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Abstract

:

Both in situ and allograft models of cancer in juvenile and adult Drosophila melanogaster fruit flies offer a powerful means for unravelling cancer gene networks and cancer–host interactions. They can also be used as tools for cost-effective drug discovery and repurposing. Moreover, in situ modeling of emerging tumors makes it possible to address cancer initiating events—a black box in cancer research, tackle the innate antitumor immune responses to incipient preneoplastic cells and recurrent growing tumors, and decipher the initiation and evolution of inflammation. These studies in Drosophila melanogaster can serve as a blueprint for studies in more complex organisms and help in the design of mechanism-based therapies for the individualized treatment of cancer diseases in humans. This review focuses on new discoveries in Drosophila related to the diverse innate immune responses to cancer-related inflammation and the systemic effects that are so detrimental to the host.
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1. Introduction


Cancer is a major public health issue that causes close to 10 million deaths every year [1]. The growth of a malignant tumor in a specific organ or tissue often induces its dysfunction, but it is mostly the systemic physiopathological alterations that occur in distal organs that result in devastating outcomes and contribute to the death of the host.



These general effects, which were once thought to be mere metastases, are now known to also be a consequence of secreted proteins and hormones, exosomes, and/or metabolites that enter the bloodstream, affecting different organs and provoking physiological alterations that can result in weight loss, anorexia, fatigue, chronic pain, and other debilitating conditions.



Cell culture and vertebrate models have served us well in understanding the biological mechanisms of cancer development and progression [2]. In addition, xenograft animals have provided important tools for testing and validating targets and therapeutic strategies. Yet cancer initiation, which can only be studied in situ in tumors, the systemic effect of cancer, and systemic anticancer immunity, particularly innate immunity, still remain a black box.



Invertebrate cancer models, specifically of the fruit fly, Drosophila melanogaster, have long served as a useful and powerful model system to study how tumors impact systemic host physiology and the diverse strategies that different tumors use to cope and survive under challenging conditions. Here, we review the research that has been conducted in several Drosophila model systems on tumor–host interactions, focusing on inflammation and host metabolism in cancer progression and interorgan communication [3].




2. Immune Responses: Local and Systemic Inflammation


There is a large amount of evidence revealing the dual nature of the immune system, when defining cancer outcome, in either preventing or promoting tumor growth and metastasis [4,5,6]. However, the study of this duality is enormously challenging due to the complexity of the mammalian immune system [7]. Insects rely on an evolutionarily conserved innate immune system, of which studies have served as a blueprint to identify key aspects of mammalian immunity [8]. These discoveries on immunity and the insight provided into disease mechanisms, as well as the new avenues opened for the development of prevention and therapies against diseases, were awarded the Nobel Prize in 2011.



Much of the work on anticancer immunity has focused on adaptive immune responses, such as T-cell activation. However, inflammation and innate antitumor immunity are also important in the emergence of neoplastic cells and in tumor recurrence, particularly in the step from minimal residual disease to active growing recurrence [9]. Inflammation is an innate defensive reaction in response to harmful stimuli (pathogens or injured tissue) and neoplastic cells. Its main function is to eliminate the initial cause of cell injury, clear out necrotic cells and damaged tissues, and initiate tissue repair [10]. While acute inflammation can be beneficial to protect the host from infections or injuries and preneoplastic cells, this immune response must cease when no longer needed such that chronic inflammation is prevented, as this may foster tumor initiation and metastasis in mammals and in Drosophila [11,12].



While the relationship between inflammation and cancer was first exposed in 1863 by Rudolf Virchow [13], the molecular mechanisms by which inflammatory signals help cancer cells to thrive continue to remain a mystery. Virchow hypothesized that cancer originates at sites of chronic inflammation and, nowadays, it is widely assumed that a proinflammatory environment constitutes a risk factor for neoplastic growth in cells that acquire overproliferation capacity [14].



Interestingly, as most Drosophila models are based on the development of tumors in situ, this cancer model can be of great value in deciphering the initiating steps that lead from a few neoplastic cells developing into full-blown tumors, for example, how incipient neoplastic cells resist and/or escape attacks of the innate immune cells, and how innate immune cells sense and recognize tumor cells from normal cells. The innate immunity of insects relies on humoral and cellular immune responses to fight microorganisms (bacteria, viruses, and parasites) or injuries (Figure 1). This innate immunity is composed of different organs and tissues, including the fat body, gut, and blood cells [15].



The humoral secretion of antimicrobial peptides (AMPs) from the fat body into the hemolymph has the function of lysing microbes as soon as they reach the epithelial barrier [16]. Some AMPs, specifically drosomycin, have been found to be induced by tumor cells and impact tumor growth [17,18,19].



While mammals have numerous types of immune cells, which participate in the innate and/or adaptive immunity, the cellular immune response of Drosophila involves only three types of circulating blood cells, generally referred to as hemocytes, which are myeloid-like immune cells, including plasmatocytes, crystal cells, and lamellocytes [20,21].



Crystal cells and lamellocytes, which constitute approximately five percent of total immune cells, are required for wound healing and melanization, which is the equivalent to the complement system in mammals [22,23]. The rate-limiting enzymes that mediate the melanization process are the Drosophila prophenoloxidases (PPOs). Crystal cells, in particular, produce PPO1 and PPO2, which contribute to the bulk of melanization in the hemolymph upon injury. Lamellocytes express PPO3, which is believed to contribute to the encapsulation process against parasitoid wasps [24].



Thus far, only plasmatocytes and crystal cells have been implicated in tumor formation and/or tumor-associated inflammation [4]. Plasmatocytes are macrophage-like cells that mediate the phagocytosis of microorganisms and apoptotic cells upon infection or injury. These cells represent ~90–95% of total hemocytes and have the ability to migrate to the tumor site and infiltrate the tumor while producing a cocktail of proinflammatory cytokines [4,25] and chemokines [4,26] (Figure 1). They can be associated with healthy imaginal discs, referred to as tissue-resident macrophages.



Crystal cells play a key role in innate antitumor immunity via the melanization of abnormal and neoplastic cells, and recent studies have uncovered that active crystal cells overexpress the gene CG10602 [26], which encodes a leukotriene A4 hydrolase that catalyzes the synthesis of the eicosanoid lipid leukotriene B4 (LTB4) from arachidonic acid. LTB4 is a proinflammatory mediator that is produced by myeloid cells in mammals [27] in response to an inflammatory insult, and we recently demonstrated its role in tumor-related inflammation in Drosophila Notch-Pten tumors [4], where active lipid proinflammatory mediators are also produced by the tumor cells in Pten-deficient cells.



LTB4 is a potent chemokine and attractor of immune cells [27,28] and pharmacological inhibition or genetic inactivation of 5- and 15-lipoxygenases and leukotriene A4 hydrolase, enzymes that catalyze the synthesis of LTB4, suppress immune cell migration in insects [28,29,30] and tumorigenesis and inflammation in insect larvae cancer models [4,31]. LTB4 also stimulates the production of proinflammatory cytokines and mediators such as nitric oxide (NO) [4,32,33]. This can enhance and prolong inflammation, facilitating and promoting the appearance of tumor cells at sites of inflammation, leading to a negative prognosis in cancer. Arachidonic and linoleic acid produce a diversity of eicosanoid and eicosanoid-like lipids that can also have anti-inflammatory roles and, therefore, pharmacological inhibition or stimulation of production of these pro- and anti-inflammatory lipids has great potential as an additional strategy for the treatment of cancer-related inflammation [14,34,35], as seen in studies in Drosophila [4,36].



Tumor cells communicate locally, promoting an innate immune response in the area widely known as the tumor microenvironment (TME). This local communication can lead to local inflammation.



2.1. Local Proinflammatory Cytokines


One of the most studied cytokines produced by tumors is tumor necrosis factor alpha (TNF-α), whose single homologue is Eiger (Egr) in Drosophila [37,38]. TNF-α/Egr is a major proinflammatory cytokine produced within the TME with a dual role as an anti- and protumoral factor [38], although not all tumors are sensitive to Egr [39]. The proinflammatory role is well-conserved in Drosophila [40], which has permitted us to better understand this duality. This cytokine has both tumor-intrinsic [41,42] and -extrinsic roles, which we discuss below. Thus, the activation of Egr in nontumor cells exerts an antitumoral effect in some Drosophila cancer models, where mutant cells are generated in a wild-type background in imaginal discs. In these contexts, Egr-dependent activation of JNK induces tumor cell death [41,42,43,44]. By contrast, hemocyte-derived Egr has also been shown to promote JNK activation in Drosophila scrib/RasV12 tumors, but in this context, the function of JNK is shifted towards tumor cell proliferation and invasion due to oncogenic cooperation with Rasv12 [45,46]. Interestingly, recent advances in mammals highlight the importance of systemic immunity in response to tumors, although the precise mechanisms remain understudied [47]. The fat body of Drosophila, which functions as a liver and adipose tissue, is the main organ involved in humoral immunity. In 2014, the group of Dr. Marcos Vidal reported that epithelial tumors remotely activate the Toll immune signaling pathway in the fat body to trigger a systemic immune response. They suggest that scrib/RasV12 tumor-derived Egr promotes the production of the Toll ligand Spaetzle (spz) by hemocytes, activating the Toll pathway in the fat body. Toll reciprocally restrains tumor growth by inducing tumor cell death in a non-tissue-autonomous manner [48], but the underlying mechanism by which cell autonomous Toll induces tumor cell death in distant organs remains unknown.



