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Abstract.

The larva of the fruit fly Drosophila melanogaster is an excellent model to
study the molecular control of innate cellular immune responses. Cellular
responses take place, and can be studied, following infestation of the wasp
Leptopilina boulardi. This response includes proliferation and activation
(differentiation) of the blood cells (hemocytes). In a successful anti-parasitic
response, an immune-induced lineage of hemocytes, the lamellocytes, forms
a cellular capsule covering and killing the foreign intruder.

I will in this thesis present data about the finding and characterization
of a novel marker that is expressed specifically in the hemocytes, the
Hemese gene. I furthermore describe the construction of a useful tool, the
transgenic Hemese-Gal4 fly, which enables blood cell specific expression of
any gene of interest. By using the Hemese-Gal4 fly in a directed screen, I
have found that a surprisingly large number of genes, that in turn are
members of seemingly diverse signaling pathways, are able to induce a
cellular response. In many cases their expression is also associated with a
blood cell tumor phenotype.

Overexpression of certain genes, such as hopscotch (a Drosophila Jak
homologue) and hemipterous (a c-jun kinase kinase) lead to the formation of
lamellocytes. Other genes may control the cell number, such as Egfr and
Ras, as their expression produced a massive in increase the numbers of
hemocytes. A third group of genes, including, e.g. Alk, Rac1 and Pvr give a
mixed response, promoting both hemocyte proliferation and activation.
Surprisingly, the suppression of WNT signaling in hemocytes lead to
hemocyte activation.

In one case, with a UAS-Pvr dominant negative construct, we observe
a reduction of the circulating blood cells in uninfested larva. The expression
of DN-Pvr additionally contributes to reduce encapsulation rates in larvae
subjected to Leptopilina infestation.

 In conclusion: the control of blood cells in larval hematopoiesis, and
during parasitic wasp attacks, is complex and may involve multiple
pathways. In a broader sense, the gene functions found in the directed
screen may have implications also for understanding the molecular control
of mammalian myeloid lineage blood cells.
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Genes mentioned in the text

Drosophila melanogaster
Toll (Tl)
Cecropin (Cec)
Drosomycin (Drs)
Immune defiency (imd)
Relish (Rel)
Green fluorescent protein
(GFP)
Peptidoglycan binding
protein (PGRP)
serpent
glial cell missing1 (gcm1)
glial cell missing2 (gcm2)
lozenge (lz)
Serrate (Ser)
Notch (N)
croquemort (crq)
Viking (vkg)
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unpaired 1 (upd ) also known
as outstretched (os)
domeless (dome)
Turandot A (TotA)
Hemolectin (Hml)
Serpin-27A (Spn27A)
Spätzle(spz)
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hopscotch (hop)
Stat

Mammalian name/homology/domains
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Glial cells missing (GCM)
Acute myeloid leukemia 1/Runt

Notch
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Collagen IV

Gp130 cytokine receptor family

von Willebrand factor
serine protease inhibitor
Neurotrophins
MyD88
Death domain
IRAK, death domain
Ik/B-like
Rel homology transcription factor
Rel homology transcription factor
Janus kinase (JAK)
Signal-transducer and activator of
transcription (STAT)
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PDGF and VEGF related
factor (Pvf)

PDGFR and VEGFR receptor
related (Pvr)
Rac
ras
rolled (rl)
Cell division cycle 42(Cdc42)
phosphoinositide 3-
kinase(Pi3K)
basket (bsk)
Protein kinase C (PKC)
collier (col) (also called knot)
domino (dom)
Diptericin (Dpt)
Hemese
lethal(3)malignant blood
neoplasm l(3)mbn
Upstream activating
sequence (UAS) (yeast)
GAL4 (yeast)
Hsp70 Heat-shock-protein 70
(Hsp70)
Epidermal growth factor
receptor (Egfr)
Alk
wingless (wg)
frizzled (fzd)
shaggy (sgg)
armadillo (arm)
pangolin (pan)

Platelet derive growth factor (PDGF)
Vascular endothelian growth factor
(VEGF) like factor

PDGF receptor and VEGF receptor
RAC
RAS
ERK
Cdc42

Pi3K
jun-kinase (JNK)
PKC
Early B-cell factor (EBF)

Glycophorin

Hsp70

Epidermal growth factor receptor (EGFR)
Anaplastic lymphoma kinase (ALK)
WNT

Glycogen synthase kinase 3 (GSK3)
β-catenin
T-cell factor/ Lymphoid enhancer factor
(TCF/LEF)



8

Introduction

Past and present glory of the Drosophila melanogaster. Since Thomas H.
Morgan isolated his first mutant in 1910, Drosophila has been the
workhorse for geneticists and the biological knowledge acquired is immense
(1). One might ask why a perfectly ordinary organism such as the fruit fly
became a model organism. For the pioneers, it was a choice of practical
matters. Drosophila is cheap, easy to keep and has a generation time of less
than two weeks.

Although a traditional tool for geneticists studying heredity,
Drosophila later became (and still is) an invaluable tool in studies
concerning patterning and gene signaling-interaction during development.
In 1980, Nüsslein-Volhard and Wieschaus initiated the first genome-wide
mutational screen attempting to identify all genes involved in Drosophila
development. Their Nobel Prize-awarded investigation stands as a hallmark,
for instance leading to the discovery of the Toll pathway and its role in
dorsal-ventral polarity (2). Indeed, by now the major developmental
pathways in Drosophila are fairly well characterized and serve as an
excellent model for the development of more complex organisms.

The research interest in Drosophila has been further boosted by a still
ongoing revolution in molecular biology and bioinformatics. The full
genome sequence of the fruit fly was completed in 2000, and confirmed the
previous notion of a considerable genetic conservation between man and the
fly (3). For instance, up to 75% of all disease-producing genes in man may
have homologues in Drosophila (4-6). The similarities between man and fly
has encouraged drosophilists to take interest in yet other aspects of biology,
and the fly is used as a model organism in such disperse fields as behavior,
longevity, cancer, drug addiction…..and immunity. The minimal genetic
redundancy compared to higher animals, the presence of unique technical
aids and the possibility to perform genome-wide mutational screens makes
Drosophila an ideal system to find new genes and their functions.
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Fig.1. The different stages in the life cycle of Drosophila melanogaster are:
embryo, three larval instars, pupa and adult. Shown here is an embryo, a
third instar larva and an adult fly. The adult fly is about 3 mm in length,
similar in length to the late larvae. The main food source is yeast from
decomposing fruit. Pictures are not fit to scale.

Introduction to innate immunity. Organisms are constantly under the
threat of potentially deadly pathogens or parasites. The first line of defense
is a physical barrier that stops most intruders. These barriers include cell
membranes, mucus, skin and cuticle. Whenever the protection from these
barriers fails, other systems are required. Thus, all organisms are in
possession of some kind of immune defense system.

The research on - and notion about- the innate immune response has
increasingly gained attention during the last two decades. Invertebrates like
Drosophila lack most components that define an adaptive, or acquired,
immune response. For example, no lymphocytic B- and T-cells have been
found in the fly. Furthermore, there are no signs of immunological memory
or immune receptor rearrangement. Hence, for recognition of pathogens, the
fly likely relies on a restricted number of predefined germ line-encoded
receptors that bind to conserved molecular patterns on the surface of
pathogens. For efficient killing of invading microbes, the insect relies on a
battery of highly inducible antimicrobial peptides and phagocytic blood
cells.

