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ABSTRACT OF THE DISSERTATION 

 

Sequential activation of NFB, JNK, and Cytokine signaling in the Drosophila blood system in 

response to distal injury 

 

 by  

 

Ting Liu 

PhD Candidate in Molecular, Cell and Developmental Biology 

University of California, Los Angeles, 2016 

Professor Utpal Banerjee, Chair 

 

In mammals, injury-induced inflammation is mediated by Toll-like receptor (TLR)/NF-

κB signaling in blood cells. Although Toll signaling is conserved in Drosophila, how the blood 

system senses and responds to injury remains largely unknown. By contrast, Toll pathway 

activation in the context of humoral immunity has been well characterized in Drosophila, 

focusing primarily on the adult fat body. In this study, we show that epidermal injury in 

Drosophila larvae causes rapid activation of Toll signaling in blood cells, and is largely 

independent of the pathway that is known to activate Toll in response to infection. We also show 
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that Jun kinase signaling is activated by injury rapidly under control of Toll signaling, but only 

Toll contribute to the delayed downstream activation of cytokine-like signaling. It has been 

previously shown that epidermal injury causes blood cell differentiation in Drosophila; however 

the underlying molecular mechanism was unknown. Our work demonstrates that Toll and 

cytokine-like (JAK/STAT) signaling are required sequentially for injury-induced blood cell 

differentiation. Future studies aiming at understanding how epidermal injury initiates signals that 

leads to Toll activation may be of specific relevance to similar scenarios in mammalian injury 

responses. 
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Introduction 

Current fundamental biological research seeks not only to fulfill the curiosity of mankind 

to understand Mother Nature, but more importantly, to explore molecular mechanisms that may 

be conserved between model systems and human to explain and find cure for diseases from 

which many of us are suffering. Drosophila melanogaster, although quite different from human, 

is extremely important for us in this regard. It is well accepted that Drosophila is a powerful 

genetic model organism and it is suggested that 74% of the human disease-causing genes could 

be studied in Drosophila (Reiter, 2006). In fact, many disease and therapeutic drug discovery 

models have been established with Drosophila and outcomes of these researches are very 

encouraging (Pandey and Nichols, 2011). 

 Specifically, hematopoietic development of Drosophila has been demonstrated to share 

many important features with blood development in vertebrates. These include several conserved 

function of signaling pathways and transcription factors that govern the specification, 

proliferation and differentiation of the blood system (reviewed in Evans et al., 2003). Although 

Drosophila blood system is not as complicated as that of the vertebrates, this conserved 

relationship makes Drosophila to serve as a tool to elucidate mechanisms that control normal 

blood development.    

The Drosophila blood system 

In vertebrates, hematopoiesis is described as a biphasic developmental process, which 

includes the primitive hematopoiesis that occurs within yolk sac during embryogenesis (Godin 

and Cumano, 2002) and definitive hematopoiesis that starts in the aorta-gonad-mesonephros 

(AGM) region of embryo and matures in the bone marrow of adult (Dzierzak, 1999). The 
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hematopoietic development in vertebrates leads to the formation of a mass of pluripotent 

precursors or hematopoietic stem cells that are able to give rise to multiple cell types that 

perform distinct and specific functions (Kondo et al., 2003). Drosophila hematopoiesis 

resembles that in the vertebrates, which also goes through two phases of developmental 

processes.  

The first phase starts in midstage embryos, where hemocytes are derived from a group of 

prohemocytes in the head mesoderm that express the hematopoietic GATA factor Serpert (Srp). 

By late embryo and early larval stages, hemocytes have dispersed throughout and circulating in 

the whole body cavity. Thus, hemocytes originated from this phase are also called circulating 

hemocytes. The second wave of hematopoiesis is initiated during late embryonic stage and 

persists through larval stages. This phase of hematopoiesis happens mainly in a specialized organ 

termed the lymph gland, which is comprised of a few pair of lobes that lie along the anterior part 

of the dorsal vessel. At the onset of metamorphorsis, the lymph gland starts to degenerate by 

releasing hemocytes into the hemolymph. These cells, combined with the hemocytes derived 

from the embryonic head mesoderm, persist through metamorphorsis and comprise the 

hematopoietic system of adult flies. Hematopoiesis in adult fly was not known until recently. It 

has previously been shown that adult hemocytes are partly derived from the circulating and 

lymph gland cells by transplantation assay (Holz et al., 2003). However, whether de nono 

hematopoiesis happens during adult stage was hard to describe. Ghosh et al. recently showed that 

a cluster of blood cells at the dorsal abdomen of adult fly are able to give rise to differentiated 

blood cells and respond to bacterial challenge (Ghosh et al., 2015), mimicking blood progenitors 

in the larval lymph gland. This study has opened a door for research in adult Drosophila 

hematopoiesis. 
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To date, three types of terminally differentiated blood cells have been found in 

Drosophila: plasmatocyte, crystal cell and lamellocyte (Evans et al., 2003). Plasmatocytes are 

the predominant cell type in Drosophila blood system and represent about 90% to 95% of all 

cells in circulation. They are equivalent to mammalian monocyte/macrophage cells. The main 

biological functions of plasmatocytes are phagocytosis, pathogen recognition, and secretion of 

extracellular matrix components (ECM) and antimicrobial peptides (AMPs) and therefore they 

are involved in developmental processes such as phagocytosis of dead cells as well as debris 

(Bangs et al., 2000; Lanot et al., 2001; Tepass et al., 1994), and tissue remodeling (Kiger et al., 

2001; Murray et al., 1995). Crystal cells are given the name due to paracrystalline inclusions 

inside their cytoplasm (Lanot et al., 2001). These inclusions contain large quantities of 

components that function in the melanization enzymatic reaction, namely prophenoloxidase 

enzymes (Soderhall and Cerenius, 1998), which give crystal cells the ability to carry out 

melanization processes and play very important roles in innate immune and wound healing 

responses (De Gregorio et al., 2002; Ramet et al., 2002a). Lamellocytes are relatively large cells 

compare to plasmatocytes and crystal cells. The primary function of lamellocytes is to 

encapsulate and neutralize objects that are too large to be phagocytosed by plasmatocytes (Nappi, 

1975; Rizki and Rizki, 1992). In normal healthy larvae, lamellocytes are rarely found (Luo et al., 

2002); however, upon wasp infestation, significant lamellocyte differentiation can be induced 

rapidly. It has been shown that lamellocytes are able to adhere and surround the invading wasp 

egg and the complex melanizes subsequently to kill the parasite (Carton and Nappi, 2001; Nappi, 

1975; Nappi and Vass, 1998; Nappi et al., 2000; Rizki and Rizki, 1992).  
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The Lymph gland  

The lymph gland is specified during late embryo development in cardiogenic mesoderm. 

It continues to grow and develop through cellular proliferation and differentiation through larval 

stages. During first instar, the lymph gland is comprised of undifferentiated progenitor cells that 

are high proliferative. At about mid-second instar, cells at the periphery start to differentiate and 

give rise to plasmatocytes and crystal cells. By the end of late third instar, three functionally 

distinct zones have formed in the lymph gland, the medullary zone, the cortical zone, and the 

posterior signaling center (PSC). The medullary zone, which is the inside part of the lymph gland, 

contains all undifferentiated progenitor cells that are quiescent (non-proliferative). These cells 

are marked by the receptor of JAK/STAT signaling pathway domeless, and are encompassed by 

enormous amount of ECM such as collagen, trol and laminin. The cortical zone, which is the 

peripheral part of the lymph gland, is comprised of differentiated blood cells that are primarily 

plasmatocytes. The cortical zone can be labeled by various markers and reporters that are 

expressed by plasmatocytes. The most commonly used ones are P1, Peroxidaison, Hemolectin, 

and collagen-gal4. On the contrary to the medullary zone, which is buried in ECM components, 

most of the ECM components are not present in the cortical zone. The PSC is located in the 

posterior tip of the lymph gland and contains a group of specialized cells that secret multiple 

signaling molecules to provide progenitor cells a necessary environment for their fate, and 

therefore is also called a “niche”. The number of cells in the PSC remains relatively constant 

during lymph gland development (30 – 45 cells) (Mandal et al., 2007). These cells are identified 

by the expression of the homeotic gene Antennapedia (Antp) and the transcription factor Collier 

(Col). Although many studies have shown clearly that PSC is required for progenitor 
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maintenance (Krzemien et al., 2007; Mandal et al., 2007), a recent publication showed that it is 

dispensable during lymph gland development (Benmimoun et al., 2015).  

Blood progenitor cell maintenance 

One of the most popular research topics in vertebrate hematopoiesis is the maintenance of 

hematopoetic stem/progenitor cell fate, which may cause severe diseases in human such as 

leukemia when dysregulated. Hematopoietic stem/progenitor cells in mammals require proper 

interaction with their microenvironment, the “niche” to maintain their homeostasis (Garrett and 

Emerson, 2009). However, due to the complexity of the system and hard access to the niche 

(bone marrow), the in vivo contributions of different signals regulating stem/progenitor cells 

maintenance have not been well studied (He et al., 2009; Martinez-Agosto et al., 2007; Orkin 

and Zon, 2008). In this regard, Drosophila lymph gland provides an easily tractable system to 

study these signals and mechanisms underlying blood stem/progenitor cells maintenance.  

Indeed, recent research publications in Drosophila hematopoiesis have shown that blood 

progenitor cells maintenance is regulated by both intrinsic and extrinsic signals. One of the most 

important discoveries is that progenitor cells maintenance not only needs signals from the PSC, 

but also signals from their progeny, the differentiated blood cells. It is well established that 

signals from PSC cells are required for progenitor cell maintenance during larval stage. When 

PSC cells are killed by misexpression of apoptotic proteins such as hid and rpr, or the singles 

from the PSC such as Hedgehog is blocked, progenitor cells in the medullary zone differentiate 

prematurely (Mandal et al., 2007). Interestingly, Mondal et al. showed that in addition to the 

conventional Hedgehog (Hh) signal, progenitor cells in the medullary zone also receive an 

“equilibrium” signal mediated by Adenosine deaminase growth factor A (Adgf-A) arising from 
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cortical zone cells that regulates extracellular levels of adenosine to keep their undifferentiated 

fate (Mondal et al., 2011). These signals are likely been mediated by the ECM network that 

holds all blood cells together in the lymph gland. One of the ECM components, terribly reduced 

optical lobes (Trol), has been shown to be required for Hh signaling and thus progenitor cells 

maintenance (Grigorian et al., 2013). Trol mutant larvae have abnormal construction of ECM in 

the lymph glands and the sizes of which are significantly decreased. These lymph glands also 

lose their proper zonation and progenitor cells differentiate prematurely (See Appendix1). 