Upds are the Drosophila homologs of mammalian interleukins [49]. Recent work highlights the implication of unpaired 2 and 3 (Upd2 and Upd3) cytokines in local responses to tumors. Upd and Upd2 also act as insect leptin-like cytokines [50], which suggests a pleiotropic effect of these cytokines in local and systemic inflammation. Upd3 is produced by different types of tumors [4,51]. In scrib mutant cells, secreted Upd3 induces JAK/STAT activation in the fat body and hemocytes, which is required for hemocyte proliferation and subsequent tumor suppression [25]. JAK/STAT signaling can exert protumoral effects in different oncogene contexts [25,49,51]. However, in scrib/RasV12 tumors, Upd3 can activate JAK/STAT signal that cooperate with JNK to promote growth and metastasis, whereas in Notch-dependent tumors, JNK is antitumoral [52]. A similar duality exists in mammalian and human cancers [53,54].



In addition to the production of local proinflammatory cytokines by tumors and the TME, immune cells such as crystal cells also produce chemokines to attract other immune cells to the tumor microenvironment to further elicit immune responses both locally and systemically (Figure 1). As inflammation can exhibit pro- and antitumoral roles, there is an urgent need to understand two intriguing questions: which and how tumor-derived cytokines lead to systemic immune responses and how systemic inflammation ultimately leads to multiorgan failure and the death of the host.



Knowledge and understanding of which specific pathways drive the steps from local to systemic inflammation can help in designing strategies to prevent or ameliorate the systemic effect of cancer that weakens patients.




2.2. Systemic Inflammation and Metabolism in Cancer


Inflammation and immune responses are often associated with shifts in metabolism, including changes in tumor cells, the host, and immune cells, the latter referred to using the term immunometabolism [55]. Many solid tumors present infiltrating immune cells and release inflammatory cytokines into surrounding tissues and into the bloodstream, which results in systemic inflammation [56].



Systemic inflammation and proinflammatory processes are linked to poor prognosis in patients with cancer, and are often associated with cancer-associated cachexia (CAC), a multifactorial and multiorgan syndrome characterized by a progressive wasting of skeletal muscle and adipose tissue and apparently associated with increased systemic inflammation [57,58]. However, not all cancers with local or systemic inflammation exhibit a wasting phenotype [59]. Nevertheless, CAC is the most-studied whole-body metabolic syndrome associated with cancer and, therefore, it will be the focus of this review in the following sections. This syndrome is not unique to cancer, and several chronic diseases, such as heart failure, infection, obstructive pulmonary disease, and HIV, also lead to cachexia [60]. Advanced-stage cancer patients show CAC 50% of the time, which has an effect on treatment success and patient survival [61], but it can occur even before cancer is first diagnosed.



Cachexia can be accompanied by cancer-associated anorexia, which is not reversed by increasing food intake [58], resulting in significant weight loss, reduced quality of life, and a shortened lifespan [62]. In fact, approximately 30–80% of cancer patients exhibit weight loss depending on the tumor type [63], and up to 30% of people with advanced-stage cancer die not because of the tumor itself, but because of CAC [60,64,65]. Even within the same cancer type, the host physiology and intrinsic differences in the tumor phenotype can lead to variations in the extent to which patients suffer cachexia [66]. In addition, the severity of cachexia is correlated with increased toxicity resulting from chemotherapy which, in turn, provokes further weight loss [60]. Considering the relevance and heterogeneity of such a syndrome, much significant research in the past two decades has focused on CAC, opening many different avenues and providing information, although its underlying mechanisms are still not completely understood.



One of the most important features of cachexia is chronic systemic inflammation, which induces progressive weight and muscle loss [67]. In mammals, it has been shown that different proinflammatory cytokines produced by immune cells and tumor cells can induce cachexia. These include TNF-α, initially termed “cachectin” [68,69], and interleukin-6 (IL-6) [70].



TNF-α has a direct catabolic effect on skeletal muscle through inducing muscle protein degradation [71,72]. In addition, IL-6 is associated with cachexia in rodent models [73,74,75] and is found in high levels in cachectic patients [74,76]. IL-6 induces suppression of protein synthesis in muscle cells [73,74,75] and also induces lipolysis [77]. In Drosophila, it was recently described that JAK/STAT and TNF-α/Egr signaling are elevated in cachectic muscle and promote tissue wasting in a model of scrib/RasV12 tumor-bearing larvae [78], which recapitulates the “high inflammation” that is a hallmark of human cancer cachexia. This study, although it does not demonstrate that TNF-α/Egr is derived from the tumor tissue, constitutes an interesting proof of principle. Here, below, we review the discoveries made in Drosophila that have shed light into the mechanisms of cancer cachexia.



2.2.1. Tumor-Secreted Factors Involved in Cachexia in Juvenile D. melanogaster


Animals have evolved mechanisms to sense and withdraw from physiological and environmental perturbations to maintain stability and homeostasis [79]. In the fly larvae, perturbed growth, injured tissue, and tumor cells activate the Drosophila relaxin peptide Ilp8 (insulin-like peptide 8) [80]. Relaxin peptides belong to the same superfamily as the insulin and insulin-like growth factor (IGF) peptides, but they act through distinct receptors, namely the guanine nucleotide binding protein (G protein)-coupled receptors. Ilp8 is cell-autonomously activated in many if not all tumor cell types in Drosophila that develop from diploid cells. Once produced, Ilp8 is then readily secreted in the hemolymph and activates a developmental checkpoint that delays developmental timing and influences global systemic growth (Figure 1) [80].



Ilp8 binds and activates the relaxin receptor Lgr3 (leucine rich repeat-containing G protein-coupled receptor 3) in the central nervous system (CNS) in a still poorly characterized neural circuit that involves insulin-producing cells, juvenile hormone (JH)-regulating neurons, and the prothoracicotropic hormone (PTTH). Tumor-derived Ilp8 activation of Lgr3 in the brain then inhibits production of Ilp3, JH, and PTTH and, consequently, the production of the maturation hormone ecdysone [80,81,82,83,84].



As such, larvae with tumors induced in the imaginal discs, the brain, or blood cells activate Ilp8 and the developmental time checkpoint, delaying sexual maturation and extending the time imaginal discs spend fostering tumor growth and the cachexia-like fat body waste phenotype (Figure 1).



Ilp8 was independently discovered by two groups in screens to identify candidate genes that mediate tumor-associated developmental delay using oligonucleotide microarrays [80] in the eyeful cancer paradigm [85] and in an unbiased RNAi-based screen [81]. Garelli et al. (2012) also showed that an Ilp8 allele, Ilp8MI00727, serves as a powerful tool in cancer studies. Ilp8MI00727 (an eGFP protein trap line) is silenced in normal growing cells or expressed at low levels but becomes strongly activated in a cell-autonomous manner in response to tumor growth, and this was visualized in vivo by the eGFP protein [80]. As Ilp8 is activated in tumor cells in a nearly universal manner, and in proportion to tumor burden [80,81,86], regardless of the driving oncogene, it serves as a real-time, accurate, in vivo tumor sensor.



Recently, Yeom and colleagues (2021) reported that tumor-secreted Ilp8 also induces anorexia via the Lgr3 receptor in the brain. In this study, they used a Drosophila cancer model driven by yki in the adult eyes. They found that the Ilp8–Lgr3 axis is activated in adult Yki-driven tumors and upregulates anorexigenic nucleobinding 1 (NUCB1) and downregulates orexigenic short neuropeptide F (sNPF) and NPF expression in the brain. They also provided evidence that mammalian tumors secrete the relaxin peptide INSL3, which the authors propose is the mammalian homologue of fly Ilp8. Like in flies, INSL3 transcript levels are increased in mice transplanted with tumors, which is also accompanied by the upregulation of anorexigenic signals. Consistent with this, they also found that food intake was significantly reduced in INSL3-injected mice. In human patients with pancreatic cancer, higher serum INSL3/Ilp8 levels are correlated with increased anorexia [61]. These Drosophila studies allowed us to identify unsuspected factors in cancer-related cachexia, demonstrating the usefulness of Drosophila studies. Cancer-related anorexia often precedes cachexia, and many cancer patients show a loss of appetite before the symptoms of organ wasting appear [58]. Ilp8 was shown to mediate cancer anorexia phenotype, but not the organ-wasting syndrome. Interestingly, earlier studies had revealed other tumor-derived secreted factors that are required for cachexia and, like Ilp8, ultimately converge on systemic insulin signaling [87].




