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1. Introduction

1.1. Drosophila melanogaster as a model for hematopoiesis

According to evolutionists, blood cells most probably appeared first in choanoflagellates, the
unicellular ancestors of animals (Nagahata et al. 2022). Phagocytes are the earliest blood cells to
appear in evolution as they can be observed in diploblastic sponges, in which their role is to collect
nutrients and distribute them to the rest of the animal (De Sutter & Buscema 1977; De Sutter &
Van De Vyver 1977). Since then, phagocytes have evolved in a monophyletic way while adapting
to the needs of each evolutionary group. For example, in higher animals, phagocytes do not play a
role in nutrition, but they have evolved to identify and phagocyte foreign pathogens and apoptotic
cells (Millar & Ratcliffe 1989).

Other types of differentiated blood cells are first observed with the evolution of pseudocoelom in
pseudocoelomate animals like flatworms, and more significant diversification is seen in
triploblastic coelomates like annelids or segmented worms, in which red blood cells that transfer
oxygen, and leukocytes that function as immune cells capable of differentiating self from non-self
are observed (Cooper 1976; Vetvicka & Sima 2009). According to our current knowledge, all
invertebrates including Drosophila contain only the myeloid lineage, the players of the innate
immune system that respond in a fast and effective but not very specific way (Williams 2007).
However, in addition to that, vertebrates contain the lymphoid lineage, providing an adaptive
immune system that is capable of an advanced antigen-specific response. These two systems
cooperate and affect each other in vertebrates, for this reason using Drosophila as a model for
investigating hematopoiesis (the process of blood cell formation) provides an opportunity to study
the innate immune cells without the modulating effect of adaptive immune cells (Hoebe et al.
2004).

Many parallels can be observed between Drosophila and mammalian hematopoiesis. For example,
in both systems, hematopoiesis occurs in two waves, a primitive and a definitive one (Holz et al.
2003; Jagannathan-Bogdan & Zon 2013). The mammalian primitive wave takes place in the early
embryonic stages, in which erythrocytes and macrophages are produced from erythroid progenitors
in the yolk sac. These cells are transitory, and they are not able to replicate, and their main function
is to help in delivering oxygen efficiently to all cells of the rapidly growing embryo (Orkin & Zon

2008). The definitive wave occurs later when hematopoietic stem cells (HSCs) are formed in the



aorta-gonad-mesonephros (AGM) cells of the embryo, and they differentiate to give all blood cell
types in the organism. Although HSCs arise in the embryo, they later move to the fetal liver and
spleen, then to the bone marrow, which becomes the only location for HSCs after birth (Cumano
& Godin 2007). In Drosophila, the first embryonic wave occurs in the head mesoderm and
produces hemocytes (the blood cells of Drosophila) that occupy the circulation and sessile
compartment in the embryo, larval stages, and adulthood (Tepass et al. 1994; Holz et al. 2003;
Honti et al. 2010; Ghosh et al. 2015). The second hematopoietic wave starts in the dorsal mesoderm
and yields the dorsal vessel (the heart-aorta that controls the hemolymph flow) and the lymph
gland (the larval hematopoietic organ) (Rugendorff et al. 1994).

Another similarity between the two systems is the presence of hematopoietic compartments
populated by blood cells arising from precursor cells and supplying the animal with hemocytes
according to its needs (Lanot et al. 2001; Jagannathan-Bogdan & Zon 2013). This process is tightly
controlled by a complex network of signaling pathways that is highly conserved between
Drosophila and mammals, and in which any fault can lead to blood cell disorders or cancers (Smith
1990; Y. Tokusumi et al. 2012).

All the shared characteristics listed above, in addition to the presence of a wide variety of tools that
allows the manipulation of any gene of interest, and the availability of antibodies and transgenic
reporters that enables the monitoring of blood cell development and differentiation, make
Drosophila an excellent model for hematopoietic research (Goto et al. 2003; Kurucz et al. 2007,
Honti et al. 2009; T. Tokusumi, Shoue, et al. 2009; Anderl et al. 2016).

1.2. Hematopoiesis in the Drosophila embryo

One of the first and most important regulators of the first hematopoietic wave in the Drosophila
embryo is Serpent (Srp) (Abel et al. 1993; Sam et al. 1996; Briickner et al. 2004). The expression
of this factor in the head mesoderm cells in embryonic stage 5 directs their differentiation into
hemocytes (Fig 1A). This is supported by the fact that srp mutant embryos lack any kind of mature
hemocytes in later stages and that expressing srp in the trunk mesoderm, even in mutants that lack
a head mesoderm, generate hemocytes at the cost of other mesodermal tissues (Rehorn et al. 1996;
Spahn et al. 2014).

At the end of stage 5, the majority of Srp+ precursors start expressing Glial cells missing (Gecm)

and Gem2, two factors that are essential for their differentiation into plasmatocytes (Bernardoni et



al. 1997; Alfonso & Jones 2002), while a small percentage express Lozenge (Lz) instead of Gecm
factors which would direct their differentiation into crystal cells (Lebestky et al. 2000).

Until embryonic stage 11, hemocytes are small and round with a similar shape to prohemocytes
(Tepass et al. 1994). However, during stage 11, most of these prohemocytes start to migrate
throughout the embryo and differentiate into migratory plasmatocytes and non-migratory crystal
cells (Fig 1B). During this process, prohemocytes differentiating into plasmatocytes change their
morphology through developing high cell polarity and Actin-rich cellular protrusions, and they
gain phagocytic abilities which they use to eliminate apoptotic cells during embryonic development
(Tepass et al. 1994; Wood et al. 2006). On the other hand, crystal cell function is unclear during
embryogenesis. Plasmatocyte migration continues until late stage 14, where they become evenly
distributed throughout the embryo and after that they continue to circulate around the embryo, in
addition to forming clusters around the head, foregut, and hindgut (Tepass et al. 1994). Crystal
cell clusters appear around the proventriculus at the end of embryonic stages during stage 17,
derived from Srp* Lz* Gem™ hemocytes (Fig 1C) (Lebestky et al. 2000).

Interestingly, molecular circuits controlling the first embryonic wave in Drosophila share a lot of
common factors with that of humans. One example of this is Srp, which belongs to the GATA
family, from which three members GATA-1, -2, and -3 are involved in hematopoiesis (Orkin &
Zon 2008). GATA-1 and -2 which are required for blood progenitor specification during primitive
erythropoiesis (Fujiwara et al. 2004). Another example is Lz, which is a member of the RUNX
family, from which RUNX1 (AML1), is necessary for the first steps of blood formation and many
other later hematopoietic processes (Lebestky et al. 2000; Dzierzak & Speck 2008). Collectively,
hemocytes originating from the head mesoderm during the first embryonic wave form two
hematopoietic compartments in the larval stage: the circulation and the sessile compartment
(Shrestha & Gateff 1982; Lanot et al. 2001).

On the contrary, the second wave of embryonic hematopoiesis starts at embryonic stage 13, when
precursors of the lymph gland and pericardial cells appear in the cardiogenic mesoderm. Later,
these cells start to move dorsally and cluster around the dorsal vessel, ultimately forming a pair
lobed chain of the lymph gland lobes and the pericardial cells surrounding the dorsal vessel
(Rugendorff et al. 1994; Holz et al. 2003). Clonal analysis proves the existence of a hemangioblast-
like precursors, which can divide asymmetrically to give a dorsal vessel precursor and a lymph

gland precursor (Mandal et al. 2004). This is very similar to the hemangioblast precursors in the



AGM mesenchyme in vertebrates, which give rise to both blood and vascular cells (Medvinsky &

Dzierzak 1996), and further show the high level of homology between Drosophila and vertebrate

o M

hematopoiesis.
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Fig 1. Embryonic hematopoiesis. (A) An illustration of a stage 5 embryo. Circulating and sessile hemocyte
precursors (yellow) originate from the head mesoderm, while lymph gland precursors (blue) derive from
the dorsal mesoderm. (B) An illustration of a stage 11 embryo. Embryonic prohemocytes move around and
differentiate into plasmatocytes (green) and crystal cells (red), whereas lymph gland precursors divide and
can be observed in the trunk. (C) An illustration of a stage 17 embryo. Plasmatocytes at this stage circulate
around the embryo, while crystal cells cluster at the proventriculus. During dorsal closure, the lymph gland
precursors migrate dorsally and surround the dorsal vessel (DV). BR: (brain, gray). Adapted from (Banerjee
et al. 2019).

1.3. Hematopoiesis in the Drosophila larva

Hemocytes originating from the head mesoderm during the first embryonic wave either circulate
in the hemolymph of the larva or leave the circulation and attach to the epidermis to form what is
known as the sessile compartment, while hemocytes derived from the dorsal mesoderm during the
second hematopoietic wave form the hematopoietic organ, the lymph gland (Fig 2) (El Shatoury
1955; Shrestha & Gateff 1982; Lanot et al. 2001; Honti et al. 2010; Makhijani et al. 2011). All
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three compartments can produce the three mature hemocyte types: plasmatocytes, crystal cells, and
lamellocytes, which can be distinguished based on the morphology, function, and expression of
distinct cellular markers (T. M. Rizki 1978; Evans et al. 2003; Honti et al. 2010, 2014; Letourneau
et al. 2016; Csordas et al. 2021).

The lymph gland The circulation

The sessile compartment

Fig 2. The larval hematopoietic compartments. An image showing the three hematopoietic compartments
in the Drosophila larva as they appear through the cuticle of a larva where a hemocyte specific driver
(Hemolectin or Hml) is driving GFP expression. The lymph gland color was modified to blue. Captured by
Dr. Gabor Csordas.

Until recently, researchers assumed that the circulation and sessile compartment consist of only
mature hemocytes (T. M. Rizki 1978; Markus et al. 2009; Leitdo & Sucena 2015; Letourneau et al.
2016). However, the latest single-cell sequencing studies show that these two compartments
contain dividing cells and plasmatocytes and crystal cells in different maturation stages (Cattenoz
et al. 2020; Cho et al. 2020; Tattikota et al. 2020).

Since parasitic wasps can infest Drosophila only in the larval stage, one of the main events that
larval hemocytes participate in is the encapsulation of the wasp egg. This is done by the cooperation
of the three cell types, where plasmatocytes and lamellocytes form a multi-layered capsule around
the egg, and crystal cells release their content of phenol oxidase which initiates a cascade of
reactions that produce free radicals that help in destroying the wasp egg, and melanin that melanizes
the egg and prevents the parasitic wasp from developing (Nappi et al. 1995; Dudzic et al. 2015;
Anderl et al. 2016).
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1.3.1. The circulation

The regular contractions of the heart tube ensure the continuous circulation of the hemolymph
within the body cavity while pumping it from the tail to the head (Tao & Schulz 2007). In naive
larvae, only two types of hemocytes can be found in the circulating hemolymph, phagocyting
plasmatocytes and crystal cells participating in wound healing. Upon immune induction by wasp
infestation or wounding or in some tumorous mutants, a third type of hemocytes, the lamellocytes,
appear in the circulation (T. M. Rizki 1978; Evans et al. 2003; Letourneau et al. 2016; Csordas et
al. 2021). In addition to hemocytes, the hemolymph carries oxygen and nutrients necessary for the
larva's growth and development and transports away carbon dioxide and metabolic waste.
Moreover, it transfers hormones that regulate various physiological processes, and several
important immune factors, such as antimicrobial peptides (AMPSs) that exhibit broad-spectrum
activity against microorganisms and clotting factors that help in wound healing and pathogen
immobilization during immune responses (Jiravanichpaisal et al. 2006; Krzemien, Crozatier, et al.
2010; Krautz et al. 2014).

While the total number of hemocytes varies in the circulation according to the age and environment,
it is believed that few hundred hemocytes exist in the embryo (Tepass et al. 1994), a number that
increases during larval stages to reach around 5000 in pupae (Lanot et al. 2001; Makhijani et al.
2011), when a high number of hemocytes are needed to clean the apoptotic cells resulting from
tissue remodeling and to protect the organism from bacteria that might leak from the intestines
during histolysis (Lanot et al. 2001; Regan et al. 2013). In response to immune induction, not only
lamellocytes appear in the circulation, but also the number of circulating cells increases (Zettervall
et al. 2004; Markus et al. 2009).

1.3.1.1. Plasmatocytes

Plasmatocytes are small (8—10 um) round cells, forming around 90-95% of total hemocytes (Fig
3). They function mainly in phagocytosis of pathogens and apoptotic cells, which is critical
especially during metamorphosis when the imaginal discs develop into adult tissues (T. M. Rizki
1978; Tepass et al. 1994; Babcock et al. 2008; Pastor-Pareja et al. 2008). In addition, plasmatocytes
assist other hemocytes in the early stages of encapsulating the wasp egg (Russo et al. 1996;
Charroux & Royet 2009) and tumor cells (Williams et al. 2005; Pastor-Pareja et al. 2008).
Plasmatocytes also secrete extracellular matrix (ECM) proteins, such as collagen and laminin,

which are required for tissue morphogenesis and repair (Fessler & Fessler 1989; Martinek et al.
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2008; Sanchez-Sanchez et al. 2017). For this reason, embryos that lack plasmatocytes are less
viable, and even if they survive to become adults, they have difficulties in tissue repair (Defaye et
al. 2009; Van De Bor et al. 2015). Other important factors
secreted only from mature plasmatocytes include AMPs,
which are produced upon bacterial infections to help the
animal fight the invaders (Irving et al. 2005; Kurucz et al.
2007). Many cell surface markers can be used to
distinguish plasmatocytes. The two most important ones
are Eater and NimC1 (Nimrod C1 or P1 antigen), which
are receptors that play a role in phagocytosis. While Eater

is expressed by all plasmatocytes including the ones

Fig 3. Plasmatocytes in the larval
populating the sessile compartment and it is required for hemolmph. Plasmatocytes are stained

their attachment to the cuticle of the larvae, NimC1 is not With NimC1 (P1) antibody (red), nuclei
are stained with DAPI (blue). Scale bar:

20 pm.

expressed by embryonic hemocytes (Kocks et al. 2005;
Kurucz, Markus, et al. 2007; Bretscher et al. 2015). According to the early observations by
ultrastructural imaging, plasmatocytes are not a homogenous pool of cells and they can be divided
into subgroups (Shrestha & Gateff 1982). This was supported by the latest single-cell
transcriptomics data, which suggests that these subgroups might have different specialized roles,
such as phagocytosis, AMP production or protein storage (Cattenoz et al. 2020; Fu et al. 2020;
Tattikota et al. 2020). Moreover, these transcriptomics data supported the previous observations
made by researchers that not all plasmatocytes are terminally differentiated cells, and that these
cells can give rise to the other two mature hemocytes present in the larva, crystal cells and
lamellocytes (Honti et al. 2010, 2014; Stofanko et al. 2010; Leitdo & Sucena 2015; Cattenoz et al.
2020; Fu et al. 2020; Tattikota et al. 2020).

1.3.1.2. Crystal cells

Crystal cells are slightly bigger in size than plasmatocytes (10-12 pum), and they form around 2-
5% of total hemocytes (Fig 4). Even though they have a comparable size to plasmatocytes, they
can be differentiated from them by the absence of cytoplasmic processes, having lower cytoplasmic
density, and the presence of prophenoloxidase (PPO) crystals in their cytoplasm (Shrestha & Gateff
1982). Crystal cells play an important role in wound healing and the larval immune response by

releasing PPO. When PPO gets activated, it becomes phenoloxidase (PO) that converts phenols to
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melanin, which plays an essential role in wound closure and wasp egg melanization (Tang et al.
2006; Cerenius et al. 2008; Nam et al. 2012). Moreover, reactive oxygen species formed as a
byproduct of the melanization process help in Kkilling pathogens. For this reason, larvae deficient
in melanization are more susceptible to microbial infection
(Nappi et al. 1995; Galko & Krasnow 2004; Nam et al.
2012; Neyen et al. 2015). Crystal cells can be visualized
through the cuticle simply by boiling the larva, which
activates the melanization cascade in them, and turn them
into black color (M. T. M. Rizki 1957; Lanot et al. 2001).
However, to mark crystal cells more precisely, a Black cells
(Bc) mutant (a dominant mutation in PPO1 gene) where all

crystal cells become black can be used (Babcock et al. Fig 4. Crystal cells in the larval
hemolmph. Crystal cells are stained
with C1 antibody (red), nuclei are
cell markers, such as Lozenge (Lz) or Hindsight (Hnt), two  stained with DAPI (blue). Scale bar: 20

2008). Antibodies and transgenic reporters for early crystal

transcription factors necessary for crystal cell specification, H™-

or late markers, such as C1 and PPO are also commonly used (Lebestky et al. 2000; Jung et al.
2005; Gajewski et al. 2007; T. Tokusumi, Shoue, et al. 2009; Terriente-Felix et al. 2013; Evans et
al. 2014).

1.3.1.3. Lamellocytes

Lamellocytes are the largest larval hemocytes (25-40 um), with irregular edges and many cellular
processes (Shrestha & Gateff 1982). Even though these cells do not play a role in phagocytosis,
they have more phagocytic organelles and lysosomes than plasmatocytes (Lanot et al. 2001;
Kurucz, Vaczi, et al. 2007). Lamellocytes are rarely present in naive animals, and they appear only
after immune challenges by parasitic wasp, injury or in malignant tumors (Shrestha & Gateff 1982;
T. M. Rizki & Rizki 1992; Lanot et al. 2001; Honti et al. 2010). The main function of these cells
is to form a multi-layered capsule around the wasp egg and other foreign particles that are too big
to be phagocytosed by plasmatocytes (Fig 5A) (Nappi et al. 1995; Russo et al. 1996). Other markers
are used to distinguish lamellocytes include Misshapen (Msn), a kinase in the Jun N-terminal
kinase (JNK) pathway, and Atilla (L1) a protein with an unknown function (Fig 5B). B-PS integrin

(B subunit of the integrin dimer) is also expressed at a high level in lamellocytes, and it is

14



indispensable for the encapsulation of the parasitic wasp egg (Irving et al. 2005; Kurucz et al. 2007,
Honti et al. 2009; T. Tokusumi, Sorrentino, et al. 2009; Evans et al. 2014).

Fig 5. Heterogeneity of lamellocytes in the larval hemolymph. (A) Lamellocytes attached to the surface
of a wasp egg in a blood cell culture derived from wasp infested larvae (green: plasmatocytes marked by
the eaterGFP marker, red: lamellocytes marked by the msnCherry marker). (B) Lamellocyte heterogeneity
in a blood cell culture derived from wounded larvae (green: atilla™*GFP, red: msnCherry, blue: nuclei).
Scale bar: 20 um. Adapted from (Kuthy-Sutus et al. 2023).

Lamellocytes are not a homogenous cell population, and they can be divided based on their size
and expression of cell surface markers into two categories, type | and type Il. Type | lamellocytes
correlate with the traditional description of lamellocytes as huge cells expressing only lamellocyte
markers (e.g., msn) without co-expressing any plasmatocyte marker (e.g., eater), and
differentiating from precursors called lamelloblasts or prelamellocytes. While Type Il lamellocytes
are smaller in size and originate from the transdifferentiation of plasmatocytes upon immune
induction, and express both lamellocyte markers and plasmatocyte markers (Anderl et al. 2016;
Szkalisity et al. 2021). However, former lineage tracing experiments showed that plasmatocytes
can transdifferentiate into large flat (type 1) lamellocytes, which shows that lamellocyte
classification is not as simple (Honti et al. 2010). Recent single-cell sequencing data categorized
lamellocytes also into two groups based on their expression level of atilla, one comprising
lamellocytes in an intermediate state and another one containing fully differentiated lamellocytes
(Tattikota et al. 2020). Nonetheless, these two clusters do not correlate to the type I/type Il
classification described in (Anderl et al. 2016), which is maybe due to using a different approach

where type Il lamellocytes were recognized as plasmatocytes since they express the plasmatocyte
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marker eater, as suggested by Csordas et al. (2021) (Anderl et al. 2016; Tattikota et al. 2020;
Csordas et al. 2021).