The ancient innate immune system preceded the development of the
adaptive system, and still alone provides a sufficient immune defense for all
invertebrates. Perhaps a different evolutionary pressure facilitated the
evolution of an additional system in vertebrates. This so-called adaptive



10

system is able to mount highly specific and effective -but much slower
reacting-immune responses (7).

An innate immune system contribution to immunity is of vital
importance in mammals as well. In humans the innate and adaptive systems
work in concert. The innate system is particularly important in the initial
phases of an immune response, as a direct defense and as a trigger of
adaptive responses (8).

In summary, it has been shown that the many molecular systems and
defense strategies to avoid premature death are remarkably conserved
throughout the animal kingdom.

Drosophila - an innate model for cellular immunity. The immune defense
system of Drosophila consists of a humoral and a cellular component. The
cellular component provides resistance conferred by cells, while the
humoral defense is anything in the serum that confers resistance. In
Drosophila, the cellular immunity is based on blood cells (hemocytes) that
circulate in the hemolymph, the insect analogue of mammalian blood.
These blood cells have several functions [reviewed in (9-11)]. However,
these functions do not include the binding and distribution of oxygen.
Instead, insects have a highly effective network of tracheal branches that are
in direct contact with the atmosphere.

One important function of hemocytes is to offer host protection
against otherwise fatal microbes and parasites. To successfully carry out
such a task the immune system must be able to sense the presence, as well
as the nature, of a threat. Cellular defense actions in Drosophila include
phagocytosis (of bacteria and fungi) and cellular encapsulation of larger
objects, such as parasites. How the larva’s cellular immune system manages
to distinguish between microbes and larger parasites is a mystery. As
scientifically challenging are the molecularly uncharacterized steps that lie
between recognition and killing of parasites. For example, little is known
about the nature of the (cytokine-like?) signals between circulating blood
cells and other hematopoietic tissues that most likely occur in the larva
during a parasite attack. Also poorly understood are the molecular signals
that lead to activation and differentiation of immune competent tissue.

In my thesis I have tried to work towards a deeper understanding of
the genetic and molecular control of innate cellular responses. However,
before I dive into my main subject, I will provide a brief summary following
roughly the historical discoveries in the closely related field that deals with
humoral immunity. This is a field that has seen remarkable advances, both
in man and insects, during recent years, and it stands out as an excellent
example of how complex biological processes can be unraveled in a
combined effort.
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Antibacterial and antifungal peptides. It was demonstrated early on that
hemolymph isolated from infected insect larvae has bactericidal properties
(12). A later, molecular hallmark, in innate immunity was the discovery and
isolation of the antimicrobial peptide cecropin from the pupa of the moth
Hyalophora cecropia (13, 14). Following the cloning of the cecropin
homologue in Drosophila (15), 8 further gene families that encode at least
34 different antimicrobial peptides have been identified (16), including
antifungal peptides such as Drosomycin (17). These peptides supposedly
confer microbial killing by membrane incorporation and subsequent
membrane permeabilization [reviewed in (18)]. Since the early pioneering
studies, different antibacterial peptides have been isolated in a wide variety
of species ranging from plants to mammals. In humans, antimicrobial
peptides that belong to the defensin or cathelicidin families comprise an
important part of the defense armament (19).

The genetic control of antibacterial peptides. As a response to an
infection, antimicrobial transcript levels are highly induced in Drosophila
(20). Thus, the transcribed genes are under tight genetic control. Two major
pathways have been identified as mainly responsible for the transcriptional
control of immune response genes – the Imd/Relish and the Toll pathways,
respectively. The imd locus encodes a 25-kDa protein with a death domain
that has strongest similarities to that of mammalian RIP (TNF-receptor-
interacting protein, while the downstream target Relish was shown to be a
Rel-like transcription factor (21, 22). Upon infection, the N-terminal Rel
domain is rapidly cleaved and translocates to the nucleus within minutes
after a bacterial infection (23, 24). Mutational studies have now identified
and functionally characterized most of the downstream components in these
pathways [reviewed in refs. (16, 25, 26)].

Despite of 550 millions years of divergence between man and fly,
surprisingly many conserved mechanisms and factors have been found e.g.
between Toll pathway components and Interleukin-1 and Toll-like receptor
signaling in humans.

The Toll pathway (Fig. 4) has been suggested to control Droso-
mycin expression, which provides antifungal defense, while the Imd/Relish
pathway mainly responds to gram-negative bacteria – a convenient
discrimination of different threats at the level of recognition. However, this
view has been challenged (16). Injection studies in flies combined with
Northern blot analyses indicate that the Imd/Relish pathway is strongly
activated in the defense against many gram-positive bacteria, as well as
fungi (23). Furthermore, a gain of function mutant form of Toll leads to an
activated cellular response in the larvae, while nothing similar has been
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observed for the Relish pathway. Based in these observations, it has been
speculated that the major function of the Toll pathway lies within the
cellular immune defense and that the Imd/Relish pathway is responsible for
the major part of the anti-microbial and anti-bacterial response.

Pathogen recognition. Pathogen recognition is the starting point in every
immune defense. It is perhaps also the most challenging step for the host
organism, as pathogens evolve to avoid host recognition. In Drosophila, this
recognition step remained elusive for a long period of time. However, a
family of Peptidoglycan recognition proteins (PGRPs) has recently been
found to have this function (27-30). The PGRPs share a conserved protein
domain. This structural motif has a proposed affinity for conserved
molecular patterns on the bacterial cell walls.

The functions for all the 13 members of this gene family are not yet
elucidated, but the number alone may indicate a great deal of redundancy.
However, deleterious effects have been observed by the removal of only one
of these genes, namely PGRP-LC. In PGRP-LC loss of function mutants,
Imd/Relish activation of anti-bacterial peptides is completely blocked (28-
30). Other mutant studies have further shown that Micrococcus luteus-
mediated Toll activation instead is dependent on another PGRP, a secreted
PGRP-SA (31). The considerable number of PGRP genes may indicate that
the different PGRP possess specificity against different microbes.
Furthermore, different splice variants may further enhance such specificity
(122).

Hematopoiesis and cellular immunity in Drosophila

Circulating blood cells in a Drosophila larva. Compared to the complex
system in mammals, blood cell diversity of the fruit fly is small (Fig. 2).
Three major classes of blood cells may be found circulating in a Drosophila
larva (32, 33). Plasmatocytes, that comprise the largest part of the hemocyte
population, (95%) are small (7-12µm), round shaped cells. Their appearance
resembles mammalian phagocytes, and it has been shown that plasmato-
cytes are able to phagocytose both own (apoptotic) tissue as well as
invading bacteria and fungi. Based on this, the plasmatocytes have a
proposed relationship with mammalian blood cells of the monocyte/myeloid
lineage, such as neutrophils and macrophages.

The crystal cells are somewhat larger than plasmatocytes, and their
classification is based on visible crystalline inclusions of prophenoloxidase,
which in turn is a zymogen for melanisation reactions – that for instance
accompanies insect wounding (34).
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The presence of the third class of hemocytes, the lamellocyte, is a
distinguishing feature of an activated cellular system. Found in considerable
numbers in e.g. parasite-compromised larvae, they are usually easily
recognizable by their characteristic appearance as big (30-80 µm) and flat
cells. Apart from the three major classes described, two additional sub-
classes of plasmatocytes have been suggested. One is prohemocytes, which
are slightly smaller than plasmatocytes (35). Finally, spindle-shaped
podocytes carrying pseudopod-like membrane extensions may be observed
at the end of larval development (33, 35).