2.2.2. Tumor-Secreted Factors Involved in Cachexia in Adult D. melanogaster


The first observations of a wasting phenotype in flies were made by Elisabeth Gateff and Howard A. Schneiderman in 1974. They noticed that flies transplanted with imaginal discs mutant for the tumor suppressor lethal (2) giant larvae (l(2)gl) develop what they called “the bloating syndrome”. The abdomen of these tumor-bearing flies became swollen and translucent, and the fat body and ovaries degenerated [88]. Strikingly, although this phenotype is very robust, the molecular basis remains unknown.



Decades later, Figueroa-Clarevega and Bilder (2015) found that transplanted tumor eye imaginal discs (scrib/RasV12) in adult flies can induce cachexia-like phenotypes [89]. They also identified the tumor-secreted factor imaginal morphogenesis protein-Late 2 (ImpL2), a secreted insulin-signaling antagonist that functions by directly binding to Drosophila insulin-like peptide 2 (Ilp2) [90]. ImpL2 is the fly homologue of the human insulin growth factor binding protein (IGF binding protein) and drives wasting by reducing insulin signaling in peripheral tissues of tumor-bearing adults. However, tumor-specific inhibition of ImpL2 only partially ameliorates the wasting phenotype, indicating the need to uncover other aspects of tumor–host interactions by means of investigating tumor-derived metabolites. Consistent with those findings, the group of Nobert Perrimon [87] showed that ImpL2 is a cachexic mediator in a different fly tumor model overexpressing yorkie (yki) in the adult midgut, which leads to wasting of the ovary, fat body, and muscle associated with systemic insulin resistance [87], a feature also reported in human patients and mouse models of cachexia [91,92]. In addition, these gut tumors also perturb whole-body metabolism by increasing hemolymph trehalose and diminishing glycogen and triglyceride storage. Nevertheless, depletion of ImpL2 in these tumors induces a significant but not total rescue of the organ-wasting phenotypes. These results point out the existence of additional mechanisms contributing to cachexia. Moreover, Perrimon’s lab reported in 2019 that yki-induced gut tumors secrete Pvf1, which triggers host Pvr/MEK signaling and wasting of muscles and the fat body [93], suggesting a role for the MEK/ERK pathway in promoting catabolism in peripheral tissues [94,95].



To summarize, at present only a few tumor-secreted factors (ImpL2, Pvf1, and Ilp8) have been identified as cachectic inducers in adult and juvenile stages of Drosophila by using different fly tumor models [62,88,90,94], and it is still unknown if other tumor types are also able to induce wasting.




2.2.3. Tumor-Induced Non-Autonomous Autophagy


One of the main mechanisms of tissue degradation under cachexic conditions is autophagy [96,97,98], a housekeeping catabolic process that cleans out damaged macromolecules and defective organelles to provide energy [99]. Intratumor autophagy can have both tumor-suppressing and -promoting roles depending on the context [100,101]. Here, we review the research conducted on non-autonomous autophagy.



Tumor cells in larval wing discs have the capacity to non-autonomously trigger autophagy in the surrounding wild-type cells and affect the microenvironment [102]. However, the tumor-derived factor(s) that drive non-autonomous autophagy remain undefined. Several studies have linked reactive oxygen species (ROS) signaling with autophagy, making it a perfect candidate for further investigation [103].



In Drosophila, autophagy has been investigated in the context of the scrib/RasV12 paradigm. In adult flies, these tumors induce a cachexia-like response throughout the entire fly [90]. In larvae, eye-specific scrib/RasV12 malignant tumors release reactive oxygen species (ROS), leading to local and systemic non-cell-autonomous autophagy in gut, muscle, and adipose tissue, with striking effects on tumor growth. Moreover, they demonstrated that inhibition of autophagy in either the tumor microenvironment or peripheral tissues is sufficient to significantly inhibit tumor growth and invasion [104]. In addition, Manent et al. (2017) provided evidence that ROS derived from tumor cells induces non-autonomous autophagy by activating JNK signaling in neighboring cells [102].



Furthermore, it has been proposed that some inflammatory cytokines released by host tissues, such as the fat body or the tumor itself, might have a role in cachexia [105]. For example, another Drosophila tumor-secreted factor, Upd2, does not cause anorexia or cachexic phenotype in flies [88,90]. It remains unclear if circulating cytokines are capable of inducing organ wasting in Drosophila. However, it has been recently reported that tumor-derived Upd2 (the fly homologue of interleukin-6 (IL-6)) induces non-cell-autonomous autophagy around tumor tissues in the Drosophila cancer model of scrib/RasV12 eye imaginal discs [104]. In addition, it has been reported that the expression of Upd/IL-6 cytokines is elevated in Drosophila neoplastic tumors [25,85,106]. Interestingly, human cachectogenic cancers are commonly associated with the ability to induce systemic autophagy through the secretion of proinflammatory cytokine IL-6 [98]; hence, research efforts should focus on the autophagic effect of these molecules in distant tissues. Drosophila cancer models may represent a suitable option for exploring the interplay between ROS, Upd/IL-6, and non-autonomous autophagy and understand how metabolic changes in the microenvironment and in distal tissues may affect tumor growth and shape responses in the host.



Another type of tissue degradation is lipolysis. In particular, increased lipolysis is the means by which adipose tissue is primarily degraded during cachexia. Studies in humans suggest that loss of fat mass is an early event in the pathogenesis of this condition in humans. This depletion is not due to loss of fat cells (adipocytes) but is attributed to a decrease in lipids stored in these cells, causing them to be smaller [107]. Loss of fat mass is another key feature of CAC, but the mechanism behind this alteration is unknown [108]. Genetic studies in CAC mouse models show that inhibition of lipolysis ameliorates skeletal muscle atrophy [109], so it could be hypothesized that these two tissue-degrading processes may be linked with each other. Although it has been shown that fat body wasting occurs in certain cancer models [88] in Drosophila, no findings have yet been published on whether it is also driven by lipolysis in fruit fly. CAC Drosophila models are ideal for studying this process in more detail and digging deeper into its potential link to CAC muscle degradation (see Table 1).






3. Diet, Inflammation, and Cancer


Recent epidemiological and animal studies suggest that a healthy diet could prevent 1 in 20 cancers [110], but how dietary components influence cancer is still poorly understood. Several Drosophila cancer models, including those of juvenile and adult tumors, have been employed to study the relationship between diet and tumorigenesis, revealing that the influence of diet differs depending on the genotype of the tumor itself.



As mentioned earlier, systemic inflammation is associated with poor prognosis in cancer patients and often correlated with cachexia and weight loss. However, obesity increases the risk of developing cancer [111] through mechanisms that include inflammation [112]. Obesity as well as type 2 diabetes are characterized by elevated circulating glucose levels (hyperglycemia) and systemic insulin resistance. Drosophila studies use high-sugar diets to mimic the insulin resistance phenotype observed in human conditions [113]. Dr. Ross Cagan’s group showed that in a fly model in which larval imaginal disc cells express activated Ras and Src oncogenes, there is a shift from benign and localized growth to aggressive tumors when subject to a high-sugar diet. Whereas most host tissues fed a high-sugar diet display insulin resistance, these Ras/Src tumors are insulin-sensitive and take up more glucose. This is the consequence of increased expression of insulin receptor (InR) which, in turn, is activated through Wingless (Wg/dWnt) signaling [114]. They next identified Yorkie (Yki), an effector of the Hippo pathway, as the primary source of increased Wg expression in diet-enhanced Ras/Src tumors, and perturbations upstream of the Hippo pathway are sufficient to promote Ras/Src tumor growth. They also showed that increased insulin signaling turns on salt-inducible kinases (SIKs), highlighting the relevance of the SIK–Yki–Wg axis in the paradigm of high-sugar diet src/RasV12 tumorigenesis [115].



Interestingly, under a high-sugar diet, src/RasV12 tumors promote muscle wasting through tumor-derived branchless (bnl), a Drosophila fibroblast growth factor. In this context, muscle breakdown is correlated with the high levels of free circulating amino acids. Intriguingly, in this high-sugar diet context, tumor cells upregulate the levels of a proline transporter. Blocking this transporter reduced tumor growth and, conversely, feeding the larva extra dietary proline was sufficient to trigger malignancy even in the absence of a high-sugar diet [116]. Additionally, it has been reported that wild-type flies fed a high-fat diet upregulate Upd/IL-6, a central inflammatory mediator implicated in many fly tumor phenotypes. These results connect inflammation, a high-fat diet, and obesity, although the precise mechanisms are understudied [117].



Altogether, these insights from whole-animal Drosophila models have identified some key aspects related to the connection between oncogenes and diet. Although it remains to be confirmed whether an excess of dietary sugar interacts with cancer genes in humans in a similar way, this opens the possibility of exploiting these pathways in treating obese and cancer patients.



