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Abstract
Cancer cells contain multiple biological alterations that allow them to escape from host surveillance mechanisms. One of
the mechanisms that play an essential role in host protection against tumor growth is immunity. However, the immune
system may act as a double-edged sword with the potential to both promote and limit tumor growth in a context-dependent
manner. This involves both internal and external signaling events such as stress signaling pathways but also communication
between cells and/or between cells and the extracellular matrix (ECM). In this thesis, Drosophila melanogaster (the fruit
fly) was used to understand the role of two immune-related components, namely the antimicrobial peptide Drosomycin
(Drs) and a chitinase-like protein (Idgf3), in a tumor model that involves a tubular organ, namely the salivary glands.

In Paper I we investigated Drs function and regulation upon expression of the oncogene RasV12. Initially, Drs was
upregulated in the whole SG upon RasV12 expression. However, at the later stage of the tumor, Drs expression was restricted
to the proximal region. In contrast, at the distal region, the hallmarks of cancer phenotypes, such as activation of the
pro-tumorogenic JNK pathway, adhering immune cells and production of reactive oxygen species (ROS), were elevated.
By overexpressing Drs in the distal region, we found that Drs interferes with most cancer hallmarks, including the JNK-
pathway, recruitment of immune cells, and ROS production.

In Paper II we further characterized the hallmarks of cancer in our model system by addressing external and internal
changes and whether Drs may influence them. At the extracellular compartment, we demonstrate the redistribution of the
ECM in tumors, recruitment of immune components, including prophenoloxidases (PPOs) and Drs, and identified F-actin
as a part of the ECM. Intracellularly, the organs' primary function, secretion, is lost, and the cell’s epithelial organization
is disturbed. Drs reversed the majority of these changes.

In Paper III we addressed the role of Idgf3 and its effect on external and internal cues. Initially, we found that Idgf3
was induced in the RasV12 salivary glands. Upon knock-down of Idgf3, the cellular organization was restored, and tumor
growth was limited. Moreover, Idgf3 expression was correlatively increasing with the progression of the tumor. In line
with Paper I, we found a similar correlation with the JNK pathway. Through genetic experiments, we show JNK-mediated
regulation of Idgf3 through ROS. By addressing the subcellular localization of Idgf3, we found the protein internalized
within enlarged vesicles, which were coated with a cytoskeletal protein, Spectrin. Furthermore, the formation of enlarged
vesicles promoted tumor progression through loss of cellular organization. Taken together, the findings presented here
emphasize the complexity of the immune system and its function in tumor progression. Further studies are necessary to
understand the potential for tumor therapy.
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RESEARCH SUMMARY 

Cancer cells contain multiple biological alterations that allow them to escape 

from host surveillance mechanisms. One of the mechanisms that plays an es-

sential role in host protection against tumor growth is immunity. However, the 

immune system may act as a double-edged sword with the potential to both 

promote and limit tumor growth in a context-dependent manner. This involves 

both internal and external signaling events such as stress signaling pathways 

but also communication between cells and/or between cells and the extracel-

lular matrix (ECM). In this thesis, Drosophila melanogaster (the fruit fly) was 

used to understand the role of two immune-related components, namely the 

antimicrobial peptide Drosomycin (Drs) and a chitinase-like protein (Idgf3), 

in a tumor model that involves a tubular organ, namely the salivary glands.    

In Paper I we investigated Drs function and regulation upon expression of 

the oncogene RasV12. Initially, Drs was upregulated in the whole SG upon 

RasV12 expression. However, at the later stage of the tumor, Drs expression 

was restricted to the proximal region. In contrast, at the distal region, the hall-

marks of cancer phenotypes, such as activation of the pro-tumorogenic JNK 

pathway, adhering immune cells and production of reactive oxygen species 

(ROS), were elevated. Thus, by overexpressing Drs in the distal region, we 

found that Drs interferes with most cancer hallmarks, including JNK-pathway, 

recruitment of immune cells, and ROS production.  

In Paper II we further characterized hallmarks of cancer in our model sys-

tem by addressing external and internal changes and whether Drs may influ-

ence them. At the extracellular compartment, we demonstrate the redistribu-

tion of the ECM in tumors, recruitment of immune components, including 
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prophenoloxidases (PPOs) and Drs, and identified F-actin as a part of the 

ECM. Intracellularly, the organs' primary function, secretion, is lost, and the 

cell’s epithelial organization is disturbed. Drs reversed the majority of these 

changes.    

In Paper III we addressed the role of Idgf3 and its effect on external and 

internal cues. Initially, we found that Idgf3 was induced in the RasV12 salivary 

glands. Upon knock-down of Idgf3, the cellular organization was restored, and 

tumor growth was limited. Moreover, Idgf3 expression was correlatively in-

creasing with the progression of the tumor. In line with Paper I, we found a 

similar correlation with the JNK pathway. Through genetic experiments, we 

show JNK mediated regulation of Idgf3 through ROS. By addressing the sub-

cellular localization of Idgf3, we found the protein internalized within en-

larged vesicles, which were coated with a cytoskeletal protein, Spectrin. Fur-

thermore, the formation of enlarged vesicles promoted tumor progression 

through loss of cellular organization.  