Furthermore, Wg and other components of the pathway are initially expressed throughout the 

early lymph gland, but later restricted to the progenitor cells of the medullary zone while being 

withdrawn from differentiating cells of the cortical zone. Disruption of Wg signaling in 

medullary zone causes significant alteration to the stem-like characteristics of these cells, 

mediated through the downregulation of E-cadherin expression. If Wg signaling is forcibly 

maintained late in all cells, very few differentiate to comprise the cortical zone. Thus, Wg is 

important for the proper maintenance of medullary zone progenitors (Sinenko et al., 2009a). 

In addition to these intrinsic signals, several extrinsic signals have also been found to 

affect blood progenitor cells maintenance in the lymph gland. Drosophila insulin like peptide 2 

(Dilp2) plays a conserved role as insulin in mammals to regulate cell metabolism and growth. 

This signaling molecule is expressed by neuroendocrine cells in the brain (Rulifson et al., 2002) 

and its secretion is regulated by the level of nutrients such as amino acids (Geminard et al., 2009; 

Ikeya et al., 2002; Zhang et al., 2009). Blood progenitor cells in the lymph gland express insulin 

receptor to receive signals from Dilp2 and regulate Wg production. Upon starvation, low levels 

of amino acids decrease the secretion of Dilp2 from the brain and therefore attenuate insulin 

signaling in the progenitor cells. Reduction in insulin signaling leads to lowered production of 
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Wg, which results in loss of blood progenitor cells in the lymph gland (Shim et al., 2012). 

Another example is that gamma aminobutyric acid (GABA), secreted by a small set of 

neurosecretory cells in larval brain, is pivotal in progenitor cells maintenance (Shim et al., 2013). 

At regular condition, upstream olfactory receptor neurons (ORNs) stimulate neurosecretory cells 

to release GABA to the hemolymph, and this free floating GABA is sensed by progenitor cells in 

the lymph gland that express GABA receptor. The GABA signaling then keeps cytosolic calcium 

levels high, which is necessary for progenitor cell maintenance. Therefore, upon deprivation of 

olfaction by either blocking ORNs or raising larvae in odorless food, blood progenitor cells are 

lost in the lymph gland due to loss of GABA signaling. This study indicates the important 

influence of sensory perception on hematopoiesis.  

Drosophila immunity 

Like many other insects, Drosophila is highly resistant to infections from the nasty 

environment they live in, which is filled with fungi, viruses and bacteria (Hoffmann et al., 1993). 

This is due to their well-adjusted immune responses. However, unlike mammals that have very 

sophisticated adaptive immune systems, Drosophila relies solely on innate immunity responses 

for host defense. Drosophila innate immunity comprises both cellular and humoral elements 

(Nappi and Ottaviani, 2000; Vilmos and Kurucz, 1998). The cellular response, which primarily 

involves phagocytosis and encapsulation, is used to remove invading microorganisms, apoptotic 

cells and other cell debris. The humoral response involves the synthesis of aitimicrobial peptides 

(AMPs) (Meister et al., 2000) and the induction of proteolytic cascades that cause coagulation of 

the hemolymph (Muta and Iwanaga, 1996). There are seven AMPs found in Drosophila, Attacins, 

Cecropins, Diptericins, Drosomycins, Defensins, Drosocins, and Metchnikowins (Imler and 

Bulet, 2005). Extensive studies on these AMPs found that drosomycins and metchnikowins are 
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effective against fungi, which defencins are effective against gram-positive bacteria. The rest of 

them, attacins, cecropins, diptericins and drosocins, are effective against gram-negative bacteria 

(Leclerc and Reichhart, 2004).  

Pathogens invading Drosophila have to be recognized first before they could be tackled. 

This task is assigned to various pattern recognition receptors (PRRs) (Janeway, 1989) that are 

able to distinguish general microbial components from the self-components. There are 16 PRRs 

encoded in Drosophila genome, 13 of which belongs to the peptidoglycan recognition proteins 

(PGRPs) family (Werner et al., 2000) and the rest belong to the gram-negative binding proteins 

(GNBPs) family (Kim et al., 2000). The functions of these PRRs are studied by challenging flies 

carrying mutations in these genes with different bacteria and fungi, and test their sensitivity to 

the infection. For example, flies carrying a mutation in the gene PGRP-SA are highly sensitive to 

gram-positive bacteria (Michel et al., 2001), indicating that this gene is responsible for 

recognizing gram-positive bacteria. Two other PGRPs, PGRP-LC and PGRP-LE, have also been 

found to be required for gram-negative bacteria (Choe et al., 2002; Gottar et al., 2002; Ramet et 

al., 2002b; Takehana et al., 2002). PRR responsible for fungal recognition was discovered later. 

Matskevich et al. showed that GNBP3 targets fungi immediately at the inception of the infection 

by bringing effector molecules in direct contact with the invading microorganisms (Matskevich 

et al., 2010). 

Immunity pathways in Drosophila  

After infection signals are recognized by PRRs, they are processed and lead to a protease 

cascade to activate downstream immune pathways. To date, two major immune pathways have 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Matskevich%20AA%5BAuthor%5D&cauthor=true&cauthor_uid=20201042
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been found and characterized. Although activated in slightly different ways, they both resemble 

the vertebrate NFB signaling pathway. 

The IMD signaling pathway was first discovered by Lamaitre et al. in 1995(Lemaitre et 

al., 1995). They found that adult flies that carry mutation in the imd (immunodeficiency) gene 

failed to produce most of AMPs and thus are vulnerable to bacterial challenge. Later several 

groups found other members of the IMD signaling pathway which include the receptor 

peptidoglycan recognition protein-LC (PGRP-LC) (Choe et al., 2002; Gottar et al., 2002; Ramet 

et al., 2002b), the nuclear factor B (NF-B) transcription factor Relish (Dushay et al., 1996; 

Hedengren et al., 1999), and the Drosophila inhibitor of B kinase (IKK) (Lu et al., 2001; 

Rutschmann et al., 2000; Silverman et al., 2000). The IMD pathway is activated by one of the 

cell wall component of most of the gram-negative bacteria and some gram-positive bacteria, 

diaminopimelic acid (DAP)-type peptidoglycan (Kaneko et al., 2004; Leulier et al., 2003; 

Stenbak et al., 2004; Werner et al., 2003). Upon binding to the DAP-like peptidoglycan (Kaneko 

et al., 2006), the receptors are dimerized or multimerized (Mellroth et al., 2005) and then 

intracellular signals are transmitted to the adaptor protein IMD (Choe et al., 2005) to initiate the 

translocation of Relish from cytoplasm to nucleus for transcription.  

 

Toll signaling pathway 

Toll was discovered in genetic screens for genes that are involved in early Drosophila 

embryonic development (Nusslein-Volhard and Wieschaus, 1980). Subsequent screens found 

that Toll, together with other genes such as tube, pelle, cactus and the NFB homolog dorsal, is 

involved in dorsal-ventral (DV) polarity of the embryo (Belvin and Anderson, 1996). Later, due 

to studies in mammalian immunity that suggested NFB is critical in immune response, it was 
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speculated that DV polarity genes might function in parallel with those in the activation of 

immune system (Wasserman, 1993). Indeed, researches in DV polarity genes found that Toll is 

an activator of the immune response and others in the same pathway are involved in antifungal 

response (Lemaitre et al., 1996; Rosetto et al., 1995). Identification and characterization of 

human Toll-like-receptors (TLRs) establishes the conserved role of Drosophila Toll signaling in 

evolution (Rock et al., 1998). However, although Toll signaling functions both in development 

processes and immune responses in Drosophila (Belvin and Anderson, 1996; Halfon et al., 1995; 

Lemaitre et al., 1996; Qiu et al., 1998), it is believed that mammalian TLRs play no role in 

development (Kimbrell and Beutler, 2001).     

Toll is a transmembrane receptor. It has an extracellular domain containing leucine-rich 

repeats (LRRs) and an intracellular domain similar to that of the IL-1R. Upon gram-positive or 

fungal infections, a protease cascade is initiated which leads to the cleavage of a cytokine-like 

protein Spaetzle (Spz), the sole ligand for Toll receptor in Drosophila. Active form of Spz binds 

to Toll receptors and cause their dimerization (Weber et al., 2003). This dimerization recruits a 

heterotrimer complex containing Myd88, Pelle and Tube. The heterotrimer complex results in 

the activation of Pelle kinase and subsequent degradation of Cactus (Hecht and Anderson, 1993; 

Towb et al., 2001), which is the homolog of inhibitor of NFB in mammals (Geisler et al., 1992) 

and keeps Dorsal/Dif transcription factors in the cytoplasm. The result of degradation of Cactus 

is that Dorsal/Dif is released and enters nucleus to activate transcription of AMPs such as 

drosomycin (Belvin and Anderson, 1996; Nicolas et al., 1998; Tauszig-Delamasure et al., 2002).    
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Introduction 

Inflammation in the context of injury has been known for thousands of years, and early 

observation of the inflammatory response is the basis for the four classic cardinal signs, redness 

(rubor), swelling (tumor), heat (calore), and pain (dolore), which were described by Celsus in 

the first century A.D. (Benaroyo, 1994; Rocha, 1994).  Major advancements in understanding the 

basis for inflammation came much more recently and include the discovery of white blood cell 

infiltration into affected tissues, the development of the theory of cellular immunity, and the 

development of the germ theory of disease (Miller, 2006; Ogawa and Calhoun, 2006). Modern 

analyses have done much more to define molecular mechanisms that govern different types of 

inflammatory responses (acute vs. chronic, infection vs. injury as broad groups), and have also 

demonstrated the evolutionary conservation of innate and adaptive immune response systems 

across evolutionary time. 

Understanding inflammatory mechanisms requires understanding what kinds of stimuli 

induce inflammation, how inducers are sensed by the immune system, how the immune system 

responds to the sensation to mediate inflammation, and how target tissues respond to 

inflammation. It is now appreciated that tissue-resident blood cells, including macrophages and 

microphages (neutrophils), are the primary cell type sensing inflammatory inducers and 

mediating local inflammation through the secretion of secondary pro-inflammatory signals.  

Inflammatory inducers have been broadly grouped depending upon their origin. In the case of 

microbial infection, inductive signals are often referred to as pathogen-associated molecular 

patterns (PAMPs) whereas, in the case of injury, inductive signals are referred to as damage-

associate molecular patterns (DAMPs). For both PAMPs and DAMPs, blood cells utilize so-

called pattern recognition receptors (PRRs) to sense the inducers and mediate downstream 
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responses. In mammals, a major class of PRRs is the Toll-like receptor (TLRs) family, which 

activates NFB and other pro-inflammatory signaling pathways. For example, TLR4 mediates 

the response to Gram-negative bacteria through the binding of bacterial lipopolysaccharide 

(LPS), but can also be activated by a variety of endogenous proteins and lipids that are normally 

sequestered within healthy cells (piccinini). 