Equally relevant is the study of dietary conditions of nutrient deprivation or restriction. Because growth is an energy-consuming process, energy restriction lowers the growth of many cancers. In Drosophila, restriction of dietary protein content significantly extends the lifespan of wild-type animals [118]. However, Dr. Hugo Stocker’s group discovered that protein restriction was sufficient to enhance the proliferative potential of cells lacking the tumor suppressor Pten (commonly mutated in many human cancers), promoting tumorigenesis and leading to the death of the host through an unknown non-autonomous mechanism [119].



The same authors reported that in nutrient-deprived conditions, the mild overgrowth of mitotic Tsc1 or Tsc2-mutant clones in imaginal discs is strongly enhanced due to cell hypertrophy [120]. This highlights that the genetic composition of the tumor itself is a critical element that determines which systemic effects will occur in distant tissues and which dietary intervention might be beneficial. In addition, nutrient restriction leads to increased levels of circulating TNF-α/Egr as a consequence of TOR inhibition in the larval fat body, which can ultimately exert pro- or antitumor effects [49,121,122].



All these findings highlight the drastic effects that diet can have on host metabolism, such as inducing inflammation, which is paradoxically associated with both obesity and organ-wasting processes in Drosophila cancer models. Research in flies connecting diet with tumorigenesis is particularly relevant to the human condition, since diets high in both sugar and fat are very common in developed societies. However, although the opposite, dietary restriction, is often associated with reduced risk of developing cancer, it might be detrimental in some oncogenic contexts, pointing to the importance of the tumor genetic composition in predicting the effects of diet on cancer outcome. Future research will be required to determine which specific components of dietary interventions are detrimental or protective to a host with cancer, considering that tumor cells have heterogeneous nutritional requirements.




4. Concluding Remarks


The precise mechanisms that mediate the crosstalk between tumors and the host are not completely understood. Tumor initiation, progression, and malignant transformation are influenced not only by genetic and epigenetic initiating events and the microenvironment but also by intrinsic and extrinsic factors, including the past experiences of an individual’s immune system and its metabolism, lifestyle, and diet. Much of the work done in the last decade has focused on cancer cells, the microenvironment, cancer metabolic dysfunctions, local inflammation, and how malignant cells sustain growth and overproliferation [2]. However, recent focus is shifting towards understanding tumor–host interactions and the systemic effects related to cancer.



Tumors are highly demanding of nutrients and energy, thereby influencing nutrient availability in their microenvironment [123,124] and, most importantly, they secrete hormones, growth factors, lipids, peptides, cytokines, ROS, and NO that can affect metabolic pathways in distant tissues, leading to the hypothesis that tumors behave as “metabolic dictators” [125]. These mediators indeed alter host innate immunity by directly influencing metabolic pathways and nutrient-storing organs, such as the fat body [123,124,126,127]. Simultaneously, tumor-derived proinflammatory factors can also induce systemic inflammation, which, in turn, provokes metabolic changes that can be detrimental to distant tissues, such as those observed in cachexia.



Extrinsic factors, such as diet, can also impact host metabolism and tumor growth in both positive and negative ways. Furthermore, obesity and the chronic inflammation associated with diet are risk factors associated with many types of tumors, and these conditions have been mimicked in Drosophila.



It is intriguing that both obesity and weight loss in cachexia are associated with chronic inflammation and are processes highly related to cancer, although they are also seen in other diseases. It is important to better understand the interactions in cancer-associated cachexia, a complex syndrome in which both tumor and host tissues can secrete factors that result in the impairment of the whole-body metabolism and organ wasting that operates synergistically to promote tumor growth. However, not all tumors induce a cachexic phenotype, which does not rule out the existence of further undiscovered host metabolic alterations other than organ wasting. Hence, the combination of modern high-throughput techniques such as proteomics and metabolomics in characterizing tumors and peripheral tissues are put forth as the key to identifying novel tumor-derived factors with the potential to induce either tissue wasting or other metabolic alterations not related to cachexia.



Another layer of complexity is the crosstalk of the gut and gut microbiota with tumors. Tumors can influence the gut microbiota which, in turn, can influence host metabolism by regulating the release of gut hormones, directly or indirectly affecting tumor growth. Alterations in the gut microbiota could lead to detrimental effects in the host [128]. As Drosophila has a simple microbiome composed of 5–20 microbial species, this model can be easily manipulated in the lab, making it a suitable model to explore the complex tumor–microbiome–host interactions and outcomes [129].



The strength of Drosophila as a model lies in its powerful genetic toolkit, together with the ease of developing in situ tumors and tumor allografts, which have permitted independent genetic manipulation of tumors and nontumor tissues to unravel tumor–host interactions. More recently, and of great potential, are the generation of Drosophila “avatars” for personalized medicine. Given the evolutionary conservation of many key cancer-causing genes, fly avatars can be used as a platform for drug screening and other applications [130].



Thus, Drosophila cancer-related inflammation has emerged as a genetic blueprint for understanding the complexity of tumor initiation in the context of a whole organism and the intricate interactions between incipient cancer cells and innate immune cells and inflammation, processes that have, up to now, remained a black box.







Funding


Work at M.D.’s laboratory is supported by Grant PID2019-106002RB-I00 funded by MCIN/AEI/10.13039/501100011033, by “ERDF A way of making Europe”, by the Fundación Científica Española Contra el Cáncer (AECC) (CICPF16001DOMÍ), by Generalitat Valenciana Grants (PROMETEO/2017/146 and PROMETEO/2021/027), and by Grant “Severo Ochoa” Program for Centers of Excellence in R&D (SEV-2017-0723) funded by MCIN/AEI/10.13039/501100011033 and by “ERDF A way of making Europe”. I.A. was funded by FECYT, PR264 “Cómo Frenar el Cáncer Cerebral Infantil Antes De Que Empiece—#ProyectoCancerFree” and by AECC. L.G.-L. was funded by PID2019-106002RB-I00.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Acknowledgments


We thank members of the laboratory for comments on the manuscripts. Figure 1 was created with BioRender.com.




Conflicts of Interest


The authors declare no conflict of interests.




References


	



Ferlay, J.; Colombet, M.; Soerjomataram, I.; Mathers, C.; Parkin, D.; Piñeros, M.; Znaor, A.; Bray, F. Estimating the global cancer incidence and mortality in 2018: GLOBOCAN sources and methods. Int. J. Cancer 2018, 144, 1941–1953. [Google Scholar] [CrossRef]

	



Hanahan, D.; Weinberg, R.A. Hallmarks of Cancer: The Next Generation. Cell 2011, 144, 646–674. [Google Scholar] [CrossRef]

	



Alvarez-Ochoa, E.; Froldi, F.; Cheng, L.Y. Interorgan communication in development and cancer. Wiley Interdiscip. Rev. Dev. Biol. 2020, 10, e394. [Google Scholar] [CrossRef] [PubMed]

	



Villegas, S.N.; Gombos, R.; García-López, L.; Gutiérrez-Pérez, I.; García-Castillo, J.; Vallejo, D.M.; da Ros, V.G.; Ballesta-Illán, E.; Mihály, J.; Dominguez, M. PI3K/Akt Cooperates with Oncogenic Notch by Inducing Nitric Oxide-Dependent Inflammation. Cell Rep. 2018, 22, 2541–2549. [Google Scholar] [CrossRef]

	



Shalapour, S.; Karin, M. Immunity, inflammation, and cancer: An eternal fight between good and evil. J. Clin. Investig. 2015, 125, 3347–3355. [Google Scholar] [CrossRef] [PubMed]

	



Noy, R.; Pollard, J.W. Tumor-associated macrophages: From mechanisms to therapy. Immunity 2014, 41, 49–61. [Google Scholar] [CrossRef]

	



Balkwill, F.R.; Capasso, M.; Hagemann, T. The tumor microenvironment at a glance. J. Cell Sci. 2012, 125, 5591–5596. [Google Scholar] [CrossRef]

	



Hoffmann, J.A. The immune response of Drosophila. Nature 2003, 426, 33–38. [Google Scholar] [CrossRef]

	



Kottke, T.; Boisgerault, N.; Diaz, R.M.; Donnelly, O.; Rommelfanger-Konkol, D.; Pulido, J.; Thompson, J.; Mukhopadhyay, D.; Kaspar, R.; Coffey, M.; et al. Detecting and targeting tumor relapse by its resistance to innate effectors at early recurrence. Nat. Med. 2013, 19, 1625–1631. [Google Scholar] [CrossRef]

	



Ferrero-Miliani, L.; Nielsen, O.H.; Andersen, P.S.; Girardin, S.E. Chronic inflammation: Importance of NOD2 and NALP3 in interleukin-1beta generation. Clin. Exp. Immunol. 2007, 147, 227–235. [Google Scholar] [CrossRef]

	



Shaukat, Z.; Liu, D.; Gregory, S. Sterile Inflammation in Drosophila. Mediat. Inflamm. 2015, 2015, 369286. [Google Scholar] [CrossRef] [PubMed]