Taken together, the findings presented here emphasize the complexity of 

the immune system and its function in tumor progression. Further studies are 

necessary to understand the potential for tumor therapy.  
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POPULÄRVETENSKAPLIG  
SAMMANFATTNING 

Cancer är en dödlig sjukdom som uppstår när cellens kommunikation 

modifieras. Proteiner  som finns både på utsidan och insidan av cellen har 

ansvaret för att kommunikationen ska upräthållas. Några av dessa proteiner 

spelar en viktig del i vårt immunförsvar. Vanligtviss, spelar immunförsvaret 

en viktig roll för att förhindra infektioner från att spridas i våran kropp. Den 

kan även hjälpa till med att döda cancer celler. Dock  kan cancer celler 

uttnyttja immunförsvaret för deras egen tillväxt genom att modifiera cellens 

kommunikation.  

 För att utöka vår kunskap om immunförsvarets roll i samband med cancer, 

är målet med denna avhandling att fokuserar på två proteiner som är 

involverade i immunförsvaret, Drosomycin och Idgf3. Där dess funktion 

studeras i en modellorganism som har en bevarad cell kommunikation som 

hos oss,  bananflugan (Drosophila melanogaster). Vi visar hur de två 

faktorerna ändrar cellens olika kommuniationsvägar. Där Drosomycin 

försöker motverka tumören genom att stänga av den tumördrivande 

signaleringsvägen JNK och återupta vävnadens funktion. Parallet med denna 

process försöker  Idgf3  påskynda tumörens utveckling genom att modifiera 

cellens struktur. 

Samanfattningsvis visar vi hur immunförsvaret  bidrar till en reglering av 

cellens kommunikation under tumör utveckling. Att förstå hur dessa proteiner 

fungerar kan ge oss en bättre förståelse och främja nya verktyg för nya 

läkemedel. 
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PREFACE 
 
 
 

 
 
 
Cancer is a disease derived from cells that have lost their normal function. If 

not contained and treated correctly, it may result in a fatal outcome. Its devel-

opment is dictated by intra- and extracellular communication that may differ 

between different types of tumors. The immune system is one of the factors 

involved in communication that generally is present to protect us from patho-

gens. Due to the alteration of cell function, the immune system can aid the 

cancer cell and promote its progression but also act to limit cancer growth. 

Therefore, it is crucial to understand the relationship between cancer develop-

ment and the immune system.  

 This thesis aims to broaden the understanding of the role of immune-related 

factors, i.e., Drosomycin and Idgf3, in tumor progression. The well-estab-

lished model organism Drosophila melanogaster was utilized to study tubular 

tumors. 

 The Hallmarks of cancer summarize the critical events for a tumor to pro-

gress. Here I describe several hallmarks focusing specifically on the classical 

factors such as JNK. I also address the contribution of the extracellular matrix 

to tumor progression and how intra-  and extracellular components are inter-

twined and modulated in a tumor context. Finally, I will address immunity and 

its function in a tumor context.   
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CHAPTER 1. Cancer development 

 

CHAPTER 1.1 Dysplasia  
Multicellular organisms are structurally organized from cell to tissue and or-

gans. Alteration of cell histology within a tissue is defined as dysplasia1. Sev-

eral histological markers can be used to identify dysplasia, including abnormal 

cell proliferation3, reduced secretion3, abnormal cell size, and loss of cell or-

ganization4. The phenotypes are driven by external and internal cues that de-

viate from the homeostatic state of the cells. The majority of cellular devia-

tions can be taken care of by the neighboring healthy cells5. However, depend-

ing on the cue and maintenance by the surrounding cell, a dysplastic cell may 

develop into tumor and cancer cells (Figure 1)6.  
 

 

 

 

 

 

 

 

 

 

Figure 1. The development of a tumor is time-dependent. As shown here for the genes 

studied in this thesis, mutation of a proto-oncogene, ras (rat sarcoma virus) generates 

a  constitutive active oncogene, RasV12.  Prolonged activation of the oncogene may 
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transform a healthy cell into a  dysplastic cell. If the cell escapes the maintenance 

checkpoints, it may develop into a tumor. An additional mutation that results in loss 

of function in a TS (tumor suppressors) such as in a cell polarity gene l(2)gl (lethal 

(2) giant larvae), the tumor may develop into cancer and spread to distant organs.  

 

The dysplastic cells are under constant surveillance mediated through intra- 

and extracellular pathways and their interaction. Therefore, by deregulating 

and rewiring the intracellular communication system, the tumor cells may 

avoid protective mechanisms7. Similarly, the extracellular compartment forms 

a microenvironment that can be both protective and harmful in a context-de-

pendent manner8.    

Though signaling plays an essential role in dysplasia development, time is an-

other critical factor. The dysplastic cell may develop further and differentiate 

into an overgrowing tumor and invasive cancer cells with increased time.  

 

CHAPTER 1.2 Cancer hallmarks  

Tumor and cancer cells utilize intra- and extracellular signaling for their de-

velopment and growth, a collection of eleven characteristics summarized as 

hallmarks of cancer (Figure 2)9-10.  

Through the frequently mutated human proto-oncogene, ras11, activation of  

the pro-tumorigenic signaling pathway can be achieved12-13 to (i) sustain pro-

liferation of the tumor. Although the cells respond against oncogenes with 

growth suppressors and cell death, ras mutant tumors can (ii) avoid death14 

and (iii) growth supressors15. Consequently, increased cell stress promotes (iv)  
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genome instability and accumulation of mutations16, (v) activation of invasion 

and metastasis into neighboring tissues through17 (vi) modulation of extracel-

lular matrix (ECM)10, (vii) activation of tumor-promoting inflammation18, 

(viii) deregulation of metabolism19 and (ix) induction of angiogenesis20. Ulti-

mately, the cancer cells can spread and (x) escape the immune system21. Fur-

thermore, as cells are limited in cell division, cancer cells (xi) may acquire 

replicative immortality9.   