1.3.2. The sessile compartment

The sessile compartment consists of hemocyte clusters residing between the outer epidermal and
inner muscle layers in what is called the epidermal-muscular pockets. These hemocytes form
patches at the posterior end of the embryo, which later develop into dorsal stripes and the sessile
pattern seen in larvae (Fig 6 A-C) (Anderl et al. 2016; Tattikota et al. 2020; Csordas et al. 2021).
The sessile compartment is in a continuous exchange (dynamic steady-state) with the circulation,
with cells that leave the circulation to become sessile hemocytes and cells leaving this compartment
to join the circulation. Upon applying mechanical pressure to the larva, the sessile compartment
dissociates. However, if the physical stress is gone, sessile hemocytes reassemble again in less than
an hour, following the same mechanism involved in their initial formation (Makhijani et al. 2011).
Moreover, upon wasp infestation, sessile hemocytes detach and transdifferentiate into lamellocytes
to help the larva eliminate the wasp egg (Honti et al. 2010, 2014; Markus et al. 2009; Vanha-Aho
et al. 2015).

Many players are involved in the formation of the sessile pattern like the transmembrane receptor
Eater that is necessary for their attachment to the cuticle, and Activin-p/TGF-B (Transforming
Growth Factor-B), which is secreted by the peripheral neurons innervating the sessile pockets to
direct hemocytes to the site and to enhance their attachment and expansion (Fig 6C). The JNK
signaling and Racl GTPase are also needed for the homing and adhesion of hemocytes into the
sessile compartment (Williams et al. 2006; Makhijani et al. 2011, 2017; Bretscher et al. 2015).
While other factors like Rhol GTPase and the Actin cytoskeleton are necessary for the migration
of sessile hemocytes to form their stripped pattern (Makhijani et al. 2011). The sessile compartment
is maintained until the end of the larval stages. During pupariation, ecdysone signaling induces the
dispersal and activation of sessile hemocytes, which aids in tissue remodeling during

metamorphosis (Regan et al. 2013).
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Fig 6. The larval sessile compartment. (A) An illustration of the sessile compartment in a Drosophila larva
(PNS: peripheral nervous system, red: hemocytes, green: neurons). (B) A close-up of a hematopoietic pocket
showing peripheral neurons extending to sessile hemocytes (red: hemocytes expressing HmiA-DsRed,
green: neurons marked by Anti-HRP). (C) The expression of Activin-p by the neuronal extensions to the
sessile compartment (red: hemocytes expressing HmiA-DsRed, green: Activin-p marked by Activinf-GAL4;
UAS-GFP). Scale bar: 100 um. Adapted from (Makhijani et al. 2017).

1.3.3. The lymph gland

The lymph gland is a multi-lobed organ alongside the dorsal vessel of the larva. While the
secondary and tertiary lobes are smaller in size and consist only of hemocyte progenitors, the
primary (anterior) lobes are larger and can be divided into three main zones based on their distinct
morphological and functional characteristics: the medullary zone (MZ) harboring hemocyte

precursors, the cortical zone (CZ) consisting of mature hemocytes, and the posterior signaling
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centre (PSC) or the hematopoietic niche, which sends signals to the hemocyte precursors to regulate
their differentiation (Lebestky et al. 2003; Crozatier et al. 2004; Krzemien, Oyallon, et al. 2010;
Banerjee et al. 2019; Kharrat et al. 2022). Recently an intermediate Zone (1Z) was described
between the MZ and CZ containing progenitors that are more differentiated than MZ cells but less
mature than CZ cells (Fig 7) (Cho et al. 2020; Girard et al. 2021; Spratford et al. 2021).

The dorsal vessel

Cortical Zone (CZ)

sy ) @) 2 e Intermediate Zone (1Z)
e
‘ Medullary Zone (MZ)
s
. ——— Pericardial cells

Oy’

Secondary lobes o ~ >b\<> PSC cell

il (_ Progenitor

Primary lobes —

Posterior Signaling Centre (PSC)

( Intermediate Progenitor

. W Q Plasmatocytes
Tertiary lobes A

XK .’_' S O Crystal cells

Fig 7. An illustration of the larval lymph gland surrounding the dorsal vessel. The anterior lobes of the
lymph gland contain hemocyte progenitors in the MZ, progenitors in an intermediate state in the 1Z,
differentiated hemocytes in the CZ, and a signaling niche (PSC) that controls progenitor differentiation non-
cell-autonomously. In the CZ, only plasmatocytes and crystal cells are observed in naive larvae, while
lamellocytes appear in immune induced larvae. Adapted from (Kharrat et al. 2022).
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1.3.3.1. The posterior signaling centre (PSC)

The PSC is a group of 20-40 cells at the posterior end of each anterior lobe. In contrast to the rest
of the lymph gland cells, which are derived from the first two embryonic thoracic segments, PSC
cells originate from Antennapedia (Antp) positive cells in the third thoracic segment. The Antp
transcription factor continues to be expressed in the PSC cells to maintain their identity until lymph
gland dispersal. The function of PSC cells is to send signals to the hemocyte progenitors in the
lymph gland to control their differentiation. This is similar to vertebrate stem cell niches that signal
to HSCs to regulate their differentiation, which makes the PSC an excellent hematopoietic niche
model in Drosophila (Schofield 1978; Lebestky et al. 2003; Crozatier et al. 2004; Mandal et al.
2007).

Together with Antp, the transcription factor Collier (Col) is required for PSC niche maintenance
and function (Fig 8A-8C). The PSC is not observed in third instar larvae of col mutants, and
silencing col in the PSC compromises its ability to induce lamellocyte differentiation following
wasp infestation (Crozatier et al. 2004). Besides Antp and Col, the PSC cells niche expresses other
cell-specific markers such as Dally-like protein (DIp) and Daughters against dpp (Dad), two
components of the Dpp pathway, and Unpaired3 (Upd3), a ligand for the JAK/STAT pathway
(Jung et al. 2005; Pennetier et al. 2012).

A

Fig 8. The posterior signaling centre. (A-C.) A confocal image showing the PSC in the lymph gland
anterior lobes, expressing the specific markers Col (Magenta) and hh-GFP (green). Nuclei are stained by
DAPI (blue). Scale bar: 20 um.

The PSC emits several important signals to the progenitors, such as Decapentaplegic (Dpp) and
Hedgehog (Hh) (Fig 8B-8C), two morphogens that upon activating their receptors, Thickveins
(Tkv) and Patched (Ptc), respectively, suppress premature differentiation of MZ progenitors
(Mandal et al. 2007; Dey et al. 2016). The ligand of the Notch (N) pathway, Serrate (Ser), is also
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secreted by the PSC and controls the differentiation of progenitors into crystal cells (Lebestky et
al. 2003). While the ligand of the EGFR signaling pathway, Spitz (Spi), secreted from the PSC
upon immune induction and oxidative stress is essential for lamellocyte differentiation (Finkel &
Holbrook 2000; Kaur et al. 2019). The PSC also communicates with the differentiated hemocytes
of the CZ by secreting PDGF- and VEGF-related factor 1 (Pvfl), which activates the Pvf/Pvr
pathway in the CZ and ensures equilibrium signaling for progenitor maintenance in the MZ
(Mondal et al. 2011).

Similarly to how the number of niche cells in mammals affects stem cell differentiation, the same
phenomenon is observed in Drosophila (Zhang et al. 2003). Smaller PSC size results in progenitor
differentiation, while bigger PSC size causes the expansion of progenitors and a decrease in CZ
size. Several factors influence the size of the PSC. Antp and Wingless (Wg) act as positive
regulators that increase PSC size through the regulation of the Myc gene. Dpp opposes the effect
of Wg by downregulating Myc (Sinenko et al. 2009; Pennetier et al. 2012). Furthermore, it was
discovered that the nutrition of the larva impacts niche size - activating the insulin pathway in the
niche increases its size, while knocking it down decreases it (Benmimoun et al. 2012).
Interestingly, besides the PSC, new reports have described an additional cardiac niche (Morin-
Poulard et al. 2016; Destalminil-Letourneau et al. 2021). Up until now, two signals were found to
be secreted from this niche. The first one is the EGF-like protein Slit, which controls the size of
the PSC niche and in turn progenitor maintenance through the Dpp pathway (Morin-Poulard et al.
2016). The other one is the FGF ligand Branchless (Bnl), which helps in keeping normal
intracellular calcium levels in the progenitors (Destalminil-Letourneau et al. 2021). This shows
similarity to mammalian stem cell niches, where the vascular system sends signals to the stem cells
to control their differentiation (Geutskens et al. 2012; Smith-Berdan et al. 2015).

1.3.3.2. The medullary zone

The MZ of the lymph gland contains hemocyte progenitors, which are the precursors of the
differentiated hemocytes located in the CZ. These cells express progenitor-specific markers like
Thioester-containing protein 4 (Tep4), a protein with a yet unknown function in the MZ, and
Domeless (Dome), the JAK/STAT pathway receptor in Drosophila, which is essential for
progenitor maintenance (Fig 9) (Gao et al. 2009).
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Fig 9. The medullary and cortical zones of the lymph gland. A confocal image showing the MZ in the
anterior lobes of a lymph gland marked by the domeMESO reporter (green) and the CZ marked by the P1
plasmatocyte marker (red). Nuclei are stained by DAPI (blue). Scale bar: 20 um.

Interestingly, signaling pathways which were described to play an important role in the PSC niche
were also found to be required cell-autonomously in progenitors to suppress their differentiation.
Two examples of this are Wg and Col, which when absent, progenitors are prematurely lost
(Crozatier et al. 2004; Sinenko et al. 2009; Benmimoun et al. 2015; Oyallon et al. 2016).

Similar to HSCs in mammals, the interaction of progenitors with each other is a necessary signal
for their maintenance. Progenitors express the adherens junction protein E-cadherin (E-cad) at a
higher level than differentiated hemocytes in the CZ, which keeps them compacted and
undifferentiated. Silencing E-cad in progenitors causes them to lose their compaction and promotes
their differentiation (Gao et al. 2013). Moreover, the flow of calcium signals between the
progenitors of the MZ through gap junctions is necessary for their maintenance (Ho et al. 2021).
Reactive oxygen species (ROS) also serve as a signal between progenitor cells. Moderate levels of
ROS are required for their normal differentiation. Upon immune induction, the elevation of ROS
promotes the differentiation of progenitors into lamellocytes through activating the Jun N-terminal
kinase (JNK) pathway and lowering E-cad levels (Owusu-Ansah & Banerjee 2009).

MZ progenitors also respond to systemic signals from changes in the animal’s environment, such
as nutritional changes translated through the Insulin/mTOR pathway. Both starvation and
overfeeding can trigger the differentiation of progenitors, suggesting that normal progenitor
differentiation requires a balanced diet (Benmimoun et al. 2012; Shim et al. 2012). Moreover, odors
in the environment signal to the progenitors through the secretion of the neurotransmitter Gamma-

aminobutyric acid (GABA), which in turn controls calcium signaling necessary for progenitor
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maintenance (Shim et al. 2013; Madhwal et al. 2020). Interestingly, even the gas composition in
the air affects progenitor maintenance in the MZ. Low oxygen or carbon dioxide causes the
production of Ser, which promotes the differentiation of progenitors into crystal cells (Cho et al.
2018).

Recent research demonstrated that progenitors in the MZ are not a homogeneous population, and
can be divided into three sub-populations. From the core to the cortex these are as the following:
core progenitors (cells expressing both Tep4 and Dome), distal progenitors (cells expressing only
Dome but not Tep4) and intermediate progenitors (cells expressing both Dome and the CZ marker
Hml) (Sinenko et al. 2009; Blanco-Obregon et al. 2020). The later sub-population forms a distinct
zone, the intermediate zone (1Z). A Split-Gal4 driver, the CHIZ-Gal4 was created to mark and
manipulate these cells (Cho et al. 2020; Girard et al. 2021; Spratford et al. 2021). It is important to
note that Krzemien et al. (2010) originally used the term "intermediate progenitors" to describe a
population of mitotic cells that are negative for both MZ and CZ markers, which creates confusion
in lymph gland nomenclature.

Interestingly, these 3 subpopulations of the MZ do not only differ in the expression of their cell
surface markers but also in their function. For instance, the activity of the N pathway in core
progenitors is necessary for their maintenance, but in distal progenitors it promotes their
specification into crystal cells (Blanco-Obregon et al. 2020).

1.3.3.3. The cortical zone

Situated in the cortex of the anterior lobe, the CZ contains differentiated hemocytes (plasmatocytes
and crystal cells in naive conditions, as well as lamellocytes in case of immune induction) (Fig 9)
(Jung et al. 2005). The CZ starts to form in mid-second instar larvae and its size continues to grow
at the expense of MZ cells until most progenitors are lost at the end of larval stages. Subsequently,
the lymph gland breaks down, and all hemocytes are released into the hemolymph to aid in the
elimination of apoptotic cells and pathogens, resulting from tissue reconstruction during
metamorphosis (Lanot et al. 2001; Jung et al. 2005; Grigorian et al. 2011).

The earliest markers expressed by CZ cells are Hml and Pxn, followed by later markers that are
specific for each of the three effector mature hemocyte types (Nelson et al. 1994; Lebestky et al.
2000; Goto et al. 2003; Irving et al. 2005; Kocks et al. 2005; Kurucz, Mérkus, et al. 2007; Kurucz
et al. 2007; Honti et al. 2009; Binggeli et al. 2014; Bretscher et al. 2015; Dudzic et al. 2015).

Interestingly, differentiated hemocytes in the CZ also play a role in the regulation of progenitor
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differentiation by sending signals that assist in sustaining the main signaling pathways in MZ
progenitors, such as Hh, JNK, Toll and Ras/EGFR (Mondal et al. 2011; Yu et al. 2021).

The basic zonal structure of the lymph gland consisting of niche cells, progenitors and
differentiated immune cells became a simplified and attractive model to study hematopoiesis. This
can be attributed to both the functional similarities between Drosophila and the mammalian
hematopoietic niche and the sophisticated approach that Drosophila provides to identify and
manipulate cells at the molecular level (Jung et al. 2005; Banerjee et al. 2019; Kharrat et al. 2022).

1.4. Hematopoiesis in adult flies

Unlike Drosophila embryos and larvae, the hematopoietic system in adult flies is still poorly
investigated (Banerjee et al., 2019). The earliest observations of adult hematopoiesis excluded the
presence of hematopoietic organs in adults and suggested that hemocytes can be found mainly as
sessile hemocytes seen in the abdomen, legs, and halteres (Elrod-Erickson et al. 2000; Lanot et al.
2001). Moreover, these data suggested that adult hemocytes consist of only phagocytic
plasmatocytes that are derived from embryonic and larval hemocytes with the absence of
progenitor hemocytes or effective hematopoiesis during this stage (Elrod-Erickson et al. 2000;
Lanot et al. 2001; Holz et al. 2003). Later, this concept changed when active hematopoietic hubs
were identified in the abdomen of adult flies and were shown to contain progenitors derived from
the posterior lobes of the larval lymph gland that can differentiate into both plasmatocytes and
crystal cells (Ghosh et al. 2015). However, these findings were refined when a recent publication
showed that while hemocyte progenitors exist in adults, they derive from the PSC cells and not
from lymph gland progenitors. These cells do not proliferate in normal conditions, only in response
to immune induction at a low frequency, agreeing with the earliest theory that no significant
hematopoiesis occurs in adults (Boulet et al. 2021). Adult hemocytes are reported to continue the
expression of their specific larval markers such as Hml and Pxn (plasmatocytes) and Lz (crystal
cells) (Elrod-Erickson et al. 2000; Honti et al. 2010, 2014; Ghosh et al. 2015; Boulet et al. 2021).
Interestingly, even though lamellocytes do not survive until the adult stage, the lamellocyte marker
msn is expressed in the majority of adult hemocytes (Boulet et al. 2021). A recent study identified
a location for adult hemocytes in the respiratory epithelia and suggested that these cells play an
immune role by triggering the secretion of the antimicrobial peptide Drosocin from the surrounding
epithelia and the fat body, which helps the animal fight infection (Fig 10) (Bosch et al. 2019).
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Fig 10. An illustration of the crosstalk signaling between adult hemocytes, fat bodies, and respiratory
epithelia. Activation of Imd signaling in hemocytes in response to bacterial infection leads to the secretion
of the Jak/Stat ligand Upd3, which activates this pathway in neighboring fat body and respiratory epithelia
cells, resulting in Drosocin secretion from these tissues which aids in tackling the illness. Adapted from
(Bosch et al. 2019).

1.5. Similarities of hematopoietic regulation between the Drosophila lvmph gland and

mammalian hematopoietic compartments

As mentioned earlier, the structural arrangement of the larval lymph gland shows many similarities
to HSC niches in mammals and therefore provides an excellent model to understand the role of the
different signaling pathways in hematopoiesis. This model became even more feasible with the
development of zone-specific Gal4 drivers that help manipulate signaling pathways in any zone of
the lymph gland (Lebestky et al. 2003; Crozatier et al. 2004; Jung et al. 2005; Krzemien et al. 2007,
Oyallon et al. 2016).

An example of conserved regulatory pathways is the JAK/STAT pathway, which is required for
hematopoietic progenitor maintenance in both fruit flies and mice. Hemocyte progenitors are
greatly reduced in the lymph gland in response to JAK/STAT knockdown (Gao et al. 2009), similar
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to how HSCs are exhausted in JAK1 and JAK2 mutant mice (Akada et al. 2014; Kleppe et al. 2017).
Another example is Hh, which maintains hemocyte progenitors in flies, and its orthologue Sonic
hedgehog (Shh) expands the hematopoietic progenitor pool in mammals (Bhardwaj et al. 2001,
Mandal et al. 2007). Likewise, the Notch pathway in the lymph gland participates in core progenitor
maintenance and in the fate determination of plasmatocytes or crystal cells in distal progenitors
(Duvic et al. 2002; Terriente-Felix et al. 2013; Blanco-Obregon et al. 2020), a role analogous to its
mammalian counterpart, which was described to be involved in HSC self-renewal, differentiation,
as well as commitment towards the lymphoid or myeloid lineage (Karanu et al. 2000; Stier et al.
2002; Duncan et al. 2005). Moreover, similarly to how Wg and Dpp signaling control progenitor
differentiation in Drosophila both cell-autonomously by limiting progenitor differentiation and
non-cell-autonomously by controlling the PSC size (Mandal et al. 2007; Sinenko et al. 2009;
Pennetier et al. 2012; Dey et al. 2016), their mammalian orthologues Wnt and BMP-4 controls
HSC maintenance cell-autonomously and non-cell-autonomously by affecting niche components
such as osteoblasts (Bhatia et al. 1999; Reya et al. 2003; Zhang et al. 2003; Duncan et al. 2005).
Another common aspect between HSC and hemocyte progenitor regulation is the importance of
cell-cell interaction. For instance, gap junctions in the lymph gland progenitors are required for
maintaining normal levels of calcium signaling which is essential for their maintenance (Ho et al.
2021), while in mice they are essential for HSC growth and ability to regenerate after stress
(Rosendaal et al. 1997; Presley et al. 2005).