	



Bradley, J. TNF-mediated inflammatory disease. J. Pathol. 2008, 214, 149–160. [Google Scholar] [CrossRef]

	



Balkwill, F.; Mantovani, A. Inflammation and cancer: Back to Virchow? Lancet 2001, 357, 539–545. [Google Scholar] [CrossRef]

	



Grivennikov, S.I.; Greten, F.R.; Karin, M. Immunity, inflammation, and cancer. Cell 2010, 140, 883–899. [Google Scholar] [CrossRef]

	



Troha, K.; Buchon, N. Methods for the study of innate immunity in Drosophila melanogaster. Wiley Interdiscip. Rev. Dev. Biol. 2019, 8, e344. [Google Scholar] [CrossRef]

	



Leclerc, V.; Reichhart, J.-M. The immune response of Drosophila melanogaster. Immunol. Rev. 2004, 198, 59–71. [Google Scholar] [CrossRef]

	



Bangi, E. Drosophila at the intersection of infection, inflammation, and cancer. Front. Cell. Infect. Microbiol. 2013, 3, 103. [Google Scholar] [CrossRef]

	



Hanson, M.A.; Lemaitre, B. New insights on Drosophila antimicrobial peptide function in host defense and beyond. Curr. Opin. Immunol. 2020, 62, 22–30. [Google Scholar] [CrossRef]

	



Wang, L.; Kounatidis, I.; Ligoxygakis, P. Drosophila as a model to study the role of blood cells in inflammation, innate immunity and cancer. Front. Cell. Infect. Microbiol. 2014, 3, 113. [Google Scholar] [CrossRef]

	



Meister, M.; Lagueux, M. Drosophila blood cells. Cell. Microbiol. 2003, 5, 573–580. [Google Scholar] [CrossRef]

	



Williams, M.J. Drosophila Hemopoiesis and Cellular Immunity. J. Immunol. 2007, 178, 4711–4716. [Google Scholar] [CrossRef] [PubMed]

	



Banerjee, U.; Girard, J.R.; Goins, L.M.; Spratford, C.M. Drosophila as a Genetic Model for Hematopoiesis. Genetics 2019, 211, 367–417. [Google Scholar] [CrossRef] [PubMed]

	



Afshar-Kharghan, V. The role of the complement system in cancer. J. Clin. Investig. 2017, 127, 780–789. [Google Scholar] [CrossRef] [PubMed]

	



Dudzic, J.P.; Kondo, S.; Ueda, R.; Bergman, C.M.; Lemaitre, B. Drosophila innate immunity: Regional and functional specialization of prophenoloxidases. BMC Biol. 2015, 13, 81. [Google Scholar] [CrossRef]

	



Pastor-Pareja, J.C.; Wu, M.; Xu, T. An innate immune response of blood cells to tumors and tissue damage in Drosophila. Dis. Models Mech. 2008, 1, 144–154. [Google Scholar] [CrossRef]

	



Tattikota, S.G.; Cho, B.; Liu, Y.; Hu, Y.; Barrera, V.; Steinbaugh, M.J.; Yoon, S.-H.; Comjean, A.; Li, F.; Dervis, F.; et al. Author response: A single-cell survey of Drosophila blood. eLife 2020, 9, e54818. [Google Scholar] [CrossRef] [PubMed]

	



Crooks, S.W.; Stockley, R.A. Leukotriene B4. Int. J. Biochem. Cell Biol. 1998, 30, 173–178. [Google Scholar] [CrossRef]

	



Merchant, D.; Ertl, R.L.; Rennard, S.I.; Stanley, D.W.; Miller, J.S. Eicosanoids mediate insect hemocyte migration. J. Insect Physiol. 2008, 54, 215–221. [Google Scholar] [CrossRef]

	



Pagés, M.; Roselló, J.; Casas, J.; Gelpí, E.; Gualde, N.; Rigaud, M. Cyclooxygenase and lipoxygenase-like activity in Drosophila melanogaster. Prostaglandins 1986, 32, 729–740. [Google Scholar] [CrossRef]

	



Miller, J.S.; Nguyen, T.; Stanley-Samuelson, D.W. Eicosanoids mediate insect nodulation responses to bacterial infections. Proc. Natl. Acad. Sci. USA 1994, 91, 12418–12422. [Google Scholar] [CrossRef] [PubMed]

	



Hussey, H.; Tisdale, M. Inhibition of tumour growth by lipoxygenase inhibitors. Br. J. Cancer 1996, 74, 683–687. [Google Scholar] [CrossRef] [PubMed]

	



Jaszczak, J.S.; Wolpe, J.B.; Dao, A.Q.; Halme, A. Nitric Oxide Synthase Regulates Growth Coordination during Drosophila melanogaster Imaginal Disc Regeneration. Genetics 2015, 200, 1219–1228. [Google Scholar] [CrossRef]

	



Fukumura, D.; Kashiwagi, S.; Jain, R.K. The role of nitric oxide in tumour progression. Nat. Rev. Cancer 2006, 6, 521–534. [Google Scholar] [CrossRef]

	



Greene, E.R.; Huang, S.; Serhan, C.N.; Panigrahy, D. Regulation of inflammation in cancer by eicosanoids. Prostaglandins Other Lipid Mediat. 2011, 96, 27–36. [Google Scholar] [CrossRef] [PubMed]

	



Ihara, A.; Wada, K.; Yoneda, M.; Fujisawa, N.; Takahashi, H.; Nakajima, A. Blockade of leukotriene B4 signaling pathway induces apoptosis and suppresses cell proliferation in colon cancer. J. Pharmacol. Sci. 2007, 103, 24–32. [Google Scholar] [CrossRef]

	



Panettieri, S.; Paddibhatla, I.; Chou, J.; Rajwani, R.; Moore, R.S.; Goncharuk, T.; John, G.; Govind, S. Discovery of aspirin-triggered eico-sanoid-like mediators in a Drosophila metainflammation blood tumor model. J. Cell Sci. 2019, 133, jcs236141. [Google Scholar]

	



Moreno, E.; Yan, M.; Basler, K. Evolution of TNF signaling mechanisms: JNK-dependent apoptosis triggered by Eiger, the Drosophila homolog of the TNF superfamily. Curr. Biol. 2002, 12, 1263–1268. [Google Scholar] [CrossRef]

	



Igaki, T.; Kanda, H.; Yamamoto-Goto, Y.; Kanuka, H.; Kuranaga, E.; Aigaki, T.; Miura, M. Eiger, a TNF superfamily ligand that triggers the Drosophila JNK pathway. EMBO J. 2002, 21, 3009–3018. [Google Scholar] [CrossRef] [PubMed]

	



Balkwill, F. Tumour necrosis factor and cancer. Nat. Rev. Cancer 2009, 9, 361–371. [Google Scholar] [CrossRef]

	



Muzzopappa, M.; Murcia, L.; Milán, M. Feedback amplification loop drives malignant growth in epithelial tissues. Proc. Natl. Acad. Sci. USA 2017, 114, E7291–E7300. [Google Scholar] [CrossRef]

	



Igaki, T.; Miura, M. The Drosophila TNF ortholog Eiger: Emerging physiological roles and evolution of the TNF system. Semin. Immunol. 2014, 26, 267–274. [Google Scholar] [CrossRef] [PubMed]

	



Igaki, T.; Pastor-Pareja, J.C.; Aonuma, H.; Miura, M.; Xu, T. Intrinsic Tumor Suppression and Epithelial Maintenance by Endocytic Activation of Eiger/TNF Signaling in Drosophila. Dev. Cell 2009, 16, 458–465. [Google Scholar] [CrossRef]

	



Froldi, F.; Ziosi, M.; Garoia, F.; Pession, A.; Grzeschik, N.A.; Bellosta, P.; Strand, D.; Richardson, H.E.; Pession, A.; Grifoni, D. The lethal giant larvaetumour suppressor mutation requires dMyc oncoprotein to promote clonal malignancy. BMC Biol. 2010, 8, 33. [Google Scholar] [CrossRef] [PubMed]

	



Brumby, A.M.; Richardson, H.E. Scribble mutants cooperate with oncogenic Ras or Notch to cause neoplastic over-growth in Drosophila. EMBO J. 2003, 22, 5769–5779. [Google Scholar] [CrossRef] [PubMed]

	



Chen, C.-L.; Schroeder, M.C.; Kango-Singh, M.; Tao, C.; Halder, G. Tumor suppression by cell competition through regulation of the Hippo pathway. Proc. Natl. Acad. Sci. USA 2012, 109, 484–489. [Google Scholar] [CrossRef]

	



Igaki, T.; Pagliarini, R.A.; Xu, T. Loss of Cell Polarity Drives Tumor Growth and Invasion through JNK Activation in Drosophila. Curr. Biol. 2006, 16, 1139–1146. [Google Scholar] [CrossRef]

	