The hallmarks' development depends on the rewiring of canonical signaling 

pathways that enables new functionalities.  

CHAPTER 1.3 The RAS superfamily of small GTPases. 
Hallmarks of cancer develop through the activation of proto-oncogenes and 

inactivation of tumor suppressors. There are at least 54 identified oncogenes, 

Figure 2. Hallmarks 

of cancer. A develop-

ing tumor utilizes and 

avoids the biological 

system. By acquiring 

mutations and remod-

eling intracellular sig-

naling the cell devel-

ops multiple hall-

marks of cancer 
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and through improved sequencing techniques, their number will increase22-23. 

One of the significant families involved in tumor progression is the RAS su-

perfamily of small GTPases. It comprises 167 proteins divided into five sub-

families, RAS, RHO, RAB, ARF, and RAN. They are regulated through gua-

nine nucleotide exchange factors (GEFs), which catalyze GDP exchange for 

GTP to its active state. The inactivation is mediated through GTPase-activat-

ing proteins (GAPs). Once activated, each family executes a specific task. The 

Ras family is mainly regulating intracellular signaling such as cell prolifera-

tion. RHO family members influence acting organization, vesicular transport 

and gene expression. RAB and RAF GTPases maintain membrane trafficking 

and cell proliferation. RAN, with only one member, is involved in RNA trans-

location and DNA synthesis.   

A significant focus has been on RAS genes, which is not a surprise as three 

oncogenes of the family members, KRAS, HRAS, and NRAS, are mutated in 

approximately 19% of cases24. Therefore, to decipher oncogene function, tu-

mor model organisms are established and utilized to study their conserved tu-

mor biology25.  
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CHAPTER 2 Drosophila as a model organism 
to study hallmarks of cancer. 

 
 

CHAPTER 2.1 The Drosophila model system  
Non-mammalian organisms such as the fruit fly Drosophila melanogaster 

share conserved features with humans, of which 60% of the genome is homo-

logus26. The conserved signaling pathways make this model system optimal 

to study tumor development27. Drosophila RasV12 is a major studied oncogene 

(RasV12)28 for dissecting tumor development, including a majority of the hall-

marks of cancer: ECM modulation3, avoidance of cell death29, suppression of 

growth inhibitors30, increased genome instability31, activation of tumor-pro-

moting inflammation32, deregulation of metabolism33 and avoidance of im-

mune cells. 

The context-dependent growth of tumors allows addressing the development 

in a tissue-specific manner34, such as in the brain35, hemocytes (blood cells: 

leukemia model)36, epithelial imaginal discs37, gut and salivary glands38 (Fig-

ure 3). Moreover, trans-communication between the healthy organs and the 

tumor cells can be addressed39. Imaginal disc and brain tumors have contrib-

uted significantly to understanding tumor growth and cancer metastasis. Sali-

vary glands (SG) have recently gained focus due to their structure and sensi-

tivity to RasV12. In contrast to imaginal discs, salivary glands contain polytene 

chromosomes40. The tissue consists of two types of cells, secretory and duct 

cells, making up an organ consisting of approximately 100 cells.  
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These cells do not undergo cell division. Instead, they are growing due to pro-

grammed polyploidy. It is estimated that the cells go through approximately 

ten rounds of endoreplication, producing around 1024 gene copies41. The 

function and the architecture of SGs have been utilized for studying vesicle 

transportation, secretion, and development. Moreover, the tubular structure of 

SGs allows dissecting the development of ductal tumors in the breast, pan-

creas, and lungs42.     

 

CHAPTER 2.2 Tumor microenvironment 
During bacterial infection, the host system mounts an immune response to 

suppress the infection, repair damage, and terminate the elicited response. In 

contrast, tumors are wounds that never heal8 and continuously modulate sig-

naling through hyper-position of extracellular matrix (ECM) and remodeling 

of the immune cell response. Collectively, the accumulation of the extracellu-

lar factors at the tumor constitutes the tumor microenvironment (TME).  

The ECM protects tissues by forming a sheath of protein layers composed 

of extracellular proteins such as Laminin, Collagen, Perlecan, Nidogen, and 

SPARC. Through crosslinking to each other and the cell surface receptors 

such as integrins, they form the ECM47. In addition to the protection, by inter-

acting with surface proteins, the ECM participates in establishing cell polarity 

and maintains tissue homeostasis. During wound healing, the transient 

Figure 3. Drosophila wing disc and sali-

vary gland. The wing disc can be divided 

into the following parts: the pouch, the 

hinge and the notum region. The salivary 

gland consist of two type of cells, the secre-

tory cells and the duct cells in which they 

maintain the lumen.  
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inflammation mediates proper ECM restoration, in which the process is cru-

cial to reestablishing homeostasis within the tissue. In comparison, tumors 

elicit chronic inflammation that continuously signals ECM deposition, ulti-

mately forming tissue scars, termed fibrosis. With increased deposition, the 

ECM becomes stiffer, and as a result, cell signaling is altered through mechan-

ical stimuli48. The forces crosslinking with integrins may induce pro-tumor-

igenic49 signaling through members of the RAS superfamily50. Moreover, the 

stiffening of the ECM may alter the activity of surface receptors. Through 

activation of Wnt/β-Catenin signaling, white blood cells recruitment is re-

duced, and the immune response prevented51. In addition, activation of the 

proto-oncogene myc is increased upon stiffening of the ECM in epithelial 

cells52. 