The Toll-like receptor family of vertebrates is so named because of homology to the Toll 

receptor of Drosophila, which was already known to mediate immune responses to infection. In 

particular, the role of Toll signaling in mediating Drosophila humoral immune responses in the 

larval and adult fat body (an organ with functional similarities to the mammalian liver) has been 

described in significant detail (Buchon et al., 2014). Briefly, microbial components are sensed by 

soluble PRRs in the hemolymph (the fluid portion of the blood system that contains blood cells, 

or hemocytes) that, in turn, initiate a proteolytic cascade that leads to the activation of a 

cytokine-like protein ligand called Spatzle (Spz). Upon activation, Spz binds the Toll receptor on 

the surface of fat body cells that, ultimately, causes the translocation of the NFB-like proteins 

Dorsal and/or Dorsal-related immunity factor (Dif) from the cytoplasm into the nucleus where 

they activate the expression of many downstream gene targets including antimicrobial peptides 

(AMPs). In many ways, this process is similar to the vertebrate acute phase response that occurs 

in the liver upon sensing proinflammatory signals originating at distal sites of injury. 

Despite the role for Toll in Drosophila humoral immunity being first described in 

hemocytes (Rosetto et al., 1995), relatively little is known about the role of Toll signaling in 

blood cells in the context of either infection or injury. Drosophila blood cells arise during 

embryonic development, forming a circulating cell population containing primarily mature blood 

cells along with fewer progenitor cells, and a specialized blood-forming organ called the lymph 
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gland, which develops during the larval stage and serves as a hematopoietic reservoir (Evans et 

al., 2003; Jung et al., 2005). At the end of the larval period, the lymph gland disintegrates 

thereby releasing blood cells into circulation (Grigorian et al., 2011). Both larval circulating cells 

and lymph-gland derived cells survive the pupal stage and populate the adult fly. In Drosophila, 

mature blood cells consist of three defined types: plasmatocytes, crystal cells, and lamellocytes, 

which, collectively, are functionally analogous to vertebrate myeloid cells. Plasmatocytes, which 

comprise greater than 90% of the blood cell population, are phagocytic cells that remove 

microbes, dead cells and cellular debris, and secrete and remodel extracellular matrix. Crystal 

cells provide enzymes important for hemolymph clotting and melanization, processes that are 

important for injury resolution and that have antimicrobial effects. Lastly, lamellocytes, which 

are rare or not present in healthy larvae, are relatively large, flattened cells that function in the 

anti-parasite response through barrier formation, in conjunction with plasmatocytes and crystal 

cells, around larger invaders, such as the embryos deposited into the larval hemocoel by 

parasitoid wasp species. It is well known from genetic studies that mutations that constitutively 

activate Toll pathway signaling cause blood cell proliferation, precocious lamellocyte 

differentiation, and inappropriate melanization responses (Qiu et al., 1998). How direct these 

responses are is less clear, however, because these studies reflect the use of whole-animal 

mutants and not the specific disruption or activation of Toll signaling in blood cells. 

In recent years, the study of injury responses in Drosophila has been gaining popularity, 

mostly due to interests in stem cell regulation and tissue regeneration. Several experimental 

systems have been developed including laser-induced axotomy, irradiation and mechanical pinch 

injury of imaginal discs, chemical and microbial injury of the adult gut epithelium, and puncture 

injury of the embryonic, larval, and adult epidermis (Bosch et al., 2005; Chatterjee and Ip, 2009; 
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Juarez et al., 2013; Rooney and Freeman, 2014; Smith-Bolton et al., 2009). Several of these 

studies noted the presence or recruitment of hemocytes to the site of injury and, in many cases, 

their phagocytic function in clearance and remodeling, but very few have directly focused upon 

understanding blood cell responses or sensing mechanisms. Studies using embryos have 

demonstrated that the chemotaxis of hemocytes toward the site of injury utilizes conserved 

cytoskeletal control mechanisms and sensation of hydrogen peroxide from the wound, similar to 

what has been observed in vertebrates (Pase et al., 2012a; Razzell et al., 2013). It has also been 

shown that crystal cells, which are critical to hemolymph clotting and melanization upon 

puncture injury, require the activity of the TNF-like ligand Eiger along with downstream JUN 

kinase (JNK) signaling for rupture and release of enzymes (Bidla et al., 2007). How Eiger is 

activated or, rather, signals to crystal cells in response to injury is unknown. It has also been 

shown that sterile puncture injury is sufficient to cause lamellocyte differentiation in larvae, 

indicating that microbial or parasite-associated PAMPs or other signals are not the inducers of 

this hematopoietic inflammatory response (Markus et al., 2005). Despite this interesting 

discovery, how the blood system senses injury and activates the molecular mechanisms 

controlling lamellocyte differentiation have not been described. Here we demonstrate that the 

blood cell response to mechanical epidermal (body wall) puncture utilizes rapid activation of 

Toll pathway and JNK pathway signaling, followed by delayed activation of 

cytokine/JAK/STAT pathway signaling. We also show that injury sensation by hemocytes 

requires the Toll ligand Spz, but the mechanism of Spz activation is distinct from that governing 

infection. Furthermore, we show that the delayed JAK/STAT response occurs because the 

activating cytokines are Toll pathway target genes. This work links secondary cytokine-like 

signaling to injury sensation by the Toll pathway of blood cells and, in doing so, provides a 
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molecular mechanism controlling injury-induced lamellocyte differentiation, as both pathways 

are required for this response. 

Results 

Epidermal injury activates Toll signaling in the hematopoietic system independent of 

infection 

Injury of wandering third-instar larvae (w
1118

) by posterolateral body wall puncture 

causes robust melanization of the wound area by three hours post injury (3 hpi, Fig. 1A). To 

explore Toll pathway activation, we assessed the activation of Drosomycin-GFP, a classic 

reporter for Toll signaling in the fat body in response to infection. We found that distal epidermal 

injury is sufficient to activate the Drosomycin reporter in both circulating and lymph gland 

hemocytes (Fig. 1B-C’) by 3 hpi. Likewise, a synthetic Toll pathway reporter called D4-lacZ 

(containing four copies of known Dorsal binding sites from the zen enhancer (Pan et al., 1991) is 

robustly upregulated in circulating cells and lymph glands by 3 hpi (Fig. 1D-E’). Furthermore, 

these injury experiments with the D4-lacZ reporter were performed under sterile conditions with 

larvae reared in axenic cultures (adapted from (Brummel et al., 2004), confirming that the Toll 

activation response we observed was indeed due to injury but not microbes introduced to the 

injury site. We also found that the activity of these reporters is consistent with immunostaining 

for Dorsal subcellular localization. In mock injured circulating cells and lymph gland cells, 

Dorsal is cytoplasmic (Fig. 1F, G), whereas by 3 hpi, Dorsal is present in the nucleus in many of 

these cells (Fig. 1F’, G’), indicative of Toll pathway activation. Lastly, activation of D4-lacZ in 

response to injury is completely suppressed by simultaneous loss of Dorsal and Dif (Fig. 1H, H’), 

indicating that D4-lacZ specifically reports the activity of these Toll pathway transcription 
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factors. Collectively, these data indicate that distal epidermal injury produces a systemic signal 

capable of activating the Toll signaling pathway in the hematopoietic system. 

Injury-induced Toll signaling in the blood requires Spatzle 

Activation of Toll pathway signaling in both developmental and immune contexts 

requires the protein Spatzle (Spz), the only known ligand for the Toll receptor. We found that 

injured heterozygous control larvae carrying one copy of the spz
rm7

 null allele (spz
rm7

/+) exhibit 

normal D4-lacZ activation upon injury (Fig. 2A), however when spz
rm7

 is placed over a 

chromosomal deficiency for the spz locus (spz
rm7

/Df), D4-lacZ activation in response to injury is 

completely suppressed (Fig. 2A’). Consistent with this result, heterozygous control larvae 

(spz
rm7

/+) accumulate Dorsal in the nucleus of cells in circulation and in the lymph gland by 3 

hpi (Fig. 2B, C), whereas spz
rm7

 homozygotes maintain Dorsal in the cytoplasm of these cells 

over the same time period (Fig. 2B’, C’). Lastly, qRT-PCR analysis of circulating blood cells 

demonstrated that injury induces the expression of Drosomycin (Drs), a classic Toll pathway 

target gene under septic conditions (Lemaitre et al., 1996), but that loss of Spz (spz
rm7

 mutants) 

completely suppresses this response (Fig. 2D). Thus, the ligand Spz is required for Toll pathway 

activation in the blood system in response to injury. 

The Toll injury response in blood requires the proteases SPE and Grass  

The Spz ligand that activates Toll receptor signaling is produced by proteolytic 

processing of a Spz pro-protein (Pro-Spz) (Chasan et al., 1992; Jang et al., 2006; Rose et al., 

2003). During embryonic dorsoventral (D/V) polarity development, Pro-Spz is cleaved by the 

serine protease Easter (Ea), whereas during immune challenge in larvae and adults Pro-Spz is 

cleaved by the serine protease Spatzle Processing Enzyme (SPE). To determine whether Ea or 
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SPE is required for injury-induced Spz activation, we assessed D4-lacZ activation in mutant 

backgrounds for each of these components. Null Ea mutants exhibited no suppression of D4-lacZ 

activation upon injury, as compared to controls (Fig. 3A, A’). Consistent with this result, loss of 

the serine proteases Nudel (Ndl), Gastrulation defective (Gd), Snake (Snk), each of which 

functions upstream of and is required for activation of Ea (and therefore Spz), also failed to 

suppress D4-lacZ activation upon injury (Fig. 3B-D’). By contrast, loss of SPE activity 

(SPE
Pasteur

/Df) indeed suppresses D4-lacZ acitvation in response to injury (Fig. 3E, E’). It has 

been shown that Toll signaling in response to leads to the sequential activation of the serine 

proteases ModSP, Grass, and then SPE (Buchon et al., 2009; Kambris et al., 2006). As with 

Grass, we find that loss of Grass (grass
Herrade

/Df) also suppresses D4-lacZ activation in response 

to injury (Fig. 3F, F’), but that loss of ModSP (ModSP
1
/Df) does not (Fig. 3G, G’). In summary, 

injury-induced activation of Spz and downstream Toll signaling in the blood system requires the 

proteases SPE and Grass, but not ModSP or proteases from the embryonic D/V polarity pathway. 

