
CG17174
CG17216

CG17256

CG17348

CG17520

CG17596
CG17998
CG18069

CG18247
CG1830

CG18402
CG1848

bub1 homologue

Mitogen-activated protein kinase
phosphatase 3

Tao
domeless
CG14305

Pak3
Ack
Ac3

Casein kinase 2 B subunit

Downstream of raf1

cAMP-dependent protein kinase R2

hopscotch

homeodomain interacting protein
kinase
grapes
ACXB
KP78b

Nek2

derailed
Casein kinase 2 a subunit

Ribosomal protein S6 kinase 1

G protein-coupled receptor kinase 2
Calcium/calmodulin-dependent
protein kinase |

SH2 ankyrin repeat kinase
Phosphorylase kinase y
Insulin-like receptor

LIM-kinase1

spiky cells

no
no
no
no

no
no

no

a few spiky
cells, more
lamellocytes

no

no

no

no

no
no
no

no
no

more
lamellocytes

no
no

no

no
no
no

no

BL-35260
VDRC 101096
VDRC 24833
NIG 14030R-1
NIG 14030R-2

VDRC 45415

VDRC 17432

VDRC 19717

VDRC 17477

VDRC 107260

VDRC 39857
VDRC 33217

BL-31254
VDRC 32377
VDRC 106845
VDRC 32378
VDRC 40025
VDRC 101763
VDRC 39436
VDRC 39437

VDRC 40037

VDRC 32854

VDRC 11076
VDRC 9748
VDRC 51996
VDRC 40052

VDRC 3047

BL-31645
BL-35136

VDRC 5702
VDRC 101451

VDRC 1835
VDRC 47280

VDRC 105706

VDRC 33054
VDRC 291

VDRC 25344
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CG18582
CG1951
CG1954

CG1973

CG2028

CG2048

CG2049

CG2079

CG2252

CG2272
CG2577
CG2615

CG2845

CG2899

CG3008

CG3051

CG3086

CG3105
CG31421
CG32012
CG32031
CG32134

CG3216

mushroom bodies tiny
CG1951
Protein C kinase 98E

yata

Casein kinase 1a

discs overgrown

Protein kinase related to protein
kinase N

Downstream of kinase

female sterile (1) homeotic

slipper
CG2577

kB kinase-like 2
pole hole

kinase suppressor of ras

CG3008

SNF1A/AMP-activated protein kinase

MAP kinase activated protein-kinase-
2

PAS kinase
Tak1-ike1
bent
Arginine kinase
breathless

CG3216

no
no
no

no

many spiky
cells, stellate

no

no

no

no

no
no

no
no

no

no
no

no
no
no
no
no
no

no

VDRC 25343
VDRC 46043
VDRC 33431
VDRC 33434
VDRC 19275
BL-35152
BL-35153
BL-41711
BL-25786
VDRC 110768
VDRC 13664
VDRC 9241
NIG 2055R-1
VDRC 20796
VDRC 108544
VDRC 20796
VDRC 51227
VDRC 33516

VDRC 41693
VDRC 12485

VDRC 20909
VDRC 107766

VDRC 45040
VDRC 52634

VDRC 1827
VDRC 106200

VDRC 3170
VDRC 25661
VDRC 25760
VDRC 46253
VDRC 34037
VDRC 27106

VDRC 29915
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CGaza17

CG3249

CG3277

CG3319

CG34361

CG34412

CG3682
CG3915

CG4007

CG4012

CG4032

CG4041

CG4141

CG4154

CG4201

CcG42341

CG42349

CG4252

Myt1
spoonbill

CG3277
Cyclin-dependent kinase 7

Diacyl glycerol kinase

Tousled-like kinase

PIP5K59B
Derailed 2

Neurospecific receptor kinase
genghis khan

ABL- tyrosine kinase

CG4041

Pi3k92E

Guanylyl cyclase at 88E

immune response deficient 5

cAMP-dependent protein kinase R1

Protein kinase C &

meiotic 41

no

no

no
no
no
a few spiky
cells, some
stellate
no

no

no

no

no

no

no

no

no

no

spiky cells
cells smaller

no

VDRC 34547

VDRC 48005
VDRC 48006

VDRC 7271
VDRC 10442
VDRC 38239

BL-33983
BL-35298
BL-36102

VDRC 47027

VDRC 40484

VDRC 36282

VDRC 107207
VDRC 28367

VDRC 2897

VDRC 34780

BL-27690
VDRC 38986
VDRC 107380
VDRC 38986
VDRC 107390
VDRC 38985
VDRC 21797

VDRC 26427

VDRC 103303
VDRC 26329
VDRC 26328
VDRC 103720
VDRC 103303
VDRC 26329
VDRC 26328
VDRC 103720

VDRC 101029
VDRC 31468
VDRC 33837
VDRC 101421
VDRC 31468
VDRC 22755
VDRC 33838

VDRC 11251
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CG4268

CG43143

CG43217

CG4379
CG44012
CG4488
CG4551
CG4583
CG4803
CG4839
CG4926
CG5072
CG5179
CG5182

CG5206

CG5363

CG5408

CG5483

CG5680

CG5790
CG5974
CG5983
CG6027

CG6033

Pitslre

Nuak family kinase

C-terminal Src kinase

cAMP-dependent protein kinase 1
Btk family kinase at 29A

wee

Dyrk2 - Dual-specificity tyrosine
phosphorylation-regulated kinase 2

Ire1 - Inositol-requiring enzyme-1

Takl2 - Tak1-like 2

Roar - Ror
Cdk4 - Cyclin-dependent kinase 4
Cdk9 - Cyclin-dependent kinase 9
Pk34A - Pk34A

bon - bonus
cdc2 - cdc2

trBL- - tribBL-es

Lrrk - Leucine-rich repeat kinase

bsk - basket

pll - pelle
ACXB - ACXB
cdi - center divider

drk - downstream of receptor kinase

no

no

no

no
no
no
no
no
no
no
no
no
no
no
no

a few spiky
cells

no

no

no

no
no
no
no

no

BL-35157
BL-56855
VDRC 107303
VDRC 16334
VDRC 32877
VDRC 102313
VDRC 48282
VDRC 48281
VDRC 101524
VDRC 106962
VDRC 26543
VDRC 40534
VDRC 39561
VDRC 34898
VDRC 26641
VDRC 935
VDRC 40577
VDRC 30448
VDRC 27368
VDRC 44284

VDRC 106130
VDRC 41838

VDRC 22114

VDRC 22139

VDRC 104569
VDRC 34139

VDRC 45045
VDRC 2889
VDRC 2870
VDRC 43634

VDRC 105498
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CG6114

CG6355

CG6498

CGeé518

CG6535
CG6551
CG6620
CG6622

CG6703

CG6715

CG6963

CG7004

CG7097

CGT111

CG7156
CG7177
CG7180

CG7186

CG7223

CG7524

CG7597

sff - sugar-free frosting

fab1

inaC - inactivation no afterpctential C

tefu - telomere fusion
fu - fused
ial - Ipll-aurora-like kinase
Pkc53E - Protein C kinase 53E

CASK - CASK ortholog

KP78a - KP78a

gish - gilgamesh

four wheel drive
happyhour
Receptor of activated protein kinase

C1

CG7156
Wnk
CG7180

Sak kinase

heartless

Src oncogene at 64B

cdk 12 — Cyclin-dependent kinase 12

no

no

no

no

no
no
no
no

no

no

spiky cells
cells smaller

no
no

no

no
no
no

no

no

no

spiky cells,
cells smaller

VDRC 22225
VDRC 27591

VDRC 109282
VDRC 35101

VDRC 2895
VDRC 2894

VDRC 22502

VDRC 27663

VDRC 35107

VDRC 27696
VDRC 27699
VDRC 34184

VDRC 51616
VDRC 26722
VDRC 47658
VDRC 47657

VDRC 26003
VDRC 106826
VDRC 26003
VDRC 106826

VDRC 27786
VDRC 27785

VDRC 35166

VDRC 27859
VDRC 27858

VDRC 26035
VDRC 35193
VDRC 34369
VDRC 27904
VDRC 27180
VDRC 6692
VDRC 27180
VDRC 35252
BL-35163
BL-34838

BL-42775
VDRC 25508
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CG7693
CG7717

CGT7838
CG7873
CG7892

CG8174

CG8201

CG8203

CG8222

CG8250

CG8485

CG8726

CG8767

CG8789

CGgaos8

CG3874

CGas78
CG8967
cG9210

CG9222

CG9533

CG9738

frayed
Mekk1

Bub1-related kinase
Src oncogene act 42A

nemo

SRPK

par-1

Cyclin-dependent kinase 5

PDGF- and VEGF-receptor related

Alk
CG8485
CG8726

mos
wallenda

Pyruvate dehydrogenase kinase

Fps oncogene analog 85D

CGB878
off-track
Adenylyl cyclase 35C
CG9222

rutabaga

MAP kinase kinase 4

no

no

no

no

no

no

no

no

no

no

no

no

no

no

no

no

no

no

no

no

no

no

VDRC 25510
VDRC 41718
VDRC 25529
VDRC 26109

VDRC 26019
VDRC 3002

VDRC 26933

VDRC 52553
VDRC 52556

VDRC 35856
VDRC 35855
VDRC 104491
VDRC 976
VDRC 43461
VDRC 13502
VDRC 43459
VDRC 105353
VDRC 977
VDRC 11446
VDRC 35940
VDRC 40719
VDRC 36531
VDRC 26910
VDRC 37966
VDRC 107266
VDRC 36053
VDRC 36054
VDRC 28970
VDRC 30833
VDRC 11547
VDRC 27010

VDRC 101759
VDRC 5569

VDRC 26929
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BL-35305
BL-34324
Kinesi BL-28797
CG9774 Rho-kinase Gy:j" f'”?s's VDRC 3793
elects VDRG 104675
NIG 8774R-2
NIG 8774R-3
VDRC 36473
VDRC 36178
CG9962 CG9962 no VDRC 108731
BL-35198
BL-27715
BL-101624
VDRC 6229

CG9985 skittles no
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Movie 1. Representation of the three-dimensional (3D) structure of CK1a using the UCSF Chimera
software (Pettersen et al., 2021). The ATP-binding Site (Lysin48) is highlighted in red; the active site/
proton acceptor (Asp139) is highlighted in magenta. Residue glycine 43 (ck7a®%P), glycine 148
(ck1a®'#8%) and lysine 141 (ck1at'*'™) that are replaced in the three different available mutant cka
alleles are highlighted in blue. Subsequently, the mutated structure is depicted. The substitution lysine
to methionine at position 141 removes an H-bond and favors unfavorable interactions with the active
site where atoms are too close together (dashed lines in magenta), highlighted in the last sequence of
the video. Labels are located on the upper left side.
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Movie 2. Spinning disc microscopy videos of randomly migrating pupal (A) WT wild type, {B) ck1e 1485
mutant, (C) ck1e P mutant and (D) ck7a 4™ mutant macrophages expressing an EGFP transgene
imaged from a living prepupa (2 h APF). Migratory tracks of individual cells are indicated (colored, jagged

lines). Scale bars represent 10 ym.
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Movie 3. (A-D) Spinning disc microscopy videos of macrophages that migrate

towards a laser-ablated cell (indicated by the yellow circle). Cells are imaged for 30
minutes after ablation in a 30 seconds interval and tracked afterwards using Imaris.
(A) WT wild type (B) ckfa t74"™ mutant, (C) wave®™ and (D) pPS-integrin (mys’)
mutant macrophages. Homozygous mutant cells are labeled by GFP expression

using the MARCM system. Scale bars represent 10 pm.
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3. Additional Results:
3.1. WAVE Lysin 48 is not involved in the degradation

Since we found that the knockdown of CK1a leads to a ubiquitin-mediated
proteasomal degradation of WAVE in Drosophila, the question arises which
lysine residue of WAVE is subject to ubiquitylation. Human WAVE2 was shown
to be ubiquitylated at lysine 45 (Joseph et al., 2017). To test whether Drosophila
WAVE is also ubiquitylated at this residue, | mutated the corresponding lysine
48 to arginine (WAVEX*R Figure 11 A). Arginine residues cannot become
ubiquitinated therefore, this mutation is commonly used to investigate the lysine
residues that function for ubiquitin association. For further in vivo analysis, this
transgene was integrated into the 68E landing site using the ®31-mediated
transgenesis strategy (Bischof et al., 2007). First, | confirmed the expression of
the WAVE mutant by using the engrailed (en)-Gal4 driver, which only induces
expression in the posterior part of the wing imaginal disc. In contrast, the
anterior compartment serves as a control. Enrichment of WAVE is clearly seen
in the posterior part (Figure 11 F-G; Publication 2). As shown previously,
depletion of CK1a leads to lamellipodia defects in Drosophila hemocytes, which
is rescued by simultaneous inhibition of ubiquitin-mediated degradation
(Publication 2). Thus, it was suggested that co-expression of WAVEK4R can
also rescue this phenotype because ubiquitin binding is supposed to be
inhibited on the predicted site. Interestingly, expression of WAVEK*R failed to
rescue the lamellipodia defects (Figure 11 B-D). Cells still show a reduced
circularity comparable to the depletion of CK1a (Figure 11 E). Furthermore,
expression of WAVEK*R alone does not evoke any changes in cell shape
(Figure 11 D-E).
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Figure 11 — Expression of WAVEX*R js insufficient to rescue lamellipodia defects
in CK1a-depleted hemocytes (see next page). (A) Section of a sequence alignment
of Drosophila WAVE (top) and human WAVEZ2 (bottom), identifying the conserved
lysine. (B-D) Maximum intensity projection of confocal images that show larval
hemocytes expressing GFP (green). Alexa Flour 568-labeled phalloidin was used to
stain the actin cytoskeleton (white). Scale bar: 10 um. (B) Hemocyte-specific
knockdown of CK1a in larval hemocytes using the hemolectin-Gal4 driver disrupts
lamellipodia formation. (C) Overexpression of a WAVEX*®R mutant in larval hemocytes
does not rescue cell shape defects of hemocytes evoked by simultaneous knockdown
of CK1a. (D) Overexpression of WAVEX**R mutant in larval hemocytes does not affect
cell morphology. (E) Quantification of cell circularity. Rescue of cell morphology defects
of Ck1a RNAi-depleted cells by co-expression of indicated transgenic WAVE variants.
WT (n=160), Ck1a RNAi (n=160), Ck1a RNAi+ WAVEX*R(n=100), Ck1a RNAi+ WAVE-
SD*(n=120) (see also Publication 2) and WAVEX*R (n=150). Graph is depicted in a
scatter dot plot with bars indicating meansts.d. ***P<0.001 ANOVA. (F-G) Confocal
images of wing imaginal discs expressing WAVEX*R in the en-Gal4 pattern. Expression
of transgenes is verified by antibody staining. Anterior is to the right. Scale bar is 50
um. (F) Staining for F-actin with Alexa Flour-labeled phalloidin (G) Antibody staining for
WAVE.
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3.2 CK1 overexpression affects WAVE protein level and
activity