Similar to hemocyte progenitors, mammalian HSCs sense and respond to nutritional signals in the
environment; in both entities, higher or lower levels of nutritional input triggers their depletion and
premature differentiation (Yilmaz et al. 2006; Zhang et al. 2006; Benmimoun et al. 2012; Shim et
al. 2012; Young et al. 2021). Stress signals such as ROS are also sensed by HSCs and hemocyte
progenitors, and these signals induce their differentiation by lowering their adhesion molecule
levels (Ito et al. 2004; Hosokawa et al. 2006; Owusu-Ansah & Banerjee 2009; Gao et al. 2014).
All the above examples highlight the homology and analogy in molecular circuits controlling
hematopoiesis between Drosophila and mammals and prove further the importance of using

Drosophila and especially the lymph gland as a tool for investigating this process (Fig 11).
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Fig 11. An illustration of the main signaling pathways controlling the differentiation of hemocyte
progenitors in the Drosophila lymph gland and HSCs in a mammalian HSC niche. Sli: Slit, Stat92E:
Signal-transducer and activator of transcription protein at 92E, Adgf-A: Adenosine deaminase-related
growth factor A, Zpg: Zero population growth, N-cad: Neural cadherin, CC: crystal cell, PL: plasmatocyte,
MPP: multipotent progenitor. Adapted from (Kharrat et al. 2022).

1.6. Headcase as a regulator of hematopoiesis

The headcase (hdc) gene was first identified with the help of an enhancer trap insertion in a screen
for genes regulated by the bithorax complex (Weaver & White 1995). hdc encodes for two
cytoplasmic isoforms, a short one (~70 kDa) and a long one (~130 kDa). The long isoform is
produced through suppressing the translational termination at the stop codon of the short isoform
(Steneberg & Samakovlis 2001). hdc expression is first detected at the embryonic stage 13 in the
pattern of imaginal primordia, and it continues to be expressed in the larva in all imaginal discs and
imaginal precursors of the CNS, intestines, trachea, epidermis, testis, and ovaries. At the end of
larval stages, the expression of hdc disappears from most tissues and it can be found in adults only
in few places such as the brain and the testis (Weaver & White 1995).

Since its isolation, the Hdc protein posed a mystery, because it does not contain any known
functional domains, however, numerous important roles have been described for it in many larval
tissues. In the imaginal cells, Hdc was shown to block differentiation by regulating the
insulin/mTOR pathway (Fig 12) (Weaver & White 1995; Avet-Rochex et al. 2014; N. Li et al.
2019; Giannios & Casanova 2021). In the trachea, Hdc was described to function non-cell

autonomously in specialized cells called fusion cells to inhibit neighboring cells from acquiring the
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branching fate and forming additional branches (Steneberg & Samakovlis 2001). Furthermore, Hdc
was found to be required for the maintenance of stem cell niches in the testis and intestines,
preventing the loss of hub cells (one of the niche's cellular components) in the former, and the loss

of intestinal stem cells and enteroblasts in the latter, via apoptosis (Resende et al. 2013, 2017).

é— DILPs

'

T .

PIP2  PIP3—( Akt )—( Tsc1/2 —|—> mTORC1I—2
Unk

Wiee s

GO S
*e

Ribosome Protein
biogenesis translation

Fig 12. A simplified schematic illustration of the role of Hdc in the insulin/mTOR pathway in the
imaginal cells. The activation of the insulin receptor (InR) by Drosophila insulin-like peptides (DILPs)
activates several downstream signaling pathways, among these is the mTOR pathway. This pathway leads
to ribosome biogenesis and protein translation through the activity of S6K and 4EBP transcription factors
downstream to mTORCL1 complex, which Hdc and its partner Unk were shown to bind to its member Raptor
to inhibit its activity. Pi3K: Phosphatidylinositol 3-kinase 92E, PIP3: Phosphatidylinositol (3,4,5)-
trisphosphate, PIP2: Phosphatidylinositol 4,5-bisphosphate, Pten: Phosphatase and tensin homolog, Foxo:
Forkhead box O, Tsc1/2: Tuberous sclerosis complex 1/2, Rheb: Ras homolog enriched in brain, mTORC1.:
mTOR complex 1, S6k: Ribosomal protein S6 kinase, 4EBP: Eukaryotic translation initiation factor 4E
binding protein (N. Li et al. 2019; Giannios & Casanova 2021; Liguori et al. 2021). Created with
BioRender.com.

In the hematopoietic system, hdc is expressed only in the lymph gland but not in the circulating or
sessile hemocytes in the larva (Weaver & White 1995; Markus et al. 2009; Varga et al. 2019).
Previously, our colleagues found that in hdc null mutants and upon knocking down hdc in the niche,
lamellocytes differentiate in naive larvae without immune induction (Fig 13A-B), suggesting arole
for Hdc in hemocyte progenitor maintenance in the hematopoietic niche. This phenotype was
rescued by overactivating the Hh or Dpp pathways in the PSC (Fig 13C), indicating that Hdc

functions upstream to them in the niche (Varga et al. 2019). However, the mechanism behind
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lamellocyte differentiation in these larvae is still unknown, since knocking down hdc does not
affect the size or identity of the niche.

The role of Hdc in the other domains of the lymph gland (the MZ and the CZ) has not been studied
previously. The interaction with its two previously described partners, Unk and Raptor, in regard
to hematopoiesis also has not been investigated. Furthermore, no attempts have been made yet to
isolate new Hdc interactors in the lymph gland or other tissues. Since the human ortholog of Hdc,
HECA, is a tumor suppressor in many tumor models, characterizing the mechanism of Hdc function
in the lymph gland would be beneficial not only in the field of Drosophila hematopoiesis but it

may be crucial for human tumorigenesis studies (Dowejko et al. 2009, 2012).
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Fig 13. Hdc in the Drosophila lymph gland. (A-B) hdc silencing in the niche leads to lamellocyte
differentiation in the lymph gland (A) and circulation (B). (blue: nuclei visualized with DAPI, red:
lamellocytes stained by L1 antibody). Scale bar: 20 um. (C) A graphical model suggesting that when Adc is
silenced in the niche, the secretion of two suppressor ligands from the niche, Hh and Dpp, is compromised.
This promotes progenitor differentiation into lamellocytes in the lymph gland without immune induction.
Based on (Varga et al. 2019).

28



2. Objectives

Since signaling pathways controlling hemocyte progenitor maintenance in Drosophila are highly

homologous to those involved in HSC maintenance in vertebrates, the fruit fly provides an

excellent model for studying hematopoiesis. Previously, our colleagues identified Hdc as a

repressor of blood cell differentiation in the lymph gland hematopoietic niche of the larva. Given

that the underlying mechanism of how Hdc maintains the progenitor state of hemocytes is not yet

understood, we aimed to investigate the regulatory role of Hdc in the Drosophila lymph gland.

Specific aims:

As literature data suggested a connection between Hdc and the insulin/mTOR pathway, we
aimed to investigate whether the hematopoietic role of hdc is mediated by insulin/mTOR
signaling.

Previously, it was shown that hdc, while compromising PSC function, does not affect the
number or identity of PSC cells. Since the insulin/mTOR was shown to play a role in PSC
size determination, we aimed to understand why the PSC size remains unaltered in hdc
larvae.

Former data suggested that hdc expression is downregulated during larval development,
possibly to allow for progenitor differentiation at later stages. We asked whether hdc
expression is also downregulated following immune induction with parasitic wasp, thereby
contributing to the differentiation of progenitors to lamellocytes during the immune
response.

We wanted to explore the possibility of a cell-autonomous function of Hdc in the lymph
gland hemocyte progenitors and characterize the signaling pathways involved in this role.

Since only two partners of Hdc (Unk and Raptor) were described previously, we set out to
isolate novel interacting partners of Hdc in the lymph gland.
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3. Materials and methods

3.1. Drosophila stock establishment and maintenance

All Drosophila lines used in the study are listed in S1 Table. To establish UAS-
hdcRA_STOP/SM6b, UAS-hdcRC _STOP/SM6b, and UAS-hdcRC NOSTOP/SM6b stocks, the
respective plasmids were injected into P{CaryP}attP40 (BDSC 25709), and fly stocks carrying
the transgenes on the second chromosome were established as described in (Port et al. 2014) (Fig
14A). After this, UAS-hdcRA_STOP/CyoGFP; hdc*®*/TM6Tb was established by combining UAS-
hdcRA_STOP and hdc*® (Fig 14B). All injections into embryos were done by the Injection Facility
of HUN-REN BRC, Szeged, and all stocks and crosses were kept on a standard cornmeal-yeast
media at 25 °C.
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Fig 14. Crossing schemes for establishing transgenic lines. (A) Crossing scheme followed to establish
second chromosome insertion lines. The HA-tagged Adc transgenic plasmids (UAS-hdcRA STOP, UAS-
hdcRC STOP or UAS-hdcRC NOSTOP) containing the attB bacterial attachment site were injected into
larvae carrying a phage attachment site (a#tP4(0) on the second chromosome, and the gene encoding for the
phiC31 integrase under the control of the nanos driver specific for germline cells on the X chromosome
(nanos-phiC31). Males hatching from the injected larvae which possibly carry the transgenic plasmids in
their germline cells (P?) were crossed to second chromosome balancer virgins and then males carrying the
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transgenic construct in all their cells as evident by the expression of the mini white marker in their eyes were
selected from the progeny and crossed individually to second chromosome balancer virgins to create a stable
fly line. (B) Crossing scheme followed to establish stocks carrying the transgene encoding for the HA-
tagged short isoform of Hdc on the second chromosome (UAS-hdcRA_STOP) combined with Adc”® null
allele on the third chromosome. SM6b (Second Multiple 6b), CyO (Curly of Oster), TM6 (Third Multiple 6),
TM3 (Third Multiple 3), and CxD (Crossover Suppressor Dichaete) are balancer chromosomes, while Sco
(Scutoid), Sp (Sternopleural), Kr::GFP (Kruppel promoter driving GFP expression), Sb (Stubble), and Th
(Tubby) are dominant markers. y (yellow) and v (vermilion) are recessive markers.

3.2. Antibodies and fluorescent dyes

The following primary antibodies were used: mouse anti-L1 (1:10, a kind gift from Istvan Ando)
(Kurucez et al., 2007), mouse anti-Col (1:100, a kind gift from Michele Crozatier) (Krzemien et al.
2007), mouse anti-LacZ (1:100, DSHB 40-1a), mouse anti-C1 (HC12F6) (a kind gift from Tina
Trenczek), Rabbit anti-HA (1:10000, Abcam, Cat# ab9110), anti-His-HRP (1:10000, Sigma, Cat#
AT7058-1VL), anti-GST-HRP (1:10000, Merck, Cat# 16-209). Secondary antibodies were: Goat
anti-Rabbit HRP (1:10000, Thermo Fisher Scientific, Cat# 31462), Goat anti-Mouse Alexa Fluor™
568 (1:1000, Thermo Fisher Scientific, Cat# A-11004), Goat anti-Mouse Alexa Fluor™ Plus 488
(1:1000, Thermo Fisher Scientific, Cat#. A32723), Rabbit anti-Mouse Alexa Fluor™ 647 (1:1000,
Thermo Fisher Scientific, Cat# A-21239). Nuclei were visualized with DAPI (Sigma-Aldrich, Cat#
D9542).

3.3. DNA constructs

To create HA-tagged hdc constructs (UAS-hdcRA STOP, UAS-hdcRC STOP, and UAS-
hdcRC_NOSTOP), cDNA of hdc (LD44381) was obtained from the Drosophila Genomics
Resource Center (DGRC) Gold Collection, and amplified with PCR (Phusion DNA polymerase)
using the following primer pairs: hdcRA STOP_fwd and hdcRA STOP rev, hdcRC_STOP_fwd
and hdcRC STOP rev, and hdcRC NOSTOP 1 fwd, hdcRC NOSTOP 1 rev, and
hdcRC _NOSTOP 2 fwd and hdcRC NOSTOP 2 rev, respectively (S2 Table). The pTHW
vector (DGRC #1099) was amplified on the other hand with pTHW_fwd and pTHW rev (S2
Table), and the amplified cDNA segments were cloned together with the amplified plasmid using
Gibson assembly (HiFi DNA Assembly master mix, NEB, cat# E2621L), according to the
manufacturer's protocol, and the mixture was then transformed into 2T1 E. coli chemically
competent bacteria, and positive colonies were confirmed by enzymetic digestion and then Sanger-

sequencing.
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Assembled constructs of idc enhancers and Adc tagged isoforms were purified by HiSpeed Plasmid
Midi Kit (Qiagen, cat# 12643) according to the manufacturer’s instructions, and diluted in injection

buffer described in (Sullivan et al. 2000) for injection into embryos.

To create the hde-nYFP, unk-cYFP, and Cam-cYFP constructs, Gateway cloning was used
(Walhout et al. 2000). In summary, cDNA of hdc (LD44381), unk (BS27380), and Cam (LD02334)
were obtained from the Drosophila Gold Collection and amplified using the following primer pairs:
hdc_cDNAFor and hdc_cDNArev, unk_cDNAFor and unk_cDNArev, and Cam_cDNAFor and
Cam_cDNArev respectively (S2 Table). The PCR reactions were done using Q5 Hot Start High-
Fidelity DNA Polymerase (New England Biolabs, Cat# M0493S), and PCR products were purified
using NucleoSpin Gel and PCR Clean-up (MACHERRY-NAGEL, Cat# 740609.50) according to
manufacturer's instructions. cDNAs containing attB recombination sites were then recombined into
pDONR221 donor vector using Gateway™ BP Clonase™ II Enzyme mix (Invitrogen™, Cat#
11789020) according to manufacturer's instructions, and the recombination reaction was then
transformed into 2T1 competent bacteria. After selecting successful insertions of the cDNAs into
donor plasmids by enzymatic digestion and sequencing, the cDNAs were further subcloned using
Gateway™ LR Clonase™ II Enzyme mix (Invitrogen™, catalog #11791020) into Split YFP
tagging destination vectors (Gohl et al. 2010). idc was labelled at the N-terminal end with the N-
terminal fragment of the YFP (nYFP), while unk and Cam were tagged at the N-terminal ends with
the C-terminal fragment of YFP (cYFP).

To create His-tagged Hdc (hdc-His) construct, Adc cDNA was obtained from the Drosophila gold
collection and amplified using the primer pairs: hdccDNA_For and hdccDNA_new_rev (S2 Table)
and cloned into a His-tagged destination vector (pDEST17) (Thermo Fisher Scientific, Cat#
11803012) using Gateway cloning as mentioned earlier. After that, His-tagged Hdc cDNA was
amplified from pDEST17 using the primer pair pDEST17-to-pHY22_For and pDEST17-to-
pHY22_rev, and subcloned into pHY?22 plasmid using In-Fusion HD Cloning Kit (Takara Bio,
Cat# 102518) according to manufacturer's instructions.

To create GST-tagged Cam construct (Cam-GST), the cDNA of Cam was recombined from
pDONR221 donor vector into a GST-tagged destination vector (pDEST?24) using Gateway™ LR

Clonase™ II Enzyme mix as mentioned earlier.
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3.4. Immunostaining, imaging and processing of lvmph gland samples

Third-stage instar larvae were placed on a rubber pad in 30 pl of Schneider's media (Lonza, Cat#
0000879623), supplemented with PTU (N-Phenylthiourea, Sigma-Aldrich, Cat# P7629) and 5%
heat-inactivated Fetal Bovine Serum (FBS, Biosera, Cat# FB-1090/500). After fixing the head and
tail ends of the larvae, the cuticle was opened carefully with tweezers and fixed with pins. The
hemolymph and unwanted organs and debris were then removed by washing and dissection until
the lymph gland becomes clearly visible. These preparations were then fixed in 2%
paraformaldehyde (PFA, Sigma-Aldrich, Cat# 158127-5G) for 10 minutes, washed with PBS and
then placed in a 48-well plate containing 200 ul of blocking solution (0.1% BSA-PBS
supplemented with 0.01% Triton X-100 (SERVA Electrophoresis GmbH, Cat# 37238.01)). After
blocking for 20 minutes, the preparations were incubated with primary antibody for 1 hour at room
temperature or overnight at 4°C, washed with PBS, and incubated with fluorescent secondary
antibody (1:1000) and DAPI (1:400) diluted in the same blocking solution for 45 minutes at room
temperature. After washing with PBS, the preparations were mounted in Fluoromount-G™
Mounting Medium (Invitrogen, Cat# 00-4958-02) on plain microscope slides, covered with Menzel
Microscope Coverslips (Thermo Fisher Scientific, Cat# 11911998), and examined with Zeiss
LSMS800 confocal microscope. For each lymph gland, Z-stacks of 10 slices were captured using
20x objective. Images are displayed as the maximum intensity projection of the Z-stacks, after
brightness/contrast was adjusted using the ImageJ/Fiji (US National Institutes of Health, Bethesda,
MD, USA) image processing software. Images from each experiment and the appropriate control
were taken using the same microscope settings. For quantifying lamellocyte (L1 positive cells)
differentiation in lymph glands, lymph glands from each genotype were divided into three
categories: lymph glands containing 0 lamellocytes, lymph glands containing 5 or fewer
lamellocytes (<5), or lymph glands containing more than 5 lamellocytes (>5), and percentages of
these categories were calculated. The size of P1 positive (plasmatocyte) area in an anterior lobe
was measured by Imagel/Fiji, and the percentage to the size of the anterior lobe was then
calculated. Crystal cells in lymph glands (C1 positive cells) were counted manually using the multi-
point tool in ImagelJ/Fiji, and crystal cell index was calculated as the number of crystal cells in the
lobe divided on the size of the lobe. For assessing the fluorescence intensity of hdc>GFP,

gstDGFP, or Thor-LacZ, the mean fluorescence intensity (MFI) was measured based on the pixel
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intensity of a selected area. MFI was shown as a fold change in comparison to the average MFI in

the control of each experiment.

3.5. Immunostaining, imaging, and counting of circulating hemocytes

To isolate hemocytes from third stage instar larvae, larvae were dissected in 30 pl of Schneider's
media supplemented with 5% FBS and PTU in a 12-well slide (Hendley-Essex, Cat# SMO011).
Hemocytes were left to attach to the surface of the side for 1 hour at room temperature in a wet
chamber. The samples were then fixed in acetone for 6 minutes, blocked for 20 minutes in 0.1%
BSA-PBS, and incubated with the primary antibody in a wet chamber for one hour at room
temperature or overnight at 4°C. After washing in PBS, hemocytes were then incubated in a wet
chamber for 45 minutes with secondary fluorescent antibody (1:1000) and DAPI (1:400) diluted in
the same blocking solution. Finally, after washing samples with PBS, they were mounted as
previously mentioned and images of the samples were taken using 10x objective in Zeiss Axio
Imager Z1 fluorescence microscope. Nuclei were counted automatically using the ‘cellcounter’
macro in Imagel/Fiji software. Lamellocytes (L1 positive cells) were counted manually using the
multi-point tool in Imagel/Fiji, and the percentage of lamellocytes to the nuclei number was

calculated. A minimum of 100 nuclei were counted from each larva.

3.6. Wasp Infestation

For the wasp infestation experiment, two crosses containing 10 w'//® virgins and 10 hdc>GFP
(UAS-mCD8.::GFP; hdc"-Gal4/TM6Tb) males each were done and left for 24 hours to mate. The
next day, the females of each cross were transferred to a new vial to lay eggs for 4 hours, and 72
hours after egg laying, 25 female Leptopilina boulardi G486 parasitic wasps (Carton et al., 1992)
were added to one of the two vials and left to infest the larvae for 4 hours at 25 °C, while the other
vial was left at 25 °C without infestation to serve as a control. 16 hours post infestation (hpi),
Infested larvae were selected based on the melanized injury site caused by the oviposition, and

lymph glands were dissected from them or naive uninfested control larvae.