Hematopoiesis and the formation of the larval hematopoietic organ, the
lymph gland. Somewhat similar to mammalian “primitive” and “definitive”
hematopoiesis, Drosophila hematopoiesis occurs in two waves (10). The
first wave occurs in the embryo, while the second takes place in late larvae,
at the onset of metamorphosis. In the embryo the first wave of hemocytes
originates from the procephalic (head) mesodermal region (36). At
embryonic stage 5, the hemocytes may be distinguished by their expression
of the gene serpent, a homologue to mammalian GATA transcription factor
(37). Several factors are known to govern the fate of these cells. The
presence of gcm1 and gcm2 (glial cells missing 1 and 2) push the cells
towards the plasmatocyte fate (38, 39), while lozenge and Serrate/Notch, are
required for a crystal cell population to develop (40,41).

During this first wave of hematopoiesis, pluripotent head
mesodermal cells migrate and spread throughout the embryo along
genetically determined paths (see Pvf/Pvr section below). In an important
study, Holz and colleagues performed lineage-tracing studies by
transplanting labelled hemocytes at different locations in the embryo (42).
In this fashion, they were able to show that there are two serpent-positive
anlagen in the embryo that subsequently give rise to two different
populations of hemocytes. One anlage gives rise to the migrating embryonic
hemocytes. As development proceeds, this first population will give rise to a
circulating (and sessile) class of hemocytes in the larva. A second serpent-
positive population will remain within its site of origin in the embryo,
eventually forming a spatially restricted class of hemocytes within the larval
lymph glands. The spatial division of different embryonic-derived
populations persists until the end of the larval stage. Then, in a second wave
of hematopoiesis, the lymph gland-derived hemocytes are released into
circulation (35).

Mitotic processes are likely to occur in larvae, as first instar larvae
contain about 200 circulating hemocytes while a few thousand hemocytes
are found in a third instar larvae (35, 42).
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Fig. 2. Schematic figure comparing hematopoiesis and blood cell lineages in
Drosophila and mammals. Some genes implied in Drosophila hemato-
poiesis are also indicated. See text and Hoang (43) for more details.
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The lymph glands are described as the main hematopoietic organ in
the larvae. Within the lymph glands, undifferentiated prohemocytes,
secretory cells, crystal cells and plasmatocytes can be found (35). However,
the hematopoietic stem cells themselves remain to be identified.
Morphologically, the lymph glands appear as a paired multi-lobed organ
situated in an anterior-posterior position along the dorsal vessel. In the open
circulatory system of Drosophila, the dorsal vessel is functionally analogous
to the mammalian heart.

The lamellocytes have an unclear hematopoietic origin. It was
originally proposed that lamellocytes are able to develop directly from
plasmatocytes. This issue remains unresolved, but one lamellocyte
population is reportedly derived from precursor cells within specialized
areas of the anterior lobes of the lymph gland, from where they may be
released (44). No lamellocytes have so far been detected in either embryos
or adult flies (35).

Functions of embryonic hemocytes. Drosophila has few classes of blood
cells, but they perform several tasks. While spreading in an anterior-
posterior fashion, the embryonic hemocytes aid development through
phagocytosis of apoptotic corpses. This engulfment requires functional
croquemort, a homologue to the mammalian class B scavenger receptor
CD36 (45, 46).

It is believed that plasmatocytes play a role in the formation of
various extracellular structures. Plasmatocytes in vivo and blood cell-
derived cell lines secrete a number of extra-cellular matrix proteins (47).
But, the significance of these processes per se has been uncertain.
However, it was recently shown that condensation of the ventral nerve cord
requires hemocyte-deposition of the extracellular matrix components Viking
and Peroxidasin (48).

Functions of larval hemocytes. The developmental significance of
hemocytes in larvae is unclear. Thus, current knowledge of larval
hemocytes places them functionally in the innate immune defense.
Interestingly, recent experimental data confirms a suspected involvement of
hemocytes also in wound healing (49). It was shown that Unpaired 3, a
novel upstream component in Hop/Stat signaling, is specifically secreted by
the hemocytes in a response to septic injury.  The results of Agaisse and
colleagues also indicate a link to immunity, as injury induced the stress gene
TotA (50), the induction of which in turn was dependent on Relish activity.
A further involvement of hemocytes in wound healing was suggested during
characterization of the von Willebrand factor-like gene Hemolectin (Hml)
(51, 52). RNAi knock down experiments showed that Hml-deficient larvae
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have bleeding defects after injury. Interestingly, hml expression seems to be
restricted to hemocytes specifically.

Nevertheless, it is clear that the plasmatocytes take part in a first line
defense against microbes. After microbial immune challenge, hemocytes are
able to secrete antibacterial/antifungal peptides as well as to recognize and
phagocytose both bacteria and fungi. Functional studies in cell lines have
identified a few of the necessary components for phagocytosis (30, 53). It is
furthermore believed that plasmatocyte functions include “alarm” signaling
to other immune competent tissues. One outcome of such signaling could be
to initiate a systemic defense that would involve the fat body as well (47).

Fig. 3. a) The parasitic wasp Leptopilina boulardi. b) A wasp egg
containing Drosophila larvae. c) and  d) The wasp egg (black) is attacked
by GFP-labeled blood cells. Leptopilina wasp egg coated with encapsulating
blood cells under light and florescent microscopy, respectively.

Function of hemocytes in the defense against parasitic wasps.
Lamellocytes are only occasionally observed in healthy larvae.
Experimental evidence is still missing for their participation in development
and wound repair. The single known function of the lamellocytes is to
participate in encapsulation reactions against intruders that exceed the size
limit for phagocytosis (35). Such cellular responses may be studied after the
deposition of a parasitic egg by the wasp Leptopilina boulardi (Fig.3) (54,
55).  A wasp infestation usually induces a strong cellular reaction, initiated
by the attachment of plasmatocytes to the foreign body (56, 57). The total
number of circulating cells increases, and after about two days the wasp egg
is completely sealed within a melanised capsule. The formation of the
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capsule itself is dependent on lamellocyte formation and attachment, while
the blackening of the cellular capsule is thought to require the contribution
of prophenoloxidase-containing crystal cells (58), and possibly the gene
serpin-27A (59, 60). Additionally, the lamellocytes may express one
prophenoloxidase gene (125). Free oxygen radicals and quinones are
believed to promote the final killing of the entrapped intruder (61-63).
During the later stages of wasp defense, anterior lymph gland lobes of the
larva become enlarged and finally burst. Sorrentino and colleagues have
indicated a requirement for the molting steroid hormone ecdysone in this
process (64).

During an infestation, Leptopilina boulardi inject viral-like particles
that likely have immune suppressive functions (65-67). Furthermore, the
success of the host defense probably depends on genetic factors (68, 69).
These factors should be taken in to account when assessing the variable
levels of encapsulation obtained in larvae of different genetic background.

Pupal and adult hemocyte functions. Adult flies contain a significantly
lower number of hemocytes compared to larvae. Their numbers have been
estimated at 1000-2000, and they all belong to the plasmatocyte class (35).
As lymph gland-derived cells and embryonic hemocytes persist throughout
metamorphosis, the origin of the adult plasmatocytes is mixed (42).

Adult hemocytes are believed to aid anti-microbial defense. Some
experimental data on flies with impaired humoral immunity may support
such a function (70). Briefly, in order to inhibit the hemocytes’ capacity to
phagocytose bacteria, polystyrene beads were injected into adult
hemolymph in wild-type flies and flies mutant for the gene immune
deficiency (imd).  For immune compromised imd mutants, but not for wild-
type flies, this treatment causes a decrease in resistance to infection and the
authors conclude that humoral and cellular immunity works in concert.

