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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 7 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.

CK1U 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 cklU 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
CK1Utarget sequence within the VCA domain of WAVE outline the dependency
on CK1U 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 CK1U, 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
Heterogenitdt und Variabilitat 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 Lymphdriise 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 koénnten als potenzielle
Vorlauferzellen fur bekannte Subpopulationen von Hamozyten wie die
Lamellozyten fungieren. Bisher wurde berichtet, dass Lamellozyten als
Reaktion auf den Befall durch parasitdre Wespen nur aus Vorlaufer-Hamozyten

differenzieren..

Wichtig fur das Migrationsverhalten der Immunzellen ist die schnelle
Anpassungsfahigkeit in der Immunabwehr. Das ist vor allem moglich aufgrund
des dynamisch regulierten Aktin-Zytoskelettes. Verdnderungen des verzweigten
Aktin-Netzwerkes ist ein entscheidender Schritt flr diese Anpassung und durch
viele Faktoren reguliert. Der Arp2/3 Komplex ist dabei der wichtigste Regulator
im Aufbau von lamellipodialen Ausstilpungen, 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 ausfiihrlichen Screen stellte sich heraus, dass die Casein Kinase 1U
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 ck1U i 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 CK1U Phosphorylierung fiir 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 CK1U 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 & Brtickner, 2015, 2016;
Hartenstein, 2006). It contributes to the innate immune response, tissue
integrity, wound healing, and various forms of stress responses (Gold &
Brickner, 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 detall 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 nucl ear fa<ctor a |
9 Brelated 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-a Band 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 Spéatzle. The Toll signaling pathway
is activated by the binding of Spéatzle 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 & Brickner,
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 & Briickner, 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 (ScCRNA),
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 & Briickner, 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 1V 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 or gani s mds o lyeprewehtihg theeal t h
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 crq 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, PPOl1 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
(Krzemi e et al ., 2007, T ok us u miWhenta
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 ( Cr ozat i er et al ., 2004; Kr z e mi
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 a n d Tol |l / NFaB
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( Be n mi moun et al ., 2015;
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. Thisinturni s regul ated by {Lautadobretabd,B si gna
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, Racl 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 Racl. Rac2 is furthermore essential for integrin formation
(Williams et al., 2005; Xavier & Williams, 2011).



-phagocytosis
-antimicrobial peptide
secretion

-encapsulation

© plasmatocyte
¢ I
gG
-encapsulation
ush of pathogens too large
to be phagocytosed
prohemocyte e.g. wasp eggs
bs lamellocyte
A Y

-melanization
-encapsulation
-coagulation

crystal cell

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 gcm2 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 (CZ2)
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
Apr i mi ftissueemia c @ © p h é€5glé & Briuckner, 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 & Brtickner, 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
thelymphglandand resembl es vertebrat eBvansetef i ni t i
al., 2003; Gold & Briickner, 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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Iymph gland plasmatocyte

lymph gland intermediate
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Posterior Signal Centre cell
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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 (1Z), 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
MZz. 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 I1Z 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) ( Kr z e mi e E e Primary marker200 0 7 )

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 knownasknot) ( Benmi moun et al ., 2015, Korant en¢

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

(Krzemi e® et al ., 2 0Thissigndiregydtlze IPSCecells iatd .

the MZ maintains hemocyte progenitors in a quiescent state, thereby regulating
differentiation ( Kr z e mi e (E e Worta to.notice 2sGHat7the 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.,

2007

2015; Crozatier et al . | 2004 ; Krzemi eE et

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 Antp 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 (Rottner 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 hamed lamella (purple). Scale bar is 1 pym. (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
(PintoACosta & 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 filament 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

21



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-WH2 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 i which is
stabilized by cortactin -builds the lamellipodium that constitutes the driving force

in cell migration.

_ mother
. actin filament

daughter

Arp2/3 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 f i, menoetmetfirst(@dtiimmonoimerdcot her i |
overcome the instability of actin self-assembly, and nucleates the assembling of a new

actinf i | ament (the Adaughter filamento). Note the
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 3 family. The weaker Arp2/3 activators of the NPFs
type n 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 type3 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 3 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 3 family proteins can be further subdivided into five
groups: (1) WASP and neural WASP (N-WASP); (2) three WASP-family
verprolin homolog (WAVE1l i 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. Racl 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: WAVEL,
WAVE2 and WAVES. 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 Racl
(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 um 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 filaments and the membrane interface (Bisi et al.,
2013). This is initiated by the small GTPase protein Racl 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 pr ot ecti ng t h efrom cappidg
Since filopodia structures are linear bundles, growing actin filaments are
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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.