Overexpression of a phosphomimetic WAVE-SD mutant in the wing imaginal
disc reveals that phosphorylation of the acidic domain of WAVE promotes its
stability rather than its nucleation activity (Publication 2). However, inducible
expression of full-length CK1a in S2 cells did not significantly increase WAVE
protein abundance (Publication 2). To further investigate the influence of
increased CK1a abundance in vivo, | measured the WAVE protein level as well
as the F-actin level upon overexpression in the posterior compartment of the
wing imaginal disc (Figure 12). Compared to the control expression of an EGFP
transgene, both the WAVE protein and F-actin levels are significantly increased
(Figure 12 A-C; quantification in Figure 12 D-E). However, overexpression of
the kinase did not lead to the same stability as it appears for the three different
WAVE constructs (Figure 12 D-E; Publication 2). Though the WAVE protein
level is lower than for the WAVE-SA> mutant, the F-actin level and accordingly
the polymerization activity is increased. Thus, enhanced CK1a abundance
leads to a slight increase in WAVE protein level, which favors enhanced F-actin

polymerization to a minor degree.
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Figure 12 — Overexpression of CK1a increases level of WAVE protein in vivo. (A-
C) Confocal images of wing imaginal discs expressing CK1a in the en-Gal4 pattern.
Expression of transgenes is verified by antibody staining. Anterior is to the left. A red
dashed line indicates the anterior-posterior compartment border. Scale bar is 50 um.
(A) Overexpression of CK1a. (B) Staining for F-actin with Alexa Flour-labeled phalloidin
to measure F-actin intensity between posterior and anterior. Note the difference
between anterior and posterior compartments. (C) Antibody staining for WAVE to
measure WAVE protein level between anterior and posterior. Note the slightly
increased intensity in the anterior compartment. (D) Quantification of F-actin upon
overexpression of CK1a as the posterior/anterior signal intensity quotient. EGFP
serves as a negative control. Overexpression of different WAVE constructs and wave
RNAI transgene are obtained from publication 2. **P<0.002, ***P<0.001 (Welch's t-
test). CK1a (n=15) (E) Quantification of WAVE levels upon overexpression of CK1a.
The quotient of posterior over anterior signal strength. EGFP serves as a negative
control. Overexpression of different WAVE constructs as well as wave RNAI transgene
are obtained from publication 2. **P<0.002, ***P<0.001 (Welch's t-test). CK1a (n=15)

3.3. Lamellocyte transdifferentiation is induced either by
knockdown of Ush or loss-of CK2 function

Loss of CK2 kinase activity leads to an enlarged lamellocyte compartment in

mutant larvae (Publication 2: Figure 1 K, M) (Figure 13 A). To further investigate

the CK2 regulation of blood cell differentiation, | took a closer look at

transcriptional factors involved in hemocyte differentiation. Most prominent is

the friend of GATA Ush. This factor normally maintains the pluripotency of
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progenitor cells and suppresses their differentiation. Indeed, RNAi-mediated
knockdown of Ush in Drosophila hemocytes induces transdifferentiation and
increases the number of lamellocytes (Figure 13 B). Thus, this result confirmed
the previously described dependency of Ush on cell fate decisions. Previous
studies additionally showed that Ush acts cooperatively with the dNuRD
complex in cell lineage commitment (Lenz et al., 2021). dMi-2, a member of this
complex, is regulated by CK2 phosphorylation (Bouazoune & Brehm, 2005).
Consequently, | sought to determine if knockdown of dMi-2 can resemble the
phenotype of reduced Ush activity. Interestingly there is neither an obvious

change in cell shape nor a detectable number of lamellocyte (Figure 13 C).
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Figure 13 - Downregulation of Mi-2 does not induce Ilamellocyte
transdifferentiation. (A-C) Maximum intensity projection of confocal images that show
lamellocyte frequency marked with Atilla (red) from Drosophila larvae. F-actin was
stained with Alexa Flour-labeled phalloidin (white); nuclei were stained with DAPI
(blue). Scale bar is 50 um. (A) Transheterozygous ck2a™™ """ mutant larval hemocytes
show an enlarged number of lamellocytes. (B) Hemocyte-specific knockdown of the
transcription factor Ush in larval hemocytes using the hemolectin-Gal4 driver increases
the lamellocyte frequency. (C) Hemocyte specific knockdown of the transcription factor
Mi-2 does not induce lamellocyte transdifferentiation. (D) Schematic overview of
downregulation of dMi-2, CK2 or Ush. Downregulation of dMi-2 does not increase the
transdifferentiation of lammellocytes, whereas downregulation of either CK2 or Ush
does.
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3.4. Lamellocytes transdifferentiate from hemocytes through
an intermediate state

Since this work demonstrated that there are different ways to induce lamellocyte
differentiation (Figure 14), | investigated if there are any apparent differences
within the lamellocyte population. For this purpose, | took advantage of
transgenic flies expressing the lamellocyte marker misshapen (msn) together
with the pan-hemocyte marker eater (Anderl et al., 2016). The eaterGFP,
msnmCherry reporter has been introduced as a specific marker for
plasmatocytes and lamellocytes and is widely used to visualize and study the
lamellocyte population (Anderl et al., 2016). Thus, it can be used to monitor
lamellocyte differentiation. In order to define the blood cell lineages this
combination of reporter constructs can be used to study the dynamic nature of
the immune response. Particularly, the expression of eaterGFP resembles a
plasmatocyte origin that suggests a transdifferentiation from plasmatocytes to

lamellocytes.

Upon wasp infestation, the number of msn-positive cells without the typical
lamellocyte structure increased (Figure 14 B, quantification Figure 15). In
addition, a fraction of lamellocytes that do not express the pan-hemocyte
marker eater was also observed. This confirms the previous observation that
there are intermediate states in transdifferentiation where hemocytes already
express the lamellocyte-specific marker msn but are not fully differentiated.
Moreover, it demonstrates, again, a possible different origin of lamellocytes.
Namely, if lamellocytes differentiate in the lymph gland, they do not exhibit eater

expression as previously suggested (Anderl et al., 2016; Banerjee et al., 2019).

Additionally, ev vivo analysis of isolated pupal hemocytes revealed that Tep4
marks rare giant cells with lamellocyte morphology (Supplementary Figure S 1).
Indeed, quantification demonstrated that in both genetic backgrounds the

abundance of differentiated lamellocytes is similar (Figure 15).
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Figure 14 — Plasmatocyte transdifferentiation to lamellocytes occurs through an
intermediate state. (A-C) Maximum intensity projections of confocal microscopy
images of pupal hemocytes expressing eater-GFP-NLS (green) as a pan-hemocyte
marker and msn-mCherry (red) as a marker for lamellocytes either upon wasp
infestation (A, B) or in unchallenged condition (C). Scale bar is 10 um. (A-B) Cells show
various states of differentiation from plasmatocytes to lamellocytes upon wasp
infestation. (A) Lamellocytes partially express eater-GFP-NLS. (B) Cells with a
plasmatocye-like cell shape already express the lamellocyte marker msn.
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Figure 15 - Quantification of lamellocyte frequency. Note that wasp infested msn-
mCherry cells show many msn-positive cells without the typically lamellocyte
morphology.
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4. Discussion

4.1. Single Cell RNA Sequencing identifies subgroups of
Drosophila plasmatocytes which come along with the onset of

metamorphosis
With the onset of metamorphosis and the transition from larval to pupal stage,
most larval structures are degraded and replaced by adult tissues and organs
(Banerjee et al., 2019; Regan et al., 2013). Recent single-cell analysis has
mainly focused on circulating larval hemocytes or cells from the lymph gland of
3" instar larvae (Cattenoz et al., 2020; Cho et al., 2020; Tattikota et al., 2020).
Recent bulk RNA-seq analysis performed by our lab (Lehne et al., 2022)
revealed 1542 differentially regulated genes, from which 804 genes are
upregulated in pupal hemocytes compared to larvae. The pupal stage of
Drosophila exhibits a remarkable amount of differentially expressed genes in
hemocytes. However, whether this reflects the differentiation of new hemocyte
subtypes or cell types is unknown. Thus, it was of further interest to investigate
the transcriptional shift from larval to the pupal stage associated with different
requirements, for instance, regulation of tissue clearance during development or

the metabolic adaption of hemocytes.

After the disintegration of the lymph gland, the hemocyte population derived
from both waves of hematopoiesis contributes to the pupal and adult hemocyte
populations (Grigorian et al., 2011; Holz et al., 2003). Our single-cell dataset
uncovered new pupal precursor and effector hemocytes with distinct molecular
signatures and cellular functions clearly distinct from other stages of
hematopoiesis (Publication 1). Remarkably the most abundant srp-high
expression cluster is the undifferentiated PL cluster. Noticeably, srp is described
to be expressed in low levels in all hemocytes but upregulated in
undifferentiated precursor cells (Ghosh et al., 2015; Rehorn et al., 1996). Thus,
this cluster reflects the presence of hemocytes which remain in an
undifferentiated state and are still able to differentiate into effector cells. Further
trajectory-based differential gene expression (monocle3) analysis (Trapnell et
al., 2014) located the undifferentiated PL cluster on one end of the trajectory,
verifying that those cells resemble the most undifferentiated plasmatocyte

subgroup (Publication 1). The transitory PL-2 cluster is located between
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undifferentiated PL and the more differentiated AMP-PL state, confirming that
this cluster resembles a transition state during plasmatocyte specification.
Accordingly, available data of free larval hemocytes showed that although they
are identified as specific subgroups, they still have unspecified plasmatocyte
markers (Cattenoz et al., 2020; Tattikota et al., 2020). These cells are able to
adapt to environmental and probably to the metamorphic changes, which occur

with the onset of metamorphosis and in immune challenges.

4.2. The Lsp-Bomanin-PL cluster: A multifunctional effector
cell cluster with nutritional and immune functions in
Drosophila

Overall, some previously described effector cell clusters share high similarities
with our results (Cattenoz et al., 2020; Cho et al., 2020; Fu et al., 2020;
Tattikota et al., 2020). For instance, the Lsp-Bomanin-PL cluster shares high
similarities with the previous described PL-Lsp cluster discovered in circulating
hemocytes (Cattenoz et al., 2020; Fu et al., 2020).

The Lsp-Bomanin-PL cluster cells express several genes secreted from the fat
body, such as Larval serum protein 1 alpha (Lsp1a) and Bomanin genes like
BomS3. Lsp1a belongs to the larval serum proteins (Lsp), which serve as
nutritional storage proteins. Those might function in anticipation of upcoming
starvation as it appears in developmental stages where Lsps are regulated by
ecdysone (Handke et al., 2013). At the pupal stages, Lsps are degraded to
amino acids and are thought to be used for building new structures (T., 2002).
Their role in the development of Drosophila and importance in maintaining
tissue homeostasis have been demonstrated by depletion of Lsp genes, which
leads to abnormal development (Liu et al.,, 2009). The Bomanin peptides are
involved in the innate immune response. Studies have shown that Bomanin
genes are important for Toll-mediated defense against bacterial and fungal
infections in Drosophila. Thus, Bomanins are critical for survival during infection
(Clemmons et al., 2015). It can also be suggested that cells of this cluster are
plasmatocytes that have engulfed fat body fragments in preparation for
metamorphosis. This hypothesis correlates with the fact that a similar
plasmatocyte cluster has been observed in circulating immune cells but not in
the lymph gland (Cattenoz et al., 2020; Cho et al., 2020).
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Another example is Edin, a small secreted protein, responsible for effective
defense against wasp infestation by controlling the number of circulating
plasmatocytes (Vanha-Aho et al., 2015). The mobilization of sessile
plasmatocytes upon wasp infestation into circulation, where they usually
differentiate into encapsulation-specific lamellocytes, initiate the immune
response and occurs before the release of immune cells from the lymph gland.
It was shown that upon knockdown of edin, those sessile plasmatocytes do not
leave the sessile bands. This results in an impaired encapsulation, a process in
which the wasp egg is surrounded by a first layer of plasmatocytes and
encapsulation-specific lamellocytes to sequester it from the hemocoel of the
larvae (Vanha-Aho et al., 2015). Additionally, enrichment of genes that are
involved in the defense response against Gram-positive bacteria like
Drosomycin (Drs) or Drosomycin-like 5 (Drs-5) was identified in the Lsp-
Bomanin-PL cell cluster (Publication 1). Thus, this cluster might represent a
combination of a nutrition reservoir, for instance, the storage of amino acids,
and humoral immune response, and is closely connected to the AMP-PL cluster
cells (Cattenoz et al., 2020).

4.3. The multifaceted role of AMP-PL cluster cells in
immunity and development during metamorphosis in
Drosophila

The AMP-PL cluster cells are indispensable for a direct immune response
against microbial pathogens. This plasmatocyte subgroup already exists in the
larval state and can neutralize pathogens or activate other immune system cells
to do so, which is the most common function of plasmatocytes. Furthermore,
AMP-PL and Lsp-Bomanin-PL together might function in metabolic processes
connected with the immune response (Cattenoz et al., 2020). This outlines a
complex relationship between metabolism and immunity. Noteworthy, the AMP-
PL cells also express ECM production genes and many ecdysone-inducible
genes (Publication 1). As mentioned in the introduction, ECM molecules are
necessary for developing basement membranes and ecdysone-inducible genes
are important in pupal morphogenesis. A signal triggered by ecdysone, which
initiates metamorphosis, may induce both rapid differentiation events occurring

in the hours between pupation and lymph gland dissociation, as well as
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increased hemocyte motility during normal development (Grigorian et al., 2011).
Thus, it can be suggested that these cells provide a pool for forming a defensive
barrier against pathogens and are essential in the development from larval to
pupal stage. Furthermore, the expression profile of AMP-PL changes upon
metamorphosis. This suggests that the pupal AMP-PL assumes pupa-specific
functions (Johnson et al., 2020; Lehmann, 1996).

44. Identification of a new plasmatocyte subgroup, OxPhos-
PL, and its potential role in metabolism and immunity in
Drosophila

A yet unknown subgroup of plasmatocytes was identified and named OxPhos-
PL. Cells of this cluster likely provide energy resources since they show
enrichment of mitochondrial gene transcripts and are linked to the ribosome as
well as oxidative phosphorylation and ATP synthesis (Publication 1). Thus, they
are able to cover the metabolic requirements for removing debris, which is an
indispensable function of plasmatocytes at the onset of metamorphosis. It has
been described that plasmatocytes, which are associated with tissue repair and
clearance of apoptotic cells commit to oxidative phosphorylation (OXPHOS)
(KrejCova et al., 2019; O’'Neill & Pearce, 2016). Upon an immune challenge,
plasmatocytes can increase their glucose consumption to produce sufficient
ATP and glycolytic intermediates that facilitate their elevated phagocytic activity.
The cellular response to bacterial infections imposes significant metabolic
demands, and metabolic adaption is regulated by plasmatocytes throughout the
infection (KrejCova et al., 2019). Noteworthy, during embryogenesis, energy is
mainly produced by glycolysis (Emtenani et al., 2022). During larval stage,
embryo-derived hemocytes shift to lipid beta-oxidation. This in turn is required
for blood cell progenitor differentiation in the larval lymph gland (Boulet et al.,
2021; Tiwari et al., 2020). Importantly, a functional metabolism is indispensable
for an effective immune response, implying that metabolism and immunity share
a complex relationship. This was also demonstrated in mammalian blood cells,
which shift their metabolism in response to development, aging, infection, or
cancer (Faas & de Vos, 2020; Nakamura-Ishizu et al., 2020; Rashkovan &
Ferrando, 2019). Conclusively, because recent investigations reveal high

similarities between fly and mammalian, Drosophila is established as a powerful
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model for exploring the molecular mechanisms that control immune cell

metabolism.