The Toll injury response in blood requires hydrogen peroxide but not microbe-sensing 

PRRs 

The pattern recognition receptor (PRR) GNBP1 is essential for responding to Lysine-type 

peptidoglycan (Lys-PGN) produced by Gram-positive bacteria, however we found that GNBP1 

is not required for activation of D4-lacZ upon injury (Fig. 4A, A’). Similarly, the PRR GNBP3 is 

required to for sensing -glucan produced by yeasts, but as with GNBP1, GNBP3 is not required 

for injury-induced Toll activation (Fig. 4B, B’). Another key Toll pathway activator is 

Persephone (Psh), a CLIP-domain serine protease that functions in the Spz processing cascade. 

Persephone is inactive under normal condition; however fungal infection produces virulence 

proteases (subtilisin-like PR1) that activate Persephone. As with GNBP1 and GNBP3 mutants, 
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we found that injured psh mutants still activate D4-lacZ to control levels (Fig. 4C, C’), indicating 

that Psh is also not required for injury-induced Toll activation in blood cells. Thus, consistent 

with our data using axenic cultures, known PRR proteins that are required for Toll responses to 

infection are not required for Toll responses to injury. 

These results, along with those described previously for the loss of ModSP, Grass and 

SPE, indicate that injury and infection share the function of Grass and SPE in Toll activation, but 

not those components further upstream that are required for sensing and mediating the infection 

response. Collectively, these data indicate that the inflammatory Toll signaling in larvae that 

occurs in response to injury is mechanistically distinct from that which occurs in response to 

infection or to embryonic developmental cues.   

The production of reactive oxygen species (ROS) by damaged cells and tissues is well 

established, and it has been recently shown that injury-induced hydrogen peroxide production 

serves as a chemoattractant for migrating blood cells in both zebrafish and Drosophila embryos 

(Moreira et al., 2010; Niethammer et al., 2009). Additionally, it has been shown that the injury-

induced hydrogen peroxide production mediates downstream serine proteases activity and 

subsequent transcriptional responses in Drosophila embryonic epidermal cells (Patterson et al., 

2013). With this in mind, we wondered whether larval epidermal injury also causes the 

production of hydrogen peroxide and whether this was important for the Toll signaling response 

in blood cells, which itself is downstream of serine protease activity. Thus, we reduced any 

hydrogen peroxide produced by the epidermal injury site by overexpression of the scavenger 

protein Peroxidasin directly in the epidermis (A58-GAL4;UAS-Pxn) and found that Toll signaling 

(D4-lacZ expression) was significantly suppressed as compared to controls (Fig. 4D, D’). Similar 

results were observed with overexpression of Catalase (Fig. 4E, E’), another well-known 
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hydrogen peroxide scavenger. Hydrogen peroxide is known to be produced by the enzyme Dual 

oxidase (Duox), an NADPH oxidase family member, under both immune stress conditions, such 

as microbe-gut interactions (Lee et al., 2015), and injury. Specifically, it has been shown in 

Drosophila embryos that epidermal injury causes an immediate spike in cytosolic Ca levels that 

radiates outward over many cell diameters from the site of injury, and that this Ca increase 

activates Duox through its conserved EF-Hand domains (Razzell et al., 2013). In the context of 

larval epidermal injury, we found that knockdown of Duox in the epidermis (A58-GAL4;UAS-

Duox RNAi) also suppresses Toll signaling by blood cells upon injury (Fig. 4F, F’). Taken 

together, these data indicate that injury site production of hydrogen peroxide is essential to the 

downstream activation of Toll signaling in the blood system. 

We also wondered whether the injury site itself could be associated with local serine 

protease activation. Thus, using a fluorescent probe that covalently binds the active site of serine 

proteases (FLISP), we indeed found that epidermal cells proximal to injury site showed high 

levels of fluorescence when compared to epidermal cells distal to the injury site (several cell 

diameters) as well as to epidermal cells from uninjured animals (Fig. 4G, G’). As Drosophila 

encodes greater than 140 predicted serine proteases, the identities of these active proteases at the 

site of injury are unknown, however it is not inconceivable that one or more could proteolytically 

activate serine proteases governing the Toll signaling pathway. 

Epidermal injury causes Toll pathway-dependent hematopoietic differentiation of 

lamellocytes 

The hematopoietic differentiation of lamellocytes is an aspect of the cellular immune 

response that is most often associated with parasitoid wasp infestation (Rizki and Rizki, 1992; 
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Sorrentino et al., 2002). Wasp oviposition causes a septic puncture injury to the larval epidermis 

(including the overlying cuticle and underlying ECM layer) as it delivers an embryo and venom 

into the larval hemocoel. Subsequently, lamellocytes differentiate and then, along with 

plasmatocytes and crystal cells, encapsulate the parasitic embryo in an effort to destroy it. How 

the blood system is cued by infestation to initiate lamellocyte differentiation has not been clearly 

defined. Previous work has demonstrated that sterile epidermal puncture wounds caused by 

metal pins also cause lamellocyte differentiation in larvae (Markus et al., 2005), suggesting that 

injury itself is the inductive cue and not the parasitic wasp embryo, associated venom 

components, or any infectious microbial contaminants. Consistent with this idea, we find that 

injured larvae exhibit a significant increase in lamellocyte number in lymph glands and in 

circulation by 24 hpi, relative to uninjured control larvae (Fig. 5A-B’). 

The differentiation of lamellocytes, in both mutant genetic backgrounds and the response 

to parasitoid infestation, has also been associated with the activity of multiple signaling pathways.  

It is well established that mutations that constitutively activate the Toll receptor (e.g. Toll
10b

) and 

the JAK kinase Hopscotch (e.g. hop
TumL

) cause robust lamellocyte differentiation in larvae (Luo 

et al., 1995; Qiu et al., 1998), while misshapen genetic reporters (misshapen encodes a JNKKKK) 

are classic markers of the lamellocyte lineage (Braun et al., 1997; Tokusumi et al., 2009). 

Additionally, loss-of-function mutations in each of these pathways block or limit the lamellocyte 

differentiation response to parasitoid infestation (Remillieux-Leschelle et al., 2002; Tokusumi et 

al., 2009). Consistent with these observations, we found that loss of spz (spz
rm7

 null mutants), 

which completely suppresses the blood Toll signaling response to injury, also strongly reduces 

injury-induced lamellocyte formation, as compared to control larvae (24 hpi, Fig. 5C, D). This 
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result indicates that rapid Toll pathway activation post-injury is required for injury-induced 

lamellocyte formation. 

Epidermal injury activates JNK signaling in the blood system in a Toll pathway-dependent 

manner 

The de novo differentiation of lamellocytes in response to epidermal injury suggested that 

the JNK and JAK/STAT signaling pathways may also be activated by the injury stimulus within 

the blood system. Thus, we examined the expression of the well-established JNK activity 

reporter puc-lacZ (Martin-Blanco et al., 1998; Wu et al., 2010) and found that it is indeed 

elevated in lymph gland cells relative to controls by 3 hpi (Fig. 6A, A’). It has been reported that 

the expression of Matrix metalloproteinase 1 (Mmp1), encoding a secreted protease known to 

have various developmental and ECM remodeling roles in Drosophila (Page-McCaw et al., 

2003), is upregulated by JNK signaling in cells under various stress conditions (Srivastava, 2015; 

Stevens and Page-McCaw, 2012; Uhlirova and Bohmann, 2006). In particular, larval epidermal 

cells surrounding puncture wound sites have been shown to upregulate Mmp1 expression in a 

JNK-dependent manner (Stevens and Page-McCaw, 2012). As with puc-lacZ, we found that 

epidermal injury causes the upregulation of Mmp1-lacZ expression (a reporter gene previously 

shown to mimic endogenous Mmp1 expression) (Uhlirova and Bohmann, 2006) in blood cells of 

the lymph gland (Fig. 6B). Consistent with this transcriptional upregulation, expression of Mmp1 

protein was also robustly increased in lymph glands of injured larvae relative to controls, which 

normally express very low levels of Mmp1 (Fig. 6C, C’). Interestingly, the injury-induced 

upregulation of puc-lacZ, Mmp1-lacZ, and Mmp1 protein expression in the lymph gland occurs 

exclusively, or at least predominantly, in differentiating cells of the primary lobe cortical zone. 

This suggests that CZ cells and medullary zone (MZ) progenitor cells exhibit differential JNK 
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signaling in the context of the systemic injury response, which is in contrast to Toll pathway 

activation, which occurs in both populations. We also found that epidermal injury induces a 

similar increase in Mmp1 mRNA (qRT-PCR) (Fig. 6K) and protein expression in circulating 

blood cells, consistent with the observed increase in the lymph gland CZ. 

The Drosophila JNK Basket (Bsk) is normally activated by the JNK kinase encoded by 

hemipterous (hep). Thus, to establish control by JNK signaling, we examined Mmp1-lacZ 

expression in lymph glands post-injury in the null hep
r75

 mutant background (which survives 

until the pupal stage) and found that it partially suppresses reporter induction (Fig. 6B’). Since 

Bsk may still be partially activated by residual maternal Hep or by alternative mechanisms in the 

hep
r75

 mutant, we also disrupted JNK signaling directly in lymph gland cells through the 

misexpression of a dominant-negative form of Bsk (Hml-gal4; UAS-bsk
DN

), and found that it 

strongly suppresses injury-induced Mmp1-lacZ expression (Fig. 6 D, D’). 

Lastly, given the rapid upregulation of Mmp1 gene and protein expression in response to 

injury, we wondered whether it was dependent upon Toll signaling. Accordingly, we found that 

knockdown of Duox in the larval epidermis (A58-gal4; UAS-Duox-RNAi), as well as mutations 

in Grass (Grass
Herrade

/Df), or SPE (SPE
Pasteur

/Df), or spz (spz
rm7

/Df), partially suppresses Mmp1 

upregulation in the blood upon injury (Fig. 6E-I). Consistent with these results, qRT-PCR 

analysis of circulating blood cells after injury shows a reduction of Mmp1 mRNA expression by 

approximately %65 in spz null mutants (Fig. 6K). Interestingly, loss of the intracellular Toll 

receptor adapter protein MyD88 (kra
1
 null larvae), a core component of canonical TLR/NFB 

signaling pathways, completely suppresses Mmp1 upregulation in response to injury (Fig. 6J). 

Thus, both JNK signaling and Mmp1, a protease known to be important for wound repair and 
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tissue remodeling (Stevens and Page-McCaw, 2012), are upregulated systemically in blood cells 

through Toll pathway signaling. 