Very little is known about the role of hemocytes in the pupa. It has
been suggested that the hemocytes participate in tissue-shaping processes
through removal of apoptotic cells. This may be similar to what is described
for embryonic hemocytes. The release of the lymph gland-derived
hemocytes at the onset of metamorphosis may indicate such a function (35).
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Fig. 4. Three pathways with proposed functions in the hematopoiesis and/or
cellular immunity of Drosophila larva:
The Toll pathway: Upon activation, the cytokine-like ligand Spätzle is
proteolytically cleaved and free to bind Toll. Toll encodes a single-pass
transmembrane receptor. The extracellular domain contains leucine rich
repeats, and the intracellular domain interleukin-1 like motifs (16, 25). The
association of Spätzle with Toll initiates a cytoplasmic signaling cascade.
The signal transduced through MyD88, Tube, and Pelle, eventually leads to
phosphorylation and degradation of the IκB-like factor Cactus. MyD88,
Tube and Pelle all contain death domains, while Pelle contains an additional
serine-threonine kinase domain. The proteolytic degradation of Cactus in
turn causes release and subsequent nuclear translocation of either the Rel-
protein Dorsal (in embryonic development) or Dif (in humoral immunity).
The Jak/Stat pathway: Hopscotch (Hop) is a non-receptor tyrosine kinase
protein that is similar to mammalian Jak, which contains a tyrosine kinase
domain and an adjacent kinase-like domain (71, 72). The binding of an
extracellular cytokine-like ligand, such as Unpaired brings together two
Domeless membrane receptor proteins, thereby creating intracellular
docking sites for binding and subsequent Hop transphosphorylation (73).
Activation of Hop is a prerequisite for the binding and the following
phospho-activation of normally cytosolic Stat. In mammalian stem cells and
hematopoietic tissue, activated Stat dimers rapidly bind to DNA, and are
thus responsible for activation of gene transcription of the downstream
targets.
The Pfv/Pvr pathway: Pvr, which belongs to the VEGF/PDGF-receptor
superfamily, contains seven extracellular immunoglobulin repeats and a
conserved split tyrosine kinase domain. Upon ligand binding, mammalian
VEGFR/PDGFR dimerises. This in turn activates the tyrosine kinase
domain which autophosphorylates several tyrosine residues in the receptors’
cytoplasmic domains (74). Three splice forms of Pvr are predicted; all
differences lie within the extracellular immunoglobulin repeat domain.
There are, furthermore, three likely ligands to Pvr described, namely Pvf1,
Pvf2 and Pvf3 (75-77). Within this group of three, Pvf2 and Pvf3 have the
closest relationship. The genetic control of the Pvfs, as well as downstream
targets of Pvr signaling, is not well characterized. But in Drosophila, Rac
(75), Ras/Erk (76, 78) as well as Basket and Cdc42 (79) have been indicated
to act downstream of Pvr signaling. In different mammalian tissues,
VEGF/PDGF signaling has been shown to influence major pathways such
as Ras/MAPK, Pi3K, Rac, JNK and PKC (19, 104). Extensively studied
effects in mammals include tumor-promoting angiogenesis (vessel
formation) and hematopoiesis.
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Gene functions. Very little is known about the molecular signals that
precede a cellular response and lamellocyte formation. I will in this section
consider some genes and pathways that currently are implicated in larval
cellular immune defense and/or hematopoiesis.

Collier A recent mutational study suggests a function for the gene
collier (also called knot) in the formation of lamellocytes during a
Leptopilina boulardi wasp attack (44). Moreover, forced expression of
collier induces lamellocyte formation in the absence of an immune
challenge. Collier is an ortholog to mammalian early B-cell factor, a
transcription factor that contains a helix-loop-helix dimerization motif.
Interestingly, in situ hybridization reveals that collier is not expressed in the
hemocytes themselves, but that it is expressed in the lymph glands. This and
other lines of evidence indicate that one function of collier is to relay crucial
instructive cues to lamellocyte precursor cells in the lymph gland during a
wasp attack.

In addition to the observations on lamellocyte formation, the results
also reveal some interesting findings on crystal cell formation. In collier
loss of function larvae, lamellocytes fail to form, but numerous crystal cells
are observed. In collier gain of function larvae, the crystal cell numbers are
decreased in the lymph glands, but differentiating lamellocyte precursors are
observed. Based on these observations, Crozatier and colleagues have
proposed that lamellocytes and crystal cells may have a common precursor.
However, this proposed precursor cell remains to be identified.

Jak/Stat Jak, is a cytoplasmic tyrosine kinase receptor that, together
with the transcription factor, Stat, was originally shown to mediate
interferon signaling in mammalian tissue culture cells (80, 81). Since then,
Jak/Stat signalling has been implicated in a large number of cytokine-
mediated responses (82, 83). There are four Jaks and seven Stats in
mammals (83), while only one Jak homologue and one Stat homologue (84,
85), are present in the Drosophila genome; hop and Stat92E respectively. In
mammals, it is believed that different combinations of Jaks and Stats largely
determine signaling specificity.

Hop does not possess kinase activity on its own, but requires binding
with the membrane associated Domeless which in turn requires additional
extracellular ligands. Three ligands to Domeless are described; Unpaired 1
(86) (in development), Unpaired 3 (in development) (87) and Unpaired 3 (in
injury/immunity) (49). There is no evidence that either of these two ligands
is required for Drosophila hematopoiesis (72). Additionally, other putative
ligands to Domeless may be found in genome blast searches (88), but their
significance and functions remains unknown (89).
A role for Drosophila Hop signaling in larval hematopoiesis was suggested
by the isolation of two dominant gain of function mutations: hoptum and
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hopT42 (90, 91). These mutations give rise to overproliferation of plasmato-
cytes as well as lamellocyte formation and melanotic nodules. The effects
on hemocytes are regarded as cell autonomous, since transplanted hopT42

lymph gland-derived cells continued to cause tumors and death in wild-type
recipient hosts (71, 90). A feature attributed to the Stat92E is the capacity to
bind the promoter of D-Raf, suggesting a Raf/MAP kinase link (72, 92).

Null mutants of hop and Stat92E are embryonic lethal. To test for a
possible Hop and/or Stat involvement in the cellular defense, viable
heterozygous hop and hypomorphic Stat92E larvae have been assayed for
their capacity to encapsulate parasitic wasp egg (93). In a series of
Leptopilina boulardi infestation experiments, a reduction in encapsulation
rate was demonstrated. The strongest reduction was shown for hopM4 larvae,
with an encapsulation rate of 7.11%, a fourth of the control rate (29.3%).
Loss-of-function mutants for hop a n d  Stat92E, seem not to have
significantly lowered numbers of circulating hemocytes compared to wild-
type larvae. Hence the effects of mutant Hop/Stat on hematopoietic tissues
seem to be restricted to lamellocytes (or the lamellocyte precursor cells). It
may be noted that considerable variations in encapsulation rates were
observed within the group of tested mutants, complicating the interpretation
of the data.

Domino domino is a member of a growing list of chromatin-
remodeling deficient mutants that produce hematopoietic perturbations in
Drosophila larvae. The protein encoded by the domino gene has DNA-
dependent ATPase activity and is involved in establishment and/or
maintenance of chromatin architecture (94). It was found that the domino
mutation almost completely lacks circulating and sessile hemocytes (95).
Subsequent infection studies revealed that the humoral response against
bacteria, and production of antibacterial peptides, is not significantly
impaired in domino mutants compared to wild-type larvae (96). These
observations contradict the common notion that hemocytes have an
important role to play in humoral defense. However, in survival
experiments, the viability of domino mutants was slightly reduced after
microbial infections. Hence, the authors concluded that perhaps the role of
the hemocytes is to work as anti-microbial scavengers, thereby reducing
tissue damage (96).  It was furthermore shown that when domino mutants
were crossed to the gain of function HopTum and Toll10b (also called Tl8)
mutants, the melanotic tumor frequency was severely reduced. Notably, a
small number of melanotic nodules were still observed. The authors
concluded that melanotic nodule formation might occur without the
contribution of hemocytes (96).