3.7. Western blot

To confirm the functionality of HA-tagged Hdc isoforms, 15 larvae from each of the following
genotypes: UAS-hdcRA_STOP/Actin-Gal4, UAS-mCherry, UAS-hdcRC STOP /Actin-Gal4, UAS-
mCherry, UAS-hdcRC NOSTOP/Actin-Gal4, UAS-mCherry in addition to the negative control
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+/Actin-Gal4, UAS-mCherry were exposed to two freezing cycles in liquid nitrogen, and
physically homogenized in 120 ul of 1x Laemmli sample buffer, and then boiled on 95 °C for 5
minutes. 40 pl of each sample was then loaded into a 10% SDS-PAGE gel with 6 pl of the Precision
Plus Protein ladder (Bio-Rad, Cat# 1610373). After running, the proteins were blotted onto PVDF
membrane (Merck-Millipore, Cat#IPVH00010), blocked in 5% dry milk diluted in 0.1% TBS-
TWEEN (Molar Chemicals Kft, Cat# 09400), incubated with primary and secondary antibodies,
and then the membrane was developed using Amersham ECL Prime Western Blotting Detection

Reagent (Cytiva, Cat# RPN2232) according to manufacturer’s instructions.

3.8. The liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis

For Sample preparation, 25 Drosophila melanogaster larvae from the genotype (UAS-
hdcRA_STOP/+; hdc”®/ hdc'®-Gal4) were collected, frozen in liquid nitrogen and ground with
TissueLyser (QIAGEN) at 50 Hz, and total proteins were extracted using the manufacturer’s Lysis
buffer supplemented with | mM DTT, 1 mM PMSF, 1x protease inhibitor cocktail (Sigma-Aldrich,
Cat#539136), 3 mM pNPP, 1 uM proteasome inhibitor MGI132. Total protein extracts
(4mg/immunoprecipitate) were then immune-purified using anti-HA (three replicates) or anti-GFP
(three replicates, serving as a negative control) antibodies conjugated to 50 nm magnetic beads
(MACS Technology, Milteny1) digested in column with trypsin, and analyzed in a single run on the

mass spectrometer (Hubner et al. 2010).

Raw data were converted into peak lists using the in-house PAVA software (Guan et al. 2011) and
searched against the UniProt Drosophila melanogaster database, including additional proteins
identified from a previous Swiss-Prot search (protein score>50) using Protein Prospector search
engine (v5.15.1) with the following parameters: enzyme, trypsin with maximum 1 missed cleavage;
mass accuracies, 5 ppm for precursor ions and 0.6 Da for fragment ions (both monoisotopic); fixed
modification, carbamidomethylation of Cystine residues; variable modifications, acetylation of
protein N-termini; Methionine oxidation, cyclization of N-terminal Glutamin residues allowing a
maximum of two variable modifications per peptide. Acceptance criteria were: minimum scores:
22 and 15; maximum E values: 0.01 and 0.05 for protein and peptide identifications, respectively.
The false discovery rate was calculated using peptide identifications representing randomized
proteins (2xnumber of random IDs/total peptide IDs = 2x number of random IDs divided by
peptide IDs).
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The relative abundance of each protein in the Hdc-HA samples and control samples was calculated
using spectral counting. The individual protein peptide counts were first normalized to the total
number of peptide identifications in each sample, then the normalized peptide counts were
compared in the two samples. For calculating enrichment between Hdc-HA and the control, edgeR

was used (Y. Li & Andrade 2017).

3.9. The Split/YFP experiment

For testing the interaction between Hdc and Cam, hdc-nYFP and Cam-cYFP, hdc-nYFP and unk-
cYFP (positive control), and hde-nYFP and PCID2-cYFP (negative control) constructs were co-
transfected respectively with pMT-Gal4 vector (DGRC #1042), in which an inducible
metallothionein promoter expresses the Gal4 protein, into S2R+ Drosophila cell line using the
Effectene Transfection Reagent Kit (Qiagen, cat# 301425) according to the manufacturer’s
instructions. The cells were maintained at 25 °C in Schneider’s media containing 10% FBS and
1% antibiotics (Penicillin-Streptomycin, Gibco, Cat# 15140122). 48 hours after transfection,
copper sulfate was added to the cells in a 1 mM final concentration to induce protein expression
and it was left for 2 hours. After that, the copper sulfate containing media was replaced with 3 ml
of fresh media and the interaction was visualized using Zeiss LSM800 confocal microscope and

photos were taken using the 63x OIL immersion objective.

3.10. The pull-down assay

For producing the tagged proteins, the Hdc-His protein was expressed in coupled in vitro
transcription and translation reaction (IVTT) at 30 °C for 1.5 hours using the TNT Quick Coupled
Transcription/Translation System (Promega, Cat# 11170,) according to manufacturer's
instructions, while for expressing the Cam-GST protein, six-pack E. coli cells were used (Lipinszki
et al. 2018). Briefly, a single transformed colony was grown in 100 ml standard LB medium at 37
°C until the culture reached an OD600 between 0.6-0.8. After that, 0.5 mM IPTG (Isopropyl B- d-
1-thiogalactopyranoside) was added to the culture to induce the expression of Cam-GST, in
addition to 1mM of CaCl2 to help stabilize the Cam protein in the culture, and the culture was
further left for 3 hours at 37 °C, and the bacterial pellet was then harvested by centrifugation
(11.000 g, 4 °C, 20 min).

For the pull-down assay experiment, the bacterial pellet containing the Cam protein was first
washed with PBS, and then resuspended in a lysis buffer (1M Tris pH 7.4, IM DTT, 5M NaCl, 1M
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CaCl2, 10% glycerol, 1x protease inhibitor cocktail (Roche, cat# 11873580001)) and sonicated 4x2
minutes (40% sonication energy and 60% pulse intensity). After sonication, 1% Triton-X was
added to the bacteria suspension and left on ice for 30 minutes to aid further in lysing the bacteria,
and the lysate was centrifuged to get rid of cellular debris (11.000 g, 4 °C, 20 min). After
centrifugation, the supernatant containing the Cam-GST protein was transferred into a new tube
and the IVTT reaction containing Hdc-His and Glutathione Beads (GE Healthcare, Cat#17-0756-
01) that can bind to GST were added, and the mixture was rotated for 2 hours at 4 °C. Serving as a
negative control, the IVTT reaction containing Hdc-His was diluted in PBS containing GST tagged
Glutathione Beads and also rotated for 2 hours at 4 °C. After rotation, the two mixtures were then
centrifuged (600 g, 4 °C, 3 min), washed 2x with PBS, centrifuged again, and the Glutathione beads
in the pellet were boiled in 1x Laemmli sample buffer for 5 min at 95 °C and then stored at -20 °C
for western blot.

For the western blot experiment, the Proteins were separated on a 10% SDS-PAGE gel and blotted
onto PVDF membrane (Merck-Millipore, Cat#IPVVH00010), and anti-His-HRP (1:10000, Sigma,
Cat# A7058-1VL) and anti-GST-HRP (1:10000, Merck, Cat# 16-209) antibodies were used to
detect the epitope tagged proteins.

3.11. Data analysis

All quantitative analyses of data were done using GraphPad Prism 8. Graphs were made using
GraphPad Prism 8 and BioRender.com. For data consisting of two groups, two-tailed unpaired
student’s t-test was used, while for data consisting of more than two groups, analysis of variance
(ANOVA) with Tukey’s test for multiple comparisons was utilized. Values of p < 0.05 were
accepted as significant (* p <0.05, ** p<0.01, *** p <0.001, **** p <0.0001, ns: non-significant).
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4. Results

4.1. Characterizing the role of Hdc in the hematopoietic niche

4.1.1. Hdc negatively regulates the insulin/mTOR pathway in the PSC niche

My colleagues previously demonstrated that silencing of idc in the PSC niche leads to the
appearance of lamellocytes, the effector hemocytes that normally differentiate only after immune
induction, in naive larvae. This suggests a non-cell-autonomous role for Hdc in progenitor
maintenance in the Drosophila lymph gland (Figs 15A and 15B, 16A and 16B, and quantified in
15J and 16J) (Varga et al. 2019). In a follow up experiment, we knocked down Unk, one of the
two only described partners for Hdc in literature (Avet-Rochex et al. 2014; N. Li et al. 2019), using
the PSC-specific driver col-Gal4 driver (Krzemien et al. 2007), and found that it causes a
comparable phenotype to Adc silencing (Figs 15C and 16C, and quantified in 15J and 16J).
Moreover, we observed that silencing of both hdc and unk together further boosts lamellocyte
differentiation in col>hdcRNAi animals (Figs 15D and 16D, and quantified in 15J and 16J),

suggesting that both proteins interact in the niche to suppress progenitor differentiation.

Given that Hdc and Unk were shown to control the insulin/mTOR signaling in the larval imaginal
discs (Loncle & Williams 2012; Avet-Rochex et al. 2014; N. Li et al. 2019; Giannios & Casanova
2021), we wanted to investigate the possibility of the involvement of the insulin/mTOR pathway
in the hematopoietic phenotype caused by Adc loss-of-function in the niche. This assumption is
backed up by former findings showing that activating the insulin/mTOR pathway in the niche via
expressing a constitutively active form of the Pi3K kinase (Pi3KCa) or silencing the negative
regulator Pten leads to lamellocyte differentiation (Y. Tokusumi et al. 2012; Kaur et al. 2019), as
demonstrated in (Figs 15E and 15F, 16E and 16F, and quantified in 15J and 16J).

Agreeing with these observations, we found that inhibiting the insulin/mTOR pathway through
knocking down the Akt kinase in the insulin pathway (Tsuchiya et al. 2014), or Raptor, a member
of the mTORC1 complex and a partner of Hdc (N. Li et al. 2019) suppresses the appearance of
lamellocytes in the lymph gland of co/>hdcRNAi larvae and their release into the circulation (Figs
15G and 15H, 16G and 16H, and quantified in 15J and 16J). Furthermore, idc overexpression
in col>PtenRNAI larvae decreases lamellocyte numbers in the lymph gland and circulation of these
animals (Figs 151 and 161, and quantified in 15J and 16J).
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Fig 15. Lymph gland samples from the interaction between hdc and the insulin/fmTOR pathway in
the niche. (A-F) Lamellocytes (red) are absent from control lymph glands (Pcol85-Gal4/+) (n = 7) (A),
while they are present when hdc is silenced in the PSC (Pcol85-Gal4,UAS-hdcRNAI/+) (n=7) (B), its partner
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unk is silenced (Pcol85-Gal4/UAS-unkRNAI) (n = 6) (C), hdc and unk are silenced together (Pcol85-
Gal4,UAS-hdcRNAI/UAS-unkRNAI) (n = 9) (D), a constitutively active Drosophila Pi3K is expressed (UAS-
Pi3K92E.CAAX/+; Pcol85-Gal4/+) (n = 8) (E), or the negative insulin pathway regulator Pten is silenced
(Pcol85-Gal4/+; UAS-PtenRNAI/+) (n = 8) (F). (G-H) Lamellocyte differentiation in col>hdcRNAI larvae
is rescued when simultaneously either Akt (Pcol85-Gal4, UAS-hdcRNAIi/+; UAS-AktRNAI/+) (n = 11)
(G) or raptor (Pcol85-Gal4,UAS-hdcRNAI/+; UAS-raptorRNAi/+) (n=7) are silenced (H). (I)
Overexpression of hdc rescues lamellocyte differentiation in col>PtenRNAI larvae (Pcol85-Gal4/+; UAS-
PtenRNAIi/UAS-hdc.S) (n=8). n refers to the number of lymph glands analyzed. Nuclei are visualized by
DAPI (blue). Scale bar: 20 um. (J) A bar graph showing the percentage of lymph glands from the genotypes
presented in panels (A-I) categorized into lymph glands with 0 lamellocytes, lymph glands with 5 or fewer
lamellocytes, and lymph glands containing more than 5 lamellocytes.
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Fig 16. Circulation samples from the interaction between Adc and the insulin pathway in the niche.
(A-F) Lamellocytes (red) are absent in the circulation of control larvae (Pcol85-Gal4/+) (0.08% (n = 43))
(A), but can be detected when Adc is silenced in the PSC (Pcol85-Gal4, UAS-hdcRNAi/+) (1.9% (n = 53))
(B), its partner unk is silenced (Pcol85-Gal4/UAS-unkRNAi) (1.1% (n = 44)) (C), both hdc and unk are
silenced together (Pcol85-Gal4, UAS-hdcRNAi/unkRNAi) (3.2% (n = 48)) (D), the insulin/mTOR pathway
is activated in the PSC by expressing Pi3KCa (UAS-Pi3K92E.CAAX /+; Pcol85-Gal4/+) (1.3% (n = 39))
(E), or silencing Pten (Pcol85-Gal4/+; UAS-PtenRNAi/+) (1.4% (n = 51)) (F). (G-H) The number of
lamellocytes in the circulation of col>hdcRNAi larvae is reduced when simultaneously Akt (Pcol85-Gal4,
UAS-hdcRNAi/+; UAS-AktRNAi/+) (0.08% (n = 41)) (G) or raptor (Pcol85-Gal4, UAS-hdcRNAi/+; UAS-
raptorRNAi/+) (0.2% (n = 34)) is silenced (H). (I) Overexpression of Adc reduces lamellocyte numbers in
the circulation of co/>PtenRNAi larvae (Pcol85-Gal4/+; UAS-PtenRNAi/UAS-hdc.S) (0.14% (n = 36)). n
refers to the number of larvae analyzed. Nuclei are visualized by DAPI (blue). Scale bar:20 pm. (J) A scatter
dot plot showing the percentage of lamellocytes in the circulation of larvae from the genotypes presented in
panels (A-I). Each dot in the graph represents a single larva. Data were analyzed using ANOVA with Tukey’s
test for multiple comparisons, * p < 0.05, ** p <0.01, *** p <0.001, **** p <0.0001.

All these findings together point to the role of Hdc as a negative regulator of the insulin/mTOR
pathway in the niche and propose that when Hdc function declines, the insulin/mTOR pathway will
be continuously active, which would in turn trigger lamellocyte differentiation in the lymph gland

and their subsequent release into the hemolymph.
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4.1.2. Hdc depletion causes apoptosis in the hematopoietic niche

PSC size has been reported to increase when the insulin/mTOR pathway is continuously active in
the hematopoietic niche (Benmimoun et al. 2012; Y. Tokusumi et al. 2012; Kaur et al. 2019). This
was also observed in our experiments when we activated the insulin/mTOR pathway in the niche
by overexpressing Pi3KCa or silencing Pten (Fig 17A-17C and quantified in 17H). Nonetheless,
this phenotype is not observed in co/>hdcRNAi larvae (Fig 17D and quantified in 17H) (Varga et
al. 2019), which seems to contradict our theory that silencing Adc leads to a continuous activation
of the insulin/mTOR pathway in the niche.

One possible explanation for this phenomenon is that hdc silencing may cause cell death, which
conceals the increase in size caused by the constant activity of the insulin/mTOR pathway. To
investigate this possibility, we expressed the apoptosis inhibitor p35 simultaneously while
silencing Adc in the niche. Indeed, we observed that this restored PSC cell number in col/>hdcRNAi
larvae, without causing any difference in control larvae (Fig 17E and 17F, and quantified in 17H),
implying that our hypothesis was correct. Furthermore, we found that depleting Hdc in the niche
of col>PtenRNAi larvae reduces its size to normal in these animals (Fig 17G and quantified in
17H), demonstrating that cell death due to the loss of #dc compensated for the increase in niche

size resulting from the insulin/mTOR pathway activation.
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Fig 17. hdc silencing causes apoptosis in the hematopoietic niche. (A-C) An enlargement of the PSC is
observed when the insulin/mTOR pathway is activated by expressing Pi3Kca (UAS-Pi3K92E.CAAX;
Pcol85-Gal4, UAS-GFP/+) (average number of PSC cells = 75, n=16) (B) or silencing Pten (Pcol85-Gal4,
UAS-GFP/+; UAS-PtenRNAi) (average number of PSC cells = 66, n = 22) (C) in comparison to the control
(Pcol85-Gal4, UAS-GFP/+) (average number of PSC cells = 31, n = 14) (A). (D-F) Silencing Adc alone
does not alter PSC size (Pcol85-Gal4, hdcRNAi/+; UAS-2xEGFP/+) (average number of PSC cells =28, n
= 14) (D), while simultaneous overexpression of the apoptosis inhibitor p35 increases PSC cell numbers
(Pcol85-Gal4,hdcRNAi/+; UAS-2xEGFP/UAS-p35) (average number of PSC cells = 59, n = 16) (E), a
phenotype not observed in case p35 is overexpressed alone (Pcol85-Gal4, UAS-GFP/+; UAS-p35/+)
(average number of PSC cells = 36, n = 14) (F). (G) Silencing idc simultaneously with Pfen reduces PSC
size of col>PtenRNAi larvae to normal (Pcol85-Gal4, hdcRNAi/+; UAS-2xEGFP/UAS-PtenRNAi) (average
number of PSC cells = 30, n = 14) (blue: nuclei, green: PSC, red: lamellocytes). n refers to the number of
lymph gland lobes analyzed. Scale bar: 20 um. (H) A scatter dot plot showing PSC cell number in larvae
from the genotypes presented in panels (A-G). Each dot in the graph represents a PSC from one lymph gland
lobe. Data were analyzed using ANOVA with Tukey’s test for multiple comparisons, ** p < 0.01, *¥*** p <
0.0001, ns: non-significant.

4.1.3. hdc silencing causes ROS accumulation in the niche of the lymph gland, which in turn

triggers lamellocyte differentiation

The overactivation of the insulin/mTOR pathway leads to higher levels of protein production,
which can overload the cell machinery and create a status of cellular stress (Giannios & Casanova
2021). In the hematopoietic niche of the lymph gland, activation of the insulin/mTOR pathway
results in ROS buildup, which acts as a non-cell-autonomous signal that triggers the differentiation
of progenitors (Sinenko et al. 2012; Kaur et al. 2019).

To investigate whether Adc silencing in the niche results an elevation in ROS levels, we utilized
the gstD-GFP reporter, a transgenic line where the expression of GFP is driven by the Glutathione
S transferase DI gene enhancer, which is sensitive to oxidative changes in the cell (Sykiotis &
Bohmann 2008). As anticipated, we found that the gstD-GFP is upregulated in the niche of
col>hdcRNAi larvae in comparison to control larvae (Fig 18A-18B’ and quantified in 18C).
Moreover, another sensor for cellular stress, Thor-lacZ, which is directly regulated by the levels of
Forkhead box O (Foxo) transcription factor (that gets elevated in response to ROS accumulation)
(Jiinger et al. 2003; Puig et al. 2003; Teleman et al. 2008; Sinenko et al. 2012) is activated in the
niche of these larvae (Fig 18D-18E’ and quantified in 18F), proving that the niche is under an

oxidative stress status when Hdc is depleted.
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Fig 18. hdc silencing in the niche elevates ROS levels in it. (A-B”) Silencing hdc results in the activation
of the gstD-GFP reporter in the PSC (Pcol85-Gal4, UAS-hdcRNAIi/gstD-GFP) (number of lobes =14) (B-
B’), in comparison to the control (Pcol85-Gal4/gstD-GFP) (number of lobes = 20) (A-A’) (blue: nuclei,
green: ROS, magenta: Collier). (C) A scatter dot plot showing the fold change (average = 3.2 folds) increase
in the mean fluorescence intensity (MFI) of gstD-GFP in the PSC of col>hdcRNAi (Pcol85-Gal4, UAS-
hdcRNAI/gstD-GFP) larvae in comparison to the control (Pcol85-Gal4/gstD-GFP). Each dot in the graph
represents a PSC from one lobe. Data were analyzed using two-tailed unpaired Student’s t-test, **** p <
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0.0001. (D-E’) Silencing hdc induces the transcription of Thor as detected by an anti-lacZ staining for the
Thor-lacZ reporter (Pcol85-Gal4, UAS-hdcRNAI/Thor-lacZ) (number of lobes = 10) (E-E’) in comparison
to the control (Pcol85-Gal4/Thor-lacZ) (number of lobes = 10) (D-D’) (blue: nuclei, green: PSC, red: Thor-
LacZ). (F) A Scatter dot plot showing the fold change (average = 3.8 folds) increase in MFI of Thor-LacZ
in the PSC cells of col>hdcRNAi (Pcol85-Gal4, UAS-hdcRNAI/Thor-lacZ) larvae compared to the control
(Pcol85-Gal4/Thor-lacZ). Each dot in the graph represents a PSC from one lobe. Data were analyzed using
two-tailed unpaired student’s t-test, **** p <0.0001.