Uhlirova, M.; Bohmann, D. JNK- and Fos-regulated Mmp1 expression cooperates with Ras to induce invasive tumors in Drosophila. EMBO J. 2006, 25, 5294–5304. [Google Scholar] [CrossRef]

	



Spitzer, M.H.; Carmi, Y.; Reticker-Flynn, N.E.; Kwek, S.S.; Madhireddy, D.; Martins, M.M.; Gherardini, P.F.; Prestwood, T.R.; Chabon, J.; Bendall, S.C.; et al. Systemic Immunity Is Re-quired for Effective Cancer Immunotherapy. Cell 2017, 168, 487–502.e15. [Google Scholar] [CrossRef] [PubMed]

	



Parisi, F.; Stefanatos, R.; Strathdee, K.; Yu, Y.; Vidal, M. Transformed Epithelia Trigger Non-Tissue-Autonomous Tumor Suppressor Response by Adipocytes via Activation of Toll and Eiger/TNF Signaling. Cell Rep. 2014, 6, 855–867. [Google Scholar] [CrossRef]

	



Agaisse, H.; Petersen, U.-M.; Boutros, M.; Mathey-Prevot, B.; Perrimon, N. Signaling Role of Hemocytes in Drosophila JAK/STAT-Dependent Response to Septic Injury. Dev. Cell 2003, 5, 441–450. [Google Scholar] [CrossRef]

	



Rajan, A.; Perrimon, N. Drosophila cytokine unpaired 2 regulates physiological homeostasis by remotely controlling insulin secretion. Cell 2012, 151, 123–137. [Google Scholar] [CrossRef] [PubMed]

	



Wu, M.; Pastor-Pareja, J.C.; Xu, T. Interaction between RasV12 and scribbled clones induces tumour growth and invasion. Nature 2010, 463, 545–548. [Google Scholar] [CrossRef] [PubMed]

	



Bossuyt, W.; De Geest, N.; Aerts, S.; Leenaerts, I.; Marynen, P.; Hassan, B.A. The Atonal Proneural Transcription Factor Links Differentiation and Tumor Formation in Drosophila. PLoS Biol. 2009, 7, e1000040. [Google Scholar] [CrossRef] [PubMed]

	



Thomas, M.; Massimi, P.; Navarro, C.; Borg, J.-P.; Banks, L. The hScrib/Dlg apico-basal control complex is differentially targeted by HPV-16 and HPV-18 E6 proteins. Oncogene 2005, 24, 6222–6230. [Google Scholar] [CrossRef] [PubMed]

	



Ouyang, Z.; Zhan, W.; Dan, L. hScrib, a Human Homolog of Drosophila Neoplastic Tumor Suppressor, Is Involved in the Progress of Endometrial Cancer. Oncol. Res. Featur. Preclin. Clin. Cancer Ther. 2009, 18, 593–599. [Google Scholar] [CrossRef] [PubMed]

	



Hotamisligil, G.S. Inflammation, metaflammation and immunometabolic disorders. Nature 2017, 542, 177–185. [Google Scholar] [CrossRef]

	



Al-Zhoughbi, W.; Huang, J.; Paramasivan, G.S.; Till, H.; Pichler, M.; Guertl-Lackner, B.; Hoefler, G. Tumor Macroenvironment and Metabolism. Semin. Oncol. 2014, 41, 281–295. [Google Scholar] [CrossRef]

	



Bosaeus, I.; Daneryd, P.; Svanberg, E.; Lundholm, K. Dietary intake and resting energy expenditure in relation to weight loss in unselected cancer patients. Int. J. Cancer 2001, 93, 380–383. [Google Scholar] [CrossRef] [PubMed]

	



Fearon, K.; Strasser, F.; Anker, S.D.; Bosaeus, I.; Bruera, E.; Fainsinger, R.L.; Jatoi, A.; Loprinzi, C.; MacDonald, N.; Mantovani, G.; et al. Definition and classification of cancer cachexia: An international consensus. Lancet Oncol. 2011, 12, 489–495. [Google Scholar] [CrossRef]

	



Roxburgh, C.S.D.; McMillan, D.C. Cancer and systemic inflammation: Treat the tumour and treat the host. Br. J. Cancer 2014, 110, 1409–1412. [Google Scholar] [CrossRef] [PubMed]

	



Fearon, K.; Arends, J.; Baracos, V. Understanding the mechanisms and treatment options in cancer cachexia. Nat. Rev. Clin. Oncol. 2012, 10, 90–99. [Google Scholar] [CrossRef] [PubMed]

	



Yeom, E.; Shin, H.; Yoo, W.; Jun, E.; Kim, S.; Hong, S.H.; Kwon, D.; Ryu, T.H.; Suh, J.M.; Kim, S.C.; et al. Tumour-derived Dilp8/INSL3 induces cancer anorexia by regulating feeding neuropeptides via Lgr3/8 in the brain. Nat. Cell Biol. 2021, 23, 172–183. [Google Scholar] [CrossRef] [PubMed]

	



Tisdale, M.J. Mechanisms of Cancer Cachexia. Physiol. Rev. 2009, 89, 381–410. [Google Scholar] [CrossRef]

	



DeWys, W.D. Nutritional care of the cancer patient. JAMA 1980, 244, 374–376. [Google Scholar] [CrossRef] [PubMed]

	



Tisdale, M.J. Cachexia in cancer patients. Nat. Rev. Cancer 2002, 2, 862–871. [Google Scholar] [CrossRef] [PubMed]

	



Penna, F.; Minero, V.G.; Costamagna, D.; Bonelli, G.; Baccino, F.M.; Costelli, P. Anti-cytokine strategies for the treatment of cancer-related anorexia and cachexia. Expert Opin. Biol. Ther. 2010, 10, 1241–1250. [Google Scholar] [CrossRef] [PubMed]

	



Monitto, C.L.; Berkowitz, D.; Lee, K.M.; Pin, S.; Li, D.; Breslow, M.; O’Malley, B.; Schiller, M. Differential gene expression in a murine model of cancer cachexia. Am. J. Physiol. Metab. 2001, 281, E289–E297. [Google Scholar] [CrossRef] [PubMed]

	



Faber, J.; Uitdehaag, M.J.; Spaander, M.; van Steenbergen-Langeveld, S.; Vos, P.; Berkhout, M.; Lamers, C.; Rümke, H.; Tilanus, H.; Siersema, P.; et al. Improved body weight and performance status and reduced serum PGE2 levels after nutritional intervention with a specific medical food in newly diagnosed patients with esophageal cancer or adenocarcinoma of the gastro-esophageal junction. J. Cachexia Sarcopenia Muscle 2015, 6, 32–44. [Google Scholar] [CrossRef] [PubMed]

	



Torti, F.M.; Dieckmann, B.; Beutler, B.; Cerami, A.; Ringold, G.M. A macrophage factor inhibits adipocyte gene expression: An in vitro model of cachexia. Science 1985, 229, 867–869. [Google Scholar] [CrossRef] [PubMed]

	



Cerami, A.; Ikeda, Y.; Le Trang, N.; Hotez, P.J.; Beutler, B. Weight loss associated with an endotoxin-induced mediator from peritoneal macrophages: The role of cachectin (tumor necrosis factor). Immunol. Lett. 1985, 11, 173–177. [Google Scholar] [CrossRef]

	



Narsale, A.A.; Carson, J.A. Role of interleukin-6 in cachexia: Therapeutic implications. Curr. Opin. Support. Palliat. Care 2014, 8, 321–327. [Google Scholar] [CrossRef] [PubMed]

	



Patel, H.J.; Patel, B.M. TNF-α and cancer cachexia: Molecular insights and clinical implications. Life Sci. 2017, 170, 56–63. [Google Scholar] [CrossRef] [PubMed]

	



Giordano, A.; Calvani, M.; Petillo, O.; Carteni’, M.; Melone, M.R.A.B.; Peluso, G. Skeletal muscle metabolism in physiology and in cancer disease. J. Cell. Biochem. 2003, 90, 170–186. [Google Scholar] [CrossRef]

	



Onesti, J.K.; Guttridge, D.C. Inflammation Based Regulation of Cancer Cachexia. BioMed Res. Int. 2014, 2014, 168407. [Google Scholar] [CrossRef] [PubMed]

	



Schcolnik-Cabrera, A.; Chavez-Blanco, A.; Domínguez-Gómez, G.; Dueñas-González, A. Understanding tumor anabolism and patient catabolism in cancer-associated cachexia. Am. J. Cancer Res. 2017, 7, 1107–1135. [Google Scholar] [PubMed]

	



Strassmann, G.; Fong, M.; Kenney, J.S.; Jacob, C.O. Evidence for the involvement of interleukin 6 in experimental cancer cachexia. J. Clin. Investig. 1992, 89, 1681–1684. [Google Scholar] [CrossRef] [PubMed]

	



