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1. Introduction of adenosine metabolism and signaling  

1.1. Adenosine production  

Adenosine (Ado) is a key metabolite and conserved purinergic signaling molecule in 

both vertebrates and invertebrates. It is a basal constituent of nucleic acids and ADP, 

AMP and ATP as well as a precursor of cellular second messenger, cyclic adenosine 

monophosphate (cAMP). Extracellular Ado also regulates a number of physiological 

processes via activating adenosine receptors (AdoRs), which belong to G protein-

coupled receptors.   

The enzymatic activity responsible for Ado formation from AMP is 5'-

nucleotidase, which catalyzes the hydrolysis of the phosphoric ester bond of 5'-

ribonucleotides to the corresponding ribonucleoside and phosphate (Strater, 2006). We 

now know that there are two groups of nucleotidases which act on the formation of Ado. 

The main source of Ado is cytosolic AMP produced by cytosolic 5'-nucleotidase 

(Figure 1, #5). It is responsible for more than 70 % of Ado production in mammalian 

heart cells (Darvish et al., 1996). Another glycoprotein, ecto-5'-nucleotidase (Fig. 1, #1) 

which is found on the plasma membrane of eukaryotic cells has similar function. It 

increases the extracellular Ado level by hydrolysis of extracellular AMP to Ado close 

to the cell membrane, which allows Ado rapidly transporting into cells or binding to 

receptors before getting deaminated. Extracellular ATP serves as one of the resources 

for the extracellular Ado production (Zimmermann and Braun, 1996). The conversion 

of ATP to Ado is mediated by a glycoprotein, ecto-nucleoside triphosphate 

diphosphohydrolase (NTPDase, also called CD39), which is able to hydrolyze the 

alpha- and beta phosphate residues of extracellular ATP or ADP into AMP (Figure 1, 

#9). There are various mechanisms for ATP efflux to the extracellular environment. 

ATP could be released upon cell death via ruptured cell membranes, such ATP release 
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from apoptotic cells is also recognized as a “find-me signaling” for recruiting immune 

cells and prompting clearance of the dying cells via phagocytosis (Elliott et al., 2009). 

The ATP is also released via exocytosis from intracellular vesicles, or from specific 

channels such as anion, pannexin, and connexin channels (Faas et al., 2017). 

In addition, Ado is also produced from S- adenosylhomocysteine (SAH) via SAH- 

hydrolase (SAHH) (Figure 1, #6), which was firstly described in rat liver (De La Haba 

and Cantoni, 1959). This mechanism contributes one-third of the total cardiac Ado at 

normoxic conditions but not under stress conditions (Deussen et al., 1989). The SAHH 

catalysis is reversible (Figure 2), and the direction of the reaction is dependent on the 

local concentration of homocysteine and Ado (Loncar et al., 1997). 

 

 

Figure 1. Overview of Ado transport and metabolism. 1, ecto-5' –nucleotidase (5'-NT, 

CD73); 2, adenosine deaminase (ADA); 3, adenine phosphoribosyltransferase 

(APRTase); 4, 5' -nucleotidase (cN-I); 5, adenosine kinase (ADK); 6, S- 

adenosylhomocysteine hydrolase; 7, methyltransferases 8, purine nucleoside 

phosphorylase (PNP). 9. Ecto-nucleoside triphosphate diphosphohydrolase (CD39). 

AdoRs adenosine receptors, ENTs equilibrative nucleoside transporters, CNTs 

concentrative nucleoside transporters, SAH S-adenosyll-homocysteine, SAM S -

adenosylmethionine. The figure is modified from Masino and Boison (2013). 
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1.2. Ado metabolism 

Since the extracellular Ado could induce its downstream signaling cascades and 

modulate cellular functions, the level of the Ado needs to be maintained accurately. The 

enzymes responsible for metabolizing the Ado are adenosine kinase (abbreviation: 

ADK or AK in mammals, AdenoK in Drosophila) and adenosine deaminases (ADAs), 

which catalyze the phosphorylation and deamination of Ado to AMP and inosine, 

respectively. 

ADAs catalyze the hydrolytic deamination of either Ado or 2'-deoxyadenosine to 

inosine or 2'- deoxyinosine, respectively (Sideraki et al., 1996). The metabolic product 

of deamination, inosine or deoxyinosine, are further converted by purine nucleoside 

phosphorylase (PNP) into hypoxanthine (Figure 1, #8), which is in turn transformed 

into uric acid by xanthine oxidoreductase. Two types of adenosine deaminases have 

been identified; a cytosolic adenosine deaminase ADA1 and a secretory adenosine 

deaminase ADA2 (also named adenosine deaminase-related growth factors, ADGFs in 

invertebrates). ADA1 is the first Ado degradation enzyme discovered in dog muscle by 

Schmidt (1928). The interest in ADA1 raised after 1970, when it was realized that the 

mutation of ADA in human is associated with severe combined immunodeficiency 

(SCID) (Giblett et al., 1972; Tritsch et al., 1985). ADA1 is localized both intracellularly 

and on the cell surface complexed with glycoprotein CD26, and it is expressed 

ubiquitously with highest levels observed in lymphoid tissues, brain and 

gastrointestinal tract (Kameoka et al., 1993). However, the ADA1 orthologs were not 

found in plants, fungi or insects (Maier et al., 2005). In contrast, the ADA2-type of 

enzyme represents a common ADA in most multicellular organisms including 

invertebrates and vertebrates (Skaldin et al., 2018). Human ADA2 is a homodimer 

protein containing N-terminal signal peptide, it is mainly secreted by monocytes and 
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thus is abundant in plasma (Zavialov et al., 2010). The first functionally characterized 

ADA2-type enzyme was Drosophila ADGF-A, and the mutation of the ADGF-A 

caused larval development and hematopoiesis abnormalities, hyperglycemia, and loss 

of adipose tissue (Dolezal et al., 2005). Knockout of ADA2 homolog in frogs reduces 

the body size and causes abnormal body axis in the embryo indicating its important role 

in the embryogenesis of amphibians (Iijima et al., 2008). 

The high KM of ADA1 (25-150 μM) and ADA2 (2.5 mM) suggest that both ADAs 

only become important when Ado increases above the KM value of ADK, which is 

around 1 μM (De Jong, 1977; Drabikowska et al., 1985; Ford et al., 2000; Singh and 

Sharma, 2000). ADK is thought to be the major enzyme responsible for Ado 

metabolism due to its high affinity for Ado, and more than 95% of the Ado is converted 

to AMP by ADK (Pak et al., 1994) (Figure 1, #5). The ADK also plays an important 

role for maintaining the energy homeostasis by affecting the cellular AMP, ADP, ATP 

pools as well as intracellular and extracellular Ado levels. 

In addition, as noted above, Ado can be also derived from the hydrolysis of SAH 

by S-adenosylhomocysteine hydrolase (SAHH). SAHH reaction is reversible and Ado 

concentration-dependent (Figure 2). Hence SAHH also plays the role, but a minor one, 

in adjusting the Ado level. The accumulation of Ado and the L-homocysteine will block 

the conversion of SAH to Ado, and it would further inhibit the transmethylation 

reactions of S-adenosylmethionine (SAM) to SAH, which finally leads to a decrease of 

intracellular Ado level (Schutz et al., 1981). 

 

Figure 2. Transmethylation reaction of Ado synthesis  
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1.3. Ado transport 

Ado is an important signaling molecule and the substrate for ATP formation, hence 

it requires an efficient transportation across the plasma membrane. The transport of Ado, 

which is quite hydrophilic, needs to be mediated by specialized membrane proteins 

(Figure 1). There are two protein families involved in the Ado transportation, 

equilibrative nucleoside transporters (ENTs) and concentrative nucleoside transporters 

(CNTs), which are encoded by the gene families of solute carrier 29 and 28 (SCL29, 

SCL28) in mammals, respectively (Molina-Arcas et al., 2009).  

In contrast to CNTs, ENTs are ubiquitously expressed in a wide range of tissues 

(Baldwin et al., 2004). They not only mediate the efflux and influx of Ado, but also may 

have wider substrate specificity and transport other nucleosides such as uridine or 

guanosine. There are four ENT proteins in human with different affinity to Ado and 

other nucleosides. ENT1 and ENT2 have a broad selectivity, transporting most purines 

and pyrimidines, but ENT3 shows relatively lower affinity for Ado (Crawford et al., 

1998; Yao et al., 2002; Baldwin et al., 2005). ENT4 transports Ado as well as 

monoamine neurotransmitters (such as dopamine and serotonin), but it does not mediate 

the transport of other nucleosides (Baldwin et al., 2004; Engel et al., 2004). Interestingly, 

ENT4 shows a higher activity for Ado transport at acidic pH 5.5 and a lower activity at 

pH 7.5. Consistent with its high abundance in cardiovascular system, it was suggested 

that this acidic pH preference is associated with its contribution to the regulation of 

extracellular Ado concentrations during ischemia (Barnes et al., 2006). 

CNTs mediate the influx (unidirectional) of nucleosides powered by the 

transmembrane sodium gradient (Gray et al., 2004). In comparison to ENTs, the CNTs 

have limited tissue distribution in specialized epithelial cells, such as intestinal epithelia, 

liver, choroid plexus, as well as in macrophages and leukemic cells (Masino and Boison, 



6 
 

2013). Three CNTs have been reported in human, each having a different nucleosides 

affinity and conditions for ions co-transportation. Human CNT1 is a pyrimidine-

specific transporter, so it cannot transport Ado. The CNT2 is a purine-preferring 

transporter, although it can also transport uridine. Both CNT1 and CNT2 co-transport 

a single sodium ion per nucleoside. The CNT3 has relatively wide selectivity for both 

purine and pyrimidine nucleosides (Ritzel et al., 2001). Unlike CNT1 and CNT2, the 

CNT3 co-transports two sodium ions per nucleoside. Moreover, the CNT3 displays 

unique cation interactions with not only Na+ but also with H+ and Li+ that are not shared 

by CNT1 and CNT2 (Smith et al., 2005). 

 

1.4. Ado receptor 

Extracellular Ado is able to activate specific membrane proteins, Ado receptors 

(AdoRs), to simulate downstream signaling. AdoRs belong to seven-pass 

transmembrane G-protein-coupled receptors. They are divided into four subtypes in 

mammals: A1, A2A, A2B and A3 receptors. Each of them has a different tissue 

distribution and G protein binding preference (Table. 1). The activation of A1 and A3 

results in the inhibition of cAMP formation via coupling to Gαi family of G proteins. 

The activation of A2A and A2B lead to rise the cAMP levels via interacting with Gαs 

family proteins. Increased cAMP could stimulate cAMP-dependent protein kinase, 

protein kinase A (PKA), which can directly activate transcription factor cAMP response 

element-binding protein (CREB) (Antonioli et al., 2015). In addition to the modulation 

of cAMP secondary messenger system via Gs and Gi, AdoRs can also activate Gq 

protein (A2B and A3), phospholipase C (A1, A2B, and A3), protein kinase C (A2B and 

A3), or KATP channel (A3). Furthermore, all the AdoRs can regulate cell differentiation 

and proliferation via activating mitogen-activated protein kinase (MAPK) cascades 
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included extracellular signal-regulated kinase 1 (ERK1), ERK2, Jun-N‑terminal kinase 

(JNK) and p38 (Feoktistov et al., 1999; Schulte and Fredholm, 2003; Trincavelli et al., 

2010). These four AdoR subtypes also show different affinity to the Ado. The A1 has 

the highest affinity to Ado (Ki = 100 nM), and the A3 and A2A have a moderate affinity 

to Ado (Ki= 290, 310 nM, respectively) whereas A2B shows lowest affinity to Ado (Ki 

=15000 nM) (Muller and Jacobson, 2011). A recent study generated a mice lacking all 

four AdoRs [quad knockout (QKO mice)], and the QKO mice showed almost no 

significant physiological changes compared to wild-type mice under normal (non-stress) 

conditions. These results demonstrated that AdoRs signaling is not involved in 

maintaining the physiological homeostasis but is essential for allostatic control (Cunha, 

2019; Xiao et al., 2019).   