4.5. Chitinase-PL and Adhesive-PL: A potential axis of
adhesion and chitin recognition in the immune response
Interestingly the Chitinase-PL and Adhesive-PL might be of further interest.
Both clusters, again, highlight the changes of molecular signatures from larval
to pupal stage and do not have any corresponding cluster in larval stages but
show similarities with a hemocyte subcluster described in the adult fly (H. Li et
al., 2022). Additionally, they are transcriptomically the most distinct
plasmatocyte cluster. They also share an increased expression level of several
genes implicated in cell-cell adhesion, septate-junction, and immune response.
As the introduction mentions, lamellocytes adhere to one another via septate
junctions to encapsulate the parasitic egg. However, less is known about the
exact mechanism underlying the encapsulation and which genes are involved in
this process. It might be of further interest to visualize septate junction proteins
by immunostaining to uncover junction proteins involved in the encapsulation
process. Subsequent lamellocyte-specific knockdown experiments of Chitinase-
Pl or Adhesive-PL marker genes and in vivo investigation of the wasp egg
encapsulation process could reveal the importance of those cluster cells in
mediating adhesions. This experiment could further outline that they contribute
to an interesting axis of immune response performed by adhesion and chitin
recognition. Noteworthy, lamellocytes have a distinctive cytoskeleton that
includes numerous actin filaments and other proteins involved in cell adhesion

and migration.

Altogether, this study's results broaden the diversity and complexity of
Drosophila plasmatocyte characterization. It can be suggested that this
heterogeneity and plasticity derive from the complex interaction between
plasmatocytes and their microenvironment. Functional distinctions of different
subpopulations can now be more precisely characterized by developmental
stages and immune challenges identifying their involvement in phagocytosis,
metabolic homeostasis, and AMP response. With the hallmark of novel distinct
marker genes, it will be possible to generate more specific targeted genetic

tools for Drosophila hemocytes to investigate the role of immune cells in
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physiological and pathological conditions. We can now distinguish between

different precursor and effector cells.

4.6. Secretory-PL cluster cells represent a precursor state
with various functions in innate immune response
Although we identified a still high expression of srp, usually representative for
an undifferentiated state, the Secretory-PL cluster was not identified as a
transition state from undifferentiated to effector cells. However, cells of this
cluster might still have the potential to differentiate. Instead, many genes
encoding for serine-type endopeptidases involved in proteolysis are found in the

Secretory-PL cluster (Publication 1).

A here newly identified marker gene of the Secretory-PL cluster is CG31174. So
far, this gene has been barely described but was found in recent single-cell
analyses in a crystal cell cluster and described as a potential marker of this cell
type (Cho et al., 2020). Ex vivo analysis of hemocytes with the known crystal
cell antibody Hnt validated a few CG31174 positive crystal cells in the pupae
with a distinct cell shape. Among the six replicates of pupal bleeds in which
CG31174 cells were stained with Hnt, representing about 3000 blood cells, one
CG31174 positive cell that was Hnt positive was identified. They were more
abundant in larval than in pupal hemocytes. This observation was further

verified by transcriptome analysis (Publication 1).

Additionally, it has been described that crystal cells are lost after the onset of
metamorphosis (Lanot et al., 2001). It could be suggested that this appears due
to the sensitive nature of crystal cells as they tend to burst (Bidla et al., 2007;
Hultmark & Ando, 2022). Using crystal cell specific reporter fly lines, for
instance, Lz-GFP, for live-cell imaging could reveal if GPF-positive crystal cells
are visible through the pupal case. This experiment would clarify their
occurrence in the pupal state. Conclusively, CG31174 can be described to be

expressed in crystal cells, as recently reported.

Additionally, it has been shown that crystal cells serve as storage for the rapid
delivery of PPOs. After crystal cell rupture, the PPOs are secreted into the
hemolymph, where they are activated upon proteolytic cleavage by serine
proteases and involved in PO activity (Binggeli et al., 2014; Vlisidou & Wood,
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2015). Furthermore, serine proteases are involved in proteolytic cascades
regulating both, melanization and Toll signaling pathway (Dudzic et al., 2019;
Shichao Yu et al., 2022). Dudzic and colleagues demonstrated two different
pathways of activating PO activity that result in melanization. Additionally, two
serine proteases, Hayan and Psh, which are downstream of pattern recognition
receptors, are responsible for the regulation of both Toll activity and the
melanization response (Dudzic et al., 2019; Ligoxygakis, Pelte, Hoffmann, et al.,
2002; Ligoxygakis, Pelte, Ji, et al., 2002). Therefore, it might be possible that
the Secretory-PL cluster, with various serine proteases upregulated, represents

a precursor or activator of crystal cells.

Recently a role for a sub-population of plasmatocytes expressing genes with
annotated serine protease activity similar to our Secretory-PL cluster has been
described as detrimental to fly survival. It has been proposed that the decrease
in infected phagocytic cells may be due to caspase-dependent apoptosis, which
could result from the serine-protease activity conferred on this sub-population
(Galindo et al., 2023). However, a clear understanding of their function in
various processes remains uncharacterized mainly because of the large
complexity of serine proteases. Consequently, this has to be addressed in
further detail.

Additionally, genes associated with the innate immune response, like MyD88 or
Thioester-containing proteins 1 and 4 (Tep1 and Tep4) are upregulated in the
Secretory-PL cell cluster (Publication 1) They have been described to be

involved in the immune response against different types of bacteria.

Upregulation of the MyD88 gene, which encodes an adaptor protein involved in
the Toll pathway, further highlights the importance of the Secretory-PL cluster
cell type in the innate immune system. MyD88 is an adaptor protein that
interacts with the Toll receptor intracellular Toll/Interleukin-1 receptor (TIR) upon
activation of the Toll pathway. The following pathway reactions are ultimate in
immune-related gene expression (Shichao Yu et al., 2022). Interestingly, this
also points out another functional parallel to the vertebrate system. Toll-like
receptors can stimulate mammalian bone marrow hematopoietic stem and
progenitor cells (HSPCs) in response to pathogens or inflammatory signals,
which subsequently activates myeloid differentiation in a MyD88-dependent
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manner (J. L. Zhao & Baltimore, 2015). In addition, MyD88 is required to reduce
fat stores when exposed to Gram-positive bacteria (Ayyaz et al., 2013). This
observation further links Toll pathway signaling and metabolic homeostasis and
underlies the immune-metabolic interaction. Of further interest is the
upregulation of dorsal. This gene encodes another transcription factor regulated

by the Toll pathway mainly used during development (Ayyaz et al., 2013).

Tep1 and Tep4 belong to the family of Tep genes, which show a similar
expression pattern with a defense function against pathogens in barrier epithelia
and promote the activation of the Toll pathway (Dostalova et al., 2017). In
addition, they have been described to be expressed in hemocytes and function
in the innate immune response against pathogens (Bou Aoun et al., 2011). Ex
vivo analysis performed in this work uncovered an additional function of Tep4,

which will be discussed in the next chapter (Supplementary Figure S 1).

4.7. Tep4-positive lamellocytes: A possible dynamic adaption
in the immune response of Drosophila against pathogens and
parasitoid wasps

In general, members of the Thioester-containing protein (TEP) family function in
the antimicrobial immune response by opsonization and elimination of
pathogens in both vertebrate and invertebrate animals (Shokal & Eleftherianos,
2017a). Tep4, upregulated among others in the Secretory-PL cluster, belongs to
the Tep family of genes. This protein family is, in total, composed of six genes
(Tep1-Tepb), of which Tep5 is a pseudogene as no transcripts are detected.
Drosophila TEPs are similar to the complement factors C3/C4/C5 in mammals
and the alpha2-macroglobulin (a-2Ms) family of protease inhibitors, both of
which have important roles in the immune response against pathogens.
Accordingly, their characteristic central hypervariable region corresponds to the
bait domain of alpha2-macroglobulin and the anaphylatoxin domain in C3.

Moreover, they share the common 4-amino-acid sequence CGEQ which
defines the thioester site responsible for covalent binding to microbial surfaces.
However, Tep6, also known as macroglobulin-complement related and C5 in

higher vertebrates, is a transmembrane protein that lacks a functional thioester-
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binding site (Dostalova et al., 2017). So far, the family of TEPs has been
described to be involved in the innate immune response of Drosophila against

pathogenic bacteria (Bou Aoun et al., 2011).

We found that Tep4, besides the upregulation in the Secretory-PL and PSC
cluster, marks rare giant cells with lamellocyte morphology (Supplementary
Figure S 1, Figure 15). This observation contradicts to a recent single-cell
analysis of the lymph gland (Cho et al., 2020), where Tep4 is not upregulated in
the identified lamellocyte clusters. Additionally, a recent study suggested a role
for TEPs against parasitoid wasps, but it lacks a precise mechanism for how the
TEPs are involved in this immune response (Dostalova et al., 2017). One
hypothesis is that Tep4-positive cells represent a population of plastic or
responsive subgroup of plasmatocytes capable of a dynamic adaption to the

environment.

Remarkably, all detected lamellocytes, verified by anti-Atilla staining, are Tep4
positive (Supplementary Figure S 1). Accordingly, the number of Tep4-positive
lamellocytes is enriched in the same amount compared to a control experiment
using the lamellocyte-specific marker msn-mCherry (Figure 15). However, we
observed two different subgroups of lamellocytes in line with the fact that there

are different ways of differentiation (Anderl et al., 2016).

One fraction of lamellocytes simultaneously expressing the lamellocyte-specific
msn-mCherry and the plasmatocyte-specific eater-GFP markers suggests a
plasmatocyte-lamellocyte conversion. Those are literally called “type II”
lamellocytes and are known to transdifferentiate from plasmatocytes (Anderl et
al., 2016; Banerjee et al., 2019). Additionally, eater-GFP-negative lamellocytes
were observed. This fraction is supposed to derivate from dedicated lymph
gland progenitors and is called “type I”. Also, there were msn-positive cells
detectable that still did not have a lamellocyte-like morphology. Upregulation of
msn expression happens when circulating plasmatocytes adhere to wasp eggs
and start to transdifferentiate into “type II” lamellocytes. Hence, cells with a
detectable level of msn, described as cytoplasmatic mCherry-positive foci
(Anderl et al., 2016), but not with a lamellocyte-like shape, might represent an
intermediate state. A recent postulation underlines this suggestion that the final
step of lamellocyte differentiation is a cell morphology change (Leitédo et al.,
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2020). This was observed while investigating the immune response in flies
continuously exposed to parasitic wasps (Leitdo et al., 2020). Even though the
transcriptional state of the cell is constitutively active with high expression of
lamellocyte marker, they noted that changes in cell morphology remain an
inducible response (Leitdo et al., 2020). Remarkably taking the msn-positive
population observed in our study together, it accounts for approximately 60

percent of the hemocyte population (Figure 15).

Another hypothesis to explain the positive Tep4 staining of lamellocytes could
be the internalization of secreted Tep4 protein. Previously it has been proposed
that secreted TEP molecules in the hemolymph can interact with other tissues
to activate signaling pathways that regulate immune functions against invading
microbes (Shokal & Eleftherianos, 2017b). Lamellocytes show high endocytic
and exocytic pathway activity; however, little is known about the mechanisms. It
has been suggested that Atilla take part in internalizing of extracellular vesicles,
but this was not further investigated in more detail (Wan et al.,, 2020).
Lamellocyte-specific knockdown of various surface proteins, known to be
expressed in lamellocytes, could gain more insights into this process, and clarify
a hypothesized Tep4 intake by lamellocytes. Of further notice is that is has been
shown that Tep4 gene transcription can affect PO activity in response to
infections. In the absence of Tep4, both PO activity in the hemolymph and
melanization intensity at the injection site increase substantially when
responding to pathogen infection (Shokal & Eleftherianos, 2017a). Conclusively,
Tep4 is an interesting candidate to study further the bridge between the
humoral and cellular arms of the innate immune response. However, the exact

mechanism underlying the emerging role of Tep4 has to be elucidated.

4.8. Discovering a novel pathway of lamellocyte
differentiation from Posterior Signaling Center cells of Lymph
Glands in Drosophila

Generally, the stem cell niche of the lymph gland called Posterior Signal Center
(PSC) regulates hemocyte differentiation in the lymph gland during larval
development and participates in the larval response to wasp parasitization

(Banerjee et al., 2019).
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In this study, | showed that motile and immune-responsive PSC cells contribute
to the hemolymph of early pupae, persist throughout pupal development and
are capable of transdifferentiating into lamellocytes upon an immune challenge

(Publication 1, Supplementary Figure S 2).

PSC cells can be clearly distinguished from other regions within the lymph
gland by their unique expression profile, including the co-expression of Antp, kn
and tau (Crozatier et al., 2004; Mandal et al., 2007). It has been previously
shown that PSC cells reside in the lymph gland and provide signals to regulate
progenitor maintenance or differentiation (Crozatier et al., 2004; Krzemien et al.,
2007; Mandal et al., 2004). Furthermore, recent studies revealed the presence
of circulating PSC-like cells in the adult fly, and single-cell sequencing results
suggest the presence of such cell type in the larval hemolymph and lymph
gland (Boulet et al., 2021; Cattenoz et al., 2020; Cho et al., 2020; Fu et al.,
2020; Tattikota et al., 2020). It has been described that PSC cells persist within
the niche until 10 h APF immediately before dissociation of the lymph gland. At
this point, the PSC cells are no longer associated with the dorsal vessel,
suggesting that they and other hemocytes disperse into the hemolymph
(Grigorian et al., 2011).

Ex vivo identification of PSC cells from the hemolymph of early pupae was
possible by the expression of Antp and kn (Crozatier & Vincent, 2011), which
also mark a subset of plasmatocytes (Publication 1), and additionally by the
recently identified PSC marker tau (Cho et al., 2020). In line with previous
reports, a small fraction of PSC cells expresses srp, and not the crystal cell

marker Hnt (Publication 1).

Recent publications showed that adult hemocytes further derivate from posterior
lobe progenitors (Boulet et al., 2021; Ghosh et al., 2015; Sanchez Bosch et al.,
2019). Furthermore, kn and the transcription factor srp are expressed in those
posterior lymph gland lobes (Sanchez Bosch et al., 2019); thus, this might
provide an active hematopoietic hub in Drosophila adults and consequently

contribute to the total pupal and adult hemocyte population.

Additionally, kn expression has been observed in a low but physiologically

relevant number of prohemocytes in the MZ, where they suppress further
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differentiation to keep cells in a quiescent state (Oyallon et al., 2016). Although
a contribution to hemocyte differentiation has not been clarified so far, our G-
TRACE (Gal4 technique for real-time and clonal expression) (Evans et al.,,
2009) lineage tracing data confirmed a kn lineage-traced expression cell
population with plasmatocyte typical morphology (Publication 1). It could be that
lineage-traced kn-positive plasmatocytes originate from progenitors of the MZ.
They might contribute to the population after lymph gland disintegration. This
argument is underlined by the fact that in both ex vivo and in vivo imaging of
pupae, a kn-positive population with plasmatocyte typical morphology was
observed. However, they can be separated from PSC cells by their small and

spiky morphology (Publication 1).

In addition to maintaining hematopoiesis, PSC cells regulate lamellocyte
differentiation. It has been previously shown that overexpression of kn in the MZ
together with wasp infestation leads to reduced lamellocyte production. In
contrast, the reduction of kn in the MZ is essential for lamellocyte differentiation
and dispersal (Oyallon et al., 2016). However, transdifferentiation from PSC
cells into lamellocytes has not been described so far. It was generally described
that lamellocytes derivate from existing plasmatocytes or differentiating lymph
gland prohemocytes. Lineage tracing experiments performed in this work now
suggest that kn-traced progenitors are able to differentiate into lamellocytes in
response to wasp infestation. As mentioned before, kn-positive cells comprise
both PSC cells and progenitors of the MZ though (Publication 1).