Toll The Tol l pathway was first shown to have important
developmental functions in dorso-ventral patterning of the Drosophila
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embryo (2). Later it was discovered that Toll was also involved in humoral
immunity (97, 98), [reviewed in (26)]. Furthermore, the Toll pathway is
suggested to be involved in cellular defense and/or hematopoiesis. This was
originally based on the finding that Toll10b gain of function larvae develop
hemocyte over growth and melanotic tumor formation (98-100). Such
suspicions were strengthened by the fact that a similar tumorous phenotype
was observed in mutants for cactus (101). The Cactus protein is a I/kB like
inhibitor of the transcription factor dorsal, both genes being downstream
components in the Toll pathway (Fig.4).

In mutant studies of three Toll pathway components, tube, pelle and,
Toll itself, have a reduced number of circulating hemocytes(100). The
numbers varied from 28-48% of the heterozygous controls. To test if Toll’s
influence could be extended to the cellular defense against parasites, Toll
pathway mutants were exposed to Leptopilina wasps in an encapsulation
assay (93). The study was complicated by large individual variations in the
hemocyte numbers. Nonetheless, several mutant hosts, including Toll loss of
function, showed a significantly reduced capacity to encapsulate the wasp
eggs. However, the reduction in encapsulation rate seemed to be connected
to a decrease in the number of circulating hemocytes, and not linked to
defects in lamellocyte formation. Hence, it is not clear whether Toll
signaling is required per se during wasp defense. Instead, perhaps reduced
levels of hemocytes impair egg recognition, or there may exist a Toll
requirement for the proliferation/release of hemocytes that follows a wasp
infestation (89, 93).

Toll signaling leads to production of the antifungal peptide
Drosomycin. Thus, if Toll signaling is activated as a prerequisite for a
cellular response, this should also lead to the induction of Drosomycin.
However, Northern blot experiments carried out on Leptopilina infested
larvae indicate that the Drosomycin levels were unaffected (as well as
Diptericin and Cecropin A) (102). Although not conclusive, this study is
adding to the uncertainty regarding Toll’s requirement in larval parasite
defense reactions.

Pvf and Pvr The functions of mammalian VEGF and PDGF are
diverse and important, in development, hematopoiesis, and disease, for
reviews, see (74, 103, 104). However, in spite of 15 years of intense
research, the connections of VEGF and PDGF to other molecular pathways
are still unclear. Due to comparatively low genetic complexity, Drosophila
has the potential to work as a model system for basic questions related to
VEGFR and PDGFR signaling.

In Drosophila, only one VEGFR/ PDGFR homologue, Pvr, has been
reported (75, 76, 77, 105). Additionally, there are three likely ligands to Pvr
(75-77). One of these, Pvf2, has a very strong proliferative effect on larval
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hemocytes when ectopically overexpressed (77). This may indicate a
function for Pvf2 in the mitogenic control of larval hematopoiesis.
However, other data from the same report contradict such functions, as P
element insertions into Pvf2 exhibit no obvious hematopoietic defects.
Perhaps the presence of Pvf1 or Pvf3 is sufficient to rescue the cell numbers
in Pvf2-deficient larva. In any case, a requirement for Pvr and the Pvfs in
embryonic hematopoiesis has been clearly demonstrated. Pvr was initially
described in Drosophila as being a crucial factor for proper migration of
border cells in the ovary (75) and in the migration of embryonic hemocytes
(75, 105). By employing simultaneous RNAi against all three Pvfs, Chou et
al. observed significant aberrations in the migration of the embryonic
hemocytes (76). Thus, they concluded that migrational cues in the early
embryo are laid out in a redundant fashion by the Pvfs, signaling through
Pvr. Additionally, it is suggested that Pvfs/Pvr are involved in early
mitogenic control of the embryonic hemocytes, perhaps through Ras/Raf.
Moreover, anti-apoptotic Pvr signaling is vital for proper survival of
embryonic hemocytes (78).

The results concerning Pvf/Pvr effects on Drosphila hemocytes are
interesting also in a phylogenetic perspective. Perhaps the ancestral VEGF
functions may have been primarily in hematopoiesis and developmental
control of blood cells, rather than in angiogenesis (76).

Fig. 5. a) Black melanotic nodules formed in Alk expressing hemocyte-
overgrowth larvae b) and c) Light microscopy (400x) pictures of hemo-
cytes from bled larvae; wild-type and Alk overexpressing, respectively.

Melanotic nodules - the tumor case. Black melanotic spots may be found
in a number of different Drosophila mutants. These melanotic formations
are sometimes similar in appearance to the melanotic capsules that can be
found in wasp-infested larvae, indicating a link to cellular immune
responses. In some cases, for instance in l(3)mbn and yantar mutants,
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melanotic nodule formation clearly has been linked to hemocyte overgrowth
and lamellocyte formation (111, 123, 124).

Already in 1982, there were at least 25 known so-called melanotic
tumor mutants in Drosophila, however only a minority of them were
belonging to the malignant blood cell neoplasm class (106). Since then, a
growing list of mutants is reported to cause melanotic nodule formation, in
larvae as well as in adults. However, in few cases the blood cell
participation has been fully investigated.

Per definition, tumorous cells have escaped normal cell growth
control and divide rapidly. If they lose contact inhibition as well, the cells
become malignant. Most of the larval tissues are genetically polyploid, thus
uncontrolled cell division is not possible. However, there are a few
exceptions to this rule such as the imaginal discs (undifferentiated cell
formations) and the blood cells.

The discrimination between a so-called melanotic tumor phenotype
and a “true” blood cell neoplasm is not obvious. Watson and colleagues
made an attempt to classify twenty P element-induced mutations that
showed a “melanotic tumor” phenotype (107). Based on dissections and
observations of larval lymph glands, Watson and colleagues were able to
discriminate between two different classes of melanotic forming tumor
mutants. The Class 1 mutants belong to a group were the melanotic
formation is believed to be the “response of an apparently normal immune
system to the presence of abnormal target tissues”. The class 2 includes
“true” blood cell tumor mutants. The Class 2 classification was based on the
presence of hypertrophied lymph glands, a feature Watson associated with
blood cell neoplasm. It is likely, although not formerly shown by Watson,
that the cellular immune system is activated in both Class 1 and Class 2
mutants, thus autoimmune responses or direct gene effects lead to the
formation of lamellocytes, and following melanotic formations.

Some of the genes that Watson and other have found to create
hemocyte malignancies have turned out to be mutants of different ribosomal
genes (107-109). To my knowledge, nothing similar has been reported in
mammalian systems. However, in a zebrafish mutant screen for early tumor
formation, 11 out 12 isolated mutants, turned out to be ribosomal genes.
Thus, the authors suggest that ribosomal genes may be haploinsufficient
tumor suppressors in fish (110).
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Aims

The general aim for this thesis was to use Drosophila genetics to study the
poorly understood molecular mechanisms that control an innate cellular-
immune response, using Drosophila larvae as a model system. More
specifically, the aims were to:

• Search for novel membrane proteins with potential functions in
cellular immune responses.

• Search for genes and signaling pathways with potential functions in
cellular immune responses.