  

 

Table 1. Different tissue distributions and properties of four AdoR subtypes in human. 

The table is adapted from Chen et al. (2013). 

 

1.5. Ado signaling in Drosophila melanogaster  

The study of Ado signaling in Drosophila started by the discovery of a new protein 

family, adenosine deaminase-related growth factors (ADGFs). The first member of this 

protein family was purified and cloned in 1996 from the culture medium of the flesh 

fly (Sarcophaga peregrina) embryonic cell line. The gene was named insect-derived 
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growth factor (IDGF) at that time, since it seemed to have a similar function as 

mammalian growth factors (Homma et al., 1996). Afterwards, six ADGF proteins were 

described in Drosophila including ADGF-A, ADGF-A2, ADGF-B, ADGF-C, ADGF-

D, ADGF-E (Zurovec et al., 2002). Sequence similarity searches revealed that ADGFs 

have similar sequence as mammalian ADA2 and suggested that ADGFs may have ADA 

activity (Maier et al., 2005). By regulating extracellular Ado metabolism, the high ADA 

enzymatic activity of ADGF-A plays an important role in mitogenic regulation of the 

cells in vitro. Characterization of growth media of several insect cell lines showed that 

elevated concentration of Ado blocks cell growth and causes apoptosis due to 

dysregulation of purine homeostasis (Zurovec et al., 2002). Drosophila ADGF-A 

mutant fly was generated by homologous recombination in 2003 (Dolezal et al., 2003). 

The ADGF-A mutant has high level of extracellular Ado in the hemolymph, which leads 

to severe physiological effects including melanotic tumor formation, rise of circulating 

hemocytes, fat-body disintegration, and lethality in larval stage (Dolezal et al., 2005). 

This implied that extracellular Ado can regulate multiple physiological processes in 

Drosophila such as hemocyte proliferation and differentiation, metabolic homeostasis, 

and metamorphosis.  

The nucleoside transporters and AdoR have been also identified in Drosophila. 

Three ENTs have been reported by Sankar et al. (2002). Functional characterization of 

ENTs by RNAi in Drosophila Cl.8+ cells indicated that ENT2 is able to transport Ado 

but not ENT1 or ENT3 (Fleischmannova et al., 2012). Moreover, the Ado transport in 

Cl.8+ cells is not competed with other purine or pyrimidine nucleosides such as inosine, 

uridine and guanosine. The expression of ent2 in the mushroom bodies and antennal 

lobes of Drosophila regulates associative learning and synaptic plasticity via changing 

the AdoR activity (Knight et al., 2010). Two CNTs have also been identified in 
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Drosophila and both are able to transport Ado (Fleischmannova et al., 2012), however, 

their exact physiological functions in vivo are still unclarified.  

Drosophila AdoR was first described in 2000; it is encoded by the CG9753 gene 

(Brody and Cravchik, 2000). There is only a single AdoR isoform known in Drosophila. 

It can stimulate the cAMP second messenger system similarly to human A2A and A2B 

and couple to Gαs of the trimeric G protein (and potentially also Gq) (Dolezelova et al., 

2007). AdoR pathway in Drosophila has been reported regulating various physiological 

and pathological processes, including modulation of synaptic plasticity, JNK-mediated 

stress response, hematopoiesis, and metabolic switching upon immune challenges 

(Knight et al., 2010; Bajgar et al., 2015; Poernbacher and Vincent, 2018). 

 

2. Introduction of Huntington’s disease (HD) 

2.1.  Pathophysiology of HD  

HD is an inherited neurodegenerative disorder caused by an abnormal expansion 

of CAG trinucleotide in the human Huntingtin (htt) gene. Prevalence of HD is 4–10 per 

100000 in the Caucasian population, which is much higher than in African or Asian 

people (Walker, 2007; Ross and Tabrizi, 2011). The onset of symptoms is typically in 

the middle age between 35-45 years, and the death usually occurs 15-20 years after the 

onset. Mutant HTT protein (mHTT) contains an extended polyglutamine (polyQ) tract 

encoded by 40 to over 150 CAG repeats, which causes cytotoxicity and leads to 

neurodegeneration; this results in involuntary movement, cognitive impairment and 

psychiatric abnormalities (Vonsattel and DiFiglia, 1998). The major features of HD 

pathogenesis include abnormal conformations of mHTT aggregates, compromised 

protein degradation systems, transcriptional disruption and globally metabolic 

impairment. Apart from protein toxicity, is was also suggested that the mHTT RNA 

might also contribute to HD pathogenesis. The expansion of CAG-repeat RNA forms a 
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hairpin structure, which can sequester various protein and compromise their 

endogenous functions (Nalavade et al., 2013). 

The htt gene is expressed ubiquitously and involved in fundamental cellular 

processes, so the expression of mHTT in non-neuronal cells of the brain or in the 

peripheral tissues may also contribute to the HD symptoms. The peripheral symptoms 

of HD include weight loss, altered carbohydrate homeostasis, cardiac dysfunction and 

abnormal immune reactions have been reported. (Sassone et al., 2009; van der Burg et 

al., 2009).  

 

2.2. Drosophila model of HD 

Drosophila melanogaster has been earlier established as a HD model. In vivo 

experiments have revealed that the ectopic overexpression of mutant human htt (exon 

1 with expanded CAG repeats) in the neural tissue of transgenic flies causes 

neurodegeneration (Steffan et al., 2001; Song et al., 2013). The mechanisms of cellular 

pathology observed in the HD flies seem similar to those in human patients, including 

the suppression of mitochondrial function, transcriptional dysregulation and neuronal 

apoptosis (Taylor et al., 2003; Li et al., 2010). Genetic screening for disease modifiers 

in HD model flies led to the identification of the effects of sumoylation and HSP70 

chaperone machinery on neurodegeneration. The subsequent confirmation that these 

pathways are involved in the pathology of human patients validates the Drosophila 

model for investigating HD (Warrick et al., 1999; Steffan et al., 2004). Furthermore, 

since the tissue-specific expression of transgenes in Drosophila can be easily controlled 

using the UAS-Gal4 system, Drosophila has also been used to study the effects of HD 

on non-neuronal cells, including glial cells, photoreceptors, cardiac cells, and salivary 

glands (Marsh et al., 2000; Tamura et al., 2009; Besson et al., 2010; Weiss et al., 2012; 



11 
 

Melkani et al., 2013).  

 

3. Crosstalk between HD and Ado signaling 

The altered Ado homeostasis has been observed in the cerebrospinal fluid of HD 

patients and mouse HD models (Gianfriddo et al., 2004; Kao et al., 2017). In addition, 

the upregulation of striatal ENTs, which facilitate Ado transport across the cytoplasmic 

membrane, disrupts Ado homeostasis in HD mouse and human patients. Such changes 

were suggested as HD biomarkers for assessing the initial stage of neurodegeneration 

(Guitart et al., 2016; Kao et al., 2017). However, exact underlying mechanisms of Ado 

effects and its association with HD pathogenesis are still not clear. 

Although mHTT is ubiquitously expressed in the central nervous system (CNS) 

and peripheral cells in HD patients, it predominantly affects striatal neurons that contain 

a higher density of A2A and A1 of AdoRs (Blum et al., 2003a). Several studies have 

demonstrated that the altered AdoR signaling, especially the A2A in the striatum, affect 

HD pathogenesis (Gomes et al., 2011; Blum et al., 2018). Both the activation and 

inhibition of A2A by pharmacological treatments have shown benefits in mammalian 

HD models. In R6/2 mice, the beneficial effect of activating A2A is thought to occur 

via the inhibition of AMPK nuclear translocation, which further decreased neuron death, 

and mHTT aggregate formation (Ju et al., 2011). The beneficial effects of antagonizing 

A2A with SCH58261 in R6/2 mice include reduced striatal glutamate and Ado outflow 

as well as restoring emotional behavior and susceptibility to NMDA toxicity 

(Gianfriddo et al., 2004; Domenici et al., 2007). The A1 activation has also been shown 

to have neuroprotective effects; however, the chronic administration of A1 agonists 

increases neuronal loss whereas the chronic administration of A1 antagonists improves 

survival and neuronal preservation (Blum et al., 2003b).  
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4. Aim of my studies 

Although it has been known that Ado homeostasis and signaling are abnormal in 

HD, the underlying mechanisms of Ado effects in HD pathogenesis are still unclear. In 

my first publication, I used the Drosophila HD model to investigate the role of Ado 

signaling in HD pathogenesis and polyQ aggregate formation. 

In addition, it has been suggested that the pathogenic effect of mHTT is not 

restricted to nervous system, and some aberrant immune responses were observed 

earlier in the HD mouse models. However, it is still unclear how this immune 

dysregulation influences the innate immune response against pathogenic infection. 

Thus in my second publication, I tried to address this question by expressing mHTT in 

Drosophila hemocytes and monitoring its effect on innate immune response. 
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Abstract 

Dysregulation of adenosine (Ado) homeostasis has been observed in both rodent 

models and human patients of Huntington’s disease (HD). However, the underlying 

mechanisms of Ado signaling in HD pathogenesis are still unclear. In the present study, 

we used a Drosophila HD model to examine the concentration of extracellular Ado (e-

Ado) as well as the transcription of genes involved in Ado homeostasis and found 

similar alterations. Through candidate RNAi screening, we demonstrated that silencing 

the expression of adenosine receptor (adoR) and equilibrative nucleoside transporter 2 
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(ent2) not only significantly increases the survival of HD flies but also suppresses both 

retinal pigment cell degeneration and the formation of mutant Huntingtin (mHTT) 

aggregates in the brain. We compared the transcription profiles of adoR and ent2 

mutants by microarray analysis and identified a downstream target of AdoR signaling, 

mod(mdg4), which mediates the effects of AdoR on HD pathology in Drosophila. Our 

findings have important implications for the crosstalk between Ado signaling and the 

pathogenic effects of HD, as well as other human diseases associated with 

polyglutamine aggregation. 

 

Introduction 

Adenosine (Ado) is one of the most common neuromodulators in the nervous 

system of vertebrates as well as invertebrates and modulates synaptic transmission 

(Cunha, 2001; Dunwiddie and Masino, 2001). Under normal conditions, the 

extracellular Ado (e-Ado) concentration is in the nanomolar range, which is sufficient 

to modulate the appropriate adenosine receptors (AdoRs) in the brain cells tonically 

(Fredholm, 2007). However, under pathological circumstances the e-Ado level may 

increase up to 100-fold. In these conditions, Ado functions as an imperfect 

neuroprotector; in some cases it may be beneficial and in others may worsen tissue 

damage (Picano and Abbracchio, 2000). Recent experiments with knockout mice for 

all four adoRs demonstrated that Ado signaling is less involved in baseline physiology 

and likely more crucial for its roles as a signal of stress, damage, and/or danger (Xiao 

et al., 2019). It has also been suggested that Ado signaling is mainly engaged when an 

allostatic response is needed (Cunha, 2019). 