However, we identified Tau as a novel marker for PSCs with expression limited
to the PSC niche. This was further validated by showing that expression of GFP
under the control of the Tau-Gal4 driver is exclusively found in the PSC region
of primary lobes (Publication 1). Thus, we used tau for lineage tracing analysis
(Cho et al., 2020; Sanchez Bosch et al.,, 2019). Thereby, the lineage tracing
results demonstrate the existence of a progenitor lamellocyte population derived
from the PSC cells independent of both the posterior lobes and the MZ of the
anterior lobes (Publication 1). Our data shed light on an additional PSC-

dependent route for lamellocyte differentiation.

However, the mechanism underlying the transdifferentiation of PSC cells into
lamellocytes must be elucidated. In addition, the contribution of PSC-derived
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lamellocytes to the innate immune response should be investigated. This is so
far not described, and it is assumed that pupal or adult lamellocytes do not
contribute to the immune response. A suitable method could be an
encapsulation assay with GFP expression under the control of the Tau-Gal4

driver.

So far, it has been described that without the PSC, lamellocyte differentiation
fails to occur (Crozatier et al., 2004). ROS level increases in the PSC upon
infestation and this in turn activates the Toll signaling pathway to trigger
lamellocyte differentiation in the MZ and the disintegration of the lymph gland
(Sinenko et al.,, 2012). Interestingly, similar emergency hematopoiesis in
mammals depends on increased ROS production. There the TLR/NF-kB is
activated as part of the emergency granulopoiesis, which triggers the production
of neutrophils. Noteworthy, the TLR4 is part of the vascular niche and activates
this pathway (Manz & Boettcher, 2014).

In addition, increased ROS levels in the PSC lead to the secretion of Spitz into
the hemolymph. Spitz activates EGFR signaling in circulating hemocytes and
initiates their differentiation (Louradour et al., 2017). The EGFR together with
the Toll signaling cascades act in parallel. It might be of further interest to
dissect the role of EGFR signaling in differentiating PSC cells into lamellocytes.
Similarly, it has been recently demonstrated that EGFR signaling is sufficient to
initiate proliferation and conversion from hub cells into stem cells in Drosophila
testes. Those hub cells are normally quiescent and responsible for secreting
signals to adjacent stem cells, comparable to the niche cell function in the

lymph gland (Greenspan et al., 2022).

A potential of a niche to trans-differentiate into the cell type, which is normally
adjacent to and regulated by the niche, has been identified many studies over
the last years. Insights of several types of niche cells, including niches in the
Drosophila reproductive organs as well as rat limbal niche cells, highlight the
growing importance of niche cells in those processes (Greenspan et al., 2022;
Rust et al., 2020; Schmitt et al., 2018; Voog et al., 2014; Shiyan Yu et al., 2018;
X. Y. Zhao et al., 2018). For instance, this was recently described in Drosophila
ovary, where a niche for somatic follicle stem cells (FSCs) consists of adjacent
escort cells. The escort cells do not give rise to new FSCs under normal
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conditions. However, upon environmental stress, these escort cells can convert
into new FSCs (Rust et al., 2020). Another similar example of niche cell
plasticity was described in Drosophila testes, where niche cells send signals to
germline stem cells (GSCs) and somatic cyst stem cells (CySCs). Upon genetic
ablation of CySCs, the niche cells exit a quiescent state, leave their hub and

transdifferentiate into CySCs (Greenspan et al., 2022).

Further investigation of the Drosophila niche cells could also help to dissect the
role of mammalian niches, because a high similarity to the mammalian bone
marrow hematopoiesis is given. It is well known that dividing and non-dividing
hematopoietic stem cells reside in perivascular niches. Those are specialized
microenvironments in tissues where stem cells and progenitor cells are found in
close proximity to blood vessels. These niches provide a supportive
environment for stem cells and progenitor cells to maintain their self-renewal
capacity and differentiate into specific cell types as needed. Perivascular niches
have been identified in various tissues, including bone marrow, brain, skin, and
muscle (Komsany & Pezzella, 2020). Similar to Drosophila, niche cells and
those progenitor stem cells show a noticeable heterogeny composition (Crane
et al., 2017).

In summary, the PSC niche has many functions regulating hematopoiesis and
differentiation. Results of this work implicate further roles of PSC cells upon
immune challenges in signaling relay and direct defense against pathogens.
Moreover, those imply that PSC cells act not only as a stem cell niche in larval
hematopoiesis but can also contribute as cell reservoir to pupal and adult blood

cells.

4.9. Identification and characterization of motile and immune-
responsive Posterior Signaling Center cells contributing to
hemolymph in Drosophila

Until now, most studies on PSC cells focused on their role as a niche. The
general mechanisms of how the PSC control hematopoietic maintenance is well
studied (Crozatier & Vincent, 2011; Krzemien et al., 2007; Louradour et al.,
2017; Luo et al., 2020; Oyallon et al., 2016). Furthermore, it has been shown
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that PSC cell number is tightly regulated by various factors (Morin-Poulard et
al.,, 2021). Our study now provides the first evidence that PSC cells can
transdifferentiate into lamellocytes, an immune response to wasp infestation,
which is normally restricted to larval stages and does not occur in the adult fly
(Boulet et al., 2021). Thus, neither the existence nor a definite role for the niche
cells in the pupal and adult fly after the disintegration of the lymph gland has

been described so far.

In vivo live imaging experiments in this study of both pupal and adult abdomen
further revealed the existence of PSC cells (Publication 1, Supplementary
Figure S 2, Supplementary Figure S 3). They are able to switch from random to
directed migration towards a wounding site with no significant difference
compared to embryonic-derived hml-marked plasmatocytes. However, in vivo
live imaging of the pupal abdomen showed a noteworthy difference between
hml- and kn-positive hemocytes in cell shape and size. The different functions
of those different cell types can most likely explain this. On the one hand,
embryo-derived reservoir hemocytes mainly function in the phagocytosis of
large quantities of histolyzing larval tissue such as muscle and fat cells, the
ECM surrounding lymph gland cells, and even other plasmatocytes. This uptake
leads to a vacuolization and bloat of the cell shape, and the phagocytic ability
declines with age (Horn et al., 2014). In contrast, PSC cells function as a niche
and regulate hemocyte differentiation in the lymph gland until its disintegration
(Krzemien et al., 2007). They normally do not contribute to the general pool of
blood cells but participate in larval response to wasp infestation via signaling
(Crozatier et al., 2004). Thus, their role is limited to signaling functions, for

which a small cell size with filopodial extensions is sufficient.

It must be in mind that PSC cells primarily play a role in maintaining hemocyte
proliferation. During hematopoiesis, those cells require filopodia protrusions for
cell-cell communication with progenitor cells next to the niche in the MZ of the
lymph gland (Krzemien et al., 2007; Mandal et al., 2007). A similar observation
has been made in the ovarian stem cell niche, where filopodia protrusions of
cap cells provide Hh signals to escort cells (Csordas et al., 2021). Thus, it can

be suggested that these cells partly do not develop means of maotility.
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However, after the disintegration of the lymph gland, PSC cells are motile and
respond to cell damage (Publication 1). The already described explorative
function of filopodia can thereby be the main factor for motility. Furthermore,
filopods are thought to sense and respond to chemoattractants, facilitating
migration promoted by F-Actin polymerization. For instance, in many cancer
cells filopodia stability directs cell migration and promotes their invasiveness
(Friedl & Wolf, 2010; Jacquemet et al., 2015). Additionally, there is a link
between Bone morphogenetic protein (BMP) signaling and filopodia formation.
It has been described that BMP induces filopodia protrusions in endothelial cells
in zebrafish (Wakayama et al., 2015). Remarkably, BMP signaling also plays an
indispensable role in controlling cell size of the PSC at larval stages. However,
is not involved in regulating the ability of PSC cells to signal to prohemocytes
via filopodia (Pennetier et al., 2012). It might be of further interest to use the
available genetic tools investigate if there is a link between BMP signaling and
promoting of filopodia extension in pupal or adult stages of Drosophila. This has

never been addressed so far.

Conclusively, the exact role of filopodia extensions and the underlying
mechanism of migration and phagocytosis of PSC cells need to be further
evaluated. Further bulk RNA Sequencing of the PSC cell population might
reveal the transcriptional profile of actin-related genes. For instance, the
upregulation of fascin has been demonstrated in several cancer cells, which
utilize filopodia for migration. Additionally, it might be of further interest how
PSC cells would act upon knockdown of ROCK. Normally, downregulation of
ROCK signaling favors Rac-mediated lamellipodia-based migration. Since
filopodia can be formed independently of actin branching by the Arp2/3
complex, which Rac1 induces, the question is whether PSC cells still maintain
their signaling functions via filopodia extension and whether they still respond to

wound damage.

As mentioned earlier, migration of immune cells mediated by dynamic
rearrangement of the actin cytoskeleton is regulated by various proteins.
Therefore, dissecting the specific role of regulatory factors in the immune
response in these newly described motile PSC cells might be of further interest.
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For instance, the regulatory role of a novel interaction partner with the actin

branching machinery is described in the following chapters.

4.10. CK1a is a novel interaction partner of WAVE in the
regulation of the actin cytoskeleton

A wide screen of putative WAVE interaction partners was performed in
Drosophila S2 cells (D’Ambrosio & Vale, 2010). Screening 162 kinases using
the RNAIi system under control of the Drosophila hemocyte-specific driver
initially revealed CK1a as the most prominent candidate of the kinases
regulating the actin machinery. Knockdown of ck7a altered the morphology of
hemocytes, comparable to the loss of lamellipodia protrusions observed upon
wave depletion. They proposed that the changes in cell shape could indicate an
intermediate state where the barrier to microtubule growth is weakened due to
reduced actin retrograde flow. This in turn leads to a stellate phenotype of these

knockdown cells similar to a knockdown of wave (D’Ambrosio & Vale, 2010).

Retrograde flow has been described to be involved in F-actin assembly. A
constant retrograde flow maintains the density of the lamellipodium, and a
reduced retrograde flow coincides with a reduced F-actin assembly (Kage et al.,
2017). The interplay between different actin regulators is crucial for the overall
actin network dynamic and a homeostatic equilibrium within the cytoskeleton.
Altering the activity of any of these factors can enhance the formation of
different actin structures, including retrograde flow and increased formation of

long filopodia protrusion.

Those long filopodia protrusions structures, which are most likely seen in cells
upon knockdown of the indispensable WRC components wave or abi, are
formed from parallel bundles of actin filaments by formins or ENA/VASP
proteins. Noticeably, parallel actin filaments in filopodia structures are further
stabilized by fascin, but they lack microtubules (Etienne-Manneville, 2004). In
vivo investigation of ck1a and wave mutant cells demonstrated that filopodial
structures are the predominantly actin structures and, thereby essential for the

migration with diminished lamellipodia (Publication 2).
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Conclusively, the reduction of cell circularity coherently with an impaired
migration behavior and immune response in ck7a mutant cells is comparable to
wave mutant cells (Publication 2). This in turn leads to the assumption that
disruption of the lamellipodium and enhanced filopodia formation in ck7a mutant

cells is mainly caused by a diminished activity of the WRC.

Furthermore, co-immunoprecipitation and phosphorylation assay have shown
the direct interaction of WAVE and CK1a (Publication 2). However, priming of
WAVE by another kinase was not given in this experimental circumstance. It is
worth mentioning that both the kinase and the substrate were provided in high
concentrations, which may not necessarily display the physiological conditions
and just highlights the in vitro interaction. CK1a is able to phosphorylate even
without priming by another kinase (Flotow & Roach, 1991). Nevertheless, the in

vivo data strongly underlies the interaction of WAVE and CK1a (Publication 1).

4.11. The role of CK1a and cullin-RING E3 ligases in regulating
WAVE stability and degradation and its impact on cell shape

A lot of research demonstrated that phosphorylation regulates the activity of

WAVE and thereby the WRC activation and Arp2/3 interaction (Z. Chen et al.,

2010; Kramer et al., 2022; Mendoza, 2013; Mendoza et al., 2011; Pocha &

Cory, 2009). However, a mechanism behind reduced activity and regulation of

the protein level has not been demonstrated in vivo so far.

My data imply that basal phosphorylation is crucial in regulating WAVE. Loss of
phosphorylation within the VCA domain evoked by knockdown of ck7a leads to
enhanced degradation of WAVE (Publication 2).

The observations made in this work for the first time point out that
phosphorylation by CK1a is indispensable for WAVE stability. As a
consequence of observed changes in cell shape and impaired migration
behavior, | first thought that the activity of WAVE is diminished upon depletion
of CK1a. However, detailed analysis revealed a WAVE degradation (Publication
2). Pharmacological inhibition of CK1a activity leads to reduction of WAVE
abundance in vitro. Remarkably, this was restored by simultaneously applying

the known inhibitor of proteasome activity MG132. Complementary, RNAI
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induced CK1a depletion resulted in a substantial reduction of WAVE protein
level in larval hemocytes shown by immunoblotting (Publication 2). This was the
first evidence of a ubiquitin-proteasomal degradation process, which must be
highly regulated to maintain a sufficient protein level and ensure a spatial and
temporal control of WAVE activity. An interesting example of this
spatiotemporally regulation of WAVE stability was recently described by an
interaction between a deubiquitylating module (DUBm) and WAVE in regulating
the Arp2/3 complex (Cloud et al., 2019). The DUBm is anchored by Ataxin-7
(Atxn7) to a large complex and is released only temporarily to interact with
WAVE and protects it from degradation. Since this interaction with WAVE is not

persistent, a constant turnover of WAVE is provided.

Furthermore, it was sought to examine the degradation process. In general, the
degradation process is highly regulated and must be protein specific. Once a
protein is no longer needed in a cell, for instance due to misfolding or unproper
function, it must be removed. As a degradation signal, ubiquitin is covalently
attached to the protein. This post-translation modification sets the starting point
for a multiple-step process of degradation, which is highly conserved from
archaea to eukaryotes. Once ubiquitinylated, the protein to be removed is
shuttled to the 26S proteasome, a 2.5 MDa complex (Figure 17). There,
selective and ATP-dependent degradation takes place (Finley, 2009; Hershko &
Ciechanover, 1998; Lundgren et al., 2005; Saeki, 2017).

In principle, a protein is marked with ubiquitin (Ub), a 76-amino acid protein.
The process of ubiquitination involves a sequential action of several enzymes,
starting with ubiquitin-activating enzymes (E1), that activate ubiquitin and
transfer it to ubiquitin-transferring enzymes (E2). The E2 enzymes then transfer
the ubiquitin molecule to the substrate protein, with the help of ubiquitin ligases
(E3) (Figure 16, Figure 17) (Komander, 2009; Saeki, 2017).

Protein substrate specificity is mainly determined by E3 ligases, which are
highly diverse, with over 600 different E3s in humans (Ketosugbo et al., 2017).
They are classified into three main groups based on the properties of the
catalytic center responsible for ubiquitin transfer to the substrate: HECT
(homologues to the EGAP carboxyl terminus), RING (Really Interesting New
Gene), and RBR (RING-between-RING) E3 ligases. RING-type ligases are the
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most abundant and are further subdivided into different subtypes, such as
cullin-RING ligases. They consist of a Ring-box protein for E2 binding, a cullin
as a scaffold, an Adaptor protein, and a substrate receptor. Together, they

determine substrate specificity (Figure 16).

Substrate

SR

Adaptor

-Terminus ~ N-terminus

Cullin

Figure 16 - General composition of the cullin-RING ligase complex, the most
abundant type of E3 ligases. Cullin proteins are scaffold proteins that assemble the
cullin-RING ligase complex and thereby brings the substrate in close proximity to the
ubiquitin. The C-terminus of a cullin binds the RING-box protein which is linked to the
E2 ubiquitin-conjugated enzyme. The N-terminus of a cullin binds to an adaptor protein
which in turn is bound to a substrate recognition (SR) protein. Thus, a substrate
specificity is given. All together this complex act as an E3 ligase.