• Investigate the involvement of Pvf2/Pvr in larval hematopoiesis
and/or cellular immune responses.

Results and discussion

Isolation and characterization of a novel hemocyte-
specific gene (Paper 1)

To facilitate functional and molecular characterization of the cellular
defense in Drosophila larvae, it was of vital importance to obtain molecular
markers for cell surface receptors on Drosophila blood cells. The foundation
for Paper 1 was the isolation of a monoclonal antibody, H1, which
recognizes only hematopoietic tissue and blood cells in Drosophila. The H1
antibody was subsequently used to screen a Drosophila cDNA expression
library, and a novel gene, Hemese, was cloned. Assays using dsRNA
revealed that Hemese might have a modulatory role in the cellular immune
defense.

Molecular characterization. The Hemese protein is situated on
chromosome 2, and the open reading frame contains two exons (Fig. 6). The
predicted size of the protein is small (predicted 17KDa). The protein
contains a transmembrane region and has a number of putative O-
glycosylation sites. Indeed, heavy glycosylation probably explains why the
Hemese protein band on western appears as a heterogeneous smear ranging
from 37-70 KDa. Apart from a signal peptide and a region of low
complexity, the protein contains a predicted tyrosine phosphorylation site.
This implies a possible signaling function for the Hemese protein. Indeed,
the protein does become phosphorylated, as judged by staining with an anti-
phosphotyrosine antibody.
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Fig. 6. The Hemese open reading frame, and protein characteristics.

Transcriptional specificity. Northern blot analysis confirmed the hemocyte
specificity also on a transcriptional level: Hemese transcript is highly
enriched in leukemic l(3)mbn mutant hemocytes and larvae, and conversely,
the signal is almost gone in mutant larva that have severely reduced
numbers of hemocytes, such as in domino and l(3)hem (96, 111). In wild-
type larvae, a weak but significant signal is obtained, probably reflecting
Hemese expression in the lymph gland and a few thousand blood cells. No
signal was detected in embryos nor in adult flies.

Hemese function. Hemese is relatively highly expressed in all
hematopoietic tissues throughout the larval stages. However, as a novel
protein, the Hemese function cannot be easily asserted through sequence
comparisons. On the amino acid level, Hemese shares some similarity with
mammalian glycophorins. This is a gene family that is highly expressed in
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mammalian blood cells, but with unknown functions. In fact, one form,
GPA, constitutes the most abundant glycoprotein on the erythrocyte surface,
(112). In mammals, the glycophorins are very rapidly evolving proteins.
This suggests a participation in an evolutionary race, as GPA is the antigen
and means of entry for the Plasmodium falciparum (malaria). Preliminary
sequences from the ongoing sequencing projects have revealed the existence
of Hemese  homologues in other Drosophila species (Dan Hultmark,
personal communication). Interestingly, where Hemese homologues are
found, the gene seems to be rapidly evolving. This may indicate an
evolutionary race with an unknown pathogen or parasite, perhaps similar to
what is the case for glycophorins and Plasmodium in humans.

  Many genes involved in the defense against microbes are rapidly
upregulated after bacterial infection. We could not detect any changes in
transcript levels of Hemese  six hours after injection of Enterobacter
cloacae. We were furthermore unable to detect any impairment in the
capacity to phagocytose bacteria in hemocytes from Hemese-dsRNA
(double stranded RNA) treated larvae. Taken together these results make it
unlikely that Hemese has a role to play in the defense against bacteria.
However, such functions cannot be excluded completely, as a host-pathogen
interaction may be specific to certain strains of (naturally occurring)
microbes, or certain conditions, which were not tested.

Although Hemese function(s) are largely unknown, there is
experimental evidence for a modulatory role in the cellular defense. In
Hemese  dsRNA knock down experiments, the cellular response
(encapsulation rate) in wasp-infested larvae is enhanced, as is the melanotic
nodule formation in l(3)mbn mutants. Thus, the suppression of the Hemese
gene apparently enhances a cellular response (and lamellocyte formation),
and consequently, Hemese function may be to suppress cellular immune
responses. The Hemese gene is upregulated in hemocytes from larvae that
show a hemocyte overgrowth phenotype (“tumorous larvae”) as well as in
wasp-infested larvae (Paper 1 and unpublished results). The reason why
Hemese is upreguled in wasp-infested larvae could be to avoid a hyper-
activated cellular response, which in turn may result in tissue damage.
However, to facilitate a cellular response, one might suspect that Hemese
should become downregulated at least in the early phases of a wasp defense.
Thus far, there is no experimental evidence for such stringent differential
regulation.

Perspectives on paper 1.  At the time the work with cellular markers was
initiated, no comparable work had been done in Drosophila and the field
was lagging behind the work performed in mammalian systems. In fact,
most scientific interest was still within the field of humoral immune
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defense. Currently, as the cellular part in Drosophila immunity has attained
increased attention, the cellular marker H1, as well as the molecular tools
and knowledge obtained during the preparation of Paper 1 has proven
valuable in several aspects. For us working with cellular immunity, the
cloning of Hemese was an important advancement. For me in particular, as
Hemese provided a “molecular handle” for further molecular dissections of
cellular responses, as manifested in e.g. Paper 2 of this thesis.
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Fig. 7. Using the binary UAS/GAL4 system to drive expression of genes
in a Hemese dependent fashion. Incorporated into the genome, the
transgenic “driver” fly carries a yeast GAL4 gene under the control of the
promotor of choice (113). The second component, the “UAS-fly”, carries
yeast upstream activating sequences fused to any gene, or reporter construct
of interest. By bringing the two components together in a cross, targeted
gene expression is achieved in the progeny. A larva carrying the UAS-GFP
under the control of Hemese-GAL4 gene construct is shown as an example
of such targeted expression, in this case the blood cells of a third instar
larvae. Gene functions may in this fashion be evaluated through the
expression of a variety of different UAS-constructs; wild-type genes,
constitutive active, dominant negative or RNAi “knock down” constructs.
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A directed screen for genes involved in Drosophila
blood cell activation (Paper 2)

My main interest has been to gain information about the molecular control
during a cellular immune response. With Hemese cloned, the possibility to
undertake such studies had increased considerably. Thus, Paper 2 is a direct
continuation of Paper 1. Rather than focusing on Hemese function, I was
interested in utilizing the transcriptional specificity of the Hemese gene. By
the construction of a Hemese-GAL4 transgenic fly (Fig. 7 and Fig. 8), I
hoped to gain several advantages. For instance, I hoped to be able to express
any gene of interest specifically in hematopoietic tissue and the blood cells.
By such targeted gene expression, I hoped to avoid effects on early
development and potential early lethality - a result otherwise commonly
encountered in gain of function studies with less specific GAL4 drivers.
Secondly, a Hemese-GAL4 construct would be useful to drive different
reporter gene constructs, such as UAS-GFP, providing a tool as a blood cell
marker during in vivo studies.  Naturally, I hoped that putative Hemese-
GAL4 induced effects would be specific, and thus more reliable. Indeed, it
turned out that the Hemese-GAL4 construct made it possible to test a
number of available UAS-constructs for possible influence on the cellular
response, as described in Paper 2.

Fig. 8. A schematic representation of the Hemese locus and adjacent genes.
Also indicated is the chromosomal region that was used for construction of
the Hemese-GAL4 driver.