Due to its impact on important physiological functions in the brain, e-Ado 

signaling has attracted attention as a possible therapeutic agent in Huntington's disease 
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(HD)(Lee and Chern, 2014), a dominant hereditary neurodegenerative disorder caused 

by a mutation in the Huntingtin gene (htt). Mutated HTT protein (mHTT) contains an 

expanded polyglutamine (polyQ) tract encoded by 40 to more than 150 repeats of CAG 

trinucleotide (Vonsattel and DiFiglia, 1998). Although mHTT is ubiquitously expressed 

in the central nervous system (CNS) and peripheral cells in HD patients, it 

predominantly affects striatal neurons that contain a higher density of adenosine 

receptors A2A (A2AR) and A1 (A1R) (Blum et al., 2003a). Several studies have 

demonstrated that the abnormality of AdoRs activity, especially A2AR in the striatum, 

contributes to HD pathogenesis (Gomes et al., 2011; Blum et al., 2018a). In addition, 

the alteration of adenosine tone and the upregulation of striatal equilibrative nucleoside 

transporters (ENTs), facilitating Ado transport across the cytoplasmic membrane, 

suggest that e-Ado concentration could serve as a HD biomarker for assessing the initial 

stages of neurodegeneration (Guitart et al., 2016; Kao et al., 2017a). However, the 

complexity of the system modulating Ado metabolism and the crosstalk between 

individual AdoRs, as well as their interactions with purinergic (P2) or dopamine 

receptors, impedes the characterization of HD pathophysiology and downstream 

mechanisms of e-Ado signaling (Anderson and Nedergaard, 2006; Tyebji et al., 2015). 

Drosophila expressing human mHTT has previously been demonstrated as a 

suitable model system for studying gene interactions in polyQ pathology, and has been 

used to elicit a number of modifiers for symptoms of HD (Steffan et al., 2001; Lewis 

and Smith, 2016). Drosophila e-Ado signaling is a relatively simple system compared 

to mammals; it contains a single AdoR isoform (cAMP simulation) and lacks P2X 

receptors (Kucerova et al., 2012; Fountain, 2013). Human homologs of the Drosophila 

genes involved in the regulation of Ado homeostasis and AdoR are shown in Fig. S1. 

The lack of adenosine deaminase 1 (ADA1) in Drosophila indicates that adenosine 
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deaminase-related growth factors (ADGFs, related to ADA2), together with adenosine 

kinase (AdenoK), are the major metabolic enzymes converting extra- and intra-cellular 

adenosine to inosine and AMP, respectively (Zurovec et al., 2002; Maier et al., 2005; 

Stenesen et al., 2013). e-Ado signaling in Drosophila is involved in regulating various 

physiological and pathological processes, including modulation of synaptic plasticity, 

JNK-mediated stress response, hematopoiesis, and metabolic switching upon immune 

challenges (Knight et al., 2010; Bajgar et al., 2015; Poernbacher and Vincent, 2018). 

In the present study, we performed a candidate RNAi screen examining the role 

of Ado signaling in a Drosophila HD model. We co-expressed exon 1 with a 

polyglutamine tract of normal human htt Q20 or pathogenic mhtt Q93(Steffan et al., 

2001) together with UAS-RNAi or UAS-overexpression constructs specific for adoR, 

Ado transporters, and Ado metabolic enzymes in Drosophila. We demonstrated that the 

downregulation of adoR and ent2 expression reduces cell death, mortality and the 

formation of mHTT aggregates. In addition, we identified a number of differentially-

expressed genes in response to Ado signaling and showed that mod(mdg4) is a 

downstream target of AdoR that mediates its effect in HD pathogenesis. 

 

Results 

Phenotypes of Drosophila expressing mHTT 

To verify the effect of mHTT expression on D. melanogaster, we used a UAS/GAL4 

system for targeted gene expression. Flies overexpressing normal exon 1 from human 

huntingtin (Q20 HTT), or its mutant pathogenic form (Q93 mHTT), were driven by the 

pan-neuronal driver, elav-GAL4. The results showed that expression of mHTT under 

the elav-GAL4 driver in the Drosophila brain is not lethal during the larval stage (Fig. 

S2A) but reduces both the adult eclosion rate (Fig. S2B) and adult lifespan (Fig. S2C). 
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These results are consistent with previous observations (Song et al., 2013). 

Disturbance of extracellular adenosine (e-Ado) homeostasis in HD larvae 

A recent study of human HD patients reported a reduced concentration of e-Ado 

in the cerebrospinal fluid (Kao et al., 2017b). To determine whether e-Ado levels are 

also altered in HD Drosophila, we compared e-Ado levels in the hemolymph of last-

instar larvae ubiquitously expressing Q20 HTT and Q93 mHTT driven by the 

daughterless-Gal4 driver (da-GAL4). The results showed that the e-Ado concentration 

in the hemolymph of Q93-expressing larvae was significantly lower compared to larvae 

expressing Q20 or control da-GAL4 (Fig. 1A).  

Since e-Ado concentration may be associated with the level of extracellular ATP 

(e-ATP), we also examined its titer in the hemolymph of larvae with the same genotypes 

as the above experiment. As shown in Fig. 1B, there was no significant difference in e-

ATP levels between Q20, Q93, and control da-GAL4 larvae. We thus postulated that the 

lower level of e-Ado in Q93 larvae might be affected by changes in proteins involved 

in Ado metabolism or transportation.  

Altered transcriptions of genes involved in Ado homeostasis in HD Drosophila 

Earlier reports have shown that the expression of several genes involved in Ado 

homeostasis, including Ado receptor, transporters, and genes involved in Ado 

metabolism, are abnormal in human HD patients as well as in HD mice (Martinez-Mir 

et al., 1991; Glass et al., 2000; Mievis et al., 2011). Since homologous proteins have 

also been shown to control Ado homeostasis in flies (Fig. S1), we compared the 

expression of three Drosophila adgf genes (adgf-a, adgf-c, adgf-d), adenosine kinase 

(adenoK), adenosine transporters (ent1, ent2, ent3, cnt2), and adenosine receptor (adoR) 

in the brains of Q93- and Q20-expressing larvae. The results showed that the expression 

of adgf-a and adgf-d, as well as transporters ent1, ent2, and ent3 in the brain of Q93 
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larvae were significantly lower than in Q20 larvae (Fig. 1D). The expression of cnt2 

and adoR showed no difference between Q93 and Q20 larvae. 

In order to assess progressive changes in transcription profiles associated with HD 

pathogenesis, we further examined the expression of genes involved in Ado 

homeostasis in the heads of 5- and 15-day-old adults, roughly corresponding to early- 

and late-stage HD (Fig. S2C). Unlike in the larval stage, the expression of metabolic 

genes adgf-c, adgf-d, and adenoK, and transporter ent1, in five-day-old adults was 

found to be higher in Q93 flies than Q20 flies (Fig. 1E). In addition, 15-day-old Q93 

flies showed higher expression of adgf-d and adenoK (Fig. 1F). Previous studies in 

Drosophila have shown that the downregulation of the transporter ents decreases e-Ado 

concentration (Bajgar et al., 2015; Poernbacher and Vincent, 2018); hence, the reduced 

expression of three ent genes could explain why the e-Ado level is lower in Q93 larvae. 

Moreover, it has also been shown that the expression of adgfs as well as adenoK follows 

the levels of e-Ado upon stress conditions (Zuberova et al., 2010; Bajgar and Dolezal, 

2018), suggesting that the lower expression of adgfs in Q93 larvae and the higher 

expression in Q93 adults might be a consequence of elevated e-Ado concentrations 

resulting from HD pathogenesis. 

Functional characterization of Ado homeostasis and signaling in HD flies 

To understand the effects of alterations in Ado homeostasis on polyQ pathology, 

we used the pan-neuronal driver, elav-GAL4, for RNAi-mediated silencing of the genes 

involved in Ado transport, metabolism, and adoR in Q93-expressing flies and assessed 

their survival and formation of mHTT aggregates. In addition, we also co-expressed 

Q93 with RNAi transgenes in the eyes by using the gmr-GAL4(Mugat et al., 2008; Kuo 

et al., 2013) driver and compared levels of retinal pigment cell degeneration. 

Silencing the transcriptions of Ado metabolic enzymes showed that only the RNAi 
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of adgf-D increased the number of eclosion rate (Fig. 2A). Silencing adgf-A and adenoK, 

but not adgf-D or adgf-C RNAi, extended the adult lifespan of Q93-expressing flies 

(Fig. 2B). To ensure that the mortality of the HD flies was mainly caused by Q93 

expression and not by RNAi constructs, we recorded the survival of flies co-expressing 

normal htt Q20 together with RNAi transgenes until all corresponding experimental 

flies (expressing Q93 together with RNAi constructs) died (Fig. S3A). However, 

silencing adgfs or adenoK only affected survival and did not significantly influence 

mHTT aggregation (Fig. 2C&D) or retinal pigment cell degeneration (Fig. 2E). 

Next, we examined the RNAi silencing of adoR and Ado transporters in Q93 

and control Q20 flies. The results showed that knocking down the expression of adoR 

as well as two transporters, ent1 and ent2, significantly increased the eclosion rate (Fig. 

3A) and adult lifespan (Fig. 3B). The RNAi silencing of ent2 and adoR extended the 

lifespan of HD flies to 30 and 40 days, respectively, which is about 1.5~2 times longer 

than that of HD flies. In contrast, knocking down cnt2 expression did not change the 

viability of HD flies, and knocking down ent3 did not influence the eclosion rate, 

although it increased mortality and shortened the lifespan of adult HD flies. The 

survival of control flies expressing Q20 with individual RNAi constructs are shown in 

Fig. S3B. mHTT aggregation was significantly reduced (to 50%) in adoR RNAi flies 

(Fig. 3C&D), and a similar suppression of mHTT aggregate formation was also 

observed in 20-day-old HD flies (Fig. S4). An examination of eye phenotypes in ent2 

RNAi flies showed a significant reduction in retinal pigment cell death (Fig. 3E), but 

surprisingly we did not observe a significant rescue of cell death by silencing adoR (Fig 

S5). We therefore postulated that it might be due to insufficient RNAi efficiency for 

suppressing AdoR signaling in the eye. To test this, we combined Q93 flies with the 

adoR RNAi transgene under a adoR heterozygote mutant background (AdoR1/+) or with 
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AdoR1 homozygote mutant, and both showed significantly decreased retinal pigment 

cell degeneration similar to ent2–RNAi flies (Fig. 3E).  

To further validate the RNAi results, we studied flies simultaneously expressing 

Q93 and overexpressing ent2, adoR, adgf-A, and adenoK in the brain and assessed the 

adult lifespans. Since silencing these genes extended the lifespan of HD flies (Figs. 

2B&3B), we expected the opposite effect upon overexpression. As shown in Fig. S6A, 

ent2 overexpression significantly increased the mortality of early-stage HD flies; the 

survival of 5-day-old flies dropped to 60% for HD flies in contrast to 90% for Q93 

control flies, and the lifespan of HD flies was significantly shorter than control flies 

expressing either Q93 alone or together with gfp RNAi. Consistently, we co-expressed 

strong and weak adoR overexpressing transgenes with Q93 and both significantly 

increased the mortality and shortened the lifespan of Q93 flies. The effects of shortening 

the lifespan were more severe than with ent2 overexpression. Nevertheless, the increase 

in mortality by adgf-A and adenoK overexpression was not as strong as that caused by 

ent2 and adoR overexpression, although both still showed a significant difference to 

either Q93 control or Q93/gfp RNAi control by weighted log-rank test (Fig. S6B). 