Injury-induced cytokine gene expression and JAK/STAT signaling in the blood system 

In vertebrates, TLR activation in blood cells causes the expression and secretion of 

cytokine signaling proteins that mediate secondary JAK/STAT-dependent inflammatory 

responses (Medzhitov, 2010). It has been shown in Drosophila that the unpaired (upd) family 

members (upd, upd2, and upd3) encode cytokine-like proteins that activate the conserved 

JAK/STAT signaling pathway in various contexts (Arbouzova and Zeidler, 2006; Wright et al., 

2011; Zeidler et al., 2000). In particular, Upd3 (a four-helix-bundle-type cytokine; (Oldefest et 

al., 2013) activates JAK/STAT signaling in response to both infection and injury (Agaisse et al., 

2003; Pastor-Pareja et al., 2008). During development, upd3-gal4 (Zhou et al., 2013) expression 

in the blood system is primarily limited to the lymph gland niche (PSC) and, at later stages, 

lymph gland blood progenitors (Jung et al., 2005), with very few mature cells in the lymph gland 

or in circulation expressing this reporter (Fig. 7B, C). We found that epidermal injury did not 

change upd3 expression (upd3-gal4; UAS-GFP) in the blood system at the early 3 hpi time point 

(not shown), however upd3 was upregulated throughout the lymph gland and in circulating blood 

cells by 24hpi (Fig. 7B’, C’). 

We also examined endogenous upd3 transcript levels using qRT-PCR to validate our 

results with the upd3-gal4 reporter and to determine whether detectable changes in upd3 

expression were possibly occurring at an earlier time point post-injury. Indeed, we found that 

injury causes more than a 20-fold increase in upd3 transcript levels in circulating blood cells by 6 

hpi (Fig. 7D). Work by others has shown that all of the upd genes (upd, upd2, and upd3) are 
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upregulated by cells surrounding sites of injury in wing imaginal discs (Pastor-Pareja et al., 

2008), and more recently it has been shown that developmental expression of upd and upd3 is 

coregulated in many tissues (Wang et al., 2014). Thus, we also examined the expression of upd 

and upd2 by qRT-PCR in circulating blood cells at 6 hpi and found that, similar to upd3, both are 

also upregulated (Fig. 7E). These data indicate that the upd genes, encoding cytokine-like 

proteins, are transcriptional targets of signaling pathways that are immediately activated in blood 

cells by the epidermal injury stimulus. 

Because ligand expression alone is not an indicator of actual JAK/STAT signaling, we 

assessed the activity of STAT using an in vivo reporter line (10XSTAT-GFP comprised of ten 

DNA binding sites for activated STAT protein) (Bach et al., 2007) in circulating blood cells. At 

3 hpi, no change in GFP levels were observed, however by 24 hpi GFP levels in these cells are 

elevated relative to cells from uninjured control larvae (Fig. 8A, A’). We also found that the 

expression of the JAK/STAT target genes myospheroid (mys) and chronically inappropriate 

morphogenesis (chinmo) is also upregulated in circulating cells by 24 hpi (Fig. 8B-C’). Lastly, 

blocking the activity of Domeless, the canonical JAK/STAT pathway receptor, through 

misexpression of a dominant-negative form of Domeless (Hml-gal4 UAS-dome
DN

), suppresses 

injury-induced STAT activation and expression of Mys and Chinmo (Fig. 8A’’, B’’, C’’). Thus, 

epidermal injury also activates JAK/STAT signaling systemically in blood cells, however with 

delayed kinetics relative to the activation of the Toll and JNK signaling pathways. 

Inflammatory cytokine signaling in the blood system requires Toll pathway signaling 

 Previous work in adult flies has shown that septic injury upregulates upd3 expression in 

hemocytes (Agaisse et al., 2003), however the molecular pathways involved in sensing the 
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infection, injury, or both that lead to upd3 expression have not been defined. To explore whether 

upd3 may be controlled by Toll signaling, we first examined upd3-gal4 expression in 

constitutively active Toll
10B

 mutants and found robust GFP expression in circulating blood cells 

(Fig. 7D, D’). Consistent with a direct control mechanism, several Dorsal binding sites have been 

identified near the upd3 transcript initiation site by chromatin immunoprecipitation (ChIP-seq) 

analyses (conducted by the modEncode consortium). Furthermore, loss of Toll activation (spz
rm7

 

mutants) in the context of injury abolishes both upd3-gal4 reporter activity (based upon GFP 

expression) and endogenous upd3 (as well as upd and upd2) expression (Fig. 7E). Taken together, 

these results indicate that the cytokine-like upd genes are Toll pathway target genes that are 

upregulated in blood cells in response to epidermal injury. 

Injury-induced lamellocyte differentiation requires JAK/STAT and Toll signaling 

We have shown that injury induces both JAK/STAT signaling and lamellocyte 

differentiation within the blood system, and that both of these phenomena are Toll-signaling 

dependent. To determine whether lamellocyte differentiation is also JAK/STAT dependent, we 

assessed lamellocyte differentiation while disrupting cytokine/JAK/STAT signaling (Hml-gal4; 

UAS-dome
DN

) and found that lamellocyte differentiation is significantly reduced (Fig. 8D-D’’, E).  

Collectively, our data demonstrate that 1) epidermal injury causes immediate activation of Toll 

(and JNK) signaling, which then 2) sequentially activates JAK/STAT signaling through the 

upregulation of upd family cytokines, and 3) that both of these pathways are required for 

lamellocyte differentiation in response to injury.  
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Materials and Methods 

Fly Stocks 

w1118 was used for wildtype control crosses. D4-lacZ ( Albert J. Courey). Drs-GFP 

(J.A. Hoffmann). UAS-Duox RNAi (Won-Jae Lee). 10xSTAT-GFP (Erika Bach). Upd3>GFP 

(Bruno Lemaitre). Puc-lacZ (Tian Xu). Mmp1-lacZ (Dirk Bohmann). All other lines were 

ordered from Bloomington Drosophila Stock Center. 

Injury 

Larvae were removed from vials and washed thoroughly with water. 200 l of distilled 

water is placed on a silicon plate and washed larvae were submerged in the water. Larvae were 

held dorsal-side up by forceps and injured by a metal needle fixed on a holder at the posterior 

lateral side. The cuticle was penetrated from dorsal side to ventral side with two holes. Larvae 

were transferred from the water to a food plate for recovery with the needle to guarantee 

penetration.  

Axenic cultures 

 The axenic culture protocol was adapted from Brummel et al. (Brummel et al., 2004). 

Briefly, fly food was autoclaved before being poured into sterile petri dishes inside the hood. 

Large cross (200 virgins with 100 male flies) was left at room temperature to lay eggs onto a 

food plate with cage for 12 hours. Embryos were collected from the plate and placed in a 600 l 

sterile Eppendorf tube. 500l of 0.4% bleach was added to the tube and incubated for 1 minute. 

Embryos were washed twice with 70% ethanol inside the hood and then placed on a sterile food 

plate to grow.   
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Bleeds and immunohistochemistry 

Larvae were washed thoroughly with water. Each larva was submerged in 20l of 1xPBS 

on a 12-well hydrophobic coating slide. Larval cuticle was opened from the anterior end with 

forceps under microscope to release hemocytes, and the carcass was gently washed in the PBS 

drop and then removed. The slides were placed in a humidified chamber for 30 minutes to let 

hemocytes settle down. The supernatant was removed and hemocytes were fixed on the slide 

with 4% formaldehyde. Antibody staining was carried out as described in Evans et al. (Evans et 

al., 2014).   

Quantitative real-time PCR analysis 

Circulating cells from ten larvae were isolated in 20 ul of 1xPBS for each biological 

replicate and total RNA was extracted using the PureLink
TM

 RNA mini kit (Ambion). 150 ng 

RNA was used for cDNA synthesis with SuperScript
®

 III First-Stand synthesis SuperMix kit 

(Invitrogen). Relative quantitative PCR was performed by comparative CT method using Power 

SYBR
®
 Green PCR master mix kit (Applied Biosystems) and a StepOne

TM
 Real-Time PCR 

detection thermal cycler (Applied Biosystems). Primers used in this study were either from 

published literatures or designed using Primer3. The levels of RpL32 were used to normalize 

total cDNA input in each experiment. 

Figure Legends 

Figure 1. Activation of NFB-like signaling in the blood system in response to injury. 

(A) Third instar larva showing the location of a puncture wound relative to the location of the 

lymph gland. (B, C) Basal expression of Drs-GFP reporter gene in circulating cells and the 
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lymph gland compare to 3 hour post injury (3hpi) (B’ C”). (D, E) Basal expression of D4-lacZ 

reporter gene in circulating cells and the lymph gland compare to 3 hpi (D’, E’) under axenic 

conditions. (F, G) Immunostaining showing cytoplasm Dorsal staining in circulating cells and 

lymph gland cells compare to nuclear staining in injured animals (F’, G’). (H, H’) Simultaneous 

loss of Dorsal and Dif suppresses D4-lacZ activation in response to injury. 

Figure 2: Spz is required for the blood Toll injury response. 

(A) D4-lacZ is activated upon injury in control animals, which is suppressed in Spz
rm7

 mutant 

lymph gland (A’). (B, C) Nuclear Dorsal protein in circulating cells and lymph gland cells from 

injured control animals, which are absent in cells from Spz
rm7

mutant larvae (B’, C’). (D) Spz
rm7 

blocks injury induced Drosomycin expression.  

Figure 3: Grass and SPE, but not D/V polarity genes or ModSP, are required for Toll 

injury response.  

Alleles of ea (A, A’), ndl (B, B’), gd (C’, C’) and snk (D, D’) are not sufficient to suppress injury 

induced D4-lacZ expression, whereas SPE (E, E’) and grass (F, F’) mutant can suppress D4-lacZ 

induction. Loss of ModSP (G, G’) does not suppress D4-lacZ induction either.   

Figure 4: ROS, but not PRRs, is required for Toll injury response. 

Alleles of GNBP1 (A, A’), GNBP3 (B, B’), psh (C’, C’) are not sufficient to suppress injury 

induced D4-lacZ expression. Overexpression of Pxn (D, D’) and Catalase (E, E’) in epidermal 

cells partially suppress injury induced D4-lacZ expression in the lymph gland. Knockdown of 

Duox in epidermal cells suppresses D4-lacZ activation in response to injury (F, F’). (G, G’) 

Activation of serine proteases activity around injury site (asterisk) 1 hour post injury. 
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Figure 5: Spz is required for lamellocyte differentiation in response to injury. 

Lamellocyte differentiation in lymph gland (A’) and circulating cells (B’) in injured animals 

(24hpi) compare to control animals (A, B). This induction in response to injury is suppressed by 

Spz
rm7

 mutant (C, D). 