In Drosophila tumor models, TME is induced3,53 and plays an important 

role in controlling tumor growth in a context-dependent manner32. Similar to 

white blood cells, hemocytes recruited to the tumors in dlg-/- larvae restricted 

tumor growth by inducing apoptosis via tumor necrosis factor (TNF in flies 

called Eiger)39. Similarly, hemocytes were recruited and reduced tumor 

growth in more complex tumors such as the wing disc clonal tumors 

(RasV12/scrib-/-). On the contrary, in eye disc clonal tumors (RasV12/scrib-/-), the 

tissue overgrew in the presence of active immune cells29.   

Currently, model systems utilize tissues with limited sensitivity for in depth 

cell-signaling. Moreover, fibrosis and ECM stiffness are understudied in Dro-

sophila tumors54 . 

  

CHAPTER 2.3 Drosophila cell polarity   
Maintenance of signaling in the epithelial cells is mediated through apical and 

basal polarity dictated by a specific set of proteins. Cytoskeletal proteins 
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establish asymmetric membrane domains, and through interaction with cell 

polarity proteins, polarization is established55-56.  

 The apical domain faces the exterior of the epithelial lumen, whereas the 

basolateral domain forms a connection with the ECM. The apical domain is 

established by Crumbs57 and Par complexes. The Crumbs complex comprises 

a transmembrane protein, Crumbs, the adaptor protein Stardust (Plas), and 

Patj. The Par complex consists of a protein kinase C (aPKC)58, Par-659, and 

Bazooka (Par-3). The lateral region is defined by the three tumor suppressors 

Scribbled (Scrib)58, Discs large (Dlg)60, and Lethal (2) giant larvae (Lgl), col-

lectively defined as the Scribble complex. The apical and basal compartments 

are separated by Bazooka (Baz)61 (Figure 4).  

 
Maintenance of the architecture by cell polarity genes is crucial to control 

cell proliferation. For instance, larvae deficient for the Scribble complex61-63 

develop hyperplastic imaginal discs39. Although Crumbs itself is not a tumor 

suppressor, it facilitates the direction of the transport system64. Despite the 

importance of cell polarity proteins in establishing apical-basal polarity, they 

may function in a tissue-specific manner. For example, the apical-basal 

Figure 4. Organization of the cell polarity 

complexes in Drosophila salivary glands. 

The apical site is defined through the 

Crumbs complex, βH-Spectrin and α-Spec-

trin, where as the lateral side is main-

tained by the Scribble complex, β-Spectrin 

and α-Spectrin,    
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polarity in the adult Drosophila midgut is dependent on integrin adhesion ra-

ther than crumbs65.   

The establishment of cell polarity occurs at the cell membrane through inter-

action with cytoskeletal proteins66. The Spectrin family collectively comprises 

the spectrin-based membrane skeleton that can polymerize67 and interact with 

actin68, a cytoskeletal protein. The Drosophila Spectrin family consists of 

three members, α-spectrin, β-spectrin, and βHeavy-spectrin. Like cell polarity 

proteins, Spectrins are polarized in cells: α-spectrin and βHeavy-spectrin are lo-

calized to the apical site while α-spectrin and β-spectrin are located basolater-

ally basolateral69.    Reducing levels of βHeavy-spectrin in salivary glands leads 

to the loss of apical organization64. In contrast, knock-down (KD) of βHeavy-

spectrin or α-spectrin in follicle cells did not lead to a loss of apical organiza-

tion, indicating that cell polarity maintenance by spectrin is mediated in a tis-

sue-dependent manner70-71.   
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CHAPTER 3 Drosophila signaling pathways 

 

CHAPTER 3.1 The Drosophila JNK Jun-N-terminal 
kinase signaling pathway 
Dysplastic cells that fail to restore homeostasis are prone to be eliminated by 

JNK-induced apoptosis43. In Drosophila, the JNK pathway has been 

extensively studied during development, stress-induction, and metastasis44-46. 

Dependent on the cell state, the JNK-pathway has a double-edged effect. Nev-

ertheless, the classical JNK-pathway downstream components are consistent 

in multiple models (Figure 3).  

Eiger (Egr: the mammalian tumor necrosis factor (TNF) orthologue72) is ca-

pable of binding to TNFRs (Tumor Necrosis Factor Receptor; Grindelwald73 

and Wengen74). Once Egr is bound to the receptor, a phosphorylation cascade 

is initiated, including the kinases dTAK174-75, Hep44, and Bsk76. Once, Bsk 

(Drosophila JNK) phosphorylates the transcription factor, Jra77, its 

dimerization with Kay78 is initiated79. The heterodimers, Kay and Jra (homo-

logs of mammalian Fos and Jun, respectively), translocate into the nucleus to 

initiate transcription of apoptotic genes (hid, rpr, and grim), cytokines (upd’s), 

matrix metalloproteinases (mmp’s), and a negative regulator of the JNK path-

way (puckered, puc). Once the apoptotic genes are activated, they may further 

activate the initiator caspase (Dronc) and consequently induce cell death 

through the effector caspases (Dcp-1)79. 
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Figure 4. Drosophila canonical JNK-pathway. Upon stress induction, Egr may be 

secreted from various organs. Once it binds to its receptor, Wgn, a kinase cascade is 

initiated. Formation of the TRAF2-MSN-TAB2 complex initiates phosphorylation of 

TAK1. As a result, Hep becomes phosphorylated and later Bsk (the Drosophila JNK 

homolog). Activated Bsk promotes translocation of the two-transcription factor com-

plex, Kay-Jra, which induces several JNK target genes. MMPs, are matrix 

metalloproteinases that are, for instance, involved in basal membrane degradation. 