Aoyagi, T.; Terracina, K.P.; Raza, A.; Matsubara, H.; Takabe, K. Cancer cachexia, mechanism and treatment. World J. Gastrointest. Oncol. 2015, 7, 17–29. [Google Scholar] [CrossRef] [PubMed]

	



Han, J.; Meng, Q.; Shen, L.; Wu, G. Interleukin-6 induces fat loss in cancer cachexia by promoting white adipose tissue lipolysis and browning. Lipids Health Dis. 2018, 17, 14. [Google Scholar] [CrossRef]

	



Hodgson, J.A.; Parvy, J.-P.; Yu, Y.; Vidal, M.; Cordero, J.B. Drosophila Larval Models of Invasive Tumourigenesis for In Vivo Studies on Tumour/Peripheral Host Tissue Interactions during Cancer Cachexia. Int. J. Mol. Sci. 2021, 22, 8317. [Google Scholar] [CrossRef] [PubMed]

	



Owusu-Ansah, E.; Perrimon, N. Stress Signaling Between Organs in Metazoa. Annu. Rev. Cell Dev. Biol. 2015, 31, 497–522. [Google Scholar] [CrossRef] [PubMed]

	



Garelli, A.; Gontijo, A.M.; Miguela, V.; Caparros, E.; Dominguez, M. Imaginal Discs Secrete Insulin-Like Peptide 8 to Mediate Plasticity of Growth and Maturation. Science 2012, 336, 579–582. [Google Scholar] [CrossRef] [PubMed]

	



Colombani, J.; Andersen, D.S.; Léopold, P. Secreted peptide Dilp8 coordinates Drosophila tissue growth with developmental timing. Science 2012, 336, 582–585. [Google Scholar] [CrossRef]

	



Vallejo, D.M.; Juarez-Carreño, S.; Bolivar, J.; Morante, J.; Dominguez, M. A brain circuit that synchronizes growth and maturation revealed through Dilp8 binding to Lgr3. Science 2015, 350, aac6767. [Google Scholar] [CrossRef] [PubMed]

	



Colombani, J.; Andersen, D.S.; Boulan, L.; Boone, E.; Romero, N.; Virolle, V.; Texada, M.; Léopold, P. Drosophila Lgr3 Couples Organ Growth with Maturation and Ensures Developmental Stability. Curr. Biol. 2015, 25, 2723–2729. [Google Scholar] [CrossRef] [PubMed]

	



Garelli, A.; Heredia, F.; Casimiro, A.; Macedo, A.; Nunes, C.; Garcez, M.; Angela, R.; Dias, M.; Volonte, Y.A.; Uhlmann, T.; et al. Dilp8 requires the neuronal relaxin recep-tor Lgr3 to couple growth to developmental timing. Nat. Commun. 2015, 6, 8732. [Google Scholar] [CrossRef] [PubMed]

	



Ferres-Marco, L.; Gutiérrez-García, I.; Vallejo, D.M.; Bolívar, J.; Gutiérrez-Aviñó, F.J.; Dominguez, M. Epigenetic silencers and Notch collaborate to promote malignant tumours by Rb silencing. Nature 2006, 439, 430–436. [Google Scholar] [CrossRef]

	



Hamaratoglu, F.; Atkins, M. Rounding up the Usual Suspects: Assessing Yorkie, AP-1, and Stat Coactivation in Tumorigenesis. Int. J. Mol. Sci. 2020, 21, 4580. [Google Scholar] [CrossRef] [PubMed]

	



Kwon, Y.; Song, W.; Droujinine, I.A.; Hu, Y.; Asara, J.M.; Perrimon, N. Systemic organ wasting induced by localized expression of the secreted insulin/IGF antagonist ImpL2. Dev. Cell 2015, 33, 36–46. [Google Scholar] [CrossRef] [PubMed]

	



Gateff, E.; Schneiderman, H.A. Developmental capacities of benign and malignant neoplasms of Drosophila. Dev. Genes Evol. 1974, 176, 23–65. [Google Scholar] [CrossRef]

	



Figueroa-Clarevega, A.; Bilder, D. Malignant Drosophila Tumors Interrupt Insulin Signaling to Induce Cachexia-like Wasting. Dev. Cell 2015, 33, 47–55. [Google Scholar] [CrossRef] [PubMed]

	



Honegger, B.; Galic, M.; Köhler, K.; Wittwer, F.; Brogiolo, W.; Hafen, E.; Stocker, H. Imp-L2, a putative homolog of vertebrate IGF-binding protein 7, counteracts insulin signaling in Drosophila and is essential for starvation resistance. J. Biol. 2008, 7, 10. [Google Scholar] [CrossRef]

	



Yoshikawa, T.; Noguchi, Y.; Doi, C.; Makino, T.; Okamoto, T.; Matsumoto, A. Insulin resistance was connected with the alterations of substrate utilization in patients with cancer. Cancer Lett. 1999, 141, 93–98. [Google Scholar] [CrossRef]

	



Honors, M.A.; Kinzig, K.P. The role of insulin resistance in the development of muscle wasting during cancer cachexia. J. Cachexia Sarcopenia Muscle 2012, 3, 5–11. [Google Scholar] [CrossRef]

	



Song, W.; Kir, S.; Hong, S.; Hu, Y.; Wang, X.; Binari, R.; Tang, H.-W.; Chung, V.; Banks, A.S.; Spiegelman, B.; et al. Tumor-Derived Ligands Trigger Tumor Growth and Host Wasting via Differential MEK Activation. Dev. Cell 2019, 48, 277–286.e6. [Google Scholar] [CrossRef] [PubMed]

	



Penna, F.; Costamagna, D.; Fanzani, A.; Bonelli, G.; Baccino, F.M.; Costelli, P. Muscle Wasting and Impaired Myogenesis in Tumor Bearing Mice Are Prevented by ERK Inhibition. PLoS ONE 2010, 5, e13604. [Google Scholar] [CrossRef]

	



Penna, F.; Costamagna, D.; Pin, F.; Camperi, A.; Fanzani, A.; Chiarpotto, E.M.; Cavallini, G.; Bonelli, G.; Baccino, F.M.; Costelli, P. Autophagic Degradation Contributes to Muscle Wasting in Cancer Cachexia. Am. J. Pathol. 2013, 182, 1367–1378. [Google Scholar] [CrossRef] [PubMed]

	



Aversa, Z.; Pin, F.; Lucia, S.; Penna, F.; Verzaro, R.; Fazi, M.; Colasante, G.; Tirone, A.; Fanelli, F.R.; Ramaccini, C.; et al. Autophagy is induced in the skeletal muscle of cachectic cancer patients. Sci. Rep. 2016, 6, 30340. [Google Scholar] [CrossRef] [PubMed]

	



Pettersen, K.; Andersen, S.; Degen, S.; Tadini, V.; Grosjean, J.; Hatakeyama, S.; Tesfahun, A.N.; Moestue, S.A.; Kim, J.; Nonstad, U.; et al. Cancer cachexia associates with a systemic autophagy-inducing activity mimicked by cancer cell-derived IL-6 trans-signaling. Sci. Rep. 2017, 7, 2046. [Google Scholar] [CrossRef] [PubMed]

	



Ngabire, D.; Kim, G.-D. Autophagy and Inflammatory Response in the Tumor Microenvironment. Int. J. Mol. Sci. 2017, 18, 2016. [Google Scholar] [CrossRef]

	



White, E. The role for autophagy in cancer. J. Clin. Investig. 2015, 125, 42–46. [Google Scholar] [CrossRef]

	



Khezri, R.; Rusten, T.E. Autophagy and Tumorigenesis in Drosophila. Drosoph. Model Cancer 2019, 1167, 113–127. [Google Scholar] [CrossRef]

	



Manent, J.; Banerjee, S.; de Matos Simoes, R.; Zoranovic, T.; Mitsiades, C.; Penninger, J.M.; Simpson, K.J.; Humbert, P.O.; Richardson, H.E. Autophagy suppresses Ras-driven epithelial tumourigenesis by limiting the accumulation of reactive oxygen species. Oncogene 2017, 36, 5576–5592. [Google Scholar] [CrossRef] [PubMed]

	



Filomeni, G.; De Zio, D.; Cecconi, F. Oxidative stress and autophagy: The clash between damage and metabolic needs. Cell Death Differ. 2014, 22, 377–388. [Google Scholar] [CrossRef] [PubMed]

	



Katheder, N.S.; Khezri, R.; O’Farrell, F.; Schultz, S.W.; Jain, A.; Rahman, M.M.; Schink, K.O.; Theodossiou, T.A.; Johansen, T.; Juhász, G.; et al. Microenvironmental autophagy promotes tumour growth. Nature 2017, 541, 417–420. [Google Scholar] [CrossRef] [PubMed]

	



Argilés, J.M.; Busquets, S.; Moore-Carrasco, R.; López-Soriano, F.J. The Role of Cytokines in Cancer Cachexia. Med. Res. Rev. 1999, 19, 223–248. [Google Scholar] [CrossRef]

	



Bunker, B.D.; Nellimoottil, T.T.; Boileau, R.M.; Classen, A.K.; Bilder, D. The Transcriptional Response to Tumorigenic Polarity Loss in Drosophila. eLife 2015, 4, e03189. [Google Scholar] [CrossRef] [PubMed]

	



Arner, P. Lipases in cachexia. Science 2011, 333, 163–164. [Google Scholar] [CrossRef] [PubMed]

	



Agustsson, T.; Rydén, M.; Hoffstedt, J.; van Harmelen, V.; Dicker, A.; Laurencikiene, J.; Isaksson, B.; Permert, J.; Arner, P. Mechanism of Increased Lipolysis in Cancer Cachexia. Cancer Res. 2007, 67, 5531–5537. [Google Scholar] [CrossRef]

	



Das, S.K.; Eder, S.; Schauer, S.; Diwoky, C.; Temmel, H.; Guertl, B.; Gorkiewicz, G.; Tamilarasan, K.P.; Kumari, P.; Trauner, M.; et al. Adipose triglyceride lipase contributes to cancer-associated cachexia. Science 2011, 333, 233–238. [Google Scholar] [CrossRef] [PubMed]

	



Diet and Cancer|Cancer Research UK. Available online: https://www.cancerresearchuk.org/about-cancer/causes-of-cancer/diet-and-cancer (accessed on 27 October 2021).