Hence, we concluded that overexpressing the examined genes enhances the effect of 

mHTT, resulting in the increased mortality of HD flies. Our results demonstrate that the 

overexpression and silencing of ent2 or adoR has a stronger influence over HD 

pathology than genes involved in Ado metabolism. 

Interactions of AdoR with ENT1 and ENT2 

In order to investigate whether there is a synergy between the effects of AdoR 

and ENTs, we co-expressed adoR RNAi constructs with ent1 RNAi or ent2 RNAi in 

Q93-expressing flies. As shown in Fig. 4A, the silencing of both ent2 and adoR has the 

same effect as silencing only adoR, indicating that ENT2 and AdoR are in the same 
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pathway. Interestingly, the double knockdown of ent1 and adoR shows a sum of 

individual effects on lifespan which is longer than the knockdown of adoR alone. There 

seems to be a synergy between ENT1 and AdoR suggesting that ENT1 may have its 

own effect, which is partially independent from AdoR signaling. 

Next, we investigated our hypothesis that the source of e-Ado, which 

contributes to AdoR activation in Q93 flies, is mainly intracellular and released out of 

the cells by ENTs. We conducted an epistasis analysis by combining mHTT with adoR 

overexpression and ent1 or ent2 RNAi. The results showed that adoR overexpression 

increased the mortality of Q93 flies while the combination of adoR overexpression with 

either ent1 or ent2 RNAi minimized the increased mortality caused by adoR 

overexpression (Fig. 4B). Notably, Q93 flies expressing ent2 RNAi and overexpressing 

adoR had the longest lifespan in comparison to Q93 control or ent1 RNAi flies. These 

results suggest that AdoR signaling needs functional Ado transportation to carry out its 

effect and thus the Ado efflux from these cells is needed for AdoR activity (Fig. 4C&D). 

The source of e-Ado, which contributes to AdoR activation causing HD pathogenesis, 

seems to be intracellular and it is mainly released out of the cells through ENT2. 

AMPK is not involved in Drosophila HD pathogenesis  

AMP-activated protein kinase (AMPK) is one of the key enzymes maintaining 

energy balance within a cell by adjusting anabolic and catabolic pathways (Aymerich 

et al., 2006); both Ado receptors and transporters have been implicated in its activation 

(Medina-Pulido et al., 2013; Dolinar et al., 2018; Liu et al., 2018; Ruan et al., 2018). 

Activation of AMPK is beneficial at early stages in mammalian HD models (Vazquez-

Manrique et al., 2016); however, in the late stage of the disease it may worsen 

neuropathological and behavioral phenotypes (Ju et al., 2011). 

To find out whether the above-described effects of e-Ado signaling and transport on 
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HD flies are mediated by AMPK, we co-expressed Q93 mHTT with three different 

recombinant forms of AMPK α subunit (Johnson et al., 2010; Swick et al., 2013), 

including wild-type AMPKα [M], a phosphomimetic-activated form of AMPKα 

[T184D], and dominant negative AMPK [DN], and assessed the survival of HD flies. 

The results showed that neither the activation nor the inhibition of AMPK signaling 

influenced the eclosion rate (Fig. S7A) or lifespan (Fig. S7B).  

To further confirm the genetic data related to AMPK activation or inhibition, we 

pharmaceutically inhibited AMPK signaling by feeding the larvae with AMPK inhibitor, 

dorsomorphin (Compound C) (Braco et al., 2012). The results showed that although 

dorsomorphin had an effect on the development of larvae expressing normal Q20 HTT, 

it did not influence the eclosion of Q93-expressing larvae (Fig. S7C). Overall, our 

results show that, unlike in mammalian HD models, AMPK signaling does not play a 

significant role in the pathological manifestations of mHTT in Drosophila.  

Identification of potential downstream targets of the AdoR/ENT2 pathway by 

microarray analysis 

Our above results indicate that ENT2 and AdoR contribute to mHTT pathogenesis 

in HD Drosophila and work in the same pathway. To identify their downstream target 

genes, we compared the expression profiles of larvae carrying mutations in adoR or 

ent2 as well as adult adoR mutants using microarrays (Affymetrix), shown as a Venn 

diagram in Fig. 5A and B. The intersection between each mutant contains differentially 

expressed transcripts in all three data sets, including six upregulated (Fig. 6A) and seven 

downregulated mRNAs (Fig. 5B). Interestingly, according to Flybase 

(http://flybase.org), four of these genes were expressed in the nervous system (ptp99A 

was upregulated, while CG6184, cindr, and mod(mdg4) were downregulated) (Fig. 5C).  

To validate the microarray data, we knocked down adoR expression in the brain and 
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examined the transcription of the four candidate genes expressed in the nervous system 

by qPCR. The results revealed that ptp99A and mod(mdg4) had the same expression 

trends as observed in the microarrays (Fig. 5D). We further examined whether the 

expression of ptp99A and mod(mdg4) are influenced by an increase of e-Ado level. As 

shown in Fig. 6E, Ado microinjection significantly increased mod(mdg4) expression 

and decreased ptp99A expression, confirming that mod(mdg4) is positively regulated 

and ptp99A is negatively regulated by the AdoR/ENT2 pathway. 

Suppression of mod(mdg4) decreased mHTT aggregation and increased survival 

of HD flies   

In order to examine the potential roles of ptp99A, CG6184, cindr, and mod(mdg4) 

genes in HD pathogenesis, we used RNAi to silence them in HD flies. The results 

showed that only the RNAi silencing of mod(mdg4) extended their lifespan. As shown 

in Figure 6A, the survival curve of HD flies with a silenced mod(mdg4) gene was almost 

identical to the curve specific for adoR RNAi HD flies; this effect was stronger than in 

ent2 RNAi HD flies. In addition, mod(mdg4) RNAi significantly decreased the 

formation of mHTT inclusions (Fig. 6B&C) and suppressed retinal pigment cell 

degeneration (Fig. 7D). In contrast to mod(mdg4), RNAi silencing of the other three 

genes did not show any significant effect. 

To further confirm that mod(mdg4) is downstream target of the AdoR pathway and 

regulated by e-Ado signaling, we first checked the expression of mod(mdg4) in larval 

brains and adult heads of HD flies using qPCR. In Q93 larvae, we found that both the 

expression level of mod(mdg4) (Fig. 7A) and the e-Ado level was lower than in Q20-

expressing controls (Fig. 1A). For the 15-day-old (roughly corresponding to late-stage 

HD) Q93 adults, there was no difference in mod(mdg4) expression compared to Q20 

control adults (Fig. 7A). We next examined the epistasis relationship between ent2, 
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adoR, and mod(mdg4) by combining overexpression of ent2 or adoR mod(mdg4) RNAi 

in Q93-expressing flies. The results showed that mod(mdg4) RNAi suppressed the 

lethal effects caused by the overexpression of ent2 and adoR (Fig. 8B). These results 

indicate that mod(mdg4) serves as a downstream target of AdoR signaling involved in 

the process of mHTT inclusion formation and other pathogenic effects (Fig. 7C). 

The mod(mdg4) locus of Drosophila contains several transcription units encoded 

on both DNA strands producing 31 splicing isoforms (Yu et al., 2014). As shown in Fig. 

5B, two of the mod(mdg4)-specific microarray probes which target 11 mod(mdg4) 

splicing isoforms (Tab. S2) were downregulated in all three datasets. We performed 

splice form-specific qPCR analysis and found that adoR RNAi silencing leads to the 

downregulation of multiple mod(mdg4) isoforms (Fig. 7D), suggesting that AdoR 

signaling regulates multiple isoforms. 

 

Discussion 

Considerable dysregulation of Ado homeostasis has been observed in HD 

human patients and mice, but the mechanisms of such changes related to HD 

pathogenesis still need to be characterized (Blum et al., 2018b). The present study 

examined the e-Ado titer in the hemolymph of HD Drosophila larvae and found that it 

is lower in Q93-expressing larvae (Fig. 1). Although we did not measure the e-Ado titer 

in adult flies (due to a problem in acquiring a sufficient amount of hemolymph), the 

dynamic changes in expression levels of genes involved in Ado homeostasis (Fig. 1D-

E), as well as the AdoR-regulated gene, mod(mdg4) (Fig. 8A), indicated that e-Ado titer 

and AdoR activity are variable in different stages of HD. Such dynamic changes of e-

Ado homeostasis have also been observed in rodent HD models, whereby striatal 

adenosine tone is lower during the early stage of the disease and increased during the 
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later stages (Gianfriddo et al., 2004; Guitart et al., 2016).  

Both the activation and inhibition of A2AR by pharmacological treatments have 

shown benefits in mammalian HD models. In R6/2 mice, the beneficial effect of 

activating A2AR is thought to occur via the inhibition of AMPK nuclear translocation 

(which contributes to HD pathogenesis including brain atrophy, neuron death, and 

increased mHTT aggregates formation) (Ju et al., 2011). Beneficial effects by 

antagonizing A2AR with SCH58261 in R6/2 mice include reduced striatal glutamate and 

adenosine outflow as well as restoring emotional behavior and susceptibility to NMDA 

toxicity (Gianfriddo et al., 2004; Domenici et al., 2007). A1R activation has also been 

shown to have neuroprotective effects; however, the chronic administration of A1R 

agonists (leading to a desensitisation of A1 receptors) increases neuronal loss whereas 

the chronic administration of A1R antagonists (inducing an upregulation of A1 receptors) 

improves survival and neuronal preservation in the same model (Blum et al., 2003b). 

Our results show that the genetic depletion of AdoR has beneficial effects on HD flies, 

while the activation of AdoR contributes to mHTT pathogenesis and aggregates 

formation.  

We observed a non-additive interaction between AdoR and ENT2 characteristic 

for epistasis relationship (Fig. 4B), indicating that ENT2 is required for the 

transportation of Ado from the intra- to extracellular environment which activates AdoR 

and, in turn, enhances the effects of mHTT. Our previous report showed that both ENT2 

and AdoR participate in modulating synaptic transmission, and that both adoR and ent2 

mutations cause defects in associative learning in Drosophila (Knight et al., 2010). 

Consistently, both the inhibition of Ado release by the knockdown of ent2 in hemocytes 

and the mutation of adoR suppress metabolic reprogramming and hemocyte 

differentiation upon immune challenges (Bajgar et al., 2015). Furthermore, another 
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report showed that the disruption of epithelial integrity by Scribbled (Scrib) RNAi 

stimulates Ado release through ENT2, subsequently activating AdoR that, in turn, 

upregulates tumor necrosis factor (TNF) production which activates JNK signaling 

(Poernbacher and Vincent, 2018). Interestingly, while the effects of ent2 and adoR 

RNAi in HD flies were found to completely overlap, ent1 RNAi showed a synergistic 

effect, suggesting potential AdoR-independent mechanisms (Fig. 4A). These results 

correspond to our previous report showing that Drosophila ENT1 has lower specificity 

for Ado transportation in comparison to ENT2 (Fleischmannova et al., 2012). The 

altered expression of ent1, as well as the RNAi effect in HD flies, might be associated 

with the disturbance of nucleotide homeostasis, similar to that observed in R6/2 and 

HdhQ150 mice (Toczek et al., 2016). 