UPDs are cytokines that are involved in the activation of the JAK/STAT pathway. 

Dronc may also have positive feedback on the JNK-pathway, keeping the pathway 

activated. 

 

For example, activation of the JNK-pathway by overexpressing egr in the eye 

of the Drosophila fly reduces the eye size through induction of cell death. This 

effect was reversed by inhibiting the effector caspases81. Moreover,  eye im-

aginal disc tumor clones expressing RasV12 in combination with KD of a tumor 
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suppressor, scrib, were found to upregulate MMPs (matrix metalloprotein-

ases) via JNK82, resulting in basal membrane degradation, a critical feature for 

invasiveness37. However, due to the complexity of tumors, it is unclear when 

TNF is pro- or anti-tumorigenic. Additional upstream modulators of the JNK-

pathway may be involved resulting in different outcomes of JNK signaling76.  

 

CHAPTER 3.2 The Drosophila Rac pathway 
The Rac pathway is involved in multiple functions, including cytoskeletal or-

ganization, endocytosis83, and cell signaling. Activation of Ras has been 

linked to activation of Rac, a small G-protein84. Like Ras, Rac is activated 

when bound to GTP and inactive in its GDP-bound state. P21 further mediates 

the maintenance of the signaling-(Cdc42/Rac) activated kinase (PAK). Upon 

binding of PAK to Rac, an autophosphorylation cascade is initiated85. Ulti-

mately, the JNK pathway is activated.  

The understanding of the Drosophila Rac-pathway has greatly emerged 

from embryogenic studies. During embryonic development, Rac1 is important 

for dorsal closure85. The signal is mediated in combination with the kinase 

misshapen, which activates JNK and its downstream targets. In addition, Dro-

sophila PAK has been shown to play a role in dorsal closure through JNK 

signaling. 

Compared to the Ras gain of function mutation, a Rac1 pro-tumorigenic 

mutation has not yet been reported87. Instead, Rac1 is overexpressed in hyper-

plastic tissues. Several studies have shown that Rac1 is mediating activation 

of the JNK pathway88-90. More recently, modulation of the cell proliferating 

pathway, Hippo, through the downstream component spectrin was shown to 

promote hyperplasia71,91. In salivary glands, the apical architecture is disturbed 

when reducing levels of crumbs. In contrast, in wing discs, knock-down of 

spectrin leads to enlarged discs.   
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CHAPTER 3.3 ROS signaling 
Reactive oxygen species (ROS) are byproducts of oxygen (O2) consumption, 

generated in mitochondria and at the plasma membrane92. Through metabo-

lism, O2 is reduced to a weak oxidant, superoxide anion (O2
-). As a result, O2

- 

can become protonated and form hydroperoxyl radical (HO2), a less reactive 

ROS that can damage lipids and proteins93. Moreover, O2
- may form hydrogen 

peroxide (H2O2), a membrane-permeable ROS, and finally water (H2O). ROS 

generated by mitochondria is intracellular94, whereas two transmembrane pro-

teins mediate extracellular ROS production.  NADPH oxidase (Nox)95 gener-

ates O2
. and Duox96 is the source of H2O2. The protective mechanism against 

ROS is mediated through reductases. O2
- is cleared by superoxide dismutase 

(SOD) and H2O2 by catalase (Cat) and glutathione peroxidase (GPX1)97.   

Cancer cells display elevated ROS production, and the level correlates with 

tumor progression. Indeed, studies have shown that ROS is involved in cell 

signaling associated with the hallmarks of cancer. Cues such as growth factors 

and EMC interaction may induce ROS production98.  Furthermore, the JNK 

signaling pathway promotes the accumulation of ROS and induces cell 

death99.  

The ROS maintenance and production machinery are conserved in Dro-

sophila. Eye imaginal disc tumors, induced through overexpression of RasV12 

in larvae lacking scrib, displayed a high level of ROS. The overgrowth of the 

tumor could be reversed by overexpressing reductase, which also reduced the 

level of the JNK pathway29. This implicates a ROS-based complex feedback 

loop between signaling pathways.  
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CHAPTER 4 Immunity 

CHAPTER 4.1 Innate vs. adaptive immunity  
 
The understanding of biological immunity began in the late 19th century by 

observing a cell capable of eating infectious particles (pathogens), a term de-

fined as phagocytosis100-101. What was not known at that time is that the human 

immune system is comprised of interactive proteins, a diversity of cells, that 

are capable of mounting an immune response to protect its host. Today, the 

complex immune system is subdivided into categories that separate the im-

mune system that we are born with and the one that we can acquire throughout 

the lifetime, the innate102 and the adaptive immunity103, respectively. Innate 

immune effectors are released rapidly into the bloodstream to provide broad 

protection. In contrast, the initial adaptive immune response is slow but leads 

to higher specificity, and its activity increases with the second exposure. Both 

immune arms can further be categorized into humoral and cellular responses. 

The humoral response consists of immune proteins that are secreted into the 

bloodstream. The cellular response consists of immune cells that target path-

ogens directly, such as during phagocytosis. Although immunity has been cat-

egorized into these two parts, they are not independent of each other. For in-

stance, the adaptive humoral response is initiated by innate immune cells104, 

and the adaptive immunity104 may amplify the innate system.  