T actin polymerisation T actin polymerisation

contractile pressure

Figure 7 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.

30



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), Sral (specifically Racl-associated
protein 1, also known as Cyfip), Napl (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 Sral and Napl, and a smaller trimer formed
by WAVE, Abi and HSPC300 (Figure 8). The trimer forms a four-helix bundle
and is aligned a l-helica SraliNapl dimer. snpastdntlytonle U
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 Sral.
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Figure 81 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 Sral and Napl.
Subsequently, the trimer forms a four-helix bundle aligned along the axis of the U-
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 Racl as the canonical activator of the WRC
to two distinct locations on the opposite ends of the Sral 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, Racl binding affinity is increased to a
WRC with the VCA domain deleted, which leads to the conclusion that Racl
binds at the body of the WRC competitively to the VCA (Buracco et al., 2022).
This observed link between Racl and WRC components highlights their
importance in lamellipodia formation, thereby regulating migratory behavior.
Since a high concentration of Racl 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 Racl. 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 Racl 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,
Tocal, 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 WAVEZ2 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 Racl.
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 Racl. 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 Racl at a specific domain called the
DUF1394 domain leading to a restricted activity of Racl at the cell membrane.
In that way, CYRI decreases the activity of the WRC. However, CYRI is needed
to maintainthec el | 6 s f | allowithb actinistrugtures at dhe 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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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 Racl, 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 Sral. 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 Ki na s &hispHospliateiredied protein kinase has not been
widely described to be involved in WAVE regulation. However, independent
RNAI screens both in S2 cells as well as ex vivo macrophages revealed a

potenti al interacti MO6AMbCEL owi&t N atl
2018).
1.15. Identification of a new WAVE regulator driving immune

cell shape dynamics : Casein Kinase 1U
Casein Kinase 1U (CK1U) 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

tee

which CKIUand CK19o ar e (Lwhand et al.,e2806)r G kbleld

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,
CK1U 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 CK1d, a homolog of the Drosophila CK1U(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, C K 1 il 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 107 Predicted three-dimensional (3D) structure of CK1 U. Representation of

the predicted 3D structure of CHKPetidrsanstialng t he U
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.

CK1U 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 C K 1 it in a weaker nature (Flotow &
Roach, 1991; Marin et al., 1994; Pulgar et al., 1999).
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Since CK1U is widely distributed and constitutively active, various studies of
interaction partners pointed out the diversity of phosphorylation by CKZ1U.
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 CKIU t arget s an ofiteacti ve
transcription factor Cubitus Interruptus (Ci), a regulator of Hh signaling (J. Jia et

al., 2005). Phosphorylation of Ciby CKIU i niti ates two differ
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

Il i ght on t h e-mediatdd ephospliorylafidh lldading to subsequent

ubiquitination followed by proteasome-mediated degradation (Jiang, 2017).

Additionally, CK1U regulates the Hh patisignaly by in
transducer Smoothened (Smo), which is hyperphosphorylated among others by

CK1U (Yongbin Chen et al., 2011). Consequently, CK1U plays
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 CK1U are determined through sequential phosphorylation

events by various kinases.

While investigating the role of CK1U in Wnt signaling, it has been shown that the
CK1U 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 CK1U 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
CK1U phosphor yCailska et al. a1098;i Knippsckild et al., 2005;
Marin et al., 2003; Rivers et al., 1998).
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In Drosophila, CK1U 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 CK1Uin the circadian rhythm (Hirota et al., 2010; Lam et al., 2018). However,
C K 1 bas 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 CK2U 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 CK1U
(Flotow et al., 1990). Thus, CK2 acts cooperatively with CK1U, 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 CK1U-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-specificdr i ver r eveal ed
prominent candidate regulating the actin machinery. Thereby, it has been
shown that knockdown of C KDtoEbophid heneocytes
comparable to the already described loss of lamellipodia protrusions evoked by
WAVE knockdown (Bogdan & KI2 mbt, 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 wel | as a canoni ca

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
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2. Publications

2.1. Publication 1 (under review)

submitted to Development; under review

Single-cell transcriptomics identifies new blood cell populations in Drosophila

released at the onset of metamorphosis.

Alexander Hirschhauser, Darius Molitor, Gabriela Salinas, Jérg Grof3hans, Katja

Rust, Sven Bogdan
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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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