We identified a downstream target of the AdoR pathway, mod(mdg4), which 

contributes to the effects of mHTT in the Drosophila HD model. The mod(mdg4) gene 

has previously been implicated in the regulation of position effect variegation, 

chromatin structure, and neurodevelopment (Dorn and Krauss, 2003). The altered 

expression of mod(mdg4) has also been observed in flies expressing untranslated RNA 

containing CAG and CUG repeats (Mutsuddi et al., 2004; van Eyk et al., 2011). In 

addition, mod(mdg4) has complex splicing, including trans-splicing, producing at least 

31 isoforms (Krauss and Dorn, 2004). All isoforms contain a common N-terminal 

BTB/POZ domain which mediates the formation of homomeric, heteromeric, and 

oligomeric protein complexes (Bardwell and Treisman, 1994; Albagli et al., 1995; 

Espinas et al., 1999). Among these isoforms, only two [including mod(mdg4)-56.3 

(isoform H) and mod(mdg4)-67.2 (isoform T)] have been functionally characterized. 

Mod(mdg4)-56.3 is required during meiosis for maintaining the chromosome pairing 

and segregation in males (Thomas et al., 2005; Soltani-Bejnood et al., 2007). 
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Mod(mdg4)-67.2 interacts with Suppressor of hairy wing [Su(Hw)] and Centrosomal 

protein 190 kD (CP190) forming a chromatin insulator complex which inhibits the 

action of the enhancer on the promoter, and is important for early embryo development 

and oogenesis (Buchner et al., 2000; Soshnev et al., 2013; Melnikova et al., 2018). 

Although our results showed that silencing all mod(mdg4) isoforms decreases the 

effects of mHTT (Fig. 6), we could not clarify which of the isoforms is specifically 

involved in HD pathogenesis because AdoR signaling regulates multiple isoforms (Fig. 

7D). Interestingly, an earlier report on protein two-hybrid screening indicated that 

Mod(mdg4) interacts with six Hsp70 family proteins (Giot et al., 2003; Oughtred et al., 

2019), and Hsp70 proteins are known for their contribution to the suppression of polyQ 

aggregates formation and neurodegeneration (Warrick et al., 1999; Chan et al., 2000). 

Further study will be needed to identify the specific mod(mdg4) isoform involved in 

HD pathogenesis, and whether a decrease in mHTT aggregates by mod(mdg4) RNAi 

is connected to Hsp70 interaction.  

In summary, we observed an alteration in the e-Ado concentration and expression 

of genes involved in Ado homeostasis in a Drosophila HD model. By candidate RNAi 

screening, we demonstrated that the silencing of ent2 and adoR increases the survival 

of HD flies in addition to suppressing retinal cell degeneration and mHTT aggregate 

formation. We also showed that the activation of e-Ado signaling enhances the effects 

of mHTT. Furthermore, we found that mod(mdg4) is a downstream target of the AdoR 

pathway and plays a major role in the pathogenesis of HD flies. Our work enhances our 

understanding of e-Ado signaling in HD pathogenesis and may open up new 

opportunities for HD pharmacological intervention. 
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Figures 

 

Figure 1. Alteration of adenosine homeostasis in the Drosophila HD model. (A-B) The 

measurements of extracellular adenosine levels (A) and extracellular ATP levels (B) in 
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Q93-expressing (da>Q93), Q20-expressing (da>Q20) and control da-GAL4 (da/+) 

larvae. Six independent replicates were measured. Significance was analyzed by 

ANOVA with Tukey’s HSD post-hoc test; significant differences (P < 0.05) among 

treatment groups are marked with different letters. (C) Diagram showing the interaction 

of adenosine metabolic enzymes, transporters, and receptors in Drosophila. (D-F) 

Expression profiles of genes involved in adenosine metabolism (green) and adenosine 

transportation (blue) as well as adenosine receptors (orange) at different stages in HD 

Drosophila brains (larvae) or heads (adults). The expression of Q20 and Q93 were 

driven by the pan-neuronal driver (elav-GAL4). Three independent replicates were 

measured. The significances of results were examined using Student’s t-test: *P < 0.05, 

**P < 0.01, ***P < 0.001; N.S., not significant. All data are presented as mean ± SEM 

 

 

 

 

 

 

 

 

 

 



36 
 

 

 

Figure 2. RNAi-mediated (Ri) downregulation of adenosine metabolic genes in HD 
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Drosophila. Co-expression Q93 with each RNAi transgenes were driven by the pan-

neuronal driver, elav-GAL4 (A-D), or eye driver, gmr-GAL4 (E). The adult eclosion 

rate (A), adult lifespan (B), mHTT aggregate levels (C-D), and retinal pigment cell 

degeneration (E) were compared. † Eye image of homozygous adoR1 mutant without 

htt expression. At least five independent replicates were measured for eclosion rate. 

Detailed methodologies of the lifespan assay, eye imaging, and quantification of mHTT 

aggregates are described in Materials and methods. Significance values of the eclosion 

rate (A) and mHTT aggregates levels (D) were analyzed by ANOVA with Tukey’s HSD 

post-hoc test; significant differences (P < 0.05) among treatment groups are marked 

with different letters. Significance values for the adult lifespan curve (B) were analyzed 

by a weighted log-rank test, and significant differences between control gfp-Ri flies 

with each RNAi group are labeled as follows: *P < 0.05; N.S., not significant. Error 

bars are presented as mean ± SEM 
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Figure 3. RNAi-mediated (Ri) downregulation of adenosine transporters and adenosine 

receptor (adoR) in HD Drosophila. Co-expression of Q93 with each RNAi transgene 
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was driven by the pan-neuronal driver, elav-GAL4 (A-D), or eye driver, gmr-GAL4 (E). 

The adult eclosion rate (A), adult lifespan (B), mHTT aggregate levels (C-D), and 

retinal pigment cell degeneration (E) were compared. At least five independent 

replicates were measured for eclosion rate. Detailed methodologies of the lifespan assay, 

eye imaging, and quantification of mHTT aggregates are described in Materials and 

methods. Significance values for eclosion rate (A) and mHTT aggregates levels (D) 

were analyzed by ANOVA with Tukey’s HSD post-hoc test; significant differences (P 

< 0.05) among treatment groups are marked with different letters. Significance values 

for the adult lifespan curve (B) were analyzed by a weighted log-rank test; significant 

differences comparing control gfp-Ri with each RNAi group are labeled as follows: *P 

< 0.05; N.S., not significant. Error bar are presented as mean ± SEM 
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Figure 4. Interactions of AdoR and ENTs in HD Drosophila. (A) Co-expression of 

adoR RNAi with ent1 or ent2 RNAi in HD flies. (B) Co-expression of adoR 

overexpressing construct (Ox-adoR) with ent1 or ent2 RNAi transgenes in HD flies. 

Significance values of the adult lifespan curve were analyzed by a weighted log-rank 

test; different letters indicate significant differences (P < 0.05) among treatment groups. 

(C-D) Diagrams showing the action of Ado in mHTT pathogenesis 
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Figure 5. Identification of potential downstream targets of AdoR by microarray 
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analysis. (A-B) Venn diagram showing the number of common genes (in intersect 

region) which are upregulated (A) or downregulated (B) among the adoR mutant larvae 

vs. control (w1118), adoR mutant adults vs. control (w1118), and ent2 mutant larvae vs. 

control (w1118). The cutoff values for expression differences were set at Q < 0.05 (false 

discovery rate, FDR). (C) The intersection between the three datasets; tissue 

localization of each gene expression was obtained from Flybase (http://flybase.org/). 

Tissue abbreviations: midgut (MG), hindgut (HG), Malpighian tubule (MT), imaginal 

disc (ID), integument (I), sensory system (SS), nervous system (NS), trachea (T), testis 

(tes), nonspecific expression (non-spec) (D) qPCR confirmed the potential AdoR-

regulated genes expressed in the nervous system. Expression of adoR RNAi transgenes 

(adoR-Ri) was driven by the pan-neuronal driver (elav>adoR-Ri), and control flies 

contained elav-GAL4 (elav/+) only. (E) Enhancing extracellular adenosine signaling by 

adenosine injection and qPCR examination demonstrated that mod(mdg4) is positively- 

and ptp99A is negatively-regulated by adenosine signaling. Three independent 

replicates were measured in qPCR experiments. The qPCR primers of mod(mdg4) were 

selected to target the common 5′ exon shared in all of the isoforms. Student’s t-test was 

used to examine the significance of qPCR results: *P < 0.05, **P < 0.01, ***P < 0.001; 

N.S., not significant. Error bars are presented as averages ± SEM 
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Figure 6. RNAi-mediated (Ri) downregulation of potential downstream targets of 
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AdoR signaling in HD Drosophila. Co-expression of Q93 with each RNAi transgene, 

including ptp99A, CG6184, cindr, and mod(mdg4), were driven by the pan-neuronal 

driver, elav-GAL4 (A-B), or the eye driver, gmr-GAL4 (D). The adult lifespan (A), 

mHTT aggregate levels (B-C), and retinal pigment cell degeneration (D) were 

compared. A detailed methodology of the lifespan assay, eye imaging, and 

quantification of mHTT aggregates are described in Materials and methods. 

Significance values of the adult lifespan curve (A) were analyzed by a weighted log-

rank test, and different letters indicate significant differences (P < 0.05) among 

treatment groups. Significance values of mHTT aggregate levels (C) were analyzed by 

ANOVA with Tukey’s HSD post-hoc test; significant differences (P < 0.05) among 

treatment groups are marked with different letters. Error bars are presented as mean ± 

SEM 
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Figure 7. mod(mdg4) as a AdoR-regulated gene contributes to HD pathogenesis. (A) 

qPCR analysis of the expression of mod(mdg4) in the larval brain and 15-day-old adult 

heads of Q20- and Q93-expressing flies. The qPCR primers of mod(mdg4) targeted the 

common 5′ exon shared by all isoforms. (B) Epistasis analysis showed that ent2 (Ox-

ent2) and adoR overexpression (Ox-adoR) with mod(mdg4) RNAi transgenes in HD 
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flies decreased the mortality effect caused by ent2 and adoR overexpression. This 

suggests that mod(mdg4) is downstream of the AdoR pathway (C). qPCR identified 

potential mod(mdg4) isoforms regulated by the AdoR pathway. adoR RNAi transgene 

(adoR-Ri) expression was driven by the pan-neuronal driver (elav>adoR-Ri); control 

flies contained only elav-GAL4 (elav/+). Mod_all indicates that the primers targeted all 

mod(mdg4) isoforms. Isoforms L and G do not have their own unique exonal region, 

therefore it is possible for the qPCR primers to target two isoforms simultaneously 

(presented as RG&RG and RL&RK). qPCR result significance was examined using 

Student’s t-test: *P < 0.05, **P < 0.01, ***P < 0.001; N.S., not significant. Significance 

values for the adult lifespan curve (A) were analyzed by weighted log-rank test, and 

different letters indicate significant differences (P < 0.05) among treatment groups. 