Once a protein is ubiquitinated, it is targeted for degradation by the 26S
proteasome, a large multi-subunit complex. The proteasome is composed of
two main subunits, a 20S catalytic core and a 19S regulatory complex (Figure
17). The 19S subunit acts as the regulatory unit and is responsible for protein
unfolding and activation for degradation, while the 20S subunit is the catalytic
core that degrades the protein (Fernandez-Cruz et al., 2020). The 20S subunit
consists of four heptameric rings composed of seven different alpha subunits
and seven different beta subunits arranged in an a7p7B7a7 arrangement. The
19S subunit is composed of six ATPases and four non-ATPases that interact
with the alpha subunits of the 20S subunits to transfer the ubiquitinated protein
for degradation (Lundgren et al., 2005). The ubiquitin chain is removed from the
protein and the substrate protein is then degraded in an ATP-dependent

manner. Recent studies have shown that even single ubiquitylation or multiple
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short or branched ubiquitin chains can activate protein degradation, and that the
size and structural features of the substrate proteins themselves can also affect
their recognition and degradation by the proteasome (Matyskiela et al., 2013;
Prakash et al., 2004).
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Figure 17 - The ubiquitin proteasome system. (A) Schematic illustration of the
ubiquitin proteasome pathway. The ubiquitin is transferred via E1, E2 and E3 ligases to
the substrate, which is supposed to be degraded. Once ubiquitinated, the substrate is
shuttled to the 26S Proteasome, where it undergoes proteolytic degradation. Reprinted
by permission from Springer Nature Customer Service Centre GmbH (Sarikas et al.,
2011). (B) Structure and key subunits of the 26S proteasome. The 26S proteasome is
a 2.5 MDa complex and is structurally divided into a 20S catalytic core (CP) and two
19S regulatory complex subunits (RP). The 19 S RP is further divided into a lid and a
base, highlighted on the right side. Reprinted from (Saeki, 2017) by permission of
Oxford University Press.
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As introduced above, protein substrate specificity in the multi-step degradation
process is mainly given through the great diversity of different E3 ligases. The
most abundant E3 ligases are the cullin-RING E3 ligases. There are six
different members of the cullin protein family expressed in the Drosophila
genome. They serve as a scaffold protein to assemble the multi-subunit cullin-
RING E3 ligase (CRL) complex. This complex comprises the main class of the

diverse group of known E3 ligases (Sarikas et al., 2011).

The cullin proteins form a substrate-targeting unit and create a distinct substrate
specificity by arranging specific proteins (schematic overview see Figure 16).
They have also been described as involved in different cellular processes,
including actin cytoskeleton remodeling (Ayyub et al., 2015; Yuezhou Chen et
al.,, 2009; Hudson et al., 2015, 2018). Therefore, the cullin proteins were
primarily picked to investigate the proteasomal-dependent degradation of
WAVE in this work. Indeed, | showed the relevance of Cul2 and Cul3 in the

proteasomal degradation process (Publication 2).

Control experiments with RNAi-mediated knockdown of each cullin protein
alone support the hypothesis that WAVE stabilization, or in this case abolished
degradation, does not lead to enhanced actin polymerization (Publication 2).
This suggests that the cell can regulate WAVE turnover independently of a
diminished cullin-mediated degradation. Additionally, less WAVE degradation
does not result in higher WRC activity. Particularly, an increased availability of
WAVE does not necessarily induce the release of the VCA domain, which
would initiate enhanced Arp2/3 activity. Depletion by RNAi-knockdown of both
CK1a and either Cul2 or Cul3 resembles the evoked phenotype by loss of CK1a
phosphorylation (Publication 2). This suggests that CRLs mediate WAVE
degradation. However, the exact mechanism of recognition and subsequent
ubiquitylation remains unclear. Very little is known so far about the interaction of

WAVE with a cullin-adaptor protein-substrate-protein complex.

It is commonly described that ubiquitylation takes place at lysine residues close
to the N-terminus. Recently, it has been shown that human WAVEZ2 undergoes
ubiquitylation in a T-cell activation-dependent manner, followed by proteasomal
degradation dependent on the VCA domain (Joseph et al., 2017). They
proposed that in a resting state, the VCA is sequestered and connects the
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components of the WRC with WAVEZ2, thereby protecting it from degradation.
Upon a T-cell-dependent activation, WAVE undergoes a conformational
change, releasing the VCA domain and exposing the WAVE WHD domain.
Subsequently, WAVE2 undergoes ubiquitylation, which is followed by
proteasomal degradation. Specifically, lysine 45 has been described to be the
main WAVEZ2 ubiquitylation site, which is a highly conserved residue within the
WHD domain (Joseph et al., 2017).

Rescue experiments with a WAVEK48R mutant performed in this work further
point out that the lysine residue in position 48, which is the corresponding lysine
residue of Drosophila WAVE, is not the main WAVE ubiquitylation site in
Drosophila. Mutation of a lysine to arginine is a commonly used mutation to
investigate the ubiquitylation site. Expression was proven in the wing imaginal
disc using the en-Gal4 driver determined by F-actin induction (Figure 11,
comparable to Publication 2). Immunostaining with an anti-WAVE antibody
clearly shows overexpression of WAVE. However, no changes in the cell shape
of larval hemocytes were observed in rescue experiments performed in the
same way as it has been done with knockdown of each cullin protein (Figure 11,
Publication 2). Thus, this suggests that even more ubiquitin target sites are
responsible for proteasomal degradation. Supplementary table 1 summarizes

putative lysine residues obtained by a computer-based prediction tool.

The exact mechanism underlying the ubiquitylation is still an open question.
Even though Joseph and colleagues uncovered that lysine 45 of the human
WAVE2 is ubiquitylated, lysine 48 of the fruit fly WAVE has not been
successfully determined as the target residue that is essential for ubiquitin-
mediated degradation in this work (Figure 11). Interestingly, in a different study,
lysine 220 of WASH has been discovered as a target for K63-linked
ubiquitination (Hao et al., 2013). This, in turn, leads to exposure of the C-
terminal VCA domain, activates the WASH complex, and is subsequently
required for endosomal F-actin nucleation and retrograde transport. Jia and
colleagues have recognized a high similarity between the WRC and the WASH
complex (D. Jia et al., 2010). The WASH lysine 220 exists in a region similar to
the meander region of the WRC. As mentioned before, this region is subject to

regulation by phosphorylation and controls interaction with the Arp2/3 complex
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(Hao et al., 2013). Moreover, using computer-based prediction tools, different
lysine residues appear to be more likely ubiquitin targets (Supplementary Table
1). Interestingly lysine 48 of the Drosophila WAVE and lysine 45 of the human
WAVE do not show confidence with a relatively low prediction score only of
0.79. In contrast, the lysine 200 of Drosophila WAVE, which is comparable to
the WASH lysine 220, has a score of 3.21 (Supplementary Table 1) (A. Li et al.,
2006; Xue et al., 2006). Additionally, Joseph and colleagues pointed out that the
mutation of lysine 45 did not completely abolish ubiquitylation, which raises the
question if there are further potential lysine residues or ubiquitylation sites in
proximity (Joseph et al., 2017). For instance, the same group discovered that
activated WASP is ubiquitylated simultaneously on lysine residues 76 and 81
and afterward degraded (Reicher et al., 2012). As mentioned earlier, it must be
considered that different ways of ubiquitylation are possible. For this reason, a
poly-ubiquitylation on different lysine residues might be indispensable for
correct degradation. Further experiments with point mutations of different

putative lysine residues will reveal their importance.

Remarkably, there is much evidence that phosphorylation is a key modification
for substrate recognition. However, it has been thought for a long time that
substrates are only recognized if they are phosphorylated. Recently, it was
considered that interaction with CRLs might additionally be influenced by
dephosphorylation (Yifan Chen et al., 2021). For example, SPOP is a substrate
of the cullin-Ring-ligase 3 that needs to be unphosphorylated for recognition
and ubiquitylation (Harper & Schulman, 2021; Q. Zhang et al., 2009). Moreover,
they proposed that proteins with S/T rich motifs, called destruction signal
(Degron), such as the transcription factor Ci, are recognized by BTB proteins
that function as target-recognition components of the cullin-based ligases.
Worth to notice is that in this case, phosphorylation might be a negative
regulator (which protects the target protein) and this in turn protects Ci from
binding to the Cul3-based Ub ligase (Q. Zhang et al., 2009).

To sum up, | pointed out that WAVE is protected from degradation by a basal
phosphorylation through CK1a. Proteasomal degradation is mediated by Cul2
and Cul3, and the lysine residue on position 48 is not sufficient as the sole

ubiquitylation target. Since the CRLs are part of many cascades for establishing
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a sufficient ubiquitylation-dependent protein turnover, the exact mechanism for

WAVE degradation needs to be investigated.

4.12. Phosphorylation of the WAVE VCA Domain by CK1a is
essential for its function and promotes its stability

In general, phosphorylation plays an important role in activating and stabilizing
the WRC. However, until recently, research mostly relied on in vitro
investigations. Many different kinases, such as Abl, Src, Cdk5, Erk and CK2 are
thought to interact with the WRC (Ardern et al., 2006; Danson et al., 2007; Kim
et al., 2006; Mendoza, 2013; Nakanishi et al., 2006; Pocha & Cory, 2009;
Sossey-Alaoui et al.,, 2007). Thereby, the main proposed target region is the
meander region, which upon phosphorylation, destabilizes the sequestering of
the VCA domain to evoke WRC activation (Rottner et al., 2021). Over the last
years, phosphorylation of the VCA domain has been subject of different
investigations. Somewhat confounding, different publications concluded that
phosphorylation of the VCA domain is crucial for the binding affinity and
activation of the Arp2/3 complex. However, a clear mechanism in vivo remains

unclear.

As mentioned in the introduction, the current understanding is that the serine
residues of the VCA domain are targets of CK2 phosphorylation which mediates
the affinity to the Arp2/3 complex for actin polymerization (Pocha & Cory, 2009;
Ura et al., 2012). For instance, Pocha and Cory proposed that CK2
phosphorylates mammalian WAVE2 at positions 482, 484, 488, 489 and 497
within the acidic domain, subsequently regulating the Arp2/3 complex activity in
vitro. However, those results are limited by various factors. For instance, they
did not completely abolish endogenous wild-type protein in rescue experiments
with overexpression of phosphorylation-deficient mutants in cultured NIH-3T3
cells. Moreover, their experiments were performed independently of the
regulatory multiprotein complex (Pocha & Cory, 2009).

In some way opposing to those results, it has been shown in a more recent
study that regulated dephosphorylation is the key step in WAVE activation
during pseudopod dynamics (Ura et al., 2012). It was thought that
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phosphorylation maintains an inhibited closed state rather than an activated
state (Singh & Insall, 2021). With the results of my work, | broadened the
spectrum and complexity of phosphorylation-dependent regulation of WAVE,
which seems contrary to the previously described results in several points
(Publication 2).

The first contradiction is that CK2 was originally described as regulating WAVE.
Albeit the fact that both CK1a and CK2 share a similar target sequence, |
determined a main regulatory role for CK1a (Publication 2). This is not in
contrast to the previous results; it rather expands the knowledge of the
regulation. Indeed, CK1a recognition and activity are enhanced by already
phosphorylated serine residues N-terminal to the target sequence (Flotow et al.,
1990). As shown in other cases, this can be provided by CK2 or other
compensating kinases. This may also explain that in vivo loss-of CK2 function
does not lead to an altered cell morphology. This resembles a hierarchical
mechanism of the phosphorylation process as a post-translation step, which
has already been described for both kinases in a different background (Flotow
et al., 1990)

Secondly, the significance of phosphorylation of the VCA Domain has been
demonstrated in this work using the Drosophila wing imaginal disc as an in vivo
model (Publication 2). A mutated version of WAVE, which mimics a
phosphorylation state (WAVE-SD%), induces F-actin in epithelial cells and
enhances the actin level similar to the overexpression of WAVE-WT. The
observation that the WAVE-SD* variant additionally increases the WAVE
protein level drastically, indicates that phosphorylation of the VCA domain is
essential for WAVE stability rather than for its activity. Thus, an increase in
stabilization does not subsequently lead to an increase in actin polymerization.
Noticeably, the un-phosphorylatable version of WAVE (WAVE-SA®) does not
show the same increase in F-actin polymerization, although the WAVE protein
level is similar to WAVE-WT. This also points out that overexpressed WAVE-
WT still undergoes a regulation. Particularly, the WAVE protein level is kept in a
sufficient amount and a constant turnover is still given. In contrast, the
continuous phosphorylated WAVE is not degraded and is thus more stable, but

not more active (Publication 2). Furthermore, it was shown that persistent
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overaction of the WRC and the Arp2/3 complex subsequently favors its

proteasomal degradation (Law et al., 2021).

Taking this into account, it also suggests that phosphorylation prevents it from
degradation. Phosphorylation is indispensable for activity but does not enhance
it. Correspondingly induced expression of full-length CK1a in Drosophila S2
cells did neither induce a mobility shift of endogenous WAVE nor significantly
increase the WAVE protein abundance. However, overexpression in vivo in the
wing imaginal disc showed a slight increase in WAVE protein level (Figure 12).
Accordingly, the F-Actin level was also slightly increased compared to the
EGFP control, however, it did not resemble the enhanced F-actin
polymerization through overexpression of WAVE-WT (Figure 12 D-E). This,
again, highlights the diversity and complexity of WAVE regulation. It can be
hypothesized that the WAVE amount undergo a constant regulation. Even
though the possibility is given that for constant phosphorylation by
overexpression of the kinase the activity is limited and maybe the turnover, i.e.
the degradation, is accelerated. It can also be suggested that the basal
phosphorylation level is already sufficient for maintaining physiological actin
dynamics and kinase activity is regulated even in an overexpression situation.
To keep in mind, even the WT overexpression seems to be subject to tight

regulation.

Rescue experiments performed in this study with a wave null mutant
furthermore revealed the importance of phosphorylation of the VCA domain
(Publication 2). Only the phosphomimetic WAVE-SD>* mutant and not the
phosphodeficient SA™ mutant could fully rescue lethality, changes in cell
morphology as well as disrupted migration behavior evoked by WAVE loss-of-
function. On the other hand, both N-terminal mutants, the phosphodeficient
SA3 as well as the phosphomimetic SD3* fully rescued the lethality and defects
in lamellipodia formation of wave mutants (Publication 2). Thus, the N-terminal
SLS motif is indispensable for WAVE function. Remarkably, disruption of the
lamellipodia by knockdown of CK1a was not rescued by co-expressing WAVE-
WT, but WAVE-SD>* (Publication 2). This clarifies again a substrate specificity
of these five serine within the VCA domain to CK1a. Obviously, no other kinase

can compensate for the loss of phosphorylation in CK1a RNAi-depleted cells.
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Conclusively, this contrasts the previously described CK2-mediated
phosphorylation of the VCA domain (Pocha & Cory, 2009).

To further point out the diversity and complexity of WAVE regulation, it is of
further interest that even though different kinases have proven to interact with
WAVE, a defined role was determined for each kinase. For instance, a
knockdown of Protein Kinase A (PKA) also abolishes WAVE expression
(Yamashita et al., 2011). However, in case of the PKA-WAVE interaction, it
must be noticed that this exclusively happens at the cell membrane. In their
model, WAVE recruits the kinase to the membrane. This, in turn, induces the
accumulation of PIPs, leading to a further enrichment of WAVE. This leads to an
important aspect of regulation, i.e. both proteins must be located correctly
(Knippschild et al., 2005).