	



Orgel, E.; Mittelman, S.D. The links between insulin resistance, diabetes, and cancer. Curr. Diabetes Rep. 2013, 13, 213–222. [Google Scholar] [CrossRef] [PubMed]

	



Deng, T.; Lyon, C.J.; Bergin, S.; Caligiuri, M.A.; Hsueh, W.A. Obesity, Inflammation, and Cancer. Annu. Rev. Pathol. 2016, 11, 421–449. [Google Scholar] [CrossRef] [PubMed]

	



Musselman, L.P.; Fink, J.L.; Narzinski, K.; Ramachandran, P.V.; Hathiramani, S.S.; Cagan, R.L.; Baranski, T.J. A high-sugar diet produces obesity and insulin resistance in wild-type Drosophila. Dis. Models Mech. 2011, 4, 842–849. [Google Scholar] [CrossRef] [PubMed]

	



Hirabayashi, S.; Baranski, T.J.; Cagan, R.L. Transformed Drosophila Cells Evade Diet-Mediated Insulin Resistance through Wingless Signaling. Cell 2013, 154, 664–675. [Google Scholar] [CrossRef] [PubMed]

	



Hirabayashi, S.; Cagan, R.L. Salt-inducible kinases mediate nutrient-sensing to link dietary sugar and tumorigenesis in Drosophila. eLife 2015, 4, e08501. [Google Scholar] [CrossRef]

	



Newton, H.; Wang, Y.-F.; Camplese, L.; Mokochinski, J.B.; Kramer, H.B.; Brown, A.E.X.; Fets, L.; Hirabayashi, S. Systemic muscle wasting and coordinated tumour response drive tumourigenesis. Nat. Commun. 2020, 11, 4653. [Google Scholar] [CrossRef]

	



Woodcock, K.J.; Kierdorf, K.; Pouchelon, C.A.; Vivancos, V.; Dionne, M.S.; Geissmann, F. Macrophage-derived upd3 cytokine causes impaired glucose homeostasis and reduced lifespan in Drosophila fed a lipid-rich diet. Immunity 2015, 42, 133–144. [Google Scholar] [CrossRef] [PubMed]

	



Grandison, R.C.; Piper, M.D.W.; Partridge, L. Amino-acid imbalance explains extension of lifespan by dietary restriction in Drosophila. Nature 2009, 462, 1061–1064. [Google Scholar] [CrossRef] [PubMed]

	



Nowak, K.; Seisenbacher, G.; Hafen, E.; Stocker, H. Nutrient restriction enhances the proliferative potential of cells lacking the tumor suppressor PTEN in mitotic tissues. eLife 2013, 2, e00380. [Google Scholar] [CrossRef]

	



Nowak, K.; Gupta, A.; Stocker, H. FoxO restricts growth and differentiation of cells with elevated TORC1 activity under nutrient restriction. PLoS Genet. 2018, 14, e1007347. [Google Scholar] [CrossRef]

	



Cordero, J.B.; Macagno, J.P.; Stefanatos, R.K.; Strathdee, K.E.; Cagan, R.L.; Vidal, M. Oncogenic Ras diverts a host TNF tumor suppressor activity into tumor promoter. Dev. Cell 2010, 18, 999–1011. [Google Scholar] [CrossRef] [PubMed]

	



Andersen, D.; Colombani, J.; Palmerini, V.; Chakrabandhu, K.; Boone, E.; Röthlisberger, M.; Toggweiler, J.; Basler, K.; Mapelli, M.; Hueber, A.-O.; et al. The Drosophila TNF receptor Grindelwald couples loss of cell polarity and neoplastic growth. Nature 2015, 522, 482–486. [Google Scholar] [CrossRef] [PubMed]

	



Chang, C.-H.; Qiu, J.; O’Sullivan, D.; Buck, M.D.; Noguchi, T.; Curtis, J.D.; Chen, Q.; Gindin, M.; Gubin, M.M.; van der Windt, G.J.W.; et al. Metabolic Competition in the Tumor Microenvironment Is a Driver of Cancer Progression. Cell 2015, 162, 1229–1241. [Google Scholar] [CrossRef]

	



Ho, P.-C.; Bihuniak, J.D.; Macintyre, A.; Staron, M.; Liu, X.; Amezquita, R.; Tsui, Y.-C.; Cui, G.; Micevic, G.; Perales, J.C.; et al. Phosphoenolpyruvate Is a Metabolic Checkpoint of Anti-tumor T Cell Responses. Cell 2015, 162, 1217–1228. [Google Scholar] [CrossRef]

	



Lee, Y.-M.; Chang, W.-C.; Ma, W.-L. Hypothesis: Solid tumours behave as systemic metabolic dictators. J. Cell. Mol. Med. 2016, 20, 1076–1085. [Google Scholar] [CrossRef] [PubMed]

	



Quatromoni, J.G.; Eruslanov, E. Tumor-associated macrophages: Function, phenotype, and link to prognosis in human lung cancer. Am. J. Transl. Res. 2012, 4, 376–389. [Google Scholar] [PubMed]

	



Fischer, K.; Hoffmann, P.; Völkl, S.; Meidenbauer, N.; Ammer, J.; Edinger, M.; Gottfried, E.; Schwarz, S.; Rothe, G.; Hoves, S.; et al. Inhibitory effect of tumor cell–derived lactic acid on human T cells. Blood 2007, 109, 3812–3819. [Google Scholar] [CrossRef]

	



Martin, A.; Sun, E.W.-L.; Rogers, G.; Keating, D.J. The Influence of the Gut Microbiome on Host Metabolism Through the Regulation of Gut Hormone Release. Front. Physiol. 2019, 10, 428. [Google Scholar] [CrossRef] [PubMed]

	



Koyle, M.L.; Veloz, M.; Judd, A.M.; Wong, A.C.-N.; Newell, P.D.; Douglas, A.E.; Chaston, J.M. Rearing the Fruit Fly Drosophila melanogaster Under Axenic and Gnotobiotic Conditions. JoVE J. Vis. Exp. 2016, 113, 54219. [Google Scholar] [CrossRef]

	



Sonoshita, M.; Cagan, R. Modeling Human Cancers in Drosophila. Curr. Top. Dev. Biol. 2017, 121, 287–309. [Google Scholar] [CrossRef]








[image: Cells 10 03211 g001 550] 





Figure 1. Local and systemic cells and signals in innate immunity and inflammation in cancer in Drosophila. For simplicity, the tumor represented in the image is based on a compilation of different oncogenic signatures in which this review focuses on and is explained throughout the text. 
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Table 1. Tumor- and tumor microenvironment-secreted factors: local and systemic effects.
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	Factor
	Oncogenic Model
	Stage
	Function
	References





	TNFα/Egr
	scrib/RasV12 (epithelial tumors)
	juvenile
	Tissue wasting

Systemic inflammation
	[79]



	Ilp8
	Universal (discovered in the eyeful tumor metastasis paradigm).
	juvenile
	Developmental delay

Anorexia
	[81,86]



	ImpL2
	scrib/RasV12

yki
	adult
	Tissue wasting
	[88,90]



	Pvf1
	Yki (intestinal tumor)
	adult
	Muscle and fat body wasting
	[94]



	bnl
	src/RasV12 + high-sugar diet
	juvenile
	Muscle wasting
	[109]



	LTB4
	Delta Pten-loss (epithelial tumors)
	juvenile
	Inflammation
	[4]



	NO
	Delta Pten-loss (epithelial tumors)
	juvenile
	Inflammation
	[4]



	Upd1–Upd3
	Universal
	juvenile, adult
	Inflammation
	[48,55,58,73,77]
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