Nevertheless, every system has a downside, often context-dependent: the im-

mune system can also harm us. The classic example is allergies, in which the 

immune system recognizes antigens that one eats or breathes in and treats as 

foreign (non-self) pathogens. Consequently, the immune system responds 

with a strong protective response that, in the end, harms the host106. Similarly, 
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cells that become non-self, such as tumor cells, are recognized by the immune 

system to be eliminated. However, in some instances, the rogue cells may re-

program the immune system to aid their survival, allowing them to grow into 

a tumor mass107.  

 

CHAPTER 4.2 Drosophila immunity  
In comparison to the mammalian immune system, Drosophila lacks adaptive 

immunity108. Hence, solely the innate branch of the immune system is respon-

sible for protecting the host from non-self. Drosophila innate immunity con-

sists of two distinct branches: humoral109-110 and cellular110-111. The classical 

humoral or microbial-induced response comprises the production of AMPs 

and many other proteins in the fat body (equivalent to the human liver) and 

their release into the hemolymph, initiating a systemic response against mi-

croorganisms. The cellular arm consists of hemocytes (equal to macro-

phages/granulocytes) specialized in phagocytizing, wound healing, and en-

capsulating pathogens.   

  

CHAPTER 4.3 The cellular arm 
The cellular arm of Drosophila is mediated by hemocytes that consist of three 

classes: plasmatocytes, lamellocytes, and crystal cells. They are capable of 

phagocytosing pathogens and encapsulation of larger objects, e.g., parasitic 

wasp eggs111. Moreover, lamellocytes can recognize and encapsulate dysplas-

tic cells, leading to black masses termed melanotic tumors110.  

Despite lamellocyte and crystal cells' important function in host protection, 

plasmatocytes constitute approximately 95 % of the hemocyte population. 

Due to their phagocytic properties, they are also called macrophage-like 

cells112. Furthermore, upon pathogen infections such as wasp, plasmatocytes 
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can differentiate into lamellocytes113. In addition, during normal development, 

hemocytes may differentiate into crystal cells114. Hence, the plasmatocyte dif-

ferentiation capability may be crucial for cellular immune competence.    

Recent single-cell sequencing of extracted circulating hemocytes from in-

fected and injured larvae revealed additional hemocyte clusters with distinct 

expression patterns, such as proliferation and humoral responses115-116. In con-

trast, the cellular response towards Drosophila tumors remains to be investi-

gated at the single-cell sequencing level.     

CHAPTER 4.4 The humoral arm 
Hans Boman pioneered the understanding that insects can mount a protective 

immune response against microorganisms (microbe-induced response)117. The 

protection consisted of humoral components, so-called antimicrobial peptides 

(AMPs)118. Subsequently, it became clear that two pathways influenced the 

expression of AMPs, IMD (immune deficiency) and Toll109,119, opening a new 

era in understanding the humoral branch (summarized in Figure 5).  

To date, there are eight AMP classes in Drosophila, categorized into three 

families depending on their specificity towards gram-positive bacteria (De-

fensins), gram-negative bacteria (Cecropins), and fungi (Drosomycin)120. 

They are expressed in the fat body and locally in the epithelial layers that are 

in contact with the external environment121. Moreover, AMPs that are ex-

pressed locally can be constitutively expressed, i.e., in the fly salivary 

glands122. 
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Figure 5. The Toll and Imd-pathways are activated differentially during microbial 

infection. The Toll-pathway is activated via extracellular recognition factors, which 

bind to microbial elicitors (Lys-type PGN, beta-glucan) or by microbial proteolysis 

leading ultimately to activation of the endogenous ligand Spatzle (Spz). The binding 

of Spz to the Toll receptor promotes the formation of the Myd88-Tube-Pelle complex. 

As a result, Cactus becomes phosphorylated by the kinase Pelle. Cactus is an IkB 

(inhibitor of NF-kB) factor that retains the two NF-kβ factors, DIF and Dorsal, in the 

cytoplasm. Phosphorylation of Cactus signals it to become degraded, and as a result, 

DIF and Dorsal are translocated into the nucleus where they can induce AMP expres-

sion123. The binding of DAP-type PNG (peptidoglycan) to the PGRP-LC receptor in-

itiates the recruitment and assembly of the Imd-FADD-Dredd complex. In turn, TAK1-

TAB2 is activated to further stimulate Relish translocation into the nucleus by phos-

phorylating the Ird5-Kenny complex (IKK). Activated IKK complex, phosphorylates 

Relish, facilitating Relish translocation.  Once Relish is in the nucleus, AMPs and 

other immune effectors are produced124.  
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AMPs can be induced during infections, e.g., in the epidermis, a process 

termed inducible-local AMP expression125. Apart from local AMP expression, 

pathogens (i.e., gram-negative bacteria, nematodes) breaching the epidermis 

elicit a host systemic immune response, where the fat body initiates the pro-

duction of AMPs126-127.  

Several AMP genes contain a ĸB-like DNA motif, a target for NF-kβ (nuclear 

factor kappaβ), a transcription factor described in mammals128. In Drosophila, 

there are three known NF-ĸβ proteins, Relish, Dorsal, and Dif (Dorsal-related 

immunity factor), capable of regulating AMP gene expression in response to 

a microbial challenge127,129. Dif and Dorsal are regulated by the canonical Toll-

pathway, which responds to fungi and Lys-type PGN, whereas the Imd-path-

way activates Relish in response to DAP-type PGN130. Although NF-ĸβs are 

important for AMP regulation during bacterial infection, during local re-

sponses, Caudal, a homeobox protein, and the transcription factor Drifter are 

also capable of regulating the expression of CecropinA1, independently of the 

canonical Imd-pathway131-132.    