Next, we asked whether ROS buildup in the niche of col>hdcRNAi larvae is the reason behind
lamellocyte differentiation. To investigate this, we overexpressed the Catalase enzyme that
degrades ROS, and the FoxO transcription factor that upregulates the expression of antioxidant
enzymes (Finkel & Holbrook 2000; Nemoto & Finkel 2002) in co/>hdcRNAi larvae. We found that
overexpressing either of these factors rescued lamellocyte differentiation in the lymph gland and
decreased circulating lamellocyte numbers (Fig 19A-19C and 19A’-19C’ and quantified in 19G
and 19G’). We also observed that knocking down foxo simultaneously with Adc in the niche
increases lamellocyte differentiation (Fig 19D-19E and 19D’-19E’ and quantified in 19G and
19G’), further evidence that the niche-specific buildup of ROS promotes lamellocyte
differentiation upon Adc knockdown. Previously, it was shown that high levels of ROS in the niche
triggers the secretion of the EGFR pathway ligand Spitz (Spi), which binds to its receptors in the
MZ and causes the differentiation of progenitors into lamellocytes (Kaur et al.bsk, 2019; Sinenko
etal., 2012). However, in our experiments, silencing spi does not rescue lamellocyte differentiation
in col>hdcRNAi larvae (Fig 19F and 19F’ and quantified in 19G and 19G’), which indicates the
implication of either another EGFR ligand or another non-cell-autonomous mechanism. All the
above imply that the activation of the insulin/mTOR pathway in co/>hdcRNAi larvae causes
cellular stress and excess production of ROS, which in turn triggers lamellocyte differentiation

non-cell-autonomously.
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Fig 19. hdc mutant lamellocyte phenotype is affected by ROS levels in the niche. (A-C) Overexpressing
Cat (Pcol85-Gal4, UAS-hdcRNAi/UAS-Cat) (n = 9) (B) and foxo (Pcol85-Gal4, UAS-hdcRNAi/UAS-foxo)
(n = 10) (C) rescue lamellocyte differentiation in the lymph glands of co/>hdcRNAi (Pcol85-Gal4, UAS-
hdcRNAi/~+) larvae (n = 7) (A). (D-E) Silencing foxo alone in the niche does not lead to lamellocyte
differentiation in the lymph gland (Pcol85-Gal4/+; UAS-foxoRNAi/+) (n = 9) (D), while silencing it
together with Adc enhances idc mutant lamellocyte phenotype in the lymph gland (Pcol85-Gal4, UAS-
hdcRNAi/+; UAS-foxoRNAi/+) (n = 10) (E). (F) Silencing spi does not affect lamellocyte differentiation in
col>hdcRNAi lymph glands (Pcol85-Gal4, UAS-hdcRNAi/UAS-spiRNAi) (n = 7) (blue: nuclei, red:
lamellocytes). n refers to the number of lymph glands analyzed. Scale bar: 20 pm. (G) A bar graph showing
the percentage of lymph glands from the genotypes in the panels (A-F) categorized into lymph glands with
0 lamellocytes, lymph glands with 5 or fewer lamellocytes, and lymph glands containing more than 5
lamellocytes. (A’-C”) Overexpressing Cat (Pcol85-Gal4, UAS-hdcRNAi/UAS-Cat) (0.25% (n =40)) (B’) or
foxo (Pcol85-Gal4, UAS-hdcRNAi/UAS-foxo) (0.08% (n = 51)) (C’) rescue lamellocyte release into the
circulation in response to hdc silencing (Pcol85-Gal4, UAS-hdcRNAi/+) (2% (n = 69)) (A’). (D’-E’)
Silencing foxo alone in the niche does not lead to lamellocyte appearance in the circulation (Pcol85-Gal4/~+;
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UAS-foxoRNAi/+) (0.19% (n = 15)) (D), while silencing it together with idc increases significantly the
number of lamellocytes present in the circulation of co/>hdcRNAi animals (Pcol85-Gal4, UAS-hdcRNAi/+;
UAS-foxoRNAi/+) (4.8% (n = 54)) (E’) (F’). Silencing spi in the niche does not affect lamellocyte numbers
in col>hdcRNAi larvae circulation (Pcol85-Gal4, UAS-hdcRNAi/UAS-spiRNAi) (2.8% (n = 24) (blue: nuclei,
red: lamellocytes). n refers to the number of larvae analyzed. Scale bar: 20 um. (G’) A Scatter dot plot
quantifying lamellocyte numbers in larvae from the genotypes in the panels (A’-F”). Each dot in the graph
represents a single larva. Data were analyzed using ANOVA with Tukey’s test for multiple comparisons, **
p <0.01, *** p <0.001, **** p <0.0001, ns: non-significant.

4.2. Characterizing the role of Hdc in the medullary zone

4.2.1. hdc expression disappears from the anterior lobes of the lvmph gland in response to

immune induction

Previously, our colleagues have shown that Adc has a unique expression pattern in the lymph gland
during development (Fig 20A-20A"") (Varga et al. 2019). In the second instar larva, hdc is
expressed in most cells of the anterior lobes. However, Adc expression starts to disappear from the
edges of the anterior lobes during as the CZ starts to form at the beginning of third instar larval
stage, until it ceases totally by the end of the third larval stage when progenitors begin to
differentiate, and the lymph gland prepares to disintegrate and release its content into the
circulation. These observations intrigued us to investigate Adc expression in the lymph gland after
immune induction with the Leptopilina boulardi parasitic wasp. Because the anterior lobes of the
lymph gland were shown to disperse 20 hours following wasp induction (Louradour et al. 2017),
we looked at lymph glands 16 hours post wasp infestation (hpi). Indeed, Adc expression was
completely reduced in the anterior lobes of the lymph gland at this timepoint (Fig 20B-20C” and
quantified in 20D). This change in the pattern of Adc expression during development and after
immune induction suggests that sdc expression needs to be turned down in progenitors to allow
their differentiation. This observation also implies that Hdc, independent from its non-cell-
autonomous role in the niche, may play a cell-autonomous role in the MZ progenitors in

suppressing their premature differentiation.

47



Naive NETIV
2"dinstar hdc>GFP 3"dinstar hdc>GFP

D 3
D ——
n. *kk
w
(G)
3, .
24 .
5% 2
o .2
@ =
Naive hdc>GFP <3
c
S
o
2 g 0
L 0%,
s o
[
L]
0 .AQ: S
L &

16h Pl hdc>GFP

Fig 20. hdc expression during development and following immune induction. (A-A”) hdc>GFP
expression decreases in the anterior lobes of the lymph gland during development until it vanishes
completely in late third stage wondering larvae (UAS-mCD8::GFP; hdc"”-Gal4) (green: hdc). (B-C”)
hdc>GFP expression disappears from the anterior lobes of the lymph gland 16 hpi) (C-C”’) in comparison
to naive control lymph glands (U4S-mCDS::GFP; hdc'’-Gal4) (number of lobes = 10) (B-B”") (blue: nuclei,
green: hdc, red: Col). Scale bar: 20 um. (D) A scatter dot plot showing the fold change decrease (average =
-12.5 folds) in MFI of hdc>GFP in the anterior lymph gland lobes of wasp infested (16 hpi) larvae compared
to the control (UAS-mCD8::GFP; hdc'®-Gal4). Each dot in the graph represents one anterior lobe. Data
were analyzed using two-tailed unpaired Student’s t-test, *** p < 0.001.

4.2.2. hdc knockdown in the MZ but not the 1Z leads to lamellocyte differentiation at the

expense of crystal cells

To examine the possibility of a cell-autonomous function of Hdc in the MZ progenitors, we silenced
hdc using the MZ-specific driver domeMESO-Gal4 and investigated progenitor differentiation in
these larvae. We observed lamellocyte differentiation in the lymph gland, as well as the appearance

of these cells in the circulation (Fig 21A, 21B, 21E and 21F, and quantified in 21D and 21H),
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suggesting that Hdc is required cell-autonomously in the progenitors to suppress their premature
differentiation.

Notably, when we silenced hdc using CHIZ-Gal4 in the 1Z intermediate progenitors, which are
more differentiated than MZ progenitors (Spratford et al. 2021), lamellocytes did not differentiate
(Fig 21C and 21G and quantified in 21D and 21H). This aligns with our co-expression
experiments, in which we found that 4dc shows opposing expression to Hml:DsRed (Fig 211-I’),
and highlights that #dc functions in MZ but not in IZ progenitors as a suppressor of differentiation.
Furthermore, although we did not observe a difference in the area occupied by P1 positive
plasmatocytes in domeMESO>hdcRNAi lymph glands (S1A and S1B Fig, quantified in S1D), we
found a significant decrease in the crystal cell index as compared to the control (S1E and S1F Fig,
quantified in S1H), suggesting that the differentiation of progenitors into lamellocytes reduces the

rate of their differentiation into crystal cells.

D 1009 — [ | Il > 5 lamellocytes
] 75+ [[71< 5 lamellocytes
c
% [1 0lamellocytes
-

o -
£ 50
>
2 25-
g
0 T T T
N N
F & &
c?s‘ ‘&s @&
. 7 ) g v
Control domeMESO>HdcRNAI CHIZ>hdcRNAI @“5’ &
<
boe
c
S 25
ko
=3
£20
S
2
<15
£ ™
o .
1 .
s :
25 :
£ s
5 ol— = -
- & &
O O \C*
Control domeMESO>hdcRNAI CHIZ>hdcRNAi AR
AR
\% o

hdc>GFP/Hml:DsRed

Fig 21. A new role for Hdc in the MZ. (A-C) Silencing Adc in the MZ leads to lamellocyte differentiation
in the lymph gland (UAS-hdcRNAi/+; domeMESO-GAL4, UAS-2xEGFP/+) (n = 10) (B), while lamellocytes
are not detected in the control (domeMESO-GAL4,UAS-2xEGFP/+) (n = 10) (A), or when Adc is silenced
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using the CHIZ-Gal4 specific for the [Z (CHIZ-Gal4/UAS-hdcRNAiQ) (n = 8) (C) (blue: nuclei, green: MZ,
red: lamellocytes). n refers to the number of lymph glands analyzed. Scale bar: 20 um. (D) A bar graph
showing the percentage of lymph glands from the genotypes presented in panels (A-C) categorized into
lymph glands with 0 lamellocytes, lymph glands with 5 or fewer lamellocytes, and lymph glands containing
more than 5 lamellocytes. (E-G) Silencing idc in the MZ leads to the appearance of lamellocytes in the
circulation (UAS-hdcRNAi/+; domeMESO-GAL4, UAS-2xEGFP/+) (1.8% (n=50)) (F), which are normally
not present in the control (domeMESO-GAL4, UAS-2xEGFP/+) (0.04% (n = 33)) (E), or when Adc is
silenced using the CHIZ-Gal4 specific for the 1Z (CHIZ-Gal4/UAS-hdcRNAi) (0.06% (n = 22)) (G) (blue:
nuclei, red: lamellocytes). n refers to the number of larvae analyzed. Scale bar: 20 um. (H) A scatter dot plot
showing the percentage of lamellocytes in the circulation of larvae from the genotypes presented in panels
(E-G). Each dot in the graph represents one single larva. Data were analyzed using ANOVA with Tukey’s
test for multiple comparisons, **** p < 0.0001, ns: non-significant. (I-I"*) Adc>GFP shows complementary
expression to the CZ marker Hml:DsRed (UAS-mCDS::GFP; hdc"’-Gal4/Hml:DsRed) (n = 8) (blue: nuclei,
green: hdc, red: CZ). n refers to the number of lymph glands analyzed. Scale bar: 20 pm.

Collectively, these findings propose a novel, cell-autonomous function for Hdc in MZ progenitors
but not the 1Z progenitors, to support their maintenance. When Hdc is depleted in MZ cells,

progenitors differentiate into lamellocytes instead of crystal cells.

4.2.3. Depleting Hdc leads to ROS accumulation in the lymph gland

After identifying a new cell-autonomous role for Hdc in the MZ progenitors, we sought to
understand the mechanism behind their differentiation into lamellocytes. Since we found that ROS
accumulates in the niche in response to Adc silencing, we wanted to examine whether knocking
down of Adc in the MZ induces a similar phenotype. To assay this, we investigated gstD-GFP
expression in larvae where hdc was silenced with the MZ-specific domeMESO-Gal4 driver. A clear
induction of gstD-GFP was observed in the anterior lobes of domeMESO>hdcRNAi lymph glands
(Fig 22A and 22B, quantified in 22C). The same was observed in the lymph glands of homozygous
hdc”®® null larvae carrying the gstD-GFP reporter (Fig 22D and 22E, quantified in 22F), suggesting
that Hdc depletion in the progenitors leads to ROS buildup. However, unlike in the niche, we did
not observe an induction in Thor-LacZ reporter upon depleting Hdc in the MZ (S1I and S1J Fig,
quantified in S1K), suggesting a different response of the progenitors to Hdc depletion as opposed
to PSC cells.
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Fig 22. The induction of gstD-GFP by hdc loss-of-function. (A-B) Silencing of Adc in the MZ leads to
higher levels of ROS in the anterior lobes of the lymph gland as visualized by the gstD-GFP reporter (UAS-
hdcRNAi/gstD-GFP; domeMESO-GAL4/+) (number of lobes = 14) (B) in comparison to the control (gstD-
GFP/+; domeMESO-GAL4/+) (number of lobes = 12) (A) (green: ROS). Scale bar: 20 um. (C) A scatter
dot plot showing the fold change increase (average = 3.1 folds) in the MFI of gstD-GFP per anterior lobe
of domeMESO>hdcRNAi (UAS-hdcRNAi/gstD-GFP; domeMESO-GAL4/+) larvae in comparison to the
control (gstD-GFP/+,; domeMESO-GAL4/+). Each dot in the graph represents one anterior lobe. Data were
analyzed using two-tailed unpaired student’s t-test, **** p < 0.0001. (D-E) hdc"** null mutant shows higher
levels of ROS in the anterior lobes (gstD-GFP; hdc"**) (number of lobes = 16) (E) in comparison to the
control (gstD-GFP) (number of lobes = 10) (D) (green: ROS). Scale bar: 20 um. (F) A scatter dot plot
showing the fold change increase (average = 2.7 folds) in the MFI of gstD-GFP per anterior lobe of hdc"*
mutant larvae (gstD-GFP; hdc”**) in comparison to the control (gstD-GFP). Each dot in the graph represents
one anterior lobe. Data were analyzed using two-tailed unpaired student’s t-test, **** p <(.0001.

To determine whether elevated ROS levels in the progenitors are the reason behind their early
differentiation upon Hdc depletion, we overexpressed the ROS scavenging enzyme Catalase, and
found that this suppresses lamellocyte differentiation in domeMESO>hdcRNAi larvae (Fig 23A,
23B, 23A’, 23B’, and quantified in 23D and 23D’). This suggests that similarly to the niche, ROS
functions as a signaling molecule in the MZ in response to Aidc silencing. Notably, overexpression
of foxo in the MZ also significantly decreases the number of lamellocytes in the lymph gland and in
the circulation in domeMESO>hdcRNAi larvae (Figs 23C and 23C’, quantified in 23D and 23D°).

This is probably because foxo overexpression directs progenitor differentiation into plasmatocytes
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and crystal cells, as reported in the literature and replicated in our experiments (S3C and S3G Fig,

quantified in S3D and S3H), which might shift progenitors from differentiating into lamellocytes.
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Fig 23. Lamellocyte differentiation in response to Adc silencing in the MZ is rescued by scavenging
ROS. (A-C) Overexpression of Cat (UAS-hdcRNAi/UAS-Cat; domeMESO-GAL4, UAS-2xEGFP/+) (n = 8)
(B) or foxo (UAS-hdcRNAi/UAS-foxo, domeMESO-GAL4, UAS-2xEGFP/+) (n =9) (C) rescues lamellocyte
differentiation in the lymph gland of domeMESO>hdcRNAi larvae (UAS-hdcRNAi/+,; domeMESO-GALA,
UAS-2xEGFP/+) (n = 8) (A) (blue: nuclei, green: MZ, red: lamellocytes). n refers to the number of lymph
glands analyzed. Scale bar: 20 um. (D) A bar graph showing the percentage of lymph glands from the
genotypes presented in panels (A-C) categorized into lymph glands with 0 lamellocytes, lymph glands with
5 or fewer lamellocytes, and lymph glands containing more than 5 lamellocytes. (A’-C”) Overexpression of
Cat (UAS-hdcRNAi/UAS-Cat; domeMESO-GAL4, UAS-2xEGFP/+) (0.2% (n = 24)) (B’) or foxo (UAS-
hdcRNAi/UAS-foxo; domeMESO-GAL4, UAS-2xEGFP/+) (0% (n = 22)) (C’) reduces lamellocyte numbers
in the circulation of domeMESO>hdcRNAi larvae (UAS-hdcRNAi/+; domeMESO-GAL4, UAS-2xEGFP/+)
(2.4% (n=21)) (A’) (blue: nuclei, red: lamellocytes). n refers to the number of larvae analyzed. Scale bar: 20
um. (D”) A scatter dot plot showing the percentage of lamellocytes in the circulation of larvae from the
genotypes presented in panels (A’-C’). Each dot in the graph represents one single larva. Data were analyzed
using ANOVA with Tukey’s test for multiple comparisons, *** p < 0.001.

All the above suggests that similarly to the niche, ROS acts as a signaling molecule in the MZ upon
hdc silencing, which triggers lamellocyte differentiation. This agrees with previous literature
showing that ROS functions as a cell-autonomous signal in the progenitors to induce their

differentiation (Owusu-Ansah & Banerjee 2009).
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4.2.4. Hdc functions upstream to distinct signaling pathways in the MZ than in the PSC

Since we found earlier that Hdc negatively regulates the insulin/mTOR pathway in the niche, we
explored whether Hdc may play a similar role in the MZ. First, we silenced unk alone or together
with Adc in the MZ and investigated lamellocyte differentiation in the lymph gland and circulation
of the larvae. Unexpectedly, we observed that lamellocyte differentiation is not significantly
affected by silencing unk alone in the MZ (Fig 24A, 24B, 24A’, and 24B’, quantified in 241, and
240°). Furthermore, wunk silencing does not boost lamellocyte differentiation in
domeMESO>hdcRNAi larvae (Fig 24C and 24C’, quantified in 241, and 241’). Added to that,
inhibition of the insulin/mTOR pathway by silencing of Akt and raptor in MZ fail to rescue hdc
loss-of-function phenotype (Fig 24D, 24E, 24D’, and 24E’, quantified in 241, and 24I’),

excluding the insulin/mTOR pathway engagement downstream to idc in the MZ.