For sure, it is of advantage when a kinase and its substrate are equally
distributed in time and space. Kinase activity is favored if both proteins are in
close contact with each other. Many times, it has been shown that WAVE
incorporated in the WRC locates at the leading edge of a cell (revied in Rottner
et al., 2021). This for sure is required for a proper function and a rapid

regulation of the actin dynamics within the lamellipodium.

However, it is well established that CK1a does normally not localize to the
membrane. CK1a is usually active in the cytosol and nucleus (Gross &
Anderson, 1998; Santos et al.,, 1996; J. Zhang et al., 1996). This might
underline the fact that WAVE needs to be basally phosphorylated already as a

post-translation step before its recruitment to the membrane.

It should also be considered that the assembly of the WRC is a multi-step
process with all members tightly regulated and important for an intact and fully
assembled complex (Figure 8). Although the exact process remains unclear and
is still a remarkably open question, in vitro biochemical und structural analysis
started to shed light on the underlying mechanism (Kramer et al., 2022; Rottner
et al.,, 2021). For instance, for the WASH complex, which goes through an
analogous multi-step assembly procedure as the WRC, it has been shown that
the first steps of complex assembling occur at the centrosome (Fokin &

Gautreau, 2021). For the WRC, it has only been assumed that the complex
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assembly starts similarly. It is known that the association of Abi and WAVE is
one of the first steps in the assembly procedure. This is mediated at the
centrosome by HSPC300 (also known as BRICK1), which associates with
single molecules of Abi and WAVE through a heterotrimeric coiled-coil (Fokin &
Gautreau, 2021). Coordinated regulation of these proteins only achieves correct
association. This leads to the suggestion that WAVE is already highly regulated
by post-translation modifications at the centrosome, where complex assembly
starts. That is why it can be hypothesized that phosphorylation by CK1a is
already important at the centrosome and not later when the WRC is already
recruited to the plasma membrane. Importantly, CK1a has already been
described to be associated with the centrosome (Brockman et al., 1992).
Though this raises the question whether CK1a phosphorylates WAVE as a first
step before the WRC assembly at the centrosome. Regarding the argument that
CK1a mediated phosphorylation rather stabilizes the protein than enhances the
activity, it can be hypothesized that the interaction takes place before complex
assembly. Proteasomal degradation is often initiated at the centrosome (Fokin
& Gautreau, 2021; Johnston et al., 1998; Kopito, 2000). Misfolded or
incompletely phosphorylated proteins are therefore accumulated around the
centrosome. However, it needs to be further addressed if WAVE degradation by
CK1a depletion influences the stability of another complex member or

subsequently of the whole complex.

Finally, an interesting indication of the essential role of WAVE phosphorylation
in actin dynamics not only at the leading edge was shown by Danson and
colleagues. They revealed that phosphorylation of WAVE by MAP-Kinase
regulates the polarization of the Golgi apparatus (Danson et al.,, 2007).
Disruption of the Golgi apparatus likewise leads to an improper Rac-dependent
lamellipodium formation, which is a crucial aspect of cell motility (Danson et al.,
2007).

Conclusively, the results of this study imply that WAVE is basally
phosphorylated and that a constitutively phosphorylated version of WAVE
(WAVESP) enhances its stability by protecting it from degradation. Additionally,
further phosphorylation of the VCA by CK1a does not appear and is

unnecessary for an enhanced Arp2/3 activity (Imaginal Disc, F-actin induction,
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Figure 12). Nevertheless, phosphorylation of the five selected serine residues
within the VCA domain is indispensable for WAVE activity. However, CK1a is
only one of many potential regulators of WAVE activity. The exact mechanism
and the interplay between different phosphorylation and dephosphorylation
events remain elusive. Moreover, taking all studies of different kinases in the
context of WRC activation together led to the conclusion that no kinase can

compensate for another.

4.13. CK2 regulates blood cell differentiation rather than cell
shape

For a long time, it was suggested that CK2 regulates the activity and stability of
the WRC by phosphorylation (Mendoza, 2013; Pocha & Cory, 2009). Results of
this study uncovered that CK1a and not CK2 is an important regulator of WAVE
function in vivo. Ck2 mutant hemocytes, which lack CK2 kinase activity, form
normal lamellipodia but show increased lamellocyte differentiation (Publication
2). This subgroup of blood cells is commonly not seen in healthy flies and is
upregulated upon parasitism infestation. They can be recognized by the
expression of the surface protein Atilla and RPS-integrin (Anderl et al., 2016).
Furthermore, they can be genetically induced by knockdown of Ush, which in
turn increases the number of lamellocytes (Fossett et al., 2001; Gajewski et al.,
2007). As mentioned before, Ush interacts with the dNuRD complex by binding
to the subunit dMi-2. Interestingly, the Ush/dNuRD complex regulates a broad
spectrum of genes in both ways, promoting and repressing (Lenz et al., 2021).
For instance, a repression of the crystal cell-specific transcription factor

complex core factor protein Lz was determined (Muratoglu et al., 2007).

Additionally, a previous study independently revealed dMi-2 as a target of CK2
phosphorylation which in turn regulates nucleosome remodeling activity
(Bouazoune & Brehm, 2005). In this case, dephosphorylated dMi-2 shows
increased nucleosome binding and activity. This led to the assumption that
there might be a genetic correlation between CK2 and the activity of the dNuRD

complex.
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Results of this work show that an RNAi-mediated knockdown of dMi-2 in
Drosophila hemocytes does not induce lamellocyte transdifferentiation (Figure
13). This suggests no impact of dMi-2 downregulation on the interaction of Ush
and dNuRD and is in line with previous results of trans-heterozygous dMi-2
mutants, which does not enhance lamellocyte transdifferentiation (Lenz et al.,
2021). Since dMi-2 and Ush co-occupy many sites of the chromatin, Ush acts
as a suppressor of lamellocyte differentiation and the abolishing
phosphorylation of dMi-2 enhances its activity, it can be suggested that this
subsequently suppresses Ush interaction leading to forced Ilamellocyte

differentiation.

Taking this into account, phosphorylation is an important post-translation
modification to regulate the complex integrity. Accordingly, CK2 might be a
crucial regulator of lamellocyte differentiation by phosphorylation of dMi-2,
which restrain its enzymatic activity. This in turn affects the NuRD complex

binding and enables regular Ush activity (Figure 18).
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Figure 18 — Schematic overview of Ush and dMi-2 interaction. (A) Ush suppresses
lamellocyte differentiation as a cofactor. (B) Phosphorylation of dMi-2 by CK2 leads to
a reduced dMi-2 activity. Without phosphorylation dMi-2 is more active. (C) dMi-2 and
Ush co-occupy for binding sites of chromatin. Without phosphorylation, dMi2- binding is
favored over Ush binding. This mimics a reduced Ush binding activity which leads to
enhanced lamellocyte differentiation.
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5. Conclusion and Outlook

In this work, it was demonstrated that Drosophila serves as a powerful in vivo
model organism to study actin dynamics, cell shape regulation, hematopoiesis,

and blood cell differentiation.

With the advances of single cell RNA sequencing, we identified the
heterogeneity of Drosophila pupal blood cells, which were so far believed to be
a homogenous group. Despite the differences in the details of hematopoiesis
between flies and vertebrates, many of the cellular mechanisms underlying
blood cell development and function are conserved. This makes Drosophila an
irreplaceable powerful tool for further research as many of the basic pathways
and processes of Drosophila hematopoietic progenitors and their niche are
conserved and therefore similar in vertebrates. Thus, a similar heterogeneity
among vertebrate blood cells modulated by developmental stage and immune
challenges can be further investigated in Drosophila. The dataset of this work
reveals the presence of already described embryonic derived mixed with lymph
gland derived blood cells, as well as previously undescribed effector cell types.
Those subgroups mainly reflect the physiological changes with the onset of
metamorphosis and persist into adulthood. Remarkably, the dataset clearly
discriminates between undifferentiated srp-high expressing plasmatocytes and
immune-active plasmatocyte populations. This outlines the diversity in functions
of either the innate immune system like antimicrobial peptide production,
formation of adhesion structures, cellular junctions and fatty acid 3-oxidation or
endocytic and phagocytic processes that come along with the onset of pupal

development.

Results of this work enable the future application of Gal4-enhancer traps and
GFP-exon traps for distinct marker genes to determine how hematopoiesis and
immune response are regulated in a different environment like an induced
immune challenge or starvation. This could be, for instance, the relationship
between immune response and metabolic shift as well as mechanisms behind
the mammalian emergency hematopoiesis, as they are so far poorly
understood. Likewise, it could reveal if any of the subpopulation still have the

potential to further differentiate or switch their characteristics to effector cells.
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In addition to the plasmatocyte subpopulations with their specific roles in the
common immune functions combined with an adaptive metabolism, the dataset
uncovers a small group of immune cells which resembles cells from the PSC
niche. After lymph gland disintegration, those cells show high motility and
immune response. Furthermore, lineage tracing revealed their ability to
differentiate into lamellocytes upon wasp infestation. This leads to the question
about the role of niche like cells beyond the maintenance of progenitors. It is of
further interest if those cells might have different functions in the pupal and adult

immune response compared to mature plasmatocytes.

What intrinsic signaling pathways lead to the differentiation of PSC cells to
lamellocytes? Since lamellocytes derived from PSC cells are barely present in
the larval state, do they have a distinct feature in the pupal state? The use of
the versatile tools of Drosophila genetic manipulation would reveal, for instance
whether the EGFR pathway act in parallel to the Toll/NFKB pathway to initiate
PSC cell differentiation besides the lymph gland progenitors.

Furthermore, bulk RNAseq of this subgroup, best sorted by a distinct marker
like fau, will gain more insight into the molecular signature. Since they show a
small spiky cell morphology, a detailed expression profile would uncover the
regulation of actin cytoskeleton genes. For instance, fascin has been shown to
be upregulated in cancer cells that use filopodia for migration. We uncovered
that PSC cells perform a comparable filopodia based migration. So far, there is
less known why PSC cells do not use lamellipodia based motility, as this is
normally the predominantly way. Studying the effects of tissue specific gene
knockdown of various actin regulators might determine changes in PSC cell
shape. Additionally, this could be a powerful tool to investigate more details
about how the signaling mechanisms are regulated. Remarkably, niche function

has been connected to cancer studies as they show conserved functions.

In addition to their role in encapsulating parasitic wasp eggs, recent studies
have suggested that lamellocytes may also have other functions in the immune
system of Drosophila. For example, they have been shown to be capable of
phagocytosing both microbial and self-tissue debris, suggesting that they may
play a broader role in the clearance of cellular waste. Overall, lamellocytes are
a fascinating and important cell type in the immune system of Drosophila
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melanogaster, and their study is shedding new light on the mechanisms

underlying host-parasite interactions and cellular immune responses.

Another point is that so far, TEP4 has not been explored as a marker for
lamellocytes. Though Dstalova and colleagues proposed a role of TEP4 in
response to wasp infestation, they did neither clarify the importance nor show
ex vivo images of TEP4 marked cells. The pluripotent role of TEP4 outlines its
indispensable role in both the innate immune response and hematopoiesis.
Now, with the results of this work, the role of TEP4 can be additionally
described as a marker for lamellocytes. In vivo investigations of TEP mutant
flies will outline the role of TEP-positive cells depending on external immune

challenges.

TEP4 is also a marker gene of the Secretory-PL cluster together with several
other serine proteases. Since a distinct function could not be clearly
distinguished, it will be of further interest to dissect the role of the serine
proteases upregulated in this cluster in the innate immune response. Although
serine proteases involved in regulating melanization and Toll signaling
pathways processes have been already elucidated (Dudzic et al., 2019;
Shichao Yu et al., 2022), it is still unclear whether the activation is further
regulated by distinct serine protease cascades. This opens the question if the
Secretory-PL serine proteases are involved in either activation of crystal cells,
through induction of PPO activity, or in another activation cascade. Since this
cluster is not present in early developmental stages, their specific role in the
onset of metamorphosis should be addressed. Does this cluster represent an

activator subpopulation?

The ability to migrate and phagocytose is indispensable for immune cells. This
is provided through the dynamic ability to reorganize the actin cytoskeleton.
Here, | outlined that CK1a phosphorylation protects the NPF WAVE from
degradation and thus enables the promoting of actin branching by Arp2/3.
However, the exact mechanism of WAVE degradation is still unclear. Because
the lysine residue at position 45 of WAVE is not the only target of ubiquitylation,
as a first step online prediction tools could forecast more putative lysine
residues. Afterwards, site direct mutagenesis combined with rescue
experiments could characterize the lysine residue dependency for ubiquitin
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recognition. Clarifying the degradation process would provide an efficient tool in
mammals to prevent the cell from undesirable actin nucleation. This in turn has
been described to favor chronic inflammatory responses induced by
unfavorable activation of T cells (Joseph et al., 2017). Furthermore, it still
remains unclear at which time point CK1a phosphorylation occurs. One
hypothesis is that WAVE is phosphorylated already during the assembly
process. However, it was proposed recently, that phosphorylation only occurs
following activation (Singh & Insall, 2021). Thus, it might be used as a readout

of complex activation.

Besides this novel role of CK1a, | identified an unknown role for CK2, another
member of the casein kinase family, in blood cell differentiation. Accordingly,
previous data showed that constitutive phosphorylation of the chromatin
remodeling enzyme dMi2 by CK2 affects its nucleosome binding activity,
however the importance is still unclear (Bouazoune & Brehm, 2005). Generally,
dMi2 and Ush compete for many binding sites. Moreover, phosphorylation of
dMi2 leads to downregulation of its activity and thus a preferred binding of Ush
to regulation sites. This in turn abolishes lamellocyte differentiation. It would be
of further interest to dissect the interaction of CK2 and dMi2 in controlling
transdifferentiation. Using the versatile advances of Drosophila gene
manipulation, experiments with dMi2 and CK2 double mutant flies could outline

dependency of CK2 phosphorylation.
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7. Appendix
71. Supplementary Figures

anti-Atilla

Supplementary Figure S 1 — Tep4 marks rare giant cells with lamellocyte
morphology. Maximum intensity projection of confocal images of pupal hemocytes;
Alexa568-labeled phalloidin was used to stain the actin cytoskeleton. (A) Coexpression
of srpHemo::3xmCherry and Tep4-Gal4 > UAS-GFP. Spiky small cells express the
transcription factor srp. Tep4 and Srp double positive cells are marked by arrowheads.
(B,C) Tep4-Gal4 > UAS-GFP cells were stained for the lamellocyte marker gene atilla
(red) either in unchallenged condition (B) or upon wasp infestation (C). Large Tep4-
expressing cells show characteristic lamellocyte morphology, marked by a yellow
asterisk.
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Supplementary Figure S 2 — Representative in vivo images of GFP expression
under the control of the collier promoter kn-Gal4. Scale bar represents 50 um. (A)
Dorsal and (AY) lateral view of a pupae 4h APF. (B) Dorsal and (B’) lateral view of a
pupae 16h APF. The rectangle marks the region of accumulation of PSCs visualized by
spinning disc microscopy (Publication 2). The expression on the pupal wing represents
the A/P boundary. (C) Dorsal and (C’) lateral view of a pupae 96h APF.
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Supplementary Figure S 3 — Kn-Gal4 positive cells persist until adulthood.
Frames of a spinning disc time-lapse movie of randomly migrating 96h APF hemocytes
marked by GFP expression under the control of kn-Gal4. A-B) Images after 6:30 min
and 10 min, respectively. A-B’) Enlarged box region from A) and B) show kn-positive
cells marked by white arrows.
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7.2.