Error bars are presented as mean ± SEM 
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Figure S1. Drosophila genes involved in adenosine metabolism, transportation, and 

GPCR signaling and their orthologs in humans. The orthology analysis is derived from 

Flybase (http://flybase.org/) 
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Figure S2. Assessment of the effects of mHTT in Drosophila development and adult 

lifespan. Flies expressing normal HTT (Q20) and mHTT (Q93) were driven by the pan-

neuron driver (elav-GAL4), and the larval pupariation rate (A), adult eclosion rate (B), 

and adult survival (C) were recorded. At least five independent replicates were 

measured. The significance of results was examined using Student’s t-test: ***P < 

0.001; N.S., not significant. Error bars are presented as mean ± SEM  
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Figure S3. Co-expression of normal Q20 HTT with RNAi of adgf-A, adgf-C, adgf-D, 

adenoK (A) and ent1, ent2, ent3, cnt2, and adoR (B) driven by the pan-neuronal driver 

(elav-GAL4). The number of dead flies was recorded until all corresponding 

experimental flies (expressing Q93 together with RNAi constructs) had died 
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Figure S4. AdoR RNAi suppressed mHTT aggregates formation in the brains of 20-

day-old flies 
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Figure S5. Co-expression of Q93 with adoR RNAi did not significantly rescue retinal 

pigment cell degeneration 
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Figure S6. (A) Co-expression of Q93 with each overexpression (Ox) of transgenes was 

driven by the pan-neuronal driver (elav-GAL4); adult survival curves were compared. 

Ox-adoR(w) indicates the weak adoR overexpression transgene and Ox-adoR(s) 

indicates the strong adoR overexpression transgene. (B) Statistical analysis using a 

weighted log-rank test for (A) 

A 

B 
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Figure S7. AMPK activity does not influence the survival of HD Drosophila. Co-

expression of Q93 with overexpression of wild-type AMPKα [M], phosphomimetic-

activated form of AMPKα [T184D], and dominant negative AMPK [DN] were driven 

by the pan-neuronal driver (elav-GAL4); the adult eclosion rate (A) and survival curve 

(B) were compared. (C) Q20- and Q93-expressing larvae were fed with AMPK inhibitor, 

dorsomorphin, or control DMSO, and the adult eclosion rates were assessed. 

Significance values of (A) and (C) were analyzed by ANOVA with Tukey’s HSD post-
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hoc test; significant differences (P < 0.05) among treatment groups are marked with 

different letters. Significance values of the adult lifespan curve (B) were analyzed by a 

weighted log-rank test; significant differences between control Q93 flies with each 

overexpression group are labeled as N.S., not significant. Error bars are presented as 

mean ± SEM 

 

 

Table S1. List of qPCR primers used in the present study  

genes left 5'-3' right 5'-3'

adgf-a AGGCTCATCCAGATTTCATT CGGGTACTTTTCCTTTATTTGTT

adgf-c TGTACACAGAGATTCGGACCAG TAGACGGCCATAATGACTTTGA

adgf-d CTGACCACCACCAATAATCTGTA AGCGCTCCCAAATCTTCTT

adenoK GAGGATCGGTACGCCAATATCT AGGAAGAAGCCCGAAATGTAGT

ent1 TCCCTGCGCACCAAGAT ATAAACTCGGAGGGAAATAGACG

ent2 AAGGGATCAACGTCGGTGT AATAGGACTTGGCCGTGATG

ent3 CATCGCTCTGGGCATCAC CCACCGTCAGACCAACATTAT

cnt2 CTTTGCCAATCCCAGTTCC TAGTTCGCCCGCTCGTC

AdoR TTTTGCCACCATTATCACTCC AGGCGGGGTTCATCGTA

mod(mdg4) CAAGATGTTCACTCAGATGC CCGAGTGGCTGACGTTGTTC

cindr ATGACCACAACGAACTCAAGC CTACTGCTCCCGGTCTTCT

ptp99A GGGAAGTGCCCGTTAAGATCG CTGAATCCAATGTCCCCGTC

CG6184 CCCAGATCAGTGTCCAGAAGC ATCGCCATTCAGATCAGCCG

mod(mdg4)_RO CCACAGTCGCAAGAGCAATA GCGGCTGGTGGTTATGTAGT

mod(mdg4)_RI CATAAAGGAGGAGGGTGACG TCTCGATTCATTGCAGGTTG

mod(mdg4)_RT TTCAGTGCTGCTACCGTGAG GCGACAGCGAGGATATGACT

mod(mdg4)_RAA CGCTGCTCCATGTACAAAAA CGAGCACTCTGGGAACAAAT

mod(mdg4)_RN GACAGAAGAGGCCAAGCATC CCTTCCGTGGTTCGAGATAA

mod(mdg4)_RH CACAAGTGATAAGACACTCCCAAG CGTTTTGGAAGAGCAGCAC

mod(mdg4)_RG+RH CCGCCTCTCGTACTTATTGG TGATGATTCGCTCCTGTGAG

mod(mdg4)_RB CGTAAAACCCGATCAACACC GTAACGATGCTCCCCACAGT

mod(mdg4)_RJ CAAGACCTCGGGATTGAAAA TAGGGCGGATGGTTATGTTG

mod(mdg4)_RL+RK CCATTGCTTGACCAGGAACT CGGATTCGGCCTATGACTAC

mod(mdg4)_RP CATGCTCAAGCAACACACCT GCTGTTCAGGATGGTGAGTG

mod(mdg4)_RK CAAGCGTTTGAACGAGAACA GGATGATTGTGGGCATTCTT
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Materials and methods 

Fly stocks  

Flies were reared at 25 °C on standard cornmeal medium. The following RNAi lines 

were acquired from the TRiP collection (Transgenic RNAi project) at Harvard Medical 

School: adgfA-Ri (BL67233), adgfC-Ri (BL42915), adgfD-Ri (BL56980), adenoK-Ri 

(BL64491), ent1-Ri (BL51055), adoR-Ri (BL27536), gfp-Ri (BL41552), mod(mdg4)-

Ri (BL32995), cindr-Ri (BL38976), and ptp99A-Ri (BL57299). The following RNAi 

lines were acquired from the Vienna Drosophila RNAi Center (VDRC): ent2-Ri 

(ID100464), ent3-Ri (ID47536), cnt2-Ri (ID37161), and cg6184-Ri (ID107150). The 

following lines were provided by the Bloomington Drosophila Stock Center: UAS-

AMPKαT184D (BL32110), UAS-AMPKαM (BL32108), UAS-AMPKαDN (AMPKαK57A, 

BL32112), and elavC155-GAL4 (BL458). 

Flies overexpressing human normal huntingtin (HTT) exon 1, Q20Httexon1111F1L or 

mutant pathogenic fragments (mHTT), Q93Httexon14F132 were obtained from Prof. 

Lawrence Marsh (UC Irvine, USA) (Steffan et al., 2001). The UAS-overexpression 

lines, Ox-adenoK and Ox-adoR (s), were obtained from Dr. Ingrid Poernbacher (The 

Francis Crick Institute, UK) (Poernbacher and Vincent, 2018). gmr-GAL4 was obtained 

from Dr. Marek Jindra (Biology Centre CAS, Czechia). da-GAL4 was obtained from 

Dr. Ulrich Theopold (Stockholm University). The UAS overexpression strains Ox-

adgfA, Ox-ent2, and Ox-adoR (w), as well as adoR1 and ent23 mutant flies, were 

generated in our previous studies (Dolezal et al., 2003; Dolezal et al., 2005; Dolezelova 

et al., 2007; Knight et al., 2010).  

 

Eclosion rate and adult lifespan assay 

For assessing the eclosion rate, male flies containing the desired RNAi or 
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overexpression transgene (RiOx) in the second chromosome with genotype w1118/Y; 

RiOx /CyO; UAS-Q93/MKRS were crossed with females of elav-GAL4; +/+; +/+. The 

ratio of eclosed adults between elav-GAL4/+; RiOx/+; UAS-Q93/+ and elav-GAL4/+; 

RiOx/+; +/MKRS was then calculated. If the desired RiOx transgene was in the third 

chromosome, female flies containing elav-GAL4; +/+; RiOx were crossed with male 

w1118/Y; +/+; UAS-Q93/MKRS, and the ratio of eclosed adults between elav-GAL4; +/+; 

RiOx/UAS-Q93 and elav-GAL4; +/+; RiOx/MKRS was calculated.  

For the adult lifespan assay, up to 30 newly emerged female adults were placed in each 

cornmeal vial and maintained at 25 °C. At least 200 flies of each genotype were tested, 

and the number of dead flies was counted every day. Flies co-expressing RiOx and Q20 

were used for evaluating the effect of RNAi or overexpression of the desired transgenes 

(Fig. S3A&B). 

 

Extracellular adenosine and ATP level measurements 

To collect the hemolymph, six third instar larvae (96 hours post-oviposition) were torn 

in 150 µl of 1× PBS containing thiourea (0.1 mg/ml) to prevent melanization. The 

samples were then centrifuged at 5000× g for 5 min to separate the hemocytes and the 

supernatant was collected for measuring the extracellular adenosine or ATP level. For 

measuring the adenosine titer, 10 µl of hemolymph was mixed with reagents of an 

adenosine assay kit (Biovision) following the manufacturer’s instructions. The 

fluorescent intensity was then quantified (Ex/Em = 533/ 587 nm) using a microplate 

reader (BioTek Synergy 4). For measuring the ATP level, 10 µl of hemolymph was 

incubated with 50 µl of CellTiter-Glo reagent (Promega) for 10 min. Then, the 

luminescent intensity was quantified using an Orion II microplate luminometer 

(Berthold). To calibrate the standard curve of ATP concentration, 25 μM ATP standard 
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solution (Epicentre) was used for preparing a concentration gradient (0, 2, 4, 6, 8, 10 

μM) of ATP solution and the luminescent intensity was measured for each concentration. 

The protein concentration of the hemolymph sample was determined by A280 

absorbance using a NanoDrop 2000 spectrophotometer (Thermo Fisher). The adenosine 

and ATP concentrations were first normalized to protein concentration. Then, the values 

of Q20 and Q93 samples were normalized to values of the GAL4 control sample. Six 

independent replicates for each genotype were performed for the analysis of adenosine 

and ATP levels. 

 

RNA extraction 

The brains from 10 third-instar larvae (96 hours post-oviposition), heads from 30 

female adults (5 days or 15 days old) or 15 whole female flies were collected. The 

samples were first homogenized in RiboZol (VWR) and the RNA phase was separated 

by chloroform. For brain or head samples, the RNA was precipitated by isopropanol, 

washed in 75% ethanol and dissolved in nuclease-free water. For whole fly samples, 

the RNA phase was purified using NucleoSpin RNA columns (Macherey-Nagel) 

following the manufacturer’s instructions. All purified RNA samples were treated with 

DNase to prevent genomic DNA contamination. cDNA was synthesized from 2 µg of 

total RNA using a RevertAid H Minus First Strand cDNA Synthesis Kit (Thermo Fisher 

Scientific). 

   

Adenosine injection  

Three- to five-day-old female adults were injected with 50 nl of 10 mM adenosine using 

a NANOJECT II (Drummond Scientific); control flies were injected with 50 nl of 1× 

PBS. Two hours post-injection, 15 injected flies for each replicate were collected for 
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RNA extraction. 

 

Microarray analysis  

The Affymetrix GeneChip® Drosophila genome 2.0 array system was used for 

microarray analysis following the standard protocol: 100 ng of RNA was amplified with 

a GeneChip 3′ express kit (Affymetrix), and 10 μg of labeled cRNA was hybridized to 

the chip according to the manufacturer’s instructions. Statistical analysis of array data 

was described previously in our studies (Arefin et al., 2014; Kucerova et al., 2016). 

Storey’s q value (false discovery rate, FDR) was used to select significantly 

differentially transcribed genes (q < 0.05).  