An earlier work revealed that the activity of the EGFR pathway in the MZ is indispensable for
progenitor immune response to wasp parasitization (Louradour et al. 2017). Another study has
found that elevated ROS levels in the MZ promote progenitor differentiation by activating the JINK
pathway and decreasing the adhesion molecule E-cadherin (E-cad) levels in progenitors (Owusu-
Ansah & Banerjee 2009). Therefore, we investigated if these pathways are involved in lamellocyte
differentiation in response to idc knockdown in the MZ. We discovered that blocking the EGFR
and JNK pathways by expressing a dominant negative version of EGFR or Bsk (the only known
JNK in Drosophila), respectively, rescues the hdcRNAi-induced lamellocyte differentiation (Fig
24F, 24G, 24F’, and 24G’, quantified in 241, and 241’). Similar results were observed when the
adherens junction protein E-cad was overexpressed in the progenitors (Fig 24H and 24H’, and

quantified in 241, and 240°).
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Fig 24. Hdc functions upstream to distinct pathways in the MZ. (A-C) Unlike silencing /4dc in the MZ
(UAS-hdcRNAi/+; domeMESO-GAL4, UAS-2xEGFP/+) (n=T7) (A), silencing unk does not lead to significant
lamellocyte differentiation in the lymph gland (UAS-unkRNAi/+,; domeMESO-GAL4, UAS-2xEGFP/+) (n =
7) (B), and silencing unk and hdc together does not enhance sdc phenotype (UAS-hdcRNAi/UAS-unkRNAi,
domeMESO-GAL4, UAS-2xEGFP/+) (n = 7) (C). (D-H) Silencing of Akt (UAS-hdcRNAi/+; domeMESO-
GAL4,UAS-2xEGFP/UAS-AktRNAi) (n = 8) (D) or raptor (UAS-hdcRNAi/+; domeMESO-GAL4,UAS-
2xEGFP/UAS-raptorRNAi) (n = 7) (E) has no suppressor effect, while expression of a dominant negative
version of EGFR (UAS-hdcRNAi/UAS-EGFR.DN; domeMESO-GAL4,UAS-2xEGFP/UAS-EGFR.DN) (n =
9) (F), or bsk (UAS-hdcRNAi/+; domeMESO-GAL4,UAS-2xEGFP/UAS-bsk53R) (n = 7) (G), or
overexpression of E-cad (UAS-hdcRNAi/+; domeMESO-GAL4, UAS-2xEGFP/UAS-E-cad) (n=9) (H) rescue
domeMESO>hdcRNAi phenotype in the lymph gland (blue: nuclei, green: MZ, red: lamellocytes). n refers
to the number of lymph glands analyzed. Scale bar: 20 um. (I) A bar graph showing the percentage of lymph
glands from the genotypes presented in panels (A-H) categorized into lymph glands with 0 lamellocytes,
lymph glands with 5 or fewer lamellocytes, and lymph glands containing more than 5 lamellocytes. (A’-C’)
Unlike silencing Adc in the MZ (UAS-hdcRNAi/~+; domeMESO-GAL4, UAS-2xEGFP/+) (3.268 (n = 66))
(&), silencing unk does not cause lamellocyte appearance in the circulation (UAS-unkRNAi/+,; domeMESO-
GAL4,UAS-2xEGFP/+) (0.8% (n = 59)) (B’), and silencing unk and hdc together does not significantly
enhance lamellocyte numbers in domeMESO>AdcRNAi larvae (2.3% (n = 34)) (C’). (D’-H’) Silencing Akt
(UAS-hdcRNAi/+; domeMESO-GAL4, UAS-2xEGFP/UAS-AktRNAi) (5.3% (n = 17)) (D’) or raptor (UAS-
hdcRNAi/+; domeMESO-GAL4, UAS-2xEGFP/UAS-raptorRNAi) (2.4% (n = 22)) (E”) does not suppress the
phenotype of domeMESO>hdcRNAi larvae, while expressing a dominant negative version of EGFR (UAS-
hdcRNAi/UAS-EGFR.DN; domeMESO-GAL4,UAS-2xEGFP/UAS-EGFR.DN) (0% (n = 26)) (F), or bsk
(UAS-hdcRNAi/+; domeMESO-GAL4,UAS-2xEGFP/UAS-bsk53R) (0.01% (n = 26)) (G’), as well as
overexpression of E-cad (UAS-hdcRNAi/+; domeMESO-GAL4, UAS-2xEGFP/UAS-E-cad) (0.03% (n = 19))
(H’) have a significant suppressor effect (blue: nuclei, red: lamellocytes). n refers to the number of larvae
analyzed. Scale bar: 20 um. (I’) A scatter dot plot showing percentage of lamellocytes in the circulation of
larvae from the genotypes presented in panels (A’-H’). Each dot in the graph represents one single larva. Data
were analyzed using ANOVA with Tukey’s test for multiple comparisons, *** p <0.001, ns: non-significant.

Notably, inhibiting the EGFR and JNK pathways or overexpressing E-cad in the PSC did not affect
lamellocyte differentiation in col/>hdcRNAi larvae (Fig 25A-25D and Fig 25A°-25D°, quantified
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in Fig 25E and Fig 25E’), indicating that unique pathways are activated upon silencing /dc in the
MZ than in the PSC.
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Fig 25. The interaction between Hdc and the EGFR, JNK and E-cad signaling in the PSC. (A’-D’)
Expressing a dominant negative version of EGFR (Pcol85-Gal4, UAS-hdcRNAi/UAS-EGFR.DN; UAS-
EGFR.DN/+) ((n = 8)) (B’), or bsk (Pcol85-Gal4, UAS-hdcRNAi/+; UAS-bsk53R/+) (n = 9) (C’), or
overexpressing E-cad (Pcol85-Gal4, UAS-hdcRNAi/+; UAS-E-cad/+) (n = 6) (D’) does not affect
lamellocyte differentiation in the lymph glands of col>AdcRNAi larvae (Pcol85-Gal4, UAS-hdcRNAi/+) (n
= 8) (A’) (blue: nuclei, red: lamellocytes). n refers to the number of lymph glands analyzed. Scale bar: 20
um. (E’) A bar graph showing the percentage of lymph glands from the genotypes presented in panels (A’-
D’) categorized into lymph glands with 0 lamellocytes, lymph glands with 5 or fewer lamellocytes, and
lymph glands containing more than 5 lamellocytes. (A-D) Expressing a dominant negative version of EGFR
(Pcol85-Gal4, UAS-hdcRNAi/UAS-EGFR.DN; UAS-EGFR.DN/+) (1.3% (n = 25)) (B), or bsk (Pcol85-
Gal4, UAS-hdcRNAi/+; UAS-bsk53R/+) (2.3% (n=21)) (C), or overexpressing E-cad (Pcol85-Gal4, UAS-
hdcRNAi/+; UAS-E-cad/+) (1% (n = 19)) (D) does not affect lamellocyte differentiation in the circulation
of col>hdcRNAi larvae (Pcol85-Gal4, UAS-hdcRNAi/+) (1.3% (n = 57)) (A) (blue: nuclei, red:
lamellocytes). n refers to the number of larvae analyzed. Scale bar: 20 pm. (E) A scatter dot plot showing
lamellocyte numbers in larvae from the genotypes presented in panels (A-D). Each dot in the graph
represents a single larva. Data were analyzed using ANOVA with Tukey’s test for multiple comparisons, ns:
non-significant.

4.3. Screening for new interacting partners of Hdc

As mentioned earlier, Unk and Raptor are the only two proteins described to interact with Hdc in
Drosophila (N. Li et al. 2019). For this reason, one of our aims was to search for novel interactors
of Hdc using LC-MS/MS. Since the hdc gene was shown to encode for two isoforms, a long one
and a short one, through bypassing the translational termination at an internal UAA stop codon
(Steneberg & Samakovlis 2001), we created three HA-tagged UAS transgenes encoding for the
short isoform only (UAS-hdcRA_STOP), the short and long isoforms both by including the full
cDNA of the hdc gene containing the internal stop codon (UAS-hdcRC STOP), and a third one
coding for the long one only by deleting the internal stop codon present in the full cDNA of the
hdc gene (UAS-hdcRC_NOSTOP).

When we expressed these transgenes using Actin driver to test their functionality, only the short
isoform could be detected to be expressed from UAS-hdcRA STOP and UAS-hdcRC STOP
transgenes in extracts from whole third instar stage larvae (Fig 26A). For this reason, we continued
with UAS-hdcRA_STOP, the transgene coding for the short isoform only. Since Adc null allele
hdc”3 and the enhancer trap hdc'® are pupal lethal in homozygous conditions and in combination
with each other (Varga et al. 2019), we tested whether the expression of the HA tagged short
isoform of Hdc can rescue this lethality. Certainly, we found that expressing the short isoform was

enough to rescue the lethality of the hdc?®*/hdc’® combination with 100% penetrance (Data not
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shown). Moreover, expressing the short isoform was sufficient to rescue the lamellocyte

differentiation observed in these larvae as well (Fig 26B), suggesting that the short isoform of Hdc

is adequate for proper Hdc function in the lymph gland.
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Fig 26. Screening for new Hdc interacting partners. (A) a western blot showing the HA-tagged Hdc
larvae from the genotypes UAS-hdcRA STOP/Actin-Gal4, UAS-mCherry, UAS-

protein in

hdcRC STOP/Actin-Gal4, UAS-mCherry, UAS-hdcRC _NOSTOP/Actin-Gal4, UAS-mCherry in addition to
the negative control +/Actin-Gal4, UAS-mCherry. Arrows refer to the expected sizes of the short HA tagged
Hdc isoform (~70kDa) and the long one (~130 kDa). (B) A scatter dot plot showing the percentage of
lamellocytes in the circulation of larvae from the genotypes hdc”*/hdc’*-Gal4 (1.1% n = 32) and UAS-
hdcRA_STOP/+; hdc™*/hdc"-Gal4 (0.15% n = 25). n refers to the number of larvae analyzed. Each dot in
the graph represents one single larva. Data were analyzed using two-tailed unpaired Student’s t-test, **** p

<0.0001.
After validating the functionality of the UAS-hdcRA_STOP transgene, we used it to search for new

interactors of Hdc using liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis,
where HA-tagged Hdc proteins were immunopercipitated using anti-HA beads, and the proteins
bound to the beads were identified using mass spectrometry. After scoring the candidate proteins
by their peptide count (number of peptides that were identified from each protein/number of total
peptides in the experiment) and coverage (number of amino acids of a candidate protein covered
in the experiment/total number of amino acids in the protein), we got a list of around 468 top
candidates (S3 Table). Notably, RNA processing, ribosome binding, translation initiation, and

protein folding were among the most enriched GO terms in the gene ontology (GO) analysis of the
predicted molecular functions of these proteins (Table 1).
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Table 1. The gene ontology terms enriched in the list of top 468 Hdc candidate partners. Data were
analyzed using STRING functional enrichment analysis (https://string-db.org/).

GO-term term description observed background | strength false
gene count gene count discovery
rate
GO:0003735 | Structural constituent of ribosome 92 173 1.22 9.89E-69
GO0:0005198 | Structural molecule activity 113 575 0.78 5.57E-48
GO:0003723 | RNA binding 115 652 0.74 6.83E-45
GO:1901363 | Heterocyclic compound binding 207 2800 0.36 8.89E-31
GO0:0097159 | Organic cyclic compound binding 207 2825 0.35 2.45E-30
G0:0003676 | Nucleic acid binding 147 1794 0.4 1.17E-23
GO:0005488 | Binding 292 5541 0.21 2.77E-23
GO0O:0003729 | mRNA binding 30 233 0.6 0.000000287
GO:0019843 | rRNA binding 13 39 1.01 0.00000132
GO:0000166 | Nucleotide binding 66 958 0.33 0.00000352
G0:0043021 | Ribonucleoprotein complex binding 15 67 0.84 0.00000638
GO:0008135 | Translation factor activity, RNA 15 70 0.82 0.00000975
binding
G0:0036094 | Small molecule binding 70 1087 0.3 0.000011
GO:0017111 | Nucleoside-triphosphatase activity 30 289 0.51 0.0000131
GO0:0032555 | Purine ribonucleotide binding 57 810 0.34 0.0000131
GO0:0035639 | Purine ribonucleoside triphosphate 55 787 0.33 0.0000221
binding
GO0:0044877 | Protein-containing complex binding 33 356 0.46 0.000026
GO:0043168 | Anion binding 64 1003 0.29 0.0000398
GO:0045182 | Translation regulator activity 16 100 0.69 0.0000655
GO0:0003743 | Translation initiation factor activity 11 48 0.85 0.00016
G0:0043022 | Ribosome binding 9 30 0.97 0.00021
GO0:0051082 | Unfolded protein binding 13 81 0.69 0.00058
GO:0008312 | 7S RNA binding 5 6 1.41 0.0009
GO:0016887 | ATP hydrolysis activity 17 143 0.56 0.0009
GO0:0097367 | Carbohydrate derivative binding 59 1009 0.26 0.001

Since we were interested mostly in new interacting partners of Hdc involved in hematopoiesis, we
searched the top LC-MS/MS candidates in Drosophila blood cell regulation literature and selected
only 7 candidates that were mentioned previously to be related to Drosophila hematopoiesis (S3
Table, highlighted in yellow) (Avet-Rochex et al. 2010; Evans et al. 2021). These are Calmodulin
(Cam), eukaryotic translation initiation factor 5B (eIF5B), Chaperonin containing TCP1 subunit 1
(CCT1), eukaryotic translation release factor 3 (eRF3), Heat shock protein cognate 4 (Hsc70-4),
Regulatory particle non-ATPase 11 (Rpnll), and Adaptor protein complex 2 alpha subunit (AP-

2a). To test whether the genes coding for these proteins interact genetically with Adc, we silenced
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them alone or together with Adc in the PSC using co/ driver and checked whether this enhanced or
suppressed co/>hdcRNAi lamellocyte phenotype (Fig 27A). Notably, even though silencing none
of these genes enhances lamellocyte differentiation in co/>hdcRNAi larvae significantly, silencing
4 of them alone (elF5B, CCT1, eRF3, and Hsc70-4) leads to the appearance of lamellocytes in the
circulation of naive larvae, suggesting that they have a role in progenitor maintenance in the lymph

gland.

Moreover, silencing Cam suppresses lamellocyte differentiation in col/>hdcRNAi larvae (Fig 27A),
suggesting that Cam might interact with Hdc and be required for its activity. To validate this
interaction, we co-expressed Hdc-nYFP (Hdc protein tagged with the N-terminal fragment of the
YFP) and Cam-cYFP (Cam tagged with the C-terminal fragment of the YFP), Hdc-nYFP and Unk-
cYFP (positive control), and Hde-nYFP and PCID2-cYFP (negative control) in S2R+ Drosophila
cell line, and assayed for YFP fluorescence. Interestingly, while we did not see a YFP signal in the
negative control (Fig 27B), we could detect a signal in the positive control and in case of expressing

Hdc-nYFP and Cam-cYFP (Fig 27C-27D), indicating that Hdc interacts with Cam.

To validate whether there is a physical interaction between Hdc and Cam, we co-expressed Hdc-
His (Hdc protein tagged with Histidine), and Cam-GST (Cam tagged with glutathione S-transferase
affinity tag), or Hdc-His and GST alone (negative control) and used glutathione beads to precipitate
Cam-GST. Using antibodies specific for GST and His, we examined the presence of both proteins
on the beads. Although we could verify that Cam-GST proteins were attached to the beads (Fig
27E first panel), suggesting that the experimental procedure was successful, we could not detect
Hdc-His on the beads (Fig 27E, second panel), proposing that Hdc and Cam might be interacting

indirectly through other mediator proteins.

59



A 5 5

30,
c r g
£ 25
=] | *k 1 -
-
‘c 1 1
g 20_ *% .
p ' oo g 75 kDa — 75 kDa— 4
g 15. | pr—
o
S .
,ﬂg l**l . 48 kDa —,, 48 kDa — .
8 10'

®
) (3 ) .
E 5. s ® ° L0 -
s e ® ° 25 kDa — 25 kDa—
® .“'_ .
L o0 R

I —
\! N B
St \N‘” v\" @\‘*‘ s‘*‘ W %“‘\“’ v&‘“ %“N“
37‘22\7 :‘, @t‘ ng e e\k;?;,}\i:ag\fw e 9\27 e Anti-GST Anti-His
W L\ AN AN R A
o\7“6° <.°\7 6‘5& c‘,\ 3 3 % ol ('6%“ i&‘-?S
9

7 ¢ X X\
& @

‘ - b
/ Negative control Hdc-nYFP + Unk-cYFP Hdc-nYFP + Cam-cYFP

Fig 27. Validation of potential Hdc interactors. (A) A scatter dot plot showing percentage of lamellocytes
in the circulation of larvae from the genotypes: (Pcol85-Gal4/+) (0.03% (n = 55)), (Pcol85-Gal4,UAS-
hdcRNAi/+) (1.7% (n = 78)), (Pcol85-Gal4/+; UAS-CamRNAi/+) (0% (n = 13)), (Pcol85-Gal4,UAS-
hdcRNAi/+; UAS-CamRNAi/~+) (0.19% (n = 58)), (Pcol85-Gal4/+; UAS-elF5BRNAi/+) (3.2% (n = 19)),
(Pcol85-Gal4,UAS-hdcRNAi/+; UAS-eIF5BRNAi/+) (3.1% (n = 23)), (Pcol85-Gal4/+; UAS-
CCTIRNAi/+) (2.9% (n = 37)), (Pcol85-Gal4,UAS-hdcRNAi/+; UAS-CCTIRNAi/+) (4.5% (n = 23)),
(Pcol85-Gal4/+; UAS-eRF3RNAi/+) (1.8% (n = 38)), (Pcol85-Gal4,UAS-hdcRNAi/+; UAS-eRF3RNAi/+)
(2.2% (n = 30)), (Pcol85-Gal4/+,; UAS-HSC70-4RNAi/+) (1.9% (n = 36)), (Pcol85-Gal4, UAS-hdcRNAi/+;
UAS-HSC70-4RNAi/+) (1.3% (n = 17)), (Pcol85-Gal4/+,; UAS-RpnllRNAi/+) (0.9% (n = 33)), (Pcol85-
Gal4,UAS-hdcRNAi/+; UAS-Rpnll1RNAi/+) (2.3% (n = 12)), (Pcol85-Gal4/+; UAS-AP-2aRNAi/~+) (0.1%
(n=35)), and (Pcol85-Gal4,UAS-hdcRNAi/+; UAS-AP-2aRNAi/+) (0.6% (n = 24)). n refers to the number
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of larvae analyzed. Each dot in the graph represents one single larva. Data were analyzed using ANOVA with
Tukey’s test for multiple comparisons, ** p < 0.01, **** p <(0.0001. (B-D) S2R+ cells co-transfected with
hdc-nYFP and unk-cYFP (C) or hde-nYFP and Cam-cYFP (D) show a positive YFP signal unlike cells co-
transfected with hde-nYFP and PCID2-cYFP (B, negative control) (green: YFP). Scale bar, 100 um. (E) A
western blot detecting GST and His in pull-down samples of Hdc-His and Cam-GST or Hdc-His and GST
alone (negative control), in addition to validating the expression of Hdc-His in the IVTT reaction. Arrows
refer to the expected sizes of Cam-GST (42 kDa), GST (26 kDa) and Hdc-His (70.8 kDa).
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5. Discussion

Despite the differences at the structural level between the Drosophila lymph gland and mammalian
hematopoietic compartments, the signaling pathways responsible for controlling hemocyte
progenitor maintenance are remarkably similar to those found in mammals (Fig 11) (Banerjee et
al. 2019; Kharrat et al. 2022). The lymph gland with its hematopoietic niche (PSC) sending signals
to hemocyte progenitors in the MZ, to regulate their differentiation into effector hemocytes in the
CZ, provides an excellent model to understand the role of these important signaling pathways.
Studies aiming to better understand hemocyte differentiation within the lymph gland are highly
facilitated by transgenic constructs that allow for context-specific manipulation of signaling
pathways and analyzing the resulting phenotype (Lebestky et al. 2003; Crozatier et al. 2004; Jung
et al. 2005; Krzemien et al. 2007; Oyallon et al. 2016).