Figure 6: Injury activates JNK signaling and this requires ROS, Grass, SPE, Spz and 

MyD88. 

JNK signaling reporter gene puc-lacZ is activated in lymph gland of injured animals (A’) 

compare to control (A). JNK signaling target gene mmp1 is induced in lymph gland of injured 

animals (C’) compare to control (C). Activation of mmp1-lacZ by injury (B, D) is suppressed by 

hepr
75

 (B’) mutant and overexpression of bsk
DN

 in the cortical zone (D’). Induction of Mmp1 

expression in the lymph gland by injury (E) is suppressed by knockdown of Duox in epidermal 

cells (F), and mutants of grass (G), SPE (H), Spz (I) and MyD88 (J). Induction of mmp1 

transcript level in response to injury is suppressed by Spz mutant (K).  

Figure 7: Injury activates cytokine secretion in blood system.  

upd3-gal4 reporter is expressed in the medullary zone of control lymph gland (A, B). Injury 

activates upd3-gal4 reporter expression in both medullary zone and cortical zone (non-EBFP2 

positive region) (A’, B’). upd3-gal4 reporter is also activated by injury in circulating cells (C, 

C’). Constitutively active Toll receptor (Toll
10B

) activates upd3-gal4 reporter in circulating cells 

(D, D’). (E) Injury induces expression of upd, upd2 and upd3 transcripts in circulating cells, and 

these inductions are suppressed by Spz mutant.  
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Figure 8: Injury activates JAK/STAT signaling in circulating cells. 

Injury activates JAK/STAT reporter gene 10xSTAT-GFP in circulating cells (A, A’). Injury also 

activates expression of JAK/STAT target genes mys and Chimo in circulating cells (B, B’, C, C’). 

These activations are suppressed by overexpression of dome
DN

 in circulating cells (A’’, B’’ C’’). 

Induction of lamellocyte differentiation by injury in the lymph gland is blocked by 

overexpression of dome
DN

 in the cortical zone (D, D’, D’’, E). 
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Concluding Remarks 

Tissue homeostasis is important for organismal integrity and long term health and 

survival, therefore having mechanisms in place that are capable of sensing, mitigating, and 

repairing cellular damage due to parasites, pathogenic microbes, virulence factors, or mechanical 

injury is essential. The work presented in this dissertation demonstrates that flies, like humans, 

sense tissue injury through TLR/NFB-related signaling in blood cells, leading to changes in 

gene regulation that mediate subsequent inflammatory responses. Injury-induced Toll signaling 

in blood cells in response to body wall puncture occurs rapidly, with transcriptional targets such 

as Drosomycin and D4-lacZ exhibiting robust expression by 3 hpi (Fig. 1). We found that among 

the genes activated by injury-induced Toll signaling are genes, such as Drosomycin, with known 

functions exclusively or, at least, primarily associated with the Toll pathway response to 

infection. This injury-induced, Toll-mediated upregulation of defense genes has been seen by 

others. At this level of analysis, it is not clear how the Toll response to injury is any different 

from that of infection; however in the context of genomic-level changes, especially if injury and 

infection differentially activate other signaling pathways, the representative outcomes of these 

stimuli may be globally different. From another perspective, any injury occurring in the wild due 

to an external cause would likely be septic, so perhaps it should not be so surprising that injury 

activates infection-fighting genes like Drs.   

Several different injury analysis systems have been developed in Drosophila, including 

epidermal puncture models in embryos, larvae, and adults (Agaisse et al., 2003; Burra et al., 

2013; Juarez et al., 2013; Patterson et al., 2013). However, these studies have focused primarily 

on repair and resolution mechanisms associated with the injury site and, in some cases, how 

hemocytes interact with and facilitate these processes. The work presented here focuses for the 
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first time on how hemocytes sense and respond to epidermal injuries. What we have found is that, 

as in humans, tissue injury is sensed in blood cells through TLR/NFB-related signaling, leading 

to changes in gene regulation that mediate subsequent inflammatory responses. Injury-induced 

Toll signaling in blood cells occurs rapidly and systemically, with transcriptional targets such as 

Drosomycin and D4-lacZ exhibiting robust expression by 3 hpi (see Fig. 1) in cells both in the 

lymph gland and throughout circulation. 

The only known mechanism of Toll receptor activation is through binding of the 

activated form of the ligand Spz, and the mechanism underlying the conversion of pro-Spz to 

active Spz has been described in significant detail for both septic and developmental (D/V 

polarity) Toll pathway signaling. Both mechanisms make use of extracellular serine protease 

cascades, however the specific proteins in each pathway differ. Analysis of the requirement for 

each of the known components of both pathways demonstrated that injury-induced activation of 

Spz required only Grass and SPE, the two proteases functioning furthest downstream in septic 

pathway Toll activation. Grass becomes active after recognition of Gram-positive bacterial 

peptidoglycan and fungal beta-glucan by the PRRs GNBP1 and GNBP3, yet we find that injury-

induced Toll activation still occurs when conducted under axenic conditions. This suggested that 

PRRs either sense injury separately from their ability to sense microbial components or that they 

are not involved in injury sensation at all. Consistent with the latter scenario, we find that 

GNBP1 and GNBP3 are dispensable for injury sensation. Likewise, the protease Psh, which 

promotes Toll signaling after activation by bacterial and fungal virulence proteases, is also not 

required for sensing injury. Taken together, these data indicate that epidermal injury initiates 

signaling through a previously unidentified pathway leading to activation of Grass, but that 

bypasses the need for upstream function of PRRs, Psh, or ModSP. 
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How then does injury to the epidermis cause the activation of Grass? While the entirety 

of the mechanism is unknown, our data indicate that injury-induced hydrogen peroxide mediates 

this process. Previous work with Drosophila embryos has shown that epidermal injury causes an 

immediate calcium flux wave that emanates from the injury site and traverses several cell 

diameters in proximity (Razzell et al., 2013). This calcium wave activates the cell surface 

NADPH oxidase Duox through its calcium-sensitive EF-hand domains, which in turn locally 

produces hydrogen peroxide to serve as a chemoattractant for hemocytes. A similar role for 

hydrogen peroxide-mediated leukocyte recruitment to injury sites has been shown in zebrafish 

(Pase et al., 2012b), although how hydrogen peroxide is actually sensed by blood cells in either 

system to direct injury site recruitment during inflammation is unknown. In injured larvae, we 

find that Duox-dependent hydrogen peroxide production is required to activate Toll (and 

associated JNK signaling) in hemocytes. Although the linking mechanism is unknown, these 

results are consistent with work in Drosophila embryos that has demonstrated that injury-

induced hydrogen peroxide production regulates the activity of extracellular serine proteases 

functioning upstream of epidermal transcriptional responses (Juarez et al., 2011). Thus, even 

though it is not known how hydrogen peroxide controls protease activity, this connection is of 

relevance to our work given the requirement of an extracellular serine protease cascade that 

includes Grass and SPE.  It is interesting to note that mammalian TACE and MMP enzymes 

have been shown to be directly activated by ROS through relief of an inhibitory cysteine-zinc 

ionic interaction between the respective enzyme prodomains and their catalytic sites (the 

“cysteine switch” mechanism) (Ra and Parks, 2007; Van Wart and Birkedal-Hansen, 1990). 

The work presented here also demonstrates that injury-induced activation of JNK in 

blood cells is, in part, Toll pathway-dependent, a connection that has not been described 
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previously in Drosophila. Recall that directly blocking Basket (JNK) completely suppresses 

transcriptional induction of Mmp1 (Mmp1-lacZ; Fig. 6D, D’) indicating a complete dependence 

upon JNK for expression, yet loss of Spz only partially reduces injury-induced Mmp1 

transcription (to approximately 40% of the control level; Fig. 6K). These indicate that Spz/Toll 

signaling works in parallel with one or more secondary signaling pathways to activate JNK in 

blood cells post-injury. In mammalian systems, TLR and IL-1R signaling are known to activate 

both NFB and JNK signaling downstream of the adapter protein MyD88, IL-1 receptor-

associated kinases (IRAKs), TNF receptor-associated factors (TRAFs), and TAK kinases. In 

Drosophila, neither MyD88, Tube (the lone IRAK4-related adapter protein), nor Pelle kinase 

(the lone IRAK1 homolog) has been associated with JNK signaling directly, although 

overexpression of Tube or a truncated form of Pelle kinase can heterologously activate JNK 

signaling in human cells (Bacher et al., 2001). By contrast, Drosophila TRAF2 and Tak1 have 

been shown to activate JNK signaling, but not downstream of Toll signaling. Furthermore, loss 

of Tak1 fails to suppress injury-induced Mmp1 upregulation (not shown). Thus, how Spz/Toll 

signaling upregulates JNK activity in response to injury remains to be determined. 

The nature of the mechanism that operates in parallel to Spz/Toll during injury-induced 

JNK activation is also an open question. It is interesting to note that Easter, Spz3, and Toll-8 

(Drosophila homologs of Spz and Toll), have recently been shown to activate JNK signaling in 

neurons in the context of neuromuscular junction development (Ballard et al., 2014). These 

results, together with ours showing that JNK can be activated by SPE/Spz/Toll in blood cells, 

support the idea that JNK can be activated by multiple upstream serine proteases, Spz-like 

ligands, and Toll-like receptors, of which there are many family members of each of these 

components in Drosophila. This idea of upstream functional redundancy with regard to JNK 
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activation is consistent with our finding that the loss of MyD88, which likely interacts with 

multiple Drosophila Toll-like receptors, causes a stronger suppression of JNK activation (as 

measured by Mmp 1 protein expression) upon injury than does the loss of Grass, SPE, or Spz. 

Reminiscent of secondary inflammatory cytokine signaling by mammalian blood cells in 

response to injury-induced TLR activation, we find that epidermal injury activates Upd/2/3 

expression and JAK/STAT signaling in Drosophila blood cells after Toll signaling is well 

established. Specifically, increased expression of Upd3 (upd3-gal4; UAS-GFP) in blood cells 

becomes apparent by 24 hpi, whereas expression of Toll and JNK target genes are robustly 

activated by 3 hpi. This temporal pattern is consistent with previous work demonstrating that 

mechanical injury to larval wing imaginal discs causes upregulation of upd3 (upd3-gal4; UAS-

GFP) in hemocytes by 24 hpi (Pastor-Pareja et al., 2008). We also find that the expression of 

upd3 (and the related ligands upd and upd2) is Toll-pathway dependent, indicating that the 

upregulation of these cytokine-like proteins is truly a secondary injury response, rather than just 

being a slow primary response to injury. In support of this, chromatin immunoprecipitation 

experiments performed by the modEncode project using antibodies to Dorsal identified several 

potential regulatory elements in the upd3 gene locus (not shown), and we find that constitutive 

activation of the Toll receptor strongly upregulates upd3 (upd3-gal4) expression in hemocytes. 