 

CHAPTER 4.5 Cellular and humoral response towards 
dysplasia 
Plasmatocytes have been found to adhere to scrib mutants and restrict clonal 

overgrowth of the eye-antennal discs32. Other Drosophila tumor models show 

hemocyte recruitment to the tissues expressing RasV12 alone or in a dlg mutant 

background39,53. Parisi and colleagues described hemocytes in their model as 

anti-tumorigenic, reducing clonal overgrowth via JNK-pathway39. In contrast, 

in the wing discs, KO scrib clones expressing RasV12 showed the opposite ef-

fect. The authors took advantage of hemocyte-secreted Eiger and induced 

MMP1 via the JNK-pathway, facilitating basal membrane degradation133. 
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However, it is not clear how hemocytes are recruited to the tumors and how 

they can elicit anti- or pro-tumorigenic properties.  

Similarly, in another study, based on the scrib-KD model, the Toll pathway is 

activated in the fat body of the larvae39. Converting the scrib-KD model into 

a cell competition model by inducing scrib-mutant clones in the eye imaginal 

discs leads to poorly growing cells that can be eliminated37. However, by mod-

ulating the surrounding wild-type cells by suppressing Toll-inhibitor (Spn5), 

the immune system can mount a tissue-autonomous immune response134. On 

the other hand, inducing winner cells by generating Myc expressing clones 

may modulate the Toll pathway to their advantage. As a result, the wild-type 

cells become eliminated135. These studies demonstrate the complexity of the 

immune system. Depending on the dysplastic model, the immune system can 

either aid restoration of the organ or further transform it into tumors. 

Moreover, models for neurodegeneration, chromosomal instability, and 

tumors have provided insight into the activation of a humoral immune re-

sponse independent of the canonical (Toll and Imd) pathways136-138. In addi-

tion to induction independent of the classical Imd and Toll pathways, there 

may be cross-talk with other pathways. For example, Drosophila polygluta-

mine-mediated neurodegeneration prevents the activity of the transcription 

factor Yorkie, a Hippo pathway component, which regulates cellular pro-

cesses such as cell proliferation and apoptosis. Activated Yorkie translocates 

into the nucleus, inhibits cell death, and reduces the levels of AMPs via Cac-

tus, an inhibitor of DIF and Dorsal136.  
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CHAPTER 5 Chitinase-like proteins 

CHAPTER 5.1 CLPs 
Chitinase-like proteins (CLP’s) are upregulated in several disorders, including 

dysplasia. Through interaction with the tumor microenvironment, they can 

promote tumor growth139. CLPs are derived from duplication and mutation of 

Chitinase genes. Through single substitution of glutamate to glutamine, they 

have lost their chitinase enzymatic activity. Currently, there are five known 

CLP’s in humans, of which several are found across phyla140. In human tu-

mors, CLPs, such as YKL-39 and 40, are released from TAM and promote 

tumorigenesis via receptor interaction. Moreover, they are highly induced tis-

sue-autonomously in human tumors and cancer.  

CHAPTER 5.2 Drosophila CLPs 
In Drosophila, six CLP family members exist, with around 20% homology to 

the human CLPs141-142 .  Drosophila CLP, named IDGF (Imaginal disc growth 

factor) 1-6, was initially identified in an in-vitro assay (Kawamura et al., 1999) 

due to their growth-stimulating activity. Drosophila wing disc cell lines 

(C1.8+) become flattened when cultured in supplement-free medium. Stimu-

lating the cells with a conditioned medium derived from growing C1.8+ cells, 

contained Idgf3, forced them to proliferate and migrate, a process that was 

also insulin-dependent142. In contrast, an in-vitro study on C1.8+ cells demon-

strated Idgf2 contribution in preventing cell death of starved cells, independ-

ent of insulin143.  In vivo, it has been shown that CLPs are important during 

molting144. Moreover, they have been found in insect clots, suggesting that 
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they are involved in wound healing145. However, the role of CLPs in dysplastic 

tissues remains to be further understood.  
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CHAPTER 6 Rewiring of cell communication 

CHAPTER 6.2 Cross-talk 
 
The hallmarks of cancer provide a better understanding of dysplasia develop-

ment. However, addressing the development of individual hallmarks becomes 

challenging with a better understanding of tumor complexity. Canonical sig-

naling pathways that have been described during normal physiological condi-

tions are rewired in dysplastic cells. They can be activated by unexpected 

components and elicit a novel response. The transportation machinery plays 

an important role in protein distribution thus contributing to tumor progres-

sion.  

CHAPTER 6.2 The endocytic machinery 
The vesicular transportation machinery, mediated through endosomes, plays 

a vital role in intracellular communication and establishing cell polarity146. 

Ligands binding to the surface receptors may become internalized to drive the 

signaling further. Importantly, components of the Rac pathway are associated 

with endosomes147. Therefore, it is crucial to maintain a proper transportation 

system to control cell signaling. One of the significant protein families in-

volved in the process are the small Rab GTPases. In mammals, approximately 

60 Rab148 genes and currently 33 in Drosophila have been identified149. The 

endocytic machinery is dynamic and can be tracked with specific markers. 