One of the aims of the work presented in this thesis was to further investigate the previously
reported non-cell-autonomous function of Hdc in the hematopoietic niche. Although it was
documented that PSC-specific silencing of idc leads to the differentiation of lamellocytes that are
typically not present in naive larvae (Varga et al. 2019), the precise mechanism underlying the
phenotype was not previously understood. Here we show that Hdc is required in the PSC to prevent
the overactivation of the insulin/mTOR pathway. This is underlined by the observation that using
the PSC specific driver col to silence Unk, a previously described partner of Hdc involved in the
regulation of the insulin/mTOR pathway (Avet-Rochex et al. 2014; N. Li et al. 2019) led to
lamellocyte differentiation, and that silencing it together with Ahdc significantly increased
lamellocyte numbers (Figs 15A-15D, 16A-16D and quantified in 15J and 16J). Moreover,
inhibition of the insulin/mTOR pathway by knocking down the insulin pathway kinase Akt
(Tsuchiya et al. 2014), or the mTORC1 complex member Raptor (N. Li et al. 2019) rescued the
effect of Hdc depletion (Figs 15G, 15H, 16G, and 16H, and quantified in 15J and 16J), while
hdc overexpression alleviated the phenotype caused by insulin/mTOR pathway overactivation
(Figs 151 and 16I, and quantified in 15J and 16J). These results are in line with previous
observations suggesting that Hdc and Unk bind to the mTOR complex through Raptor to inhibit its
activity in the imaginal discs (N. Li et al. 2019), and are consistent with prior studies revealing that
the continuous activation of the insulin/mTOR pathway in the niche triggers lamellocyte
differentiation in the lymph gland (Figs 15E, 15F, 16F and 16E, and quantified in 15J and 16J).
(Benmimoun et al. 2012; Kaur et al. 2019).
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Interestingly, although it was reported that activation of the insulin/mTOR pathway increases PSC
size (Fig 17A-17C and quantified in 17H) (Benmimoun et al. 2012; Y. Tokusumi et al. 2012;
Kaur et al. 2019), the elevation of niche cell number was not observed in 4dc mutant larvae or in
case of PSC-specific silencing of i4dc (Fig 17D and quantified in 17H) (Varga et al. 2019). A
plausible resolution of this contradiction is that cell death caused by Adc compensates for the
increase of niche cell number. Our observations that overexpression of the apoptosis inhibitor p35
in col>hdcRNAi increased the number of PSC cells significantly, and that knocking down Adc
reduced the PSC size to normal in larvae were the insulin pathway is activated in the niche
(col>PtenRNAi) support this hypothesis (Fig 17E-17G, and quantified in 17H), and also agree
with studies showing that hdc loss-of-function causes apoptosis in the adult progenitor cells
(APCs), as well as in stem cells of the testis and the intestines (Resende et al. 2013, 2017; Giannios
& Casanova 2021).

The continuous activation of the insulin/mTOR pathway increases ribogenesis and protein
synthesis, which in turn leads to cellular stress hallmarked by elevated ROS levels (Kaur et al.
2019; Giannios & Casanova 2021). We found that two markers of oxidative stress, gstD-GFP and
Thor-lacZ become active in the PSC when hdc is silenced (Fig 18A-18B’ and 18D-E’ and
quantified in 18C and 18F). The alleviation of the hematopoietic phenotype resulting from Adc
silencing in the niche through the overexpression of Cat and foxo (Fig 19A-19C and 19A°-19C°
and quantified in 19G and 19G’) suggests that ROS play a key role in lamellocyte differentiation
when Adc function is compromised. These results also suggest that foxo is upregulated in response
to cellular stress in the niche of co/>hdcRNAi larvae (as indicated by the elevation of Thor-lacZ, a
direct reporter of foxo) (Fig 18D-E’ and quantified in 18F), and that this endogenous upregulation
seems to partially compensates lamellocyte differentiation, as we observed that knocking down
foxo results in higher lamellocyte numbers in these larvae (Fig 19D-19E and 19D’-19E’ and
quantified in 19G and 19G’). Collectively, all these results are in accordance with previous
publications showing that higher ROS levels in the niche trigger progenitor differentiation in the
lymph gland (Sinenko et al. 2012; Kaur et al. 2019).

We also showed that idc expression is downregulated in the anterior lobes of the lymph gland in
response to immune induction by parasitic wasp (Fig 20B-20C” and quantified in 20D). This
observation, supported by the former findings of my colleagues that hdc expression is

downregulated in the anterior lobes at the end of larval stages when progenitors prepare to
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differentiate (Varga et al. 2019), agrees with early reports stating that idc expression ceases in the
imaginal cells when they differentiate into adult tissues (Weaver & White 1995). These
observations also brought to our attention a possible cell-autonomous inhibitory role for Hdc in the
MZ progenitors. Notably, we found that knocking down hdc specifically in the MZ progenitors
promotes their differentiation into lamellocytes while reducing the number of crystal cells in the
lymph gland, suggesting that progenitors prioritize lamellocyte fate over differentiation into crystal
cells (Figs 21A, 21B, 21E, 21F, S1E and S1F and quantified in 21D and 21H and S1H), as
previously described (Krzemien et al. 2010).

Although silencing Aidc in both the PSC and MZ leads to higher ROS levels (Figs 18A-18B’, 22A
and 22B and quantified in 18C and 22C), we found that both zones respond differently to Hdc
depletion. For example, the Thor-lacZ reporter, which is activated when Adc function is lost in the
niche, does not respond to MZ specific Adc silencing (S1I and S1J Fig, quantified in S1K).
Moreover, we found that downstream to Adc, distinct signaling pathways are involved in the
phenotype in the MZ than in the PSC (Fig 28). For instance, 4dc knockdown phenotype is not
mediated by the insulin/mTOR pathway in the MZ, but rather by the activity of the EGFR and JNK
pathways, and the levels of the cell adhesion molecule E-cad (Fig 24F-H and 24F’-24H’,
quantified in 241, and 24I”). These results further support the involvement of ROS in response to
hdc loss in the progenitors, as elevated ROS levels in these cells were described to result in
premature differentiation through activating the JNK pathway and lowering the levels of E-cad
junctions. Our results also suggest a previously unknown direct regulatory role of the EGFR

pathway downstream to ROS in the MZ (Owusu-Ansah & Banerjee 2009).
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Fig 28. A graphical summary of the dual effect of Hdc depletion in the lymph gland. In the
hematopoietic niche, silencing idc leads to overactivation of the insulin/mTOR pathway. The consequent
elevation of ROS levels results in impaired progenitor maintenance and differentiation of lamellocytes. The
increase in PSC size as a result of insulin/mTOR activation is compensated by cell death caused by Adc loss-
of-function. Although /dc silencing also leads to the elevation of ROS levels in the medullary zone of the
lymph gland, the insulin/mTOR is not involved in the resulting phenotype. Instead, high levels of ROS
degrade cell-cell connections and induce the activity of the EGFR and JNK pathways leading to lamellocyte
differentiation.

In addition to unveiling the signaling pathways through which Hdc functions in the lymph gland,
we aimed to identify new Hdc interactors. Interestingly, when testing the functionality of our newly
created HA-tagged Hdc transgene isoforms, we found that the short Hdc isoform is able to rescue
both the lethality (Data not shown) and the hematopoietic phenotype of 4dc mutant (Fig 26A).
This suggests that unlike in the trachea, where the long isoform of Hdc is necessary for the
inhibition of excessive tracheal branching (Steneberg & Samakovlis 2001), in the lymph gland, the

short isoform is sufficient to inhibit blood cell progenitor differentiation. Therefore, in our

experiments, we used the HS-tagged short Hdc isoform in LC-MS/MS for partner identification.

Notably, the top LC-MS/MS candidates seemed to be involved in general cellular functions, such
as RNA processing, ensuring proper transcription, translation, and protein folding (Table 1), which
hints that Hdc may be a chaperon that assists in the appropriate function of other cellular proteins.
This might explain why its depletion shows pleiotropic phenotypes, such as triggering apoptosis or
progenitor differentiation that we can observe in the lymph gland, imaginal discs, and stem cells

niches in the intestines and testicles (Resende et al. 2013, 2017; Giannios & Casanova 2021).

By validating the interaction of Hdc with the top LC-MS/MS candidates with genetic interactions,
Split-YFP, and pull-down assay, we found that Cam might interact with Hdc indirectly (Fig 27A-
E). As Cam was described previously in human cell lines to positively regulate the activity of the
insulin/mTOR pathway (R.-J. Li et al. 2016), one explanation for our results is that Cam plays a
similar role in Drosophila, and that its interaction with Hdc might be mediated through the
mTORCI complex. Moreover, our genetic screen showed that silencing e/F5B, CCT1, eRF3, and
Hsc70-4 in the niche lead to lamellocyte differentiation (Fig 27A), a phenotype not described
earlier for any of these genes. This opens possibilities for future studies to investigate in detail the
role of each of these factors in hemocyte progenitor maintenance in Drosophila, and to research

their human homologues in blood cell disorders or leukemias. We hope that our results will be
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beneficial not only for understanding how blood cell differentiation is regulated in Drosophila, but

also for unveiling how parallel signaling mechanisms operate in humans.
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6. Summary

The hematopoietic organ of the Drosophila larva, the lymph gland, is a simplified representation
of mammalian hematopoietic compartments, with the presence of hemocyte (blood cell)
progenitors in the medullary zone (MZ), differentiated hemocytes in the cortical zone (CZ), and a
hematopoietic niche called the posterior signaling centre (PSC) that signals to the progenitors to
control their differentiation. In the CZ of the lymph gland and in the circulation, one can distinguish
two types of mature hemocytes: phagocytic plasmatocytes and melanizing crystal cells. Following
immune induction, a third type of hemocytes, lamellocytes, appear in the circulation and in the
lymph gland, and encapsulate larger sized invaders, such as the parasitic wasp egg.

Our previous work has demonstrated that the imaginal cell factor Headcase (Hdc) is required in the
hematopoietic niche to suppress progenitor differentiation into lamellocytes in the lymph gland.
Here, through extensive genetic interaction experiments, we have demonstrated that Hdc exerts
this function by negatively regulating the insulin/mTOR pathway in the niche. When Hdc is
depleted in the niche, the overactivation of this pathway triggers reactive oxygen species (ROS)
accumulation, which promotes lamellocyte differentiation in the lymph gland, and their consequent
appearance in the hemolymph. This is supported by our observations that scavenging ROS from
the niche of alleviates the phenotype, while interfering with the stress protective machinery, boosts
lamellocyte differentiation.

Although overactivation of insulin/mTOR signaling was described to cause an increase in PSC cell
number, we do not observe this phenotype in Adc larvae. According to the results presented here,
Hdc depletion causes cell death in the niche independently from the insulin/mTOR pathway,
thereby concealing mTOR overactivation and resulting in a niche size indistinguishable from the
control.

Moreover, we have described here a novel cell-autonomous role for Hdc in suppressing progenitor
differentiation in the MZ. We found that even though the insulin/mTOR pathway is not involved
in the Adc phenotype in the MZ, similarly to the niche, knocking down Adc in MZ progenitors leads
to ROS elevation, which affects cell-cell adhesion and induces the activity of the EGFR and JNK
pathways leading to premature progenitor loss.

Besides understanding Hdc function in the lymph gland, we aimed to isolate new Hdc interacting
partners. We used HA-tagged Hdc transgenic protein in LC-MS/MS to search for possible

interactors. We identified a genetic interaction and an indirect physical interaction between Hdc
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and Calmodulin (Cam), a calcium binding protein that was described previously to be required for
the activity of the insulin/mTOR pathway in human cell lines, which suggests that Cam may play
a similar role in the hematopoiesis in Drosophila. Moreover, through our genetic interaction
screens, we have identified a novel role for 4 genes (elF5B, CCTI1, eRF3, and Hsc70-4) in
suppressing lamellocyte fate in the niche. This opens new ways for further research into the
function of each of these genes in blood cell differentiation in Drosophila.

The important role of Hdc in progenitor maintenance in the lymph gland is further corroborated by
our observations showing that 4dc expression decreases in the anterior lobes of the lymph gland in
response to immune induction by parasitic wasp, and at the end of larval stages as progenitors
prepare to differentiate. Considering this and previous data demonstrating that idc expression is
lost in the imaginal cells as they start to differentiate into adult tissues, we conclude that Hdc may
play a general suppressive role in the maintenance of progenitors and imaginal cells of the larva.
Given that the function of the top LC-MS/MS candidate interactors of Hdc is to enable basic
cellular tasks, such as translation, and protein folding, Hdc is likely a chaperon that facilitates
proper cellular function. This is also underlined by our finding that 4dc loss-of-function leads to
cellular stress, resulting in various consequences, such as triggering precursor cell differentiation.
We hope that our findings help to shed light on the regulation of blood cell development in
Drosophila, as well as parallel mechanisms implicated in HSC differentiation and hematopoietic

disorders in humans.
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7. Osszefoglalo

A Drosophila larva vérsejtképzo szerve a kozponti nyirokszerv (lymph gland), kival6 modellként
szolgal az emlds hematopoietikus kompartmentumok mitkddésének megértéséhez. A nyirokszerv
medullaris zondjaban (MZ) progenitor sejtek, a kortikalis zonajaban (CZ) differencialt hemocitak
(vérsejtek) talalhatok. A szerv ugynevezett poszterior szignalizacios kézpontja (PSC) vérsejtképzo
niche-ként mukodik, mely jelatviteli utakon keresztiil szabdlyozza a progenitorok
differencidlédasat. A CZ-ban, illetve a larva keringésében kétféle érett hemocitat
kiilonboztethetiink meg: fagocita plazmatocitdkat és melanizaciora képes kristalysejteket. Az
immunindukcidt kdvetden egy harmadik tipusu vérsejt, a lamellocita jelenik meg a keringésben és
a nyirokszervben. A lamellocitdk feladata, hogy a nagyobb méretli betolakodokat a tokképzés

folyamata soran elpusztitsak.

Koradbbi munkank sordn kimutattuk, hogy a vérsejtképzd niche-ben, valamint az imagindlis
szovetekben aktiv Headcase (Hdc) fehérje sziikséges a nyirokszervben talalhato progenitor sejtek
fenntartasahoz, a lamellocita differencialodas gatlasahoz. A dolgozatban bemutatott részletes
genetikai interakcios kisérletek ravilagitottak, hogy a fehérje ezt a feladatat a niche-ben az
inzulin/mTOR utvonal negativ szabalyozasan keresztiil fejti ki. A hdc funkciovesztése esetén ennek
az szignalizacios utvonalnak a tilaktivalodasa reaktiv oxigéngyokok (ROS) felhalmozodasat valtja
ki, melynek kovetkeztében a kozponti nyirokszervben lamellocitadk differencialédnak, majd innen
a larva keringésébe lépnek. Erre utalnak azon megfigyeléseink is, melyek szerint a ROS szint
niche-ben torténd csokkentése mérsékli, mig a sejtszintli stressz fokozéasa eldsegiti a lamellocitak

differencialodasat.

Béar az inzulin/mTOR jelatvitel talaktivalasa a szakirodalom szerint a PSC sejtek szdmanak
novekedését okozza, ez a fenotipus nem volt megfigyelhetd a hdc mutans larvakban. Az altalunk
bemutatott eredmények szerint ennek az az oka, hogy a hdc deplécidja az inzulin/mTOR jelatviteli

utvonaltdl fliggetlentil sejthalalt okoz, igy elfedve az utvonal aktivitdsanak hatasat.

Munkank arra is ravilagitott, hogy a Hdc sejtautondm modon is szerepet jatszik a MZ progenitorok
differencidlédasanak gatlasaban. Annak ellenére, hogy kisérleteink szerint az inzulin/mTOR
utvonal nem vesz részt ebben a folyamatban, a niche-ben megfigyeltekhez hasonléan a hdc

csendesitése az MZ progenitor sejtjeiben is a ROS szint emelkedését okozza, ami befolyasolja a
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crer

végiil a progenitor allapot elvesztéséhez vezetnek.

A Hdc miikédésének megértése mellett tovabbi célunk volt, hogy a fehérje uj kolcsonhato
partnereit azonositsuk. Ehhez HA-jelolt transzgenikus Hdc fehérjével végeztiink proteomikai
vizsgalatokat LC-MS/MS segitségével. Ezen kisérletek soran igazoltuk a Hdc és a Calmodulin
(Cam) genetikai, illetve indirekt fizikai interakciojat. Mivel a Cam-r6l kimutattdk, hogy emberi
sejtvonalakban sziikséges az inzulin/mTOR utvonal aktivitasdhoz, eredményeink arra utalnak,
hogy a fehérje hasonld szerepet jatszhat az ecetmuslica vérsejtképzése soran is. Tovabbi genetikai
interakcids vizsgalatok soran 4 olyan gént (elF5B, CCTI, eRF3 és Hsc70-4) azonositottunk,
melyek a niche-ben a lamellocita differencialodas gatlasaban vesznek részt. Ezen eredményeink 0j
lehetdségeket teremtenek az ecetmuslica vérsejt-differencidlodasaban szerepet jatszé folyamatok

tovabbi vizsgalatahoz.

Azt, hogy a Hdc fontos szerepet jatszik a kozponti nyirokszerv progenitor sejtjeinek fenntartdsaban,
tovabb erdsitik azon megfigyeléseink, melyek szerint a hdc expresszdja a nyirokszerv elsddleges
lebenyében lecsokken dardzs parazitézis hatasara, illetve a larva allapot végén, amikor a
progenitorok differencialédni kezdenek. Ezen megfigyeléseink, illetve azok az irodalmi adatok,
melyek szerint a hdc expresszid megsziinik az imaginalis sejtekben azok felndtt szovetekké torténd
differencialédasa soran, arra engednek kovetkeztetni, hogy a Hdc altaldnos represszor szerepet
jatszhat a larva progenitor sejtjeinek fenntartdsdban. Mivel az LC-MS/MS kisérletek soran
azonositott Hdc kolcsonhato partner jeloltek legfontosabb funkcidja az alapvetd sejtfeladatok,
példaul a transzlaci6 és a fehérje érés (folding) eldsegitése, a Hdc feltehetdleg egy chaperon fehérje
feladatait latja el, el6segitve a sejtek megfeleld miikodését. Ezt valdsziniisiti az a felfedezésiink is,
hogy a hdc funkcidvesztése sejtszintll stresszhez vezet, ami szamos kdvetkezményeinek egyikeként

vérsejt progenitor differencialodast valt ki.

Azt reméljiik, hogy a dolgozatban bemutatott eredményeink segitik a vérsejtek differencialodasi
folyamatainak megértését, és hozzajarulnak az emberi vérképzdszervi rendellenességekben

szerepet jatszo mechanizmusok megismeréséhez is.
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10. Supplementary material

S1 Table. List of the Drosophila stocks used in this study.