 

qPCR and primers 

 

5× HOT FIREPol® EvaGreen® qPCR Mix Plus with ROX (Solis Biodyne) and an Eco 

Real-Time PCR System (Illumina) were used for qPCR. Each reaction contained 4 μl 

of EvaGreen qPCR mix, 0.5 μl each of forward and reverse primers (10 μM), 5 μl of 

diluted cDNA and ddH2O to adjust the total volume to 20 μl. The list of primers is 

shown in Table S1. The expression level was calculated using the 2-∆∆Ct method. The ct 

values of target genes were normalized to reference gene, ribosomal protein 49 (rp49). 

 

Imaging of retinal pigment cell degeneration 

Twenty- and thirty-day-old female adults were collected and their eye depigmentation 

phenotypes were recorded. At least 30 individuals for each genotype were examined 

under a microscope, and at least five representative individuals were chosen for imaging. 

Pictures were taken with an EOS 550D camera (Canon) mounted on a SteREO 

Discovery V8 microscope (Zeiss).  
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Immunostaining 

Brains dissected from 10- or 20-day-old adult females were used for immunostaining. 

The brains were fixed in 4% PFA, permeabilized with PBST (0.1% Triton X-100), 

blocked in PAT (PBS, 0.1% Triton X-100, 1% BSA) and stained with antibodies in PBT 

(PBS, 0.3% Triton X-100, 0.1% BSA). Primary antibodies used in this study were 

mouse anti-HTT, MW8 which specifically binds to mHTT aggregates (1:40, DSHB), 

and rat anti-Elav (1:40, DSHB) which is a pan-neuronal antibody. Secondary antibodies 

were Alexa Fluor 488 anti-mouse and Alexa Fluor 647 anti-rat (1:200, Invitrogen). The 

samples were mounted in Fluoromount-G (Thermo Fisher) overnight, prior to image 

examination. 

 

Quantification of mHTT aggregates  

Images of aggregates were taken using a Flowview 100 confocal microscope 

(Olympus). The intensity of mHTT aggregates detected by anti-HTT antibody (MW8) 

or anti-Elav were quantified using ImageJ software. The level of mHTT aggregates was 

quantified by normalizing the mHTT aggregates intensity to Elav intensity. At least six 

brain images from each genotype were analyzed.  

 

AMPK inhibitor (dorsomorphin) feeding 

Thirty first instar of Q20- or Q93-exexpressing larvae were collected for each replicate 

24 hours after egg laying. Larvae were transferred to fresh vials with 0.5 g instant 

Drosophila medium (Formula 4–24, Carolina Biological Supply, Burlington, NC) 

supplemented with 2 mL distilled water containing either dorsomorphin (100 μM) or 

DMSO (1%). Total number of emerging adults were counted. 

 

Statistical analysis 
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Error bars show standard error of the mean throughout this paper. Significance was 

established using Student’s t-test (N.S., not significant; * P < 0.05, ** P < 0.01, *** P 

< 0.001) or one-way ANOVA analysis with Tukey’s HSD post-hoc test. For the 

statistical analysis of survival curves, we used the online tool OASIS 2 to perform a 

weighted log-rank test (Wilcoxon-Breslow-Gehan test) for determining significance 

(Han et al., 2016).  
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Abstract 

The pathogenic effect of mutant HTT (mHTT) which causes Huntington disease (HD) 

are not restricted to nervous system. Such phenotypes include aberrant immune 

responses observed in the HD models. However, it is still unclear how this immune 

dysregulation influences the innate immune response against pathogenic infection. In 

the present study, we used transgenic Drosophila melanogaster expressing mutant HTT 

protein (mHTT) with hemocyte-specific drivers and examined the immune responses 
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and hemocyte function. We found that mHTT expression in the hemocytes did not affect 

fly viability, but the numbers of circulating hemocytes were significantly decreased. 

Consequently, we observed that the expression of mHTT in the hemocytes 

compromised the immune responses including clot formation and encapsulation which 

lead to the increased susceptibility to entomopathogenic nematode and parasitoid wasp 

infections. In addition, mHTT expression in Drosophila macrophage-like S2 cells in 

vitro reduced ATP levels, phagocytic activity and the induction of antimicrobial 

peptides. Further effects observed in mHTT-expressing cells included the altered 

production of cytokines and activation of JAK/STAT signaling. The present study 

shows that the expression of mHTT in Drosophila hemocytes causes deficient cellular 

and humoral immune responses against invading pathogens. Our findings provide the 

insight into the pathogenic effects of mHTT in the immune cells. 

 

Introduction 

Huntington’s disease (HD) is an inherited neurodegenerative disorder caused by 

an abnormal expansion of CAG trinucleotide in the Huntingtin (htt) gene. Mutant HTT 

protein (mHTT) contains an extended polyglutamine tract encoded by 40 to over 150 

CAG repeats, which causes cytotoxicity and leads to neurodegeneration; this results in 

involuntary movement, cognitive impairment and psychiatric abnormalities (Vonsattel 

and DiFiglia, 1998). Although many clinical symptoms of HD are related to neuronal 

dysfunction, emerging evidence indicates that the expression of mHTT in non-neuronal 

cells of the brain or in the peripheral tissues also contributes to the pathogenesis of HD 

(Sassone et al., 2009). Abnormal phenotypic effects caused by the dysfunction of non-

neuronal cells have been described in cardiac cells, muscles, the endocrine system, 

adipose tissue, testes and immune cells of HD patients and also in mouse HD models 
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(Sathasivam et al., 1999; Sassone et al., 2009).  

Abnormalities related to the immune system were observed in a number of studies 

of HD patients (Leblhuber et al., 1998). The expression of mHTT in both brain and 

peripheral immune cells (microglial and myeloid cells) induces the NF-ĸB signaling 

pathway which elevates levels of pro-inflammatory cytokines and chemokines, leading 

to systemic inflammation (Andre et al., 2016). In addition, macrophages isolated from 

HD model mice exhibited migration deficits, and microglia showed a delayed response 

to laser-induced injury in the brain (Kwan et al., 2012). Although several studies 

proposed that the immune cell response is impaired in HD, this phenomenon is still 

poorly characterized in relation to host responses to pathogens. One recent study 

reported increased proliferation of a parasite, Toxoplasma gondii, in HD model mice, 

causing premature mortality and thus suggesting that expression of mHTT in immune 

cells may suppress immune responses (Donley et al., 2016). 

Drosophila melanogaster has been long-term established as a HD model. In vivo 

experiments have revealed that the ectopic overexpression of mutant human htt (exon 

1 with expanded CAG repeats) in the neural tissue of transgenic flies causes 

neurodegeneration (Steffan et al., 2001; Song et al., 2013). The mechanisms of cellular 

pathology observed in the HD flies seem similar to those in human patients, including 

the suppression of mitochondrial function, transcriptional dysregulation and neuronal 

apoptosis (Taylor et al., 2003; Li et al., 2010). Genetic screening for disease modifiers 

in HD model flies led to the identification of the effects of sumoylation and HSP70 

chaperone machinery on neurodegeneration. The subsequent confirmation that these 

pathways are involved in the pathology of human patients validates the Drosophila 

model for investigating HD (Warrick et al., 1999; Steffan et al., 2004). Furthermore, 

since the tissue-specific expression of transgenes in Drosophila can be easily controlled 
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using the UAS-Gal4 system, Drosophila have also been used to study the effects of HD 

on non-neuronal cells, including glial cells, photoreceptors, cardiac cells, and salivary 

glands (Marsh et al., 2000; Tamura et al., 2009; Besson et al., 2010; Weiss et al., 2012; 

Melkani et al., 2013).  

The present study aimed to survey the physiological impact of mHTT expression 

in Drosophila hemocytes. We used the Drosophila UAS-Gal4 system to express mHTT 

with hemocyte-specific drivers and investigated the effect of mHTT on survival, 

hemocyte development, and susceptibility to pathogens. We also expressed mHTT in a 

Drosophila macrophage-like cell line, S2 cells, and assessed the effect of mHTT on 

phagocytic activity, ATP levels, antimicrobial peptides and production of cytokines. 

Our results suggest that the expression of mHTT in hemocytes does not directly affect 

survival but causes immune dysregulation, which leads to an impaired immune 

response against pathogenic invasion.  

 

Results 

Expression of mHTT in hemocytes did not affect larval viability but decreased the 

number of circulating hemocytes  

In order to characterize the effects of mHTT in Drosophila hemocytes, we used a 

tissue-specific UAS-Gal4 system by expressing wild-type human HTT (Q20) or mutant 

HTT (Q93) under the control of a pan-neuronal driver, elav-gal4, or hemocyte drivers, 

hml-gal4 and he-gal4. The flies devoid of plasmatocytes (phagoless) generated by 

expressing pro-apoptosis genes, rpr and hid with hml-gal4 were used as negative 

control (Charroux and Royet, 2009; Defaye et al., 2009). The results showed that the 

ectopic expression of Q93 with the pan-neuronal driver (elav-gal4) decreased both the 

eclosion rate and the longevity of the adult flies, but not the rate of pupariation (Fig. 1). 



71 
 

The expression of Q20 and Q93 with both hemocyte drivers (hml-gal4 and he-gal4) 

had no effect on pupariation and eclosion rates. Furthermore, the differences in 

longevity between Q20 and Q93 flies were not significant, and their survival rate was 

higher than phagoless flies (Fig. 1C). These results indicated that the hemocyte-specific 

expression of mHTT did not influence fly viability, unlike its expression in the brain.  

Although the expression of mHTT did not affect fly survival, we observed a 

significant decrease in the number of circulating hemocytes. In first-instar larvae, the 

number of hemocytes differed significantly only in the phagoless flies (Fig. 2A). 

However, a reduced amount of circulating and sessile hemocytes was apparent in the 

Q93 mutants from second-instar larvae. As shown in Figure 2B, the circular hemocyte 

numbers in Q93 larvae were still higher than in phagoless flies, showing about 50% of 

the numbers observed in the Q20 control (Fig. 2B). These results showed that the 

expression of mHTT with two different hemocyte-specific drivers reduced the number 

of hemocytes.  

 

Expression of mHTT in hemocytes impaired the immune response to parasites 

To examine whether mHTT expression in Drosophila hemocytes affects the innate 

immune response and whether such larvae are still able to restrain parasite development, 

we tested the sensitivity of such flies to entomopathogenic nematode and parasitoid 

wasp infections, which are two Drosophila pathogenic models for examining the 

cellular immune response (Dobes et al., 2012; Small et al., 2012). Early third-instar 

larvae expressing mHTT (Q93), wild-type HTT (Q20) or phagoless were infected with 

nematode species, Heterorhabditis bacteriophora or Steinernema carpocapsae, which 

contain the bacterial symbionts Photorhabdus luminescens and Xenorhabdus 

nematophila, respectively. Mortality was calculated at 24 and 48 hours post-infection. 
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As shown in Figure 3, both phagoless and Q93 larvae displayed significantly higher 

mortality than Q20 controls. Previous studies revealed that the formation of hemolymph 

clot is an important innate immune response against entomopathogenic nematode 

infection in Drosophila (Arefin et al., 2014; Kucerova et al., 2016). To determine 

whether the expression of mHTT in the hemocytes caused clotting defects, we used an 

established bead aggregation assay (Lesch et al., 2007; Kucerova et al., 2016). 

Compared to the larvae expressing normal HTT (Q20), the hemolymph collected from 

mHTT (Q93)-expressing larvae displayed poor bead aggregation similar to phagoless 

larvae (Fig. 3E). This results indicated that the expression of mHTT suppresses the 

clotting activity and thus increases the suscepitibility to nematode infection.  