Supplementary table

Supplementary Table 1 — Putative protein ubiquitylation sites at lysine residues
were predicted by BDM-PUB (http://bdmpub.biocuckoo.org/prediction.php).
Selected lysine residues highlighted in red are discussed in chapter 4.11 (Xue et al.,

2006).
Protein Peptide Position Score
Drosophila WAVE |
RQLSSLSKHAEDVFG 48 0.79
RIDRLAIKVTQLDST 81 1.91
PLTDITRKKAFKSAK 100 2.62
ITRKKAFKSAKVFDQ 104 2.50
KKAFKSAKVFDQQIF 107 1.90
DKPPPLDKLNVYRDD 138 1.47
TERVMHDKGKKLNRP 178 0.60
RVMHDKGKKLNRPRQ 180 1.07
VMHDKGKKLNRPRQD 181 1.22
GAAGRGNKKQKTKIR 200 3.21
AAGRGNKKQKTKIRV 201 1.24
GRGNKKQKTKIRVPH 203 1.01
GNKKQKTKIRVPHNT 205 0.54
PGTPSRNKPRPSQPP 407 0.74
NSGHMAAKLLGRANS 475 1.66
VPDQHSPKMSPPNAA 536 1.49
RPHQILPKSLANGEM 573 1.72
VPHIVAPKKMLPPFH 596 0.78
PHIVAPKKMLPPFHD 597 0.56
RDGITLRKVEKSEQK 621 0.76
KVEKSEQKEIERNAA 628 0.41
Drosophila WASH
RLARNGSKVEDINNR 57 1.42
EDINNRVKRAQAKID 66 0.38
RVKRAQAKIDALVGS 71 1.58
IDALVGSKRAIQIFA 79 1.30
SHSAADQKPDDADIF 133 0.92
SPLVAERKITNRTAG 158 2.03
GEDLNAWKRSLPPQN 198 2.08
STQLTGEKQLAPAPH 220 1.45
SLAHGTTKLATPAGD 235 2.30
IPGPVRRKSVGQCPS 322 1.88
SPPPFPTKGAVKPLS 365 2.65
FPTKGAVKPLSPSLA 369 3.33
VVDNSRSKAGGAVTG 427 0.45
PPPVQPRKGSKSSDE 482 2.95
VQPRKGSKSSDEHSE 485 2.14
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Human WAVE?2

RQLGSLSKYAEDIFG 45 0.32
RVDRLQVKVTQLDPK 78 1.02
KVTQLDPKEEEVSLQ 85 0.34
DDGKEALKFYTDPSY 148 1.43
EKMLQDTKDIMKEKR 169 0.31
TKDIMKEKRKHRKEK 175 0.70
DIMKEKRKHRKEKKD 177 212
KEKRKHRKEKKDNPN 180 1.90
KRKHRKEKKDNPNRG 182 2.36
RKHRKEKKDNPNRGN 183 1.08
RGNVNPRKIKTRKEE 195 1.64
NVNPRKIKTRKEEWE 197 1.24
GQEFVESKEKLGTSG 216 0.88
GSGLAGPKRSSVVSP 290 3.97
LGSPPGPKPGFAPPP 313 1.89
PPLSDTTKPKSSLPA 425 1.00
LSDTTKPKSSLPAVS 427 1.36
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7.3. Author contribution

Publication 1

Hirschhauser, A., Molitor, D., Salinas, G., Gro3hans, J., Rust, K., & Bogdan, S.
Single-cell transcriptomics identifies new blood cell populations in Drosophila

released at the onset of metamorphosis. Submitted to Development; under

review.

Figure 1: (A) I performed the hemocyte isolation step from Drosophila
pupae before the transfer to scRNA-Seq approach.

Figure 2: (C-D) | performed the experiments.

Figure 4: (H-L) I performed the experiments.

Figure 5: (G-K) | performed the experiments and quantifications.

Figure 6: | performed all experiments and quantifications.

Figure 8: (A, D-F) | performed the experiments and quantifications.

Movies M1, M3: | performed all experiments.

Supplementary Figure S7: | performed all experiments.

Sven Bogdan and Katja Rust wrote the manuscript and | commented on it.
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Publication 2:

Hirschhauser, A., van Cann, M., & Bogdan, S. (2021). CK1a protects WAVE
from degradation to regulate cell shape and motility in the immune response.
Journal of Cell Science, 134(23). https://doi.org/10.1242/jcs.258891

Figure 1:
Figure 2:
Figure 3:

Figure 4:

Figure 5:
Figure 6:
Figure 7:
Figure S1:

Movie 1:

| performed all experiments and quantifications.
| performed all experiments and quantifications.
| performed all experiments and quantifications.

(C-F) 1| designed and performed the experiments and

quantifications.

| performed all experiments and quantifications.

(B-G) | performed all experiments and quantifications.

| designed and performed the experiments and quantifications.
| performed all experiments and quantifications.

| created the movie animation based on the available amino acid

sequence of CK1a using the UCSF Chimera software.

Movie 2 & 3: | performed all experiments.

| performed the methodology and data curation.

Sven Bogdan wrote the manuscript and | commented on it.
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7.4. Drosophila transgenic lines used in this work

Genotype Description Reference/Stock Number

; CK1a[RNAIi] VDRC 16645 ; ; CK1a RNAI #1 VDRC 16645

; ; CK1a[RNAI] BL 25786 ; CK1a RNAI #2 BL# 25786

y[1] w[*] CK1a [A] P{ry[+t7.2]=neoFRT}19A/FM7c, P{w[+mC]=GAL4- | CK1a mutation L141M BL# 57084

Kr.C}DC1, P{w[+mC]=UAS-GFP.S65T}DC5, sn[+]

y[1] w[*] CK1a [8B12] P{ry[+t7.2]=neoFRT}19A/FM6; CyO/Sco CK1a mutation G43D BL# 63802

y[1] w[*] CK1a [B] P{ry[+17.2]=neoFRT}19A/FM7c, P{w[+mC]=GAL4- | CK1a mutation G148S BL# 64459

Kr.C}DC1, P{w[+mC]=UAS-GFP.S65T}DC5, sn[+]

hsFLP, tubP-Gal80, w[*], neoFRT19A ; hmIAGal4, UASeGFP hsFLP with marker for hemocytes | Publication 2
for MARCM Analyses

P{ry[+17.2]=neoFRT}19A; ry[506] MARCM control stock BL# 1709

mys[1] P{ry[+t7.2]=neoFRT}19A/FM7c myospheroid loss of function | BL# 23862
allel for MARCM

ck1a-FO00940FIlyOrf/TM6B CK1a-3xHA overexpression Rumpf Lab

hmlAGal4, UAS-eGFP; ck1a-FO00940FIlyOrf/TM6B CK1a-3xHA overexpression in | this work
hemocytes

enGal4/Cyo; ck1a-FO00940FIlyOrf/TM6B CK1a-3xHA overexpression in | this work
wing imaginal disc

;hmIAGal4, UASeGFP; CK1a RNAI BL 25786/TM6B; knockdown and rescue | Publication 2
experiments in hemocytes

y[*] w[*]; ; CK2al™R/Tm6b CK2a kinase dead mutant; | BL# 24511
homozygous lethal

y[*] W[*]; ; CK2al™/Tm6b CK2a kinase dead mutant; | BL# 24512

homozygous lethal

y[*] W[*]; ; CK2aP/Tm6b

CK2a loss-of-function;
homozygous lethal,

Kyoto 141869
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transheterozygous with kinase
dead mutant viable until pupal
stage

;BI/Cyo; pUAST-WAVESAX /| TM6B ;

wing imaginal disc

injectetion in 68E

;BI/Cyo; pUASP-WAVESASX | TM6B ;

hemocyte rescue

injectetion in 68E

;BI/Cyo; pUAST-WAVESPSX | TM6B ;

wing imaginal disc

injectetion in 68E

;BI/Cyo; pUASP-WAVESPSX | TM6B ;

hemocyte rescue

injectetion in 68E

;Bl/Cyo; pUAST-WAVE-WT / TM6B ;

wing imaginal disc

injectetion in 68E

;Bl/Cyo; pUASP-WAVE-WT / TM6B ;

hemocyte rescue

injectetion in 68E

;hmlA-dsRed, FRT40A scarA37/ CyQWee-P-GFP- daGal4 / TM6B ;

in vivo rescue experiment

Bogdan lab

; scar[A37], FRT40A / CyQP™; UAS-WAVESASX | TM6;

in vivo rescue experiment

injectetion in 68E

; scar[A37], FRT40A / CyOP™; UAS-WAVE WT / TM6B;

in vivo rescue experiment

injectetion in 68E

; scar[A37], FRT40A / CyOP™;UAS-WAVESP> | TMB6;

in vivo rescue experiment

injectetion in 68E

;BI/Cyo; pUAST-WAVEK4R | TM6B

point mutation putative ubi site

injectetion in 68E

y[1] sc[*] v[1] sev[21]; P{y[+t7.7] v[+11.8]=TRiIP.HMS00119}attP2 Prosp5 RNAI BL# 34810
y[1] sc[*] v[1] sev[21]; P{y[+17.7] v[+11.8]=TRiP.HMS00068}attP2 Prosa7 RNAI BL# 33660
y[1] sc[*] v[1] sev[21]; P{y[+t7.7] v[+11.8]=TRiP.HMS0007 1}attP2 Rpn11 RNAI BL# 33662
y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRIiP.JF03317}attP2 Rpn6 RNAI BL# 29385
Cul1 RNAI Cullin 1 RNAI BL# 36601
Cul 2 RNAI Cullin 2 RNAI VDRC 19297
Cul 3 RNAI Cullin 3 RNAI VDRC 25875
Cul4 RNAI Cullin 4 RNAI BL# 50614
Cul 5 RNAI Cullin 5 RNAI VDRC 52176
Cul 6 RNAI Cullin 6 RNAI VDRC 31479
w[*] / ; P{w[+mC]=UAS-RedStinger}4, P{w[+mC]=UAS-FLP.D}JD1, | G-TRACE BL# 28280
P{w[+mC]=Ubi-p63E(FRT.STOP)Stinger}9F6 / CyO ; ;

w[*]1/ ; ; P{w[+mC]=UAS-RedStinger}6, P{w[+mC]=UAS-FLP.Exel}3, | G-TRACE BL# 28281

P{w[+mC]=Ubi-p63E(FRT.STOP)Stinger}15F2 / ;

w ; sp / Cyo ; SRP-H2A-3XmCherry / TM3Ser #3 ;

nuclear localized 3x mCherry

(Gyoergy et al., 2018)
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fusion with srpHemo promoter

w ; sp/ CyO ; SRP-3XmCherry / TM6B ;

3x mCherry fusion with
srpHemo promoter

(Gyoergy et al., 2018)

P{w[+mC]=GAL4-Antp.P1.A}1, y[1] w[*]; wg[Sp-1]/CyO Antp Gal4-enhaner trap BL# 26817
y[1] w[*]; Mi{Trojan-GAL4.2}kn[MI115480-TG4.2]/SM6a kn Gal4-enhancer trap BL# 67516
w[1118]; PBac{w[+mC]=IT.GAL4}tau[4021-G4] tau Gal4 enhancer-trap BL# 77641
w[1118]; M{GFP[E.3xP3]=ET1}CG31174[MB02966] CG31174 GFP trap BL# 24040
w[1118]; P{y[+t7.7] w[+mC]=GMR80G10-GAL4}attP2 Ham Gal4-enhancer trap BL# 40090
y[1] w[*]; Mi{Trojan-GAL4.2}Tep4[MI13472-TG4.2]/SM6a Tep4 Gal4-enhacner trap BL# 76750
y[1] w[67c23]; Mi{PT-GFSTF.1}Ance[MI05748-GFSTF.1])/SM6a Ance GFP trap BL# 59828
UAS-mCherry-NLS/CyO; CG31174-GFP/TM6B for cross-validation this work

msnF9-moesin-mCherry, eater-GFP-NLS; ; ;

dual reporter for lamellocytes
and plasmatocytes, used for
wasp infestiation

(Anderl et al., 2016)

- Bl / CyO; WAVE[RNAI] NIG / TM6B ;

WAVE RNAI

NIG Fly 4636R-1

: HmIA-Gal4; ;

hemocyte specific driver, used
for knockdown and rescue
experiments

(Sinenko & Mathey-Prevot,
2004)

:; da-Gal4, UAS-eGFP;

ubiquitous expression driver

(Lehne et al., 2022)

; HmIA-Gal4, UAS-eGFP; ;

hemocyte specific, used for
knockdown, rescue, and in
vivo experiments

(Sinenko & Mathey-Prevot,
2004)

: knGal4, UAS-eGFP; ; recombination, in vivo | Publication 1
experiments

; Tep4Gal4, UAS-Lifeact-GFP; ; recombination, wasp | Publication 1
infestiation
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7.5. List of Gal4-enhancer trap and GFP-exon trap fly lines used for ex vivo validation from Publication 1

Expression in

Genotyp Source Gen Cluster isolated
Hemocytes

P W[+HNGT=GT1)CG13377[BG01596]

asRNA:CR43906[BG01596] BL 12547 CG13377 Adhesive-PL no

w[1118)/Binsinscy

y[1] wl*] Miy[+HmDint2]=MIC Jovo[MI01236] |BL 34411 Ovo Adhesive-PL no

w[1118]; PBac§/[+mDint2] w+mC FEcR-
EGFP.SK00033

y[1]w[67c23]; MifPT-GFSTF.1)ECR[MIO5320-

BL 55040 EcR Adhesive-PL no

GFSTF.1)/SM6a BL 56823 EcR Adhesive-PL no
y[1]1w[*]; Midy[+mnDint2]=MIC }EcR[MI05320] BL 38619 EcR Adhesive-PL no
w[1118]; P[+MC]=EcR.GET-BD-GAL4}Y |BL 5910 EcR Adhesive-PL no

W, P f[+mCI=rstF6-GAL412/CyO0,

P §y[4t7.2]=elav-lacZ. HYH2 BL 23302 rst Adhesive-PL & Muscle-PL  no
dipt- GFP -termdrs Jean-Luc Imler diptericin AMP-PL no
drc- GFP-termdrc Jean-Luc Imler drosocin AMP-PL no
metch- GFP-termdrs Jean-Luc Imler metchnikowin AMP-PL no
Def- GFP-termdrs Jean-Luc Imler |defensin AMP-PL no
CecAl- GFP-termdrs (M3or) Jean-Luc Imler cecropin Al AMP-PL no
YWl

THGFP[3xP3.cLa]-CRIMIC.TG4.1 Myd88[C |BL 92678 Myd88 Chitinase-PL no
R02479-TG4.1]

va[j]ns], PBacf[HCJ-T.GALATep2[0635- | 3457 Tep2 Chitinase-PL no
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y[11w*; Mi{Trojan-GAL4.0bt[MI03286-