The original goal of this project was to study how injury, as a stress signal, affects blood 

progenitor homeostasis in the lymph gland. Our results did not show any effects on progenitor 

cells in a short time window (3 hpi), however, reduction in dome-MESO reporter was observed 

at 24 hpi (Fig. 7A, A’). It is known that dome-MESO is downregulated during normal process of 

differentiation; therefore the reduction of dome-MESO reporter in the MZ caused by injury 

suggests that injury may promote progenitor cell differentiation.   
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It has been previously shown that wasp infestation causes a downregulation of dome and 

upd3 transcripts in the lymph gland, and upd3 is required for normal JAK/STAT signaling in the 

MZ (Makki et al., 2010). It has also been shown that lamellocyte production upon wasp 

infestation requires downregulation of JAK/STAT signaling in the MZ, which licenses 

hematopoietic progenitors to differentiate (Krzemien et al., 2007). However, we find that upd3 is 

upregulated generally in response to injury in the lymph gland and it promotes lamellocyte 

differentiation (Fig. 7B, B’). This indicates that injury induced lamellocyte production may 

involve different mechanisms than parasitisation. In addition, it is suggested that progenitor cells 

in the lymph gland give rise to lamellocytes upon wasp infestation due to parallel loss of MZ, 

and lamellocyte production in response to parasitisation is blocked when progenitor cells 

differentiate prematurely, for instance in the absence of PSC or in hopscotch mutant background 

(Krzemien et al., 2007). Our data suggests, however, that lamellocyte differentiate from 

plasmatocytes in response to injury since overexpression of dome
DN

 in the cortical zone (hml-

gal4; UAS-dome
DN

)
 
is sufficient to suppression lamellocyte production (Fig. 8D - D’). This data 

also suggests that JAK/STAT signaling is required in plasmatocytes for them to differentiate into 

lamellocytes, a possible explanation for the previous observation that hopscotch mutants, which 

causes loss of progenitor cells, failed to produce lamellocytes upon wasp infestation. Therefore, 

future studies could focus on a different background that causes premature progenitor cell 

differentiation and check if wasp infestation or injury is still able to cause lamellocyte production.  

What we find, in general, is that injury sensing mechanisms by hemocytes, namely initial 

Toll pathway signaling followed by secondary cytokine signaling, parallels what occurs in 

mammalian systems with TLR signaling by tissue macrophages and related white blood cells.  

Clearly there are many connections within the Drosophila injury response still to be worked out, 
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this work provides a general mechanistic outline upon which to build future studies and identify 

unknown components.   
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Trol, Collagen IV, SPARC and Integrin in Lymph Gland Development 
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Introduction 

The hematopoietic niche model of stem cell maintenance (Adams and Scadden, 2006; 

Schofield, 1978) suggests that hematopoietic stem cells (HSCs) interact with their 

microenvironment to maintain their fates. The various ways in which the niche regulates HSC 

behavior are not fully understood due in part to the difficulty in directly accessing and analyzing 

the localization of the HSC niche in adult mammals (the bone marrow. Studies in the 

invertebrate model organism Drosophila melanogaster has found that multipotent blood 

progenitor cells are also maintained by niche cells during larval stages, and that several 

conserved signaling systems (eg. Hedgehog, VEGF-related, Wg/Wnt) mediate this interaction 

(Mandal et al., 2007; Mondal et al., 2011; Sinenko et al., 2009b). In Drosophila, blood 

progenitors and niche cells are juxtaposed within a structure called the lymph gland, which is 

held by a strong network weaved by massive amount of ECM components including Collagen IV, 

Laminin and Trol (terribly reduced optical lobes, a heparan sulfate proteoglycan, also called 

Perlecan). This network increases in size and complexity as the lymph gland grows. However, 

what role it plays in regulating lymph gland development, specifically in the blood progenitor 

population and how it interacts with niche cells, is not fully understood.  

It is known in mammals that niche-associated osteoblasts regulate HSCs by secreting 

various cytokines and growth factors, including ECM-regulated TGF-β (Lymperi et al., 2010). 

Osteoblasts also secrete various matricellular (ECM regulatory) proteins, such as Osteopontin 

(OPN) and thrombopoietin (TPO), which have been shown to regulate HSC number (Stier et al., 

2005) and maintenance (Umemoto et al., 2012), respectively. In addition, matricellular proteins, 

including OPN, SPARC (Osteonectin), thrombspondin 1/2, and Tenascin C/X, modulate cell–

matrix interactions, generally by promoting de-adhesion (Bornstein and Sage, 2002). For 
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example, SPARC, which is conserved in Drosophila, disrupts ECM-cell interactions by binding 

integrins (Bornstein and Sage, 2002; Martinek et al., 2002), and integrin has been shown to 

mediate stem cell maintenance in the Drosophila testis and ovary (Issigonis et al., 2009; O'Reilly 

et al., 2008; Tanentzapf et al., 2007).  

Trol, Collagen IV and Laminin are major components of Drosophila ECM. Among them, 

Collagen IV and Laminin primarily serve structural roles. Trol is one of the four Drosophila 

heparan sulfate proteogycans (HSPGs), a class of matrix-associated proteins that has been shown 

to regulate pattern formation in flies as well as in other vertebrate systems (Hacker et al., 2005), 

including humans. In Drosophila, HSPGs are important for both Hh and Wg signaling (affecting 

extracellular morphogen distribution), in both the developing embryo and wing. Furthermore, 

specific roles for Trol have been found for the control of Hh and Wg in neuroblast cell division 

and disc formation (Lindner et al., 2007; Park et al., 2003; Voigt et al., 2002). It is well 

established that the mammalian growth factor VEGF binds to and is regulated by heparin sulfate 

in the extracellular environment (Breen, 2007). In Drosophila, it has been shown that the VEGF-

like factor Pvf1 can bind heparin too (Rosin et al., 2004), suggesting that it may also be regulated 

by heparin moieties in vivo. Thus, the presence of the Trol network within the lymph gland, 

particularly among the MZ stem cells, raises the possibility that the function of the stem cell 

maintenance factors Hh, Wg, and Pvf1are modulated by Trol network. As with Collagen IV, a 

recent publication has shown that Collagen IV in larval basement membrane on wing disc is 

from fat body cells (Pastor-Pareja and Xu, 2011), even though the main source of Collagen IV 

are found to be hemocytes in early Drosophila embryo (Bunt et al., 2010; Martinek et al., 2008; 

Olofsson and Page, 2005).  
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Integrins belong to a family of transmembrane receptors and are composed of α and β 

subunits. Adhesion of cells to basal laminae is mediated primarily by Integrins, which can 

respond to “inside-out” signals and undergo conformational changes  to gain high-affinity to 

their ECM ligands. Intracellular domains of integrins can mediate “outside-in” signals that 

regulate cell mobility and gene expression via a protein complex linked to the cytoskeleton 

(Hynes, 2002). A recent publication showed that Integrins regulate thombopoietin-mediated 

maintenance of HSCs via both “inside-out” and “outside-in” signals (Umemoto et al., 2012), 

suggesting the involvement of Integrins in blood development. In Drosophila, there are 7 

Integrin genes, 5 PS genes (mew, if, scb, PS4, PS5) and 2  genes (mys, intV). Among these 

genes, myospheroid (mys) has been shown to regulate germ line stem cell competition by 

enhancing adhesion to the “niche” hub (Issigonis et al., 2009). 

Results and Discussion 

 In Drosophila, there are two Collagen IV subunits, Viking (Vkg, CG16858) and Cg25C 

(CG4145). Using a fusion protein reporter of Vkg, Vkg-GFP, we found that Collagen IV is 

evenly distributed across the lymph gland during early developmental stage, forming small 

compartments to encompass cells (Fig. 9A). This network becomes more complicated along 

development (Fig. 9B, C) and give rise to a unique pattern that is delineated by strong staining in 

the MZ and very low or absent staining in the CZ in mature third instar lymph gland (Fig. 10). 

Interestingly, Collagen IV staining in the basement membrane of the lymph gland does not 

change during development (Fig. 9A-C). A similar pattern of Trol staining was found using the 

same technique (Fig. 9D-F). These patterns suggest that the ECM network of the lymph gland 

changes dynamically, and the formation of such patterns are likely due to differential regulation 

at the level of gene expression, protein processing, and deposition. 
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 It has been shown that Collagen IV in the basement membrane of larval wing disc is 

mainly from fat body cells (Pastor-Pareja and Xu, 2011). However, expression of an enhancer 

trap gene cg-gal4 in differentiated blood cells suggests that blood cells also produce Collagen IV. 

Therefore we decided to check if blood cells contribute to Collagen IV in the basement 

membrane of larval wing disc. Using Gal4-UAS system and GFP RNAi technique, we are able 

to reduce the expression of Vkg-GFP reporter gene in specific cells and check its staining levels 

in a particular tissue to determine the source. Indeed, when we knockdown Vkg-GFP in fat body 

cells using ppl-gal4 or cg-gal4, we find that the staining in the basement membrane of the wing 

disc disappears (Fig. 11C, D, in accordance with the results obtained by Pastor-Pareja et al.). 

However, knockdown of Vkg-GFP in differentiated blood cells using hml-gal4 does not change 

the staining level (Fig. 11E), suggesting that blood system does not contribute to Collagen IV in 

basement membrane of larval wing disc. Next, we asked whether or not fat body cells are also 

the source of the Collagen IV network in the lymph gland. Using the same technique, we found 

that knockdown of Vkg-GFP in fat body cells using ppl-gal4 significantly reduces Collagen IV 

in the lymph gland (Fig. 12B), and interestingly, knockdown of Vkg-GFP in differentiated blood 

cells using hml-gal4 also reduces Collagen IV in the lymph gland (Fig. 12C). A combined driver, 

cg-gal4, which expresses in both fat body and differentiated blood cells, further reduces Collagen 

IV (Fig. 12D), suggesting that both fat body and differentiated blood cells contribute to the 

Collagen IV network in the lymph gland. It is worth pointing out that only drivers expressed in 

fat body cells (ppl-gal4, cg-gal4) reduce Collagen IV in the dorsal vessel (Fig. 12A-D), 

consistent with wing disc results. The intensity measurements of Collagen IV staining in each 

experiment are graphed and show significant changes (Fig. 12E).  
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 The unique distribution pattern of Collagen IV in the lymph gland (high in MZ and low 

in CZ) leads to the question that whether low level of Collagen IV is the cause of blood 

progenitor cell differentiation, or vice versa. To address this question, we forced the lymph gland 

to differentiate prematurely by perturbing the “equilibrium signaling” and checked Collagen IV 

level in the background. We found that when we knockdown Pvr in the CZ, which causes 

progenitor cell to differentiate (Mondal et al., 2011), Collagen IV level is significantly reduced 

among P1 positive cells but remains high among P1 negative cells (Fig. 13), suggesting that 

blood cell differentiation is the cause of low level of Collagen IV in the CZ. However, this result 

does not rule out the possibility that downstream signals of Pvr regulate Collagen IV level, which 

in turn control blood progenitor cell maintenance. 