Similarly, we infected Drosophila larvae with a parasitoid wasp, Leptopilina 

boulardi and calculated the number of emerged fly and wasp adults. The number of 

eclosed Drosophila adults was not significantly different between Q20 and Q93 driven 

by hml-gal4 and he-gal4, while phagoless showed lower eclosion rates than both Q20 

and Q93 (Fig. 4A, B). However, the number of emerged wasps were significantly higher 

in both Q93 and phagoless flies, thus indicating that a greater number of wasps 

overwhelmed the immune reaction of Q93 hosts and successfully developed to adult 

stage. In addition, the higher number of wasp eggs successfully hatched in both Q93 

and phagoless larvae (Fig. 4C); these results indicated that Q93 and phagoless larvae 

have less efficient immune reaction against wasp infection. Since the encapsulation and 

melanization are major defense mechanisms against parasitoid wasp infection, we 

quantified the number of the melanized capsules to assess the immune activity after 72 

hours post-infection. We found that there were more intact melanized capsules in Q20 

larvae (79%) than in those expressing Q93 (51.6%) or in phagoless (17.7%) (Fig 4D & 

4G left). We also observed a higher amount of melanization pieces in Q93 or phagoless 
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individuals than in Q20 larvae (Fig. 4E and 4G middle). The formation of such defective 

capsules was described previously in immune-deficient mutant flies (Mortimer et al., 

2012). Moreover, 37% of the infected phagoless larvae formed no melanization capsules 

compared to Q20 (0%) or Q93 (4.8%) infected larvae (Fig. 4F and 4G right). These 

results could explain a lower proportion of phagoless adults successfully eclosed after 

wasp infection (Fig. 4A-B). Taken together, our results suggest, that mHTT expression 

impairs the innate immune reactions to nematode and parasitoid wasp infections due to 

the deficient cellular immune responses such as clot formation and encapsulation. 

 

Reduced phagocytic activity and ATP levels in mHTT cells 

To find out whether mHTT expression could cause a detrimental effect on 

hemocyte functions, we expressed mHTT or wild-type HTT in Drosophila S2 cells. The 

S2 cell line consists of macrophage-like cells with phagocytic activity and the ability to 

produce antimicrobial peptides (AMPs) (Ramet et al., 2002). We transfected the cells 

with four different recombinant constructs encoding green fluorescent protein (GFP) 

fused to HTT repeats under an inducible metallothionein promoter. We created stable 

cell lineages and confirmed that the S2 cells expressed HTT-fusion proteins by 

observing the GFP. As shown in Figure S1, most of the cells in all cell lineages were 

positive for the fluorophore. Furthermore, the cells containing the mHTT Q46, Q72, 

and Q97 constructs (all except wild-type Q25) showed formation of mHTT aggregates.  

We further treated the HTT-expressing cells with E. coli particles conjugated by 

pH-sensitive dye (pHrodo) to examine their phagocytic activity. This causes bright 

fluorescence to be visible after particle engulfment in the acidic environment of 

phagolysosome. The results showed that after inducing mHTT expression, the 

fluorescence signals were significantly lower in Q46, Q72, and Q97 mHTT-expressing 



74 
 

cells but not in cells expressing wild-type Q25 HTT (Fig. 5A).  Quantification of the 

cells containing fluorescent signals showed a significant reduction (20~30%) of 

fluorescent-positive cells in mHTT-expressing cells compared to the control cells (Q25) 

(Fig. 5B), thus supporting the hypothesis that expression of mHTT in immune cells 

impairs phagocytic activity. 

The phagocytic capacity of immune cells has been associated with mitochondrial 

activity (West et al., 2011; Chougnet et al., 2015; Geng et al., 2015); mHTT has been 

shown to cause impairment of energy metabolism and mitochondrial dysfunction in 

human peripheral blood cells (Ehinger et al., 2016). To test whether mHTT can also 

impair the energy metabolism of Drosophila immune cells, we measured the ATP levels 

in S2 lineages after mHTT induction. The results showed that ATP levels significantly 

decreased in cells expressing Q72 and Q97 mHTT after 72 hours of induction (Fig. 6A). 

The ATP levels in cells expressing Q46, Q72, and Q97 mHTT were further reduced 

after 120 hours of induction (Fig. 6B). This indicated that the expression of mHTT 

reduces ATP levels, which may further limit the cellular immune responses against 

pathogenic infection.  

The studies in human and mouse have demonstrated that the expression of Bcl-2 

family proteins associated with mitochondrial dysfunction is activated by mHTT 

expression (Sassone et al., 2013). To assess whether the level of Drosophila Bcl-2 

proteins is also altered by mHTT expression, we compared the transcription levels of 

two of Bcl-2 genes, buffy and debcl, in Q25- and Q97- expressing S2 cells (Fig. 6C). 

We found that buffy expression is five times higher in Q97- than in Q25- expressing 

cells, but we did not detect any significant difference in debcl mRNA level. Different 

from pro-apoptotic function of debcl, buffy was suggested to play an anti-apoptotic role 

under stress conditions which is similar to mammalian Bcl-2 proteins (Quinn et al., 
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2003; Monserrate et al., 2012). We conclude that the alternation of ATP synthesis and 

buffy expression indicate the abnormality of mitochondrial function in mHTT 

expressing cells, and the induction of buffy might be a protective mechanism for 

preventing the cell death caused by mitochondrial dysfunction. 

 

Upregulation of cytokines expression and downstream JAK/STAT signaling in 

mHTT expression cells 

It has been reported that the level of cytokines and chemokines are abnormally 

increased in the plasma of HD patients (Bjorkqvist et al., 2008). Consistently, the 

production of cytokines from monocytes and macrophages of HD patients have shown 

hyper-activation after lipopolysaccharide stimulation (Trager et al., 2014). To test 

whether mHTT has a similar effect in Drosophila, we used Schneider 2 (S2) cells and 

measured the the effect of mHTT expression on three Drosophila cytokines, upd1, upd2, 

and upd3, as well as dome, jak (hop) and downstream targets of JAK-STAT signaling 

(Fig. 7A). The results showed that the expression of cytokine upd3 is significantly 

increased in Q97 mHTT-expressing cells compared to Q25 controls (Fig. 7B). In 

addition, the expression of dome receptor and four downstream targets, tep1, totA, totB 

and totC were also significantly increased in Q97-expressing cells. These results 

indicated that the expression of mHTT induced the production of cytokines and 

activates JAK/STAT signaling.  

 

Decreased antimicrobial peptide (AMP) production in response to bacteria 

Drosophila Toll and Imd pathways control the humoral immune response against 

invasive microorganisms by regulating the induction of downstream AMP genes in both 

hemocytes and the fat body (Lemaitre and Hoffmann, 2007). To examine whether AMP 
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induction was affected by mHTT expression in Drosophila S2 cells, we treated mHTT-

expressing cells with a mixture of heat-inactivated Gram-negative bacteria, Escherichia 

coli, and Gram-positive bacteria, Micrococcus luteus. The induction of AMPs was 

assessed using qPCR. As shown in Figure 8, there was no difference in the expression 

of AMPs between Q25 and Q97 in the absence of bacterial treatment. In contrast, all 

AMP genes were significantly induced in both Q25- and Q97-expressing cells at 8 

hours after bacterial treatment. However, AMP induction levels were significantly 

lower in cells expressing Q97 (Fig. 8A). We further assessed the AMP expression levels 

under in vivo condition after infecting larvae with phytopathogenic bacteria, Erwinia 

carotovora carotovora 15 (Ecc15). We examined the expression levels of dpt, dptB, 

attA and cecA which were known as being highly induced after Ecc15 infection (Basset 

et al., 2000). Our results of larval infections showed that except for attA, the induction 

levels of dpt, dptB and cecA in Q93 or phagoless larvae were significantly lower than in 

Q20 controls (Fig. 8B). These results confirm that the induction of AMPs in response 

to bacteria was significantly suppressed in mHTT-expressing cells or larvae.  

 

Discussion 

Peripheral immune dysregulation is considered as one of the clinical features of 

HD pathogenesis (Wild et al., 2011). Previous studies in mice and HD patients have 

suggested that mHTT expression in immune cells accelerates the neurodegenerative 

process. The activation of pro-inflammatory products in mHTT-expressing microglial 

cells elevate the reactive oxygen species (ROS) and cause neuroinflammation, which 

contributes to neurodegeneration (Chen et al., 2007; Andre et al., 2016). Genetic 

ablation or pharmacologically-blocked cannabinoid receptor 2 (interleukin-6 regulator), 

as well as drug suppression of the cytokine-responsive kynurenine pathway, can both 
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slow neurodegeneration and improve the phenotype of R6/2 HD mice (Zwilling et al., 

2011; Bouchard et al., 2012). Since the expression of mHTT in HD mice and human 

patients is ubiquitous, it is still unclear whether mHTT expression in blood cells directly 

contributes to the lethal effect of HD. The present study examined mHTT expressed 

specifically in Drosophila blood cells and assessed its impacts on development and 

longevity (Fig. 1). We found that the expression of mHTT in hemocytes did not cause 

mortality or a shortening in life span, which is in contrast to expression in the brain. 

Our results, therefore, suggest that expression of mHTT in immune cells does not 

directly contribute to mortality. 

A reduced proliferation of immune cells has been observed in T. gondii-infected 

HD mice, in which the expansion of CD8+ T-cells in the spleen and brain was 

significantly suppressed during infection (Donley et al., 2016). Our results showed that 

the expression of mHTT in flies with hemocyte-specific drivers causes a significant 

reduction in the number of circulating hemocytes (Fig. 2), and this decrease might be 

caused by dysfunction of mitochondria (Fig. 7). The mitochondrial abnormalities 

resulting in metabolic dysregulation in peripheral blood cells of HD patients increase 

oxidative damage and suppress their anti-oxidant capacity (Chen et al., 2007). The 

activation of caspase-3 and caspase-9 in lymphoblasts of HD patients increases 

apoptosis under stress conditions (Sawa et al., 1999).  

The mHTT-expressing larvae revealed a higher susceptibility to wasp and 

nematode infections and this phenotype was caused by defects of clot formation and 

encapsulation (Figs. 3 and 4). It has been shown that wasp egg recognition by 

circulating plasmatocytes and their differentiation to lamellocytes for further 

encapsulation are important processes of the immune response against wasp invasion 

in Drosophila (Anderl et al., 2016). The production of clotting components from 
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hemocytes also contributes to wound healing and melanization, which are important 

against nematode or wasp infections (Keebaugh and Schlenke, 2014; Kucerova et al., 

2016). mHTT-expressing macrophages and monocytes from HD mice and patients also 

showed migration defects toward an inflammatory stimulus (Kwan et al., 2012). 

Hemocyte migration and adhesion are important factors for the development of 

embryonic macrophages, as well as successful wound healing and encapsulation during 

wasp infection (Fauvarque and Williams, 2011). Furthermore, decreased phagocytic 

activity toward bacterial particles (Fig. 5) and a suppressed induction of antimicrobial 

peptides (Fig. 8) can also contribute to immune deficiency against the bacterial 

symbionts of nematodes (Castillo et al., 2013; Arefin et al., 2014).  

A previous study showed that macrophages isolated from HD patients and R6/2 

mice displayed increased phagocytosis when incubated with fluorescent polystyrene 

beads (Trager et al., 2015). Our results seemingly differ because we observed reduced 

phagocytic activity of the Drosophila macrophage-like cells expressing different mHTT 

fragments