TG4.0)TM3, Sb[1] Ser[1] BL 66790 bt Chitinase-PL no
g&ﬂ[m[]g;]m‘e%&ﬂ%cyo BL 64233 bt Chitinase-PL no
"M"% |1=I8=']EE.3xP S1ETLpyMBoz08yCy0 Bl 23827 Pyr Chitinase-PL Mo
P {w[+mC1UAS-bH.lambda®, w* BL 29046 bt Chitinase-PL no
"M"% II:?’][;EB <P 3J-ET LT OtAMBO06977] BL 25343 TotA LSP-Bomanin-PL no
\I\(/I[ilﬁ]/‘fif[:]ll;)inﬂ] —MIC Lsp1beta[MI11032] BL 55576 LsplBeta LSP-Bomanin-PL no
\I\/fl[ilglmgin’a]ﬂ\’llc Lsplbeta[MI05460] BL 40782 LsplBeta LSP-Bomanin-PL no
P iV [-+HMCI=GAL4-twi.G108.4, w[1] BL 914 Twi Muscle no
‘g;%‘f‘ﬂ%?;ﬁgggg N2IWHMCI=WE gy 0615 Twi Muscle no
y{L]W[¥; Mify[+mDint2]=MIC Kah[MI01396] BL 34187 Kah Muscle no
"(;’[Flpl_lFsp];T';{’};[;;%] W+mCJ=Kah- BL 64829 Kah Muscle no
?ﬂ[ﬁg}lg%&;ﬂ%rmﬂmpplw111574] BL 56344 Imd Muscle no
YILIWEY, BL 37054 Imd Muscle no

Mig/[-+HmDint2]=MIC ¥md[MI03451Cy0
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W[*]; P V[+MCl=mdelta0.5-GAL4 2 BL 41795 HLH Muscle no
YW, PY[H7. 7] w+HMC=E(spl)m3-HLH-

GFP.FPTBattP40 BL 66402 HLH Muscle no
y[11w[*; PBacy[+mDint2] w-+mC]=scro-

GFP.FPTBVKO0037 BL 92387 Scro Neuron no
w[1118];

Mi{GFP[E.3xP 3]=ET135croMB09728] BL 27801 SCro Neuron no
y1Iw[¥; Mify[+mDint2]=MIC smog[MI04401] BL 37662 Smog Neuron no
yIw;

THGFP[3xP3.cLa]=CRIMIC.TG4.0}smog[CR BL 83229 Smog Neuron no
00977-TG4.0]

yLIw;

Mig/[+mDInt2]=MIC RhoGAP 100FM112278] BL >7°12 RhoGAP100F  Neuron no
w[1118];

PBac{w[+mCI=IT.GAL4 RhoGAP 100F[0379- BL 62816 RhoGAP 100F Neuron no
G4]

PBac{w[+mC=IT.GAL4 A ppl[0293-G4] BL 77544 Appl Neuron no
w[1118)

y[11Mi{Trojan-GAL4.0AppI[MI11551-TG4.0]

WHFM7c BL 66900 Appl Neuron no
Y11 w[* Mi{Trojan-GAL4.2 ¥ne[MI09399- BL 77796 Fne Neuron no
TG4.2]

y[1] W Mif[-+mDInt2]=MIC ¥ne[MI06476]  BL 41101 Fne Neuron no
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Y1 w[; P{y[+7.7] w[+mC J=nerfin-1-

GFP .FPTB P40 BL 67385 nerfin-1 Neuron no
P wW[+m*=Appl-GAL4.Gla}, y[1]w[¥] BL 32040 Appl Neuron no
w[1118]; Mi{GFP[E.3xP3]=ET 1}nerfin- :

1MB09839] BL 27810 nerfin-1 Neuron no
w[1118] PV+HMGTI=GT1NetA[BG02298] BL 12856 NetA Osiris-PL no
y[11w¥ Mi{PT-GFSTF.1 NetA[MI04563- —

GFSTF.1JFM7j, B[1] BL 59409 NetA Osiris-PL no
y[1]w[¥; PBacy[+mDint2] w+mC]=esg- -

GFP.FPTBVKO0031 BL 83386 Esg Osiris-PL no
yIw;

THGFP[3xP3.cLa]J-=CRIMIC.TG4.23CG4914][ —

CRO1749-TG4.2] ome[CRO1749-TG4.2-  £- 86204 CGa914 Osiris-PL no
XYTM3 Sh[1]Ser{1]

y[1]w[67c23]; .

P G4[+mC]ac\W Jesg[k00606}CyO BL 10359 esg Osiris-PL no
P {y[#7.2]=P Z)esg[05729)/Cy0 BL 83153 esg Osirs-PL no
yILI Wl _ )

Midy/[4mDint2]=MIC imC1[MI13732] BL 59190 NimC1 Pan-Hemocytes yes
vy w*; Mify[+mDint2]=MIC }eater[MI15531] BL 61081 Eater Pan-Hemocytes yes
MIET1JCREGMB00443 BL 22800 CREG Precursc-PL-3 no
MiMICICREGMIN6250 BL 42140 CREG Precurso-PL4 no
MI{ET1)CG31102MB10157 BL 29096 CG31102 Precursor-PL-1 no
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MI{ET 1 G5002MB08327 BL 26108 CG5h002 Precursor-PL-1&2 no
TIRA-GALAP dff2A-GALA]wW[¥FM7a BL 84684 Pdfr Precursor-PL-3 no
y[1]w[67c23];
Mi{GFP[E.3xP3]=ET1XCG33791[MB00772] BL 23173 CG12105 Precursor-PL-3 no
CG12105[MB00772] CG18170[MB00772]
w[1118]; P §/[+7.7] w[+mCT]-GMR 18H11- ol
GAL4JattP2 BL 48832 Pdfr Precursor-PL-3 no
W], PW[+HmC =P dfr-GAL4.B R/CyO BL 68215 Pdfr Precursor-PL-3 no
yILIwr;
TKGFP[3xP3.cLa]=CRIMIC.TG4.1 Pdf{CRO BL 86375 Pdfr Precursor-PL-3 no
1422-TG4.1]
MIET1CG7720MB01330 BL 23059 CG7720 Precursor-PL-3 & AMP-PL  no
yIw N
Mid/[4mDint2]=MIC CG13012[MI12082] BL 56720 CG13012 Precursor-PL-6 no
YWl
THGFP[3xP3.cLalpFCRIMIC.TG4.1 ¥ oll- BL 79358 Toll-4 PSC no
4[CR0O0920-TG4.1]
P S+MCI=GAL4-Antp.P1.AY, y[1]w[¥;

BL 26817 Anl PSC €s
wg[Sp-1}Cy0 P Y
y11w[*; MiPT-GFSTF.0Antp[MID2272-
GFSTF.OYTM6C, Sb[1]Tb(1] BL 59790 Antp PSC no
yILIwl;
Mify/[-rmDint2]=MIC kn[MI15480})SM6a BL 61064 Kn PSC no
y[11w[*; Mi{Trojan-GAL4.2kn[MI15480- BL 67516 Kn PSC ves

TG4.2)/SM6a

229



w[1118]; PBacfv[+mC=IT.GALA ¥au[4021-

G4] BL 77641 Tau PSC yes
{11 W MiPT-GFSTF.0%au[MI03440-

GFSTF.0JTM6C, Sb[1]TbI[1] BL 60199 Tau PSC no
y11wr;

Mig/[+mDInt2]=MIC WMstP roxM102994] BL 35889 MstProx PSC no
MiMIC glob1MI02798 BL 36147 glob PSC no
MiMIC glob1M114203 BL 59679 glob PSC no
y1]w[67c23]; Mi{PT- .
GFSTF.1Ance[MIO5748-GFSTF.1)SM6a  D- 27028 Ance Secretory-PL yes
Y11 w[*; Mi{Trojan-GAL4.1Ance[MI05748- .

TG4.1YCyO: DILYTM3, Sb[1]Ser(1] BL 76676 Ance Secretory-PL ves
YWY, BL 37445 CG30083 Secretory-PL ho
Miy/[-+mDint2]=MIC }CG 30083[MI04386]

yILIWE; .

Mid/[4mDInt2]=MIC Jrthl11[MI11235] BL 55597 Mthil1l Secretory-PL no
TIPA-GALAYNthI11[2A-GAL4] BL 84658 Mthi11 Secretory-PL no
y1Iwl;

THGFP[3xP 3.cLaJ=CRIMIC. TG4.2Tep1[CR BL 92681 Tepl Secretory-PL no
02497-TG4.2]

w[1118]; BL 24040 CG31174 Secretory-PL yes

Mi{GFP[E.3xP3]=ET1)CG31174[MB02966]
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yl1]w[*; PBac{y[+HmDint2] w+mCl=ham-

GFP.FPTBIKO00033/TM6C, Sb[1] BL 83660 Ham Secretory-PL no
w[1118]; P{[+7.7] w[+HMC]-GMR80G 10- .

GAL4 attP2 BL 40090 Ham Secretory-PL yes
FlyFos016332(pRedFlp-

Hgr)(CG588526810::2XTY 1-T2A-SGFP-NLS- VDRC 318411 CG5885 Secretory-PL no
3XFLAG)FRT

FlyFos016332(pRedFIp-

Hgr)(CG588526810::2xXTY 1-SGFP- VDRC 318480 CG5885 Secretory-PL no
3XFLAG)FRT

y1]w; Mi{Trojan-GAL4.2 Tep4[MI13472- ]

TG4.2)SM6a BL 76750 Tep4 Secretory-PL & PSC no
y11w[*]; Mify[+HmDint2]=MIC Tep4[MI06806] BL 51209 Tep4 Secretory-PL & PSC ves
y(1]w[*; Mi{Trojan-GAL4.0 T im9[MI00398- . g

TG4.0] W-cup[MIO0398-TG4.0-X] BL 76133 w-cup Spermatid-Marker-PL no
yLIw;

Mi{y[+mDint2]=MIC 7 imS[MI00398] w- BL 30984 W-Ccup Spermatid-Marker-PL no
cup[MI003981Cy0

w[1118]; Mi{GFP[E.3xP3]=ET1wa- . .
cup[MBO7475] BL 26503 Wa-cup Spermatid-Marker-PL no
w[1118];

Mi{GFP[E.3xP3]-ET 1)s0t[MB07998)TM6C, BL 26092 Soti Spermatid-Marker-PL no

ShI1]
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7.6.

pUASTattb -

WAVESAS

pUASTattb -
WAVESDSX

pUASTattb -
WAVE WT

pUASTattb -
WAVEKd.SR

pMT-CK1-
6xMyc

CK1a-eGFP

|

Plasmids generated in this work

[s00 [1000 [1500 J2000 [2500 Ta000

[2s00 Tao00 Jasoo [so00 [ss00 [s000 [es00 [7000 [7s00 8000

Tas00 2000 [as00 [10000

'R
__
[ [s00 T1000 [1sa0 [2000 [2s00 Ta000 [asoo Tao0o Jasoo [s000 [ss00 ) Jesoo [7000 7500 8000 8500 2000 Tesoo T10000
[ [s00 [1000 [1500 [2000 [2500 [3000 [aso0 [ao0o Tas00 [s000 [s500 [6ana [es00 [7000 7500 [Bo00 8500 3000 [as00 T10000
P e Y1 /=11 W | <ppiciin T tance gene +—
[ [500 [1000 [1s00 [2000 [2s500 [3000 [3s00 [aoo0 [as00 [5000 [s500 |s000 [es00 [7000 [7500 T8000 B500 [a000 [as00 [10000
S
[ [200 [400 Ts00 Teoo [1000 [1200 [1400 [1600 T1800 [2000 [2200
T [ BXMYC TAG 1
[ [so00 Ttoon T1s00 [2000 [2500 Ta000 [aso0 Jacoo Tas00 [s000 [ss00 Teo00 Jesoo [7000 [7s00 Taooo [ason Tsooo [asoo 10000 T10s00 T11000
I =™ S
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1.7.

WAVE
K48R_for
WAVE
K48R_rev
CK1a
seq_for
CK1a
seq_rev
WAVE
SA5x_for
WAVE
SA5X_rev
WAVE
SD5x_for
WAVE
SD5x_rev

List of PCR primers

CTCGCTGTCCaggCACGCAGAGG

GACAGCTGGCGAATGATGTTCG

CCCTCGCTGGAGGATCTG

CAGTCGCGGCGTGACGAC

GGCTATCGAATTAGCCGAGGCCGAGGATGCGGATGCCGAAGACGACGCCGAGGGA
GCCCTCGGAGTCGTCTTCGGCATCCGCATCCTCGGCCTCGGCTAATTCGATAGCC
TGGGCCAGACGTGTGGCTATCGAATTAGACGAGGACGAGGATGACGATGACGAAGACGACGACGAGGGCTGGATGGA

TCCATCCAGCCCTCGTCGTCGTCTTCGTCATCGTCATCCTCGTCCTCGTCTAATTCGATAGCCACACGTCTGGCCAA

233



7.8. Verzeichnis der akademischen Lehrerinnen und Lehrer

Meine akademischen Lehrenden in Frankfurt waren die Damen und Herren:

PD Dr. Abele, Prof. Auner, Dr. Bauer, Prof. Bruls, Prof. Delecluse, Prof. Dotsch,
Jun. Prof. Ernst, Dr. Jan-Peter Ferner, Prof. Frangakis, Prof. Glaubitz, Prof.
Gottschallk, Prof. Gobel, Prof. Grininger, Prof. Guntert, Prof. Heckel, Prof. Klein,
Dr. Koch, Prof. Ludwig, Prof. Osiewacz, Prof. Pos, Prof. Schmidt, Prof.

Schwalbe, Prof. Tampé, Dr. Trowitzsch

234



7.9. Danksagung
»2Ausdauer wird friher oder spater belohnt, meistens aber spater.” Das waren
die Worte zu meinem letzten Geburtstag in der Arbeitsgruppe. Eine
Doktorarbeit bendtigt viel Ausdauer und ist gepragt von haufigen
unvorhergesehen Umstanden. Daher méchte ich dir, Prof. Dr. Sven Bogdan,
meinen grof3en Dank aussprechen. Weil ich die Mdglichkeit bekommen habe
die Doktorarbeit zu beginnen, aber auch weil trotz aller Stolpersteine ein
Vertrauen in meine Arbeit existierte. Die Zeit in deiner Arbeitsgruppe hat mich
nachhaltig gepragt und mich viel gelernt. An dem Punkt auch ein grolies
Dankeschon an alle aus der Arbeitsgruppe, die mich auf diesem Weg begleitet

und sehr unterstiitz haben. Vielen Dank!

Danke an Claudia. Allein um dich zu finden hat es sich gelohnt das Kapitel
Doktorarbeit in Marburg zu verfassen. Worte kdnnen nicht beschreiben, was du
fur eine Bedeutung in dieser Geschichte hast. Alles, was ich sagen kann, ist,
dass ich dich liebe fiur alles, was war und das, was kommen wird. Danke fir

deine Unterstutzung.

Eigentlich das Wichtigste ist der Dank an meine Eltern. Ihr habt mich auf dem
ganzen Weg begleitet und mir immer die Moglichkeit gegeben, nach etwas
neuem zu streben. Ich danke euch fiur alles, was ihr mir auf diesem Weg

mitgegeben habt und hoffe, dass ich es irgendwann wieder zurickgeben kann.

,Manche sind gestorben, andere gingen weg. Doch wir haben einfach immer
alles Uberlegt. Wir sind anders als die anderen, auch wenn’s keine anderen
gibt. Wir schwéren uns immer wieder, dass das Beste vor uns liegt!” — Danke
Marcel. Danke fur alle Worte und Taten im Studium und der Promotion. Ich
hoffe in Zukunft wird es weiterhin heil3en: ,Und wieder ist ein Jahr vortber, und

wieder ist ein Bierglas leer!”

,Der Zahn der Zeit schlagt sich ins Fleisch. Vom Bummern der Jugend zu den
Enten am Teich. Wir bleiben die, die wir waren, dass man daran (berhaupt

zweifeln kann. Wir bleiben die, die wir waren, nicht alles endet irgendwann*

Danke Tobi fir deine Begleitung und immer offene und ehrliche Meinung!

235