 SPARC (Secreted Protein, Acidic, Cysteine-Rich) is a secreted multifunctional 

glycoprotein that belongs to a family of matricellular proteins. The main cellular functions of 

these matricellular proteins are to regulate cell-matrix interactions. SPARC is expressed during 

morphogenesis and tissue remodeling (Clark and Sage, 2008) and it has been shown to function 

mainly in de-adhesion, anti-proliferation and regulating ECM production (Framson and Sage, 

2004). To investigate what roles SPARC might play during lymph gland development, we first 

checked its expression in the lymph gland by antibody staining. We found that SPARC is 

primarily expressed in CZ cells (Fig. 14A), manifested by the small puncta inside cells (Fig. 14B, 

arrowhead). However, it can also be found in the ECM of MZ (Fig. 14B, arrow). Functional 

analysis showed that loss of SPARC (by RNAi) in either CZ cells (hml-gal4) or the whole blood 

system (HHLT) does not affect lymph gland differentiation or growth (Fig. 15). However, 

overexpression of SPARC in MZ cells (dome-gal4) causes increased size of lymph gland (Fig. 

16A, B, D) and relative smaller MZ (Fig. 16C). And overexpression of SPARC in CZ cells (hml-
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gal4) results in expansion of differentiated cells (Fig. 16E, F, G) but no change in lymph gland 

size (Fig. 16H). These results suggest that SPARC expressed in CZ cells are not required for 

lymph gland development, whereas excessive amount of SPARC can promote lymph gland 

growth (from MZ cells) and progenitor differentiation (from CZ cells).   

 Integrins are the major proteins that regulate cell adhesion to ECM components. They can 

transmit signals from the environment for cells to make necessary adjustments as well as signals 

from inside the cell to interact with surrounding elements. Given the availability of reagents, we 

stained three of seven integrin subunits in the lymph gland, among which -PS1 and -PS2 are 

not expressed (not shown), but the -PS subunit myospheroid (Mys) gives beautiful staining 

pattern. Mys is expressed highly in the MZ cells but not expressed or expressed at a very low 

level in CZ cells (Fig. 17). To test the function of Mys in MZ cells, we used RNAi technique to 

knockdown Mys. However, due to leaky expression of dome-gal4 (in muscle and brain cells), 

larvae die at first instar (dome-gal4; UAS-mys RNAi). We then used tub-gal80 to temporarily 

control the RNAi expression. We blocked the RNAi expression at 18 
°
C until early second instar 

and released its expression by shifting to 29
°
C. Loss of Mys in MZ cells causes increased MZ 

cell number (Fig. 18E, F, G, H) compare to controls (Fig. 18A, B, C, D), but no change in lymph 

gland size or number of differentiated cells (Fig. 18B, C, F, G). To verify these results with 

different drivers, we used HHLT and Hand-LT, which are expressed in the whole blood system 

and all lymph gland cells, respectively. Surprisingly, we found that knockdown of Mys using 

these two drivers causes massive clotting of circulating blood cell in the dorsal vessel 

(Drosophila heart) (Fig. 19A, B, B’, D, E, E’). To rule out the possibility that this phenotype is 

caused by increased circulating blood cell number, we did statistical analysis. The results show 

that the circulating cell number does not change significantly (Fig. 19H, K, I). Normally 
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circulating blood cells are absent in dorsal vessel, therefore we speculated two reasons for this 

observation, 1) circulating blood cells become sticky without Mys, and 2) dorsal vessel fails to 

develop (abnormal structure, loss of contraction, etc.) in the absence of Mys. Since dome-gal4 

does not cause this phenomenon, and HHLT and Hand-LT express in differentiated blood cells 

and heart cells in addition to progenitor cells (dome-gal4), we tested the first hypothesis by 

knocking down Mys in differentiated blood cells only using hml-gal4. We found that this does 

not cause the clotting phenotype (Fig. 19C, F). We then tested the second hypothesis by using a 

heart specific driver, hand-gal4. Interestingly, we observed the same phenomenon (Fig. 19G, G’, 

J, J’). These results suggest that Mys is required for dorsal vessel development in Drosophila 

larvae and loss of Mys leads to clotting of circulating blood cells in dorsal vessel. A recent 

publication showed that the cytoplasmic integrin adaptor protein, Talin, is required to position 

and expand the luminal domain of the Drosophila heart tube (Vanderploeg and Jacobs, 2015), 

suggesting Mys might function through Talin to affect Drosophila larval heart development.  

Materials and Methods 

Fly stocks 

w1118 was used for all wildtype controls. Vkg-GFP and UAS-iGPFi lines were provided 

by Dr. Tian Xu. SPARC and mys RNAi lines were from Bloomington Drosophila Stock Center. 

UAS-pvr RNAi lines was a gift from Dr. Benny Shilo. All flies were raised at 25
o
C incubator 

except for those that were used for RNAi experiments, which were raised at 29
o
C. 

Antibodies 

SPARC antibody was a gift from Dr. Maurice Ringuette (1:500). Trol antibody was a gift 

from Dr. Stefan Baumgartner (1:5000). P1 antibody was from Dr. Istvan Ando (1:100). Pxn 

http://shilolabweb.weizmann.ac.il/
mailto:maurice.ringuette@utoronto.ca
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antibody was provided by Dr. John Fessler (1:5000). Mys antibody was ordered from 

Developmental Studies Hybridoma Bank (1:100). 

Immunohistochemistry 

 Antibody staining was carried out as described in Evans et al. (Evans et al., 2014). 

Figure Legends 

Figure 9. Collagen IV and Trol network in developing lymph gland. 

Collagen IV and Trol are evenly distributed among the lymph gland at early developmental 

stages (A, D), however the networks become more intricate along development (B, E) and 

acquire their patterns (more in MZ and less in CZ) at late developmental stage (C, F).  

Figure 10. Collagen IV is primarily found in MZ.  

(A, A’). Collagen IV network in the lymph gland. Magnified picture shows that Collagen IV is 

primarily found in the ECM of MZ but absent in the CZ. (B, B’). P1 (in red) marks differentiated 

cells in the CZ. Note that there is a layer of Collagen IV in the basement membrane of the lymph 

gland at the edge (arrow).  

Figure 11. Differentiated blood cells do not contribute to Collagen IV in the basement 

membrane of larval wing disc. 

(A, B). Collagen IV staining in third instar larval wing disc. (C). Knockdown of Vkg-GFP in fat 

body cells results in loss of Collagen IV in wing disc basement membrane. (D). Knockdown of 

Vkg-GFP in fat body cells and differentiated blood cells results in loos of Collagen IV in wing 

https://www.mcdb.ucla.edu/faculty/jfessler
http://dshb.biology.uiowa.edu/
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disc basement membrane. (E). Knockdown of Vkg-GFP in differentiated blood cells does not 

affect Collagen IV in wing disc basement membrane (arrow). 

Figure 12. Both fat body and differentiated blood cells contribute to Coallgen IV network 

in the lymph gland.  

(A). Collagen IV staining in third instar larval lymph gland. (B). Knockdown of Vkg-GFP in fat 

body cells results in reduced Collagen IV staining in the lymph gland and dorsal vessel. (C). 

Knockdown of Vkg-GFP in differentiated blood cells results in reduced Collagen IV in the 

lymph gland, but not in dorsal vessel. (D). Knockdown of Vkg-GFP in fat body cells and 

differentiated blood cells results in further reduction of Collagen IV in the lymph gland and 

dorsal vessel. (E). Intensity measurements of Vkg-GFP in A, B, C, D.  

Figure 13. Forced differentiation causes loss of Collagen IV in the lymph gland. 

(A, C). Collagen IV staining in the lymph gland with P1 marking CZ. (B, D). Lymph gland 

differentiates in Pvr RNAi background and it causes loss of Collagen IV around P1 positive cells. 

(B’, D’). Magnified pictures from B and D shows loss of Collagen IV.  

Figure 14. SPARC expression in the lymph gland. 

(A). SPARC staining co-localizes with Hml positive cells in CZ. (B). Magnified picture from A 

shows SPARC staining in the ECM of MZ (arrow) and puncta inside cells in CZ (Arrow head). 

Figure 15. Loss of SPARC in the lymph gland does not affect progenitor cell maintenance. 

 (A, B). Knockdown of SPARC in differentiated blood cells does not affect lymph gland 

development. (C, D). Knockdown of SPARC in the whole blood system (both lymph gland and 

circulating blood cells) does not affect lymph gland development.  
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Figure 16. Excessive SPARC affects lymph gland growth and differentiation.  

Overexpression of SPARC in MZ causes lymph gland overgrowth (B, D) and relative small MZ, 

i.e. expansion of CZ (B, C). Overexpression of SPARC in CZ causes no change in lymph gland 

size (F, H), but more differentiated cells (F, G).  

Figure 17. Mys expression in the lymph gland. 

(A). Mys staining in the lymph gland. High staining of Mys in lamellocyte (arrow). (B). Mys 

staining is complimentary to GFP in the lymph gland, suggesting high staining in MZ.  

Figure 18. Loss of Mys causes mild progenitor cell proliferation.  

RNAi is able to remove Mys completely in the lymph gland (A, E). More progenitor cells (green) 

are seen in loss of Mys background (E, F, G, H) compare to corresponding control (A, B, C, D). 

Loss of Mys does not affect lymph gland differentiation, i.e. no change in CZ ( B, C, F, G).  

Figure 19. Loss of Mys in heart cells causes blood cell clotting in the dorsal vessel.  

Loss of Mys in the whole lymph gland does not affect differentiation (B, E). Knockdown of Mys 

with HHLT and Hand-LT causes blood cell clotting in the dorsal vessel (D, E, E’). Loss of Mys 

in differentiated blood cells does not cause clotting phenotype (C, F). Loss of Mys in the whole 

blood system does not affect circulating cell number (H, K, I). Knockdown of Mys in heart cells 

(Hand-gal4) causes the clotting phenotype (G, G’, J, J’).  
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Generating genetic tools for Drosophila hematopoiesis study 
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