Construction and characterization of the Hemese-GAL4 driver. The
Hemese gene is flanked by two other predicted genes (Fig. 8). Thus, the
Hemese-GAL4 driver is based on a Polymerase Chain Reaction (PCR) -
derived fragment that spans the end of the CG8942 gene and the 5’ start site
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of the Hemese gene, a distance of about 1100 base pairs. The isolated
promotor fragment was then cloned into a P element and injected into
embryos to create transgenic lines by P element-mediated transformation
(114). Several Hemese-GAL4 transgenic lines were isolated. These flies
were subsequently crossed into UAS-Green Fluorescent Protein (GFP)
reporter construct carrying flies for further evaluation.

Hemese-GAL4 expression pattern. In third instar larvae, Hemese-Gal4 is
strongly expressed in about 80% of the circulating hemocytes. Additionally,
a sessile population of hemocytes shows strong GFP expression. Sur-
prisingly, we noticed that apart from blood cells, also salivary glands of the
larvae were GFP positive. No embryonic expression was detected. The
salivary gland expression is likely explained by residual Hsp70 promotor
activity (115, 116). Additionally, contrary to what had been observed for the
Hemese protein, GFP-expression was usually not observed in the lymph
glands. The reason for these deviations between the native expressed protein
and the Hemese-GAL4 driver expression-pattern is unknown. Minor
sequence differences observed in the promotor compared to the PCR
fragment may account for those differences. Another possibility is that
important regulatory elements are situated more distally in relation to the
Hemese gene and are thus not included in the Hemese-GAL4 construct.
Nevertheless, the Hemese-GAL4 construct has proven to be very useful,
rarely creating early lethality, and is now utilized in several studies.

Effects of hemocyte directed gene expression. As described previously,
the appearance of lamellocytes is a sign of an activated cellular response in
Drosophila larvae. In order to find cues to the activating signals, it was my
intention to find genes that could evoke such a response. While
overexpressing UAS-constructs with the Hemese-GAL4 driver, I was
looking for any sign of an activated cellular response. Receptor tyrosine
kinases are known to play important roles in many processes that involve
cell proliferation and/or differentiation (117). Thus, members of this family
of genes were the primary targets of choice when I initiated the directed
screen.

 In Paper 2 we show that ectopic expression of receptor tyrosine
kinases causes an increase in plasmatocyte numbers (like UAS-EGFR), or
they (like UAS-Pvr  and UAS-Alk)  give rise to increased levels of
plasmatocytes as well as lamellocyte formation. The fact that several
receptor tyrosine kinases give a response may indicate misleading
promiscuous signaling effects - perhaps such overexpression also can
influence the targets for related receptor tyrosine kinases that actually have a
role to play in hematopoiesis. However, one may also argue that some of the
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effects on the hemocytes are rather specific, such as in the case of Egfr. In
any case, Pvr is likely to have a function in the larval hematopoiesis and
perhaps also in the cellular defense, as the expression of dominant negative
Pvr leads to a seven-fold reduction in the number of circulating hemocytes.

Later, the screen involved a larger array of UAS-constructs. Even
then, the number of genes that gave a response was greater than expected. A
set of other U A S-constructs, like Toll.10b, Ras85D and hop.Tum were
expected to give a phenotype, as gain of function mutants of these genes
exhibits leukemia-like phenotypes and/or lamellocyte formation.

Additionally, we showed that proliferation of the blood cells and
formation of lamellocytes is not necessarily connected. Hence, lamellocyte
formation may occur without an increase in the total number of circulating
hemocytes.

Fig. 9. The canonical Wg pathway. Schematic figure of Wg/WNT
pathway molecular components, and their role in the signal transduction.
See references Peifer and Nusse for details (118, 119).  Abbreviations:
nd=not detected, GSK-3β =glycogen synthase kinase TCF=T-cell factor,
DN= dominant negative.
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Putative involvement of the Wingless pathway in cellular responses. The
observation that a block in Wingless signaling gives rise to an activated
cellular response was surprising (Fig. 9). The Wingless pathway is involved
in many developmental processes, such as in segmental patterning in the
embryo and cell polarity (119). Additionally, recent results in mammalian
tissue culture cells indicate that the Wingless protein itself may function as a
stem cell growth factor (120).

The block in the Wingless pathway was achieved by expression of
either shaggy, a known negative regulator of the Wingless pathway, or a
dominant negative construct of pangolin (also called T-cell factor). These
results suggested that similar effects might be found in loss of function
mutants of pangolin. Based on this, a temperature-sensitive hypomorphic
pangolin mutant, panER1, was investigated (121). However, no apparent
effects on hemocytes were observed in these mutants at the restrictive
temperature (unpublished data). Nor was any impairment in the cellular
response against a wasp detected (unpublished data). A weak pangolin
mutant with a resultant insufficient genetic penetrance may explain these
negative results, or there may be yet other explanations. It cannot be
excluded that overexpression of Shaggy and/or dominant negative Pangolin
have other unexpected effects on the regulation of the Wingless pathway, or
even additional pathways. However, the fact that two independent factors of
the same pathway produce a similar result supports the idea that the
Wingless pathway itself may exert a negative control on the hemocytes.

I failed to see any effects by overexpressing positive regulators of
the Wingless pathway, such as pangolin, armadillo and wingless.  However,
these latter results are more expected, as it seems to be the removal of the
Wingless signal that causes the activation of the hemocytes.

In the directed screen, 57 constructs were tested, representing an
array of different signaling pathways; including receptor tyrosine kinases,
Wingless pathway components and jun-kinase signaling components. The
sheer number of genes and signaling pathways that seem to be able to evoke
a cellular activation is interesting, as well as puzzling. Of course, as
discussed in Paper 2, the effects could be due to redundancy in the system.
Artifacts may exist in some cases, a possibility in all gain of function
studies.

A more speculative hypothesis is also discussed in Paper 2. The
larvae may have a sophisticated defense for parasite attempts to avoid host
recognition. Thus, it is possible that the larvae are in possession of a
guarding system, consisting of molecular sensors that perhaps can feel
attempts of parasites to suppress the recognition and/or a cellular response.
This may explain the apparent redundancy observed. However, the
experimental evidence for such system is yet non-existing.
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Perspectives on paper 2. One obvious outcome of the publication is that
the number of genes and pathways that have to be considered as possible
components in the cellular defense and/or hematopoiesis has increased.

Naturally, these new candidate genes have to be tested further for
their effects in hematopoiesis and cellular responses, preferably in mutant
studies or “knock-down” studies. However, redundancy may occur and
synergistic effects of simultaneous working signaling pathways may exist.
Thus, loss of function studies involving several factors at the same time may
be preferable. To avoid embryonic lethal mutant effects, maybe clonal
analyses, and/or the use of dominant negative constructs (in connection with
use of the UAS/GAL4 system) have to be considered- and this in association
with wasp infestation studies.

Pvf2/Pvr signaling in Drosophila hemocytes (Paper 3)

Paper 2 gave several openings for further characterization of genes that may
have a function during cellular responses in Drosophila larvae. One of the
genes I decided to study further was Pvr (75-77, 105). In Paper 2 we
showed that overexpression of Pvr, gives rise to lamellocyte formation and
plasmatocyte proliferation. These results were in agreement with the effects
of the receptor tyrosine kinase Alk that was tested in the same study. More
unexpectedly, Hemese-GAL4-driven overexpression of a dominant negative
form of the Pvr  (UAS-Pvr.DN) leads to significantly reduced levels of
hemocytes. That suggests a function for Pvr in hematopoiesis, and perhaps
also an involvement in the cellular defense. Thus, I was interested in the
relationship between Pvr and other pathways that produce hemocyte
phenotypes. Toll10b-expressing larvae exhibit hemocyte activation and
proliferation, and may thereby function as a model for an activated cellular
system. Furthermore, we asked if Pvr is required in any of the phases that
characterize a cellular response against Leptopilina wasps, namely
proliferation/release of plasmatocytes in circulation and/or lamellocyte
formation and encapsulation of parasitic wasps.