Once the cargo is internalized, it will become packed into Rab5-positive early 

endosomes. Subsequently, the vesicle may convert to a lysosome, marked 

with Rab7, in which the cargo is degraded. Recycling endosomes, which are 
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Rab11-positive, maintain membrane balance by reshuffling endosomes back 

to the membrane.  

 The maintenance of apical and basal polarity is mediated, in parallel with 

cell polarity genes, through coordination of the endosomal network. Loss of 

recycling endosomes in SGs disrupts the maintenance of the apical site and 

subsequently proper secretion150. The formation of the lumen of embryonic 

SGs is dependent on endocytosis mediated through Pak1 and E-cadherin151. 

Likewise, DrICE, Drosophila caspase-3, mediates embryonic tracheal devel-

opment by delivering cell polarity proteins via the endocytic machinery152.  

Collectively, the endocytic machinery plays a crucial role in cell polarity es-

tablishment and maintenance, cell communication, and proper tissue function.     
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Aims of this thesis 

The general aim of this thesis is to understand better how innate immune fac-
tors may affect the hallmarks of cancer. For this, we utilized Drosophila mel-
anogaster as a model system to understand the function of induced immune 
factors upon overexpression of the small GTPase, RasV12. 
Here, I have addressed the following aims:  
 
 
Aim I: Unraveling the role of Drosomycin (Drs) in tubular tumors.  

 
Aim II: Characterizing fibrosis in tumors and the effect of Drs. 
 
Aim III: Elucidate the role of Idgf3 in tumor progression.  
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Summary of papers 

PAPER I Tissue-autonomous immune response regulates stress signaling 
during hypertrophy.  
 
Author list Krautz, R*., Khalili, D*., & Theopold, U. 
 
The overarching aim of this study was to unravel tissue-autonomous responses 

in tubular tumors by utilizing Drosophila genetics and conserved tumor de-

veloping mechanisms. Through the expression of RasV12 in the salivary gland 

(SG), we induced overgrowth of the tissue and loss of tissue and nuclear in-

tegrity. Induction of the tissue-autonomous immune responses was investi-

gated through RNA-seq. Amongst the highly induced genes, an antimicrobial 

peptide, Drosomycin (Drs), was strongly expressed in the RasV12glands. We 

could show that induction of Drs was regulated independently of the classical 

Toll pathway. 

Further analysis showed that Drs expression was differentially induced 

throughout the tumor. Drs was strongly expressed in the proximal part of the 

tissue at a later time of the larvae stage (120 h after egg deposition (AED)). In 

correlation, the proximal part retained the integrity. In contrast, the distal part 

showed an increased level of disorder, including recruitment of hemocytes, 

nuclear disintegration, loss of tissue integrity, increased level of reactive oxy-

gen species (ROS), and higher activity of c-Jun N-terminal kinase (JNK). By 

overexpression of Drs into the distal part of the SG, most phenotypes could be 

reverted. In contrast to current literature, AMP has shown a pro-apoptotic re-

sponse towards Drosophila tumors153,154, whereas, in our model, Drs show 

anti-apoptotic properties. Together these findings indicate a context-depend-

ent manner of AMP function.  
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PAPER II Anti-Fibrotic Activity of an Antimicrobial Peptide in a Drosophila 

Model 

 
Author list Khalili, D., Kalcher, C., Baumgartner, S., & Theopold, U. 
 
 
To further elucidate Drs function, we investigated the extracellular matrix 

(ECM) of the RasV12 SG. Since Drs contain a signal peptide and from Paper 

I, we noted that Drs could revert the fibrotic phenotype, we asked whether it 

may be secreted into the cavity of the larvae (hemolymph). Staining the tumor 

glands for ECM proteins, including SPARC, Laminin, Nidogen, Perlecan, and 

a novel component F-actin, showed increased staining levels and uneven dis-

tribution of the components. Through the expression of Drs, we could revert 

the fibrotic phenotypes. Further analysis showed that the loss of secretory 

function was restored. Using a tagged Drs with hemagglutinin (HA) we could 

locate the AMP to the ECM. Whether Drs restores ECM through interaction 

with the ECM components remains to be further elucidated. Collectively, we 

show a novel fibrotic Drosophila model and a novel function for Drs.    
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PAPER III Chitinase-like proteins promoting tumorigenesis through disrup-
tion of cell polarity via enlarged endosomal vesicles. 
 
Author list Khalili, D., Herbrich, S., Mueller, A., & Theopold, U. 
 
Chitinase-like proteins (CLP) are frequently induced in tumors. Here, we in-

vestigated whether we could use the Drosophila model system to understand 

CLP function. We identified induction one of the Drosophila CLP, Idgf3. 

Functional analysis showed that when Idgf3 was knocked down in the tumor, 

tissue integrity was improved. Hence, we sought to understand how Idgf3 

could promote tumor growth. In correlation with Idgf3 induction, JNK and 

ROS showed an increased level of activity. Through genetic analysis, we iden-

tified Idgf3 to be regulated by a non-canonical JNK pathway mediated through 

ROS.  

Closer analysis of Idgf3 distribution revealed a punctate pattern packed into 

enlarged vesicles (EVs). Moreover, the vesicles were co-stained with several 

cell polarity genes, including α-Spectrin. With genetic and epistatic analysis, 

we could dissect Idg3 function. Through α-Spectrin, Idgf3 promoted the for-

mation of the EVs, and as a result, the RasV12 SG lost tissue integrity.       
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