2xEGFP/SM6b; +

Abbreviation Genotype Source

w w8 BDSC 5905

col> w, Pcol85-Gal4/CyO, GFP; + (Krzemien et al., 2007)

col>hdcRNAi w; Pcol85-Gal4,UAS- (Varga et al., 2019)
hdcRNAi/CyO, GFP; +

unkRNAi v, v, s¢; UAS-unkRNAi; + BDSC 57026

PI3KCa v, w, UAS-Pi3K92E.CAAX; +; + BDSC 8294

PtenRNAi w; +,; UAS-PtenRNAi BDSC 8550

AktRNAi v, v, +; UAS-AktRNAi BDSC 31701

raptorRNAi v, v; +,; UAS-raptorRNAi BDSC 31528

col>PtenRNAi w; Pcol85-Gal4/CyO, GFP; UAS- | Generated by combining Pcol85-
PtenRNAi Gal4 with UAS-PtenRNAi

hdc w; +; UAS-hdc.S A gift from Christos Samakovlis

col>GFP w; Pcol85-Gal4, UAS- Generated by recombining

Pcol85-Gal4 with UAS-
2xEGFP (BDSC 6874)
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hdcRNAi

w; UAS-hdcRNAi; +

VDRC_v45069

col>hdcRNAi>GFP

w; Pcol85-Gal4, UAS-
hdcRNAi/CyO, GFP; UAS-
2xEGFP

Generated from combining
Pcol85-Gal4, UAS-
hdcRNAi/CyO, GFP with y,
w, +; UAS-EGFP
(BDSC_6658)

p35 w, +; UAS-p35 BDSC 5073

gstD-GFP w;, gstD-GFP; + A gift from Lolitika Mandal
(Sykiotis & Bohmann, 2008)

Thor-lacZ v, wy Thor-lacZ; + BDSC 9558

Cat w; UAS-Cat; + BDSC 24621

Foxo v, w; UAS-foxo, + BDSC 9575

foxoRNAi v, v, +; UAS-foxoRNAi BDSC 25997

UAS-spiRNAi w, UAS-spiRNAi; + VDRC v103817

hdc” w; +; hdc”®-Gal4/TM3, Kr::GFP | (Varga et al., 2019)
Generated from combining

hdc>GFP w; UAS-mCDS::GFP; hdc'- hdc"” with UAS-mCDSGFP (A

Gal4/TM6, Th gift from Jozsef Mihaly, BRC

Szeged)
(Makhijani et al. 2011)

Hml:DsRed w, +; Hml:DsRed

domeMESO> w; +; domeMESO-GAL4, UAS- (Oyallon et al., 2016)

2xEGFP/TM6
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CHIZ>

w; dome"*5°-GAL4-AD, Hml-
GAL4-DBD (CHIZ-GAL4)/Cy0,
GFP; +

A gift from Gregory D.
Longmore. The CyO balancer
was changed to CyO, GFP
(Spratford et al., 2021)

gstD-GFP; domeMESO

w, gstD-GFP; domeMESO-
Gal4/Tm6, Thb

Generated by combining gstD-
GFP with domeMESO-Gal4

hch84

w; +; hde***/TM3, Kr::GFP

(Varga et al. 2019)

gstD-GFEP; hdc™™

w; gstD-GFP; hdc**/TM6, Th

Generated by combining gstD-
GFP with hdc™?

domeMESO>hdcRNAi w, hdcRNAi/CyO, GFP; Generated from combining
domeMESO-GAL4, UAS- UAS-hdcRNAi
2xEGFP/TM6, Th (VDRC_v45069) with
domeMESO-GAL4, UAS-
2XxEGFP (Oyallon et al.,
2016)
w; +; UAS-bskK53R BDSC 9311
bskDN
v, w; UAS-Egfr.DN; UAS-EgfrDN | BDSC 5364
EGFRDN
w, +,; UAS-E-cad A gift from Gregory D.
E-Cad Longmore.
w, UAS-hdcRA_STOP/SM6b, + This study
hdcRA_STOP
w, UAS-hdcRC STOP/SM6b; + This study
hdcRC STOP
w, UAS-hdcRC NOSTOP/SM6b; This study
hdcRC NOSTOP +
w, UAS-hdcRA_STOP/Cyo, GFP; | This study
hdcRA_STOP; hdc"** hdc™*/TM6, Th
CamRNAi ¥, sc, v, sev, +; UAS-CamRNAi BDSC 34609
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elF5BRNAi v, sc, v, sev; +; UAS- BDSC 44418 (The TM3
elF5SBRNAi/TM6, Th balancer was changed to TM6,
Tb)
CCTIRNAi ¥, sc, v, sev; +; UAS-CCTIRNAi BDSC 32854
eRF3RNAi ¥, sc, v, sev; +; UAS-eRF3RNAi BDSC 36703
HSC70-4RNAi v, v, +; UAS-Hsc70-4RNAi BDSC 28709
RpnlIRNAi ¥, sc, v, sev; +; UAS-Rpnll BDSC 33662
AP-2aRNAi ¥, sc, v, sev; +; UAS-AP-2aRNAi BDSC 32866

S2 Table. List of the used primers.

hdccDNA_For

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCACCATGGCTCCGCGT
CGCAAC

hdccDNA_rev

GGGGACCACTTTGTACAAGAAAGCTGGGTCGCTTTCTGCGAGCGTC
GGC

UnkcDNA_For

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCACCATGTTGGCAAAT
GAAACG

UnkcDNA _rev

GGGGACCACTTTGTACAAGAAAGCTGGGTCGCTCCAGGTGTGGGTG
GTT

CamcDNA_For

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCACCATGGCCGATCA
GCTGACA

CamcDNA _rev

GGGGACCACTTTGTACAAGAAAGCTGGGTCGCTCCACTTCGATGTC
AT

HdccDNA _new_rev

GGGGACCACTTTGTACAAGAAAGCTGGGTTTTATGCGAGCGTCGGC
AG

pDEST17-to- CGCTGATATCGGATCGCCACCATGTCGTACTACCATCACCA
pHY?22 For

pDEST17-to- CTTAACAGTTGGATCCAAGAAAGCTGGGTT

pHY?22 rev

pTHW fwd TGACGTAAGCTAGAGGATC

pTHW rev AGCAGCGTAATCTGGAAC

hdcRA STOP_ fwd

ACGTTCCAGATTACGCTGCTATGGCTCCGCGTCGCAAC

hdcRA STOP rev

AGATCCTCTAGCTTACGTCATTATGCGAGCGTCGGCAG

hdcRC _STOP fwd

ACGTTCCAGATTACGCTGCTATGGCTCCGCGTCGCAAC

hdcRC_STOP_rev

AGATCCTCTAGCTTACGTCATTAGTTCATGTTGAGATAGTCGTTGAAG
AGC

hdcRC NOSTOP 1 f
wd

ACGTTCCAGATTACGCTGCTATGGCTCCGCGTCGCAACAG

hdcRC NOSTOP 1 r
(A%

GGGCCTCATGTGCGAGCGTCGGCAGCCG

hdc RCNOSTOP 2 f
wd

GACGCTCGCACATGAGGCCCCGTTGGAG
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cv

hdc RCNOSTOP 2 r

AG

AGATCCTCTAGCTTACGTCATTAGTTCATGTTGAGATAGTCGTTGAAG

S3 Table. List of the genes encoding for the 468 top candidate interactors of Hdc acquired through
the LC-MS/MS analysis and ranked by their respective scores. The scores were calculated by
multiplying the peptide count of candidate with the coverage percentage. The candidates that were tested

further in genetic interactions are highlighted in yellow.

Gene symbol
hdc
RpL28
Dmel\CG15019
RpL23A4
RpL4
RpL18
up
RpL14
RpL134
RpL3
RpS9
RpL6
RpL7
RpL10
RpL22
RpL30
RpL19
Hsp27
RpS23
Srpl4
RpL13
RpS2
RpL37A4
RpLS8
RpL27
RpL36
RpL23
RpL32
RpS8
RpS6
RpL26
RpL21
RpS11
RpL9
RpS25

Score
1730.134
1696.67
1651.151
1636.532
1604.386
1578.489
1505.321
1462.402
1370.045
1359.627
1354.426
1347.981
1335.222
1263.076
1247.572
1235.954
1204.481
1167.684
1160.197
1142.002
1134.987
1121.313
1116.731
1116.478
1091.222
1073.335
1071.072
1032.063
1014.509
1007.496
998.5103
996.2187
991.6272
989.1591
967.5059

RpS4
RpL37a
RpS16
RpS18
RpS14b
RpL15
RpS13
His2B
Non3
RpL17
RpS30
RpL27A4
RpLPO
RpS29
RpS154a
RpS7
RpL104b
alpha-KGDHC
RpL24
RpLP2
RpS3A4
RpL5
muc
CG11184
CG1542
CG13096
mRpL40
RpL11
His4
Srp9
RpS26
dbe

Hisl
RpL35
elF14
CG12288
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933.3681
928.4275
901.4197
867.4302
861.6721
854.0318
829.8351
828.2815
760.2471
759.1937
750.9231
741.7728
735.4474
731.5581
716.4542
695.8705
695.6046
663.2561
658.9813
637.7768
610.6709
609.9853
609.1646
599.1047
595.1175
563.7109
558.4555
552.7656
539.5831
530.783

521.2311
516.977

499.4166
490.7422
478.6132
470.0734

Nsl

RpLPI
Dmel\CG14210
RpL34b
RpS27A4

RpS20

RpS3

Vito

RpL29

mRpL1

NollNt
CALMLS

DCD
Dmel\CG32409
HmgZ

RIb1

Sf3b2

Nop56
alphaTub84B
RpL38

His2A
Dmel\CG8939
Dmel\CG18178
snf

RpL12

ASpRS

nop5

bic

RpS24

CG3817
RpS19a

SRPK
CG11583

cype
Dmel\CG12909
Srp68

467.4745
466.6296
464.4272
453.4091
449.0473
445.5355
427.6742
418.4081
407.5364
405.1374
394.0978
390.894

390.5271
380.609

365.3393
353.1256
341.3157
337.5255
336.5386
314.1621
313.0415
307.201

307.1447
304.3477
302.4545
299.7304
289.1328
286.6453
281.2655
273.7796
268.1625
241.2573
231.7085
229.112

226.801

225.1732



RpS27
Hrb27C
CG7637
B52
RpL31
Clbn
RpS15
Cam
RpS5a
shrb
Surfé
Nacalpha
CG3902
mRpL33
ear
KRTI
CG1234
Rsl

lost
Act57B
Dmel\CG17127
mRpL55
Ip259
RpS17
KRTY
Ccp84Ae
CG6693
CG9630
Gs2

Idh
Neb-cGP
Nop60B
sta

Napl

alt

Srpl19
unk
Lsd-1
Trpl
Cep84Ag
cg4806
Dmel\CG14419
AP-2mu

218.7012
203.7357
201.3772
200.7227
192.9968
192.3928
191.4082
191.2068
184.5906
182.6746
179.1539
175.8808
174.3182
171.9965
168.3458
165.8786
165.6871
162.5962
160.8793
157.137

156.2176
152.4782
149.0496
146.0631
144.2144
139.6851
138.1003
136.089

129.9049
129.8388
128.359

126.0488
123.5995
122.8808
121.0933
120.4658
119.6585
113.4449
112.834

112.2718
111.0347
110.7528
109.9451

His3

JUP

mRpL48

Mtch

CG5958
Dmel\CG13047
Srp72

Hsc70-4

Rpnl0

snama

G

sea

mRpL24
Dmel\CG18294
elF2beta

Rhol

KRT72
ppan

Adh

Cpr64A4d
Rackl

Hts

bip2

aralarl
Dmel\CG11835
Dmel\CG12128
Dmel\CG16753
EG:BACR19J1.2
Dmel\CG18428
Dmel\CG11180
Ost48

Tetp

hoip

Tml

CG3098

Fib

Topl

Micl

Isr

Nipsnap

Rpt1

Ran

elF4A4

93

109.2973
109.0114
107.1994
104.7452
104.677

103.9903
103.2998
100.8199
100.6684
99.56808
99.46903
99.40974
99.11284
98.94138
98.40253
97.71792
96.45542
96.1343

95.72784
95.27521
95.07616
93.45392
92.23564
90.41981
90.38766
85.85836
84.91504
83.06326
79.89546
79.39983
77.6237

76.50253
75.8114

75.33695
74.97361
71.00049
70.51015
70.05491
69.57114
69.46938
67.71429
66.82622
66.47186

Dmel\CG11370
Pepck

elF5B
CG9480

Rpt6

SsRbeta
Ras85D
mRpS5
ATPsyndelta
825-Oak
Dmel\CG1703
pAbp

Jafracl

Rlip

smt3

Mpcp2

Pgd
UQCR-C2
CG4038
Dmel\CG10565
Dmel\CG14095
RpS21
Tapdelta
TpnC73F

Gsl

Cyt-cl

Cyp4d1
MetRS

Gp93

Pdhb
Dmel\CG7920
1(2)37Cc
DSG1
Ckllalpha
ACC

AGO2

cora

Rpt3

Hsp23
Arf79F

Notl

SmD2

ValRS

66.03753
64.89557
64.86217
62.19343
62.18066
61.30253
59.49233
58.69231
55.7333

55.31354
55.18881
53.88874
53.58967
51.84079
51.83798
51.72097
50.59326
50.56215
50.48842
49.21209
46.56486
45.80823
45.78889
45.67921
44.54226
42.7037

42.44076
42.43901
41.45557
41.43075
41.2702

40.76571
40.14106
39.52395
38.88101
38.79604
38.74511
37.67865
37.29007
36.9376

36.60633
36.0249

35.6827



mRpL19
mRpL4
Ccep84Ad
ATPsynD
ND-B14.5B
Taf2
TRAM
CG17896
ND75
Sply
mRpS30
UQCR-6.4
mRRF1
Mi-2

ALB
1(2)44DEa
CCT2
mRpL37
CG14558
CRIF
SmB

Rpt4
KRTI3
COX7A4
CG9302
mRpL51
ND-20
mRpL36
mRpL44
Neurochondrin
1(2)01289
Tom20

Zw

GstD1
Mfe2
cox4
Ckllbeta
elF2gamma
HBA
RpL7-like
CG6087
ND-42
GNBP3

35.63403
35.29152
35.13475
34.1234

34.12055
33.85584
33.10969
33.00475
32.86735
32.31945
32.17747
32.13721
31.68778
31.41313
30.22393
29.6836

29.64828
29.43681
29.19258
29.00247
28.04668
27.35389
26.45702
26.37058
26.2804

26.03559
25.78503
25.4505

24.99098
24.67214
24.25771
23.77822
23.46535
23.07091
22.41785
21.90352
21.8384

21.79358
21.5068

21.34229
20.87972
20.1952

19.75732

DSP
Mtpalpha
FK506-bp2
IleRS
CG5001
Tina-1

Chce

Gdh
Dmel\CG12493
beta’COP
CCT6
Sec61alpha
CCT1

scu

elF4G1
CG2691
Dmel\CG17593
Rpnll
elF2Bdelta
FABP5
Imp
mRpL11
elF3a
mRpL38
Pfk

Spn

rump
mRpL22
Dmel\CG7946
Myo31DF
alphaCOP
chic
Msp300
mt:Coll
Nopp140
Cyp9b2
Dpl

Pebpl
mRpL12
Pdha
RpS12

Pep

Fatpl

94

19.58798
19.43257
19.03329
19.0248

18.5935

18.47058
18.30199
18.18502
18.14654
17.9901

17.76662
17.57761
17.09694
16.97663
16.97404
16.8596

16.49218
16.48841
16.38786
16.36088
16.29294
16.23933
16.04626
16.02364
15.81199
15.74752
15.59978
15.4958

15.1283

15.00068
14.98599
14.88374
14.81874
14.38908
14.33445
14.30269
14.17789
14.06543
14.03451
13.94512
13.79986
13.6099

13.55982

HRNR
spidey
EfTuM

BcDNA:RE26528

CG12262
Aldh7A1

CycT

Desatl

GlyS
I(DGO156
Dmel\CG17597
Dmel\CG9775
Nonl

AsnRS

mRpL2
CG31123

Gotl
Dmel\CG34163
SdhC
GluProRS
ND-ASHI
CG14500
elF2alpha
eEFldelta

bsf

Rpt5

CGI12203
1dh3b
Dmel\CG2790
CG2145

eRF3
Dmel\CG14961
Dakl
Dmel\CG7728
SNF4Agamma
SF2

Su3B

CG5033
CG4364

Sc2
Kap-alpha3
ND-39
Dmel\CG14564

13.36948
12.5372

12.10812
12.09092
12.06122
11.93381
11.79281
11.66563
11.62351
11.49243
11.34319
11.30775
11.28572
11.26337
10.9505

10.89693
10.79406
10.79406
10.59293
10.56499
10.45884
10.43653
10.26218
9.721359
9.654315
9.429673
9.341444
9.252052
9.091829
8.999034
8.939181
8.594242
8.581613
8.548892
8.443521
8.343235
8.313438
8.268742
8.222868
8.157002
8.045263
8.045263
7.955099



CCT5
ND-49
CCTS8

Non2
ND-B17.2
Fim
1(2)01289
ThrRS
Nc73EF
L2HGDH
Cyp12a4
peng
CG9004

hfp

Col4al
elF3k
TFAM
Dmel\CG10932
gammaCOP
Pmp70

Cat
CG11563
slgA
Cep84Af
ScsbetaA
SdhA

rush
Dmel\CG7470
LManV
Dmel\CG3106
colt

Adk3

Ge-1

Gpatd

zda

7.884357
7.877653
7.765913
7.763678
7.732391
7.678478
7.642999
7.638234
7.575956
7.294371
7.235149
7.140171
7.125824
6.838473
6.508717
6.257426
6.168035
6.168035
6.100991
6.091217
6.078643
6.033947
5.9967
5.876945
5.773221
5.765772
5.73225
5.682765
5.631684
5.497596
5.363508
5.262943
5.231312
5.095333
5.061811

Top2

sls

Pabp2

AP-2a
Dmel\CG17514
BG:DS09217.1
CG11030
elF3l

Adk2

ND-30

elF3e
CG30122-RB
Dmel\CG2685
Dhc64C
Dmel\CG4662
Nnp-1

SmD3
betaCOP

GCl1
Karybeta3
elF4E1
Cypl2cl
Cyp28a5
Rabl

GIP

Sec63

Ldsdhl
PRDX2

eRF1
Dmel\CG7518
Tpsl
BEST:GH15838
Vha44

dred

Eap

95

5.04505

5.011426
5.005941
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S1 Fig. The effect of hdc silencing in the MZ on plasmatocyte and crystal cell differentiation and Thor-
LacZ reporter activity. (A-C) Silencing hdc in the MZ (UAS-hdcRNAi/+; domeMESO-GAL4, UAS-
2xEGFP/+) does not affect P1 positive (plasmatocyte) area percentage per anterior lobe (average = 33%,
number of lobes = 6) (B), while overexpressing foxo in dome>hdcRNAi larvae (UAS-hdcRNAi/UAS-foxo;
domeMESO-GAL4, UAS-2xEGFP/+) significantly increases it (average = 79%, number of lobes = 10) (C)
in comparison to the control (domeMESO-GAL4, UAS-2xEGFP/+) (average = 41%, number of lobes = 6)
(A) (blue: nuclei, green: MZ, red: plasmatocytes). Scale bar: 20 um. (D) A scatter dot plot showing P1
positive (plasmatocyte) area percentage per anterior lobe from the genotypes in the panels (A-C). Each dot
in the graph represents one anterior lobe. Data were analyzed using ANOVA with Tukey’s test for multiple
comparisons, **** p < 0.0001, ns: non-significant. (E-G) Silencing hdc in the MZ (UAS-hdcRNAi/+;
domeMESO-GAL4, UAS-2xEGFP/+) significantly reduces the crystal cell index (average = 3.2, number of
lobes = 22) (F), while overexpressing foxo in dome>hdcRNAi larvae (UAS-hdcRNAi/UAS-foxo;
domeMESO-GAL4, UAS-2xEGFP/+) significantly increases it (average = 9.7, number of lobes = 8) (G) in
comparison to the control (domeMESO-GAL4, UAS-2xEGFP/+) (average = 5.4, number of lobes = 28) (E)
(blue: nuclei, green: MZ, red: crystal cells). Scale bar: 20 um. (H) A scatter dot plot quantifying crystal cell
index from the genotypes in the panels (E-G). Each dot in the graph represents one anterior lobe. Data were
analyzed using ANOVA with Tukey’s test for multiple comparisons, * p < 0.05, ** p <0.01. (I-J) Silencing
hdc does not affect the transcription of Thor as detected by an anti-lacZ staining for the Thor-lacZ reporter

96



(UAS-hdcRNAi/+; domeMESO-Gal4/Thor-lacZ) (number of lobes = 6) (J) in comparison to the control
(domeMESO-Gal4/Thor-lacZ) (number of lobes = 6) (I) (red: Thor-LacZ). Scale bar: 20 um. (K) A Scatter
dot plot showing fold change in MFI of Thor-LacZ per anterior lobe of (UAS-hdcRNAi/+; domeMESO-
Gal4/Thor-lacZ) larvae (average = 0.8) compared to the control (domeMESO-Gal4/Thor-lacZ) (average =
1). Each dot in the graph represents one anterior lobe. Data were analyzed using two-tailed unpaired
student’s t-test, ns: non-significant.
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