A Pvr requirement in development and in Toll-induced cellular
responses? In Paper 3 we confirm that Pvr likely is required for proper
hematopoiesis in the Drosophila larvae. However, at this stage we cannot
determine at which developmental stage in the larvae Pvr is required, or on
which hemocyte population (circulating/sessile) the dominant negative
construct UAS-Pvr.DN exerts its effects. We confirm that Pvf2 is a likely
ligand to Pvr. Furthermore, results from genetic interaction experiments in
Paper 3 suggest a Pvr involvement in a Toll10b-induced increase of
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hemocytes. We further show 
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Future perspectives

In summary, the future looks bright for research on cellular immunity in
Drosophila. Now there are cellular markers and different molecular tools
available. For instance, the blood cell-specific Hemese-GAL4 driver
described here and the similar Hemolectin-GAL4 driver, described by Goto
et al. (51, 52). Moreover, an increasing number of genes are implicated to
have a possible function in the cellular immune defense of Drosophila.
However, yet to come is a true understanding of the underlying mechanisms
that controls a cellular immune response - including the challenging
question of how recognition of a parasitic wasp egg is achieved by the host.

Hemese promotor studies. An interesting aspect of the Hemese gene is its
expression specificity. Thus, what promotor elements define hematopoietic
specificity? As more sequence data are being released from related dipteran
species there are new possibilities to address these questions. The obvious
starting point would be to search genomic databases for conserved promotor
elements. These studies could be followed by functional studies, perhaps by
using the UAS/GAL4 system and isolated/mutated stretches of putative
promotor DNA. Such studies could be divided into two sub-questions. The
most interesting one is perhaps what provides blood cell specificity to
Hemese. The other related question is what promotor elements provide
differential expression of the Hemese gene, as an upregulation of Hemese is
observed in wasp-infested larvae. A deepened knowledge regarding these
questions may be of value for mammalian systems as well.

Cross-compartment signaling. Another intriguing question is the still
hypothetical existence of crosstalk between different hematopoietic
compartments. Briefly, it is generally believed that circulating hemocytes,
or sessile cells are involved in immune-induced signaling that influences the
lymph glands and other sessile hemocytes. Such signaling most likely
involves some kind of cytokine-like molecules. A few candidates do exist,
such as Unpaired (and other uncharacterized genes with similarities to
Unpaired) and Pvfs, but their true significance in the cellular defense is
currently unclear. The Hemese-GAL4, and similar drivers, may become
useful tools to test candidate genes for potential cytokine properties.

Genome-wide screens. A major advantage of the fly system is the
possibility to perform large genomic screens with comparable ease. For this
purpose, Hemese-GAL4 could prove to be a valuable tool.  In a random gain
of function screen one could utilize available P element collections. In such
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collections of flies, randomly inserted P element allows gene expression
under the control of any GAL4 driver. In search for factors that inhibit
cellular immune responses, such a screen could be done in association with
wasp-infestation assays.

Other possibilities. Further use of the Hemese-GAL4, and similar drivers,
may be foreseen. Random screens, as outlined above, may target other basic
biological questions. The larva’s hematopoietic system may become a
valuable in vivo system to study basic underlying mechanisms in phago-
cytosis, cell migration, drug resistance, intra cellular trafficking, short and
long range signaling, tumor induction and more. In short, the sky may not
be the “limit”.
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Without you… nothing perhaps. Many Thanks also for your hospitality, in
Hungary as well as in Sweden. Michael, thanks for all your help. Perhaps the
brightest among us. It has been fun working and discussing with you! Magda-
Lena, ett hjälpsamt, pratglatt hjärta av guld och en poet av rang och talang.
Thomas, tack för dina författarråd och lycka till med kvinnorna och karriären over-
there. Pia, glad, skärpt och uppmuntrande. Du blir aldrig en trött och N-Fet en.
Mazen, ett nytt och roligt stjärnskott i gruppen. Jesper, och Anna-Karin, ett
nyttigt och kul samarbete har det varit. Ines, vi gjorde ett bra jobb tillsammans
tycker jag. Tack även till Fia, som uppmuntrande och hjälpsamt övervakade mina
första stapplande steg på labbet. Där var också Marika, inte bara en partydrottning
utan även en inspirerande forskare och..eppendorfsrörsmällarmästarinna. Tack till
sångfågeln och mästerinjiceraren Ingrid. Karin E, jag och mina flugor bockar och
tackar.

ALLA på UCMP, några nämnda, ingen glömd. Ett fantastiskt ställe. Lysande
forskning i ett lättsamt och hjälpsamt klimat.. Tack till gruppledarna: Liz,  the boss,
för dina råd, ditt stöd och din entusiasm! Tack till SuperRuth för alla trevliga
diskussioner, vetenskapliga råd och kommentarer till diverse manuskript! Många
tack också till Janne (en idol), Simon, Lars och Uwe! Samt till Marek, den
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hjälpsamma räddaren i datornöden. Och tack Maria för all din livsuppehållande
hjälp, du är oersättlig!

Tack  till Johanna, Peggy och alla ni andra i CSG - plus icke GSG, men fd UCMP,
som Theresa och Josefin och Stefan Å. Det var kul på den gamla goda tiden. Var
inte ölen godare då? Mer innebandy blev det definitivt. Trevligt och inspirerande
sällskap har det också varit med Gosia, Morten, Agneta, Karl, Maria, Erik,
Caroline, Margret, Maria, Anders , Eva, Per, Gautam…och många fler.

UCMP-kompisar som har varit till stor (överlevnads)hjälp:

Steffe Som en lätt förvirrad kompis har du bidragit till att mina år i Umeå blev
njutbara. Vi kommer att ses i den större staden då och då antar jag  Jag blir tyvärr
tvungen att  vänja mig vid med att få stryk i tennis igen. Men du slår mig definitivt
i slalom, snygg stil!

Pär Den hyggligaste och den bäste i det mesta. Du lärde mig också att det finns en
charm med knakande och brakande träd i ett vinterkallt landskap. Jobba nu bara lite
på din slalomteknik, så kommer allt att bli bra.

Kristina Du är en som både kan prata och lyssna med samma glada entusiasm.
Imponerande och inspirerande.

Talal Umeå blev en tråkigare plats när du lämnade oss, men jag antar att Uppsala
blev kuligare i desto högre grad.

Åsså släkten

Nina, jag är glad att jag har dig som syster. Tack för din glada entusiasm och ditt
intresse för det jag sysslar med. Pelle, tur att det finns någon i barnaskaran som
lyckats skaffa ett gammalt  hederligt välbetalt arbete. Tack för din hjälp. Nu blir det
snart mer tennis igen . Tack till Marie med familj, liksom Mats och Eva med
familj. Och Lollo med familj förstås. Samt Inga, Jenny och Ulla. Till hjälpande
släkt räknar jag också Krillebille, Cärina och Roffeboffe. Tack Roffe som också
tipsade mig om Dan.

Mamma. Utan dig hade det inte blivit nåt alls. Och då tänker jag inte bara på själva
födelseögonblicket. Den bästa mamman man kan önska sig. Och med alltid lika
hyggliga Carl-Åke vid sin sida, ett perfekt team. Tack för all er hjälp!

Charlotta, du sköna blomma. Du är rolig, smart och stödjande. Och mycket mer.
Helt enkelt den finaste. Du hjälper mig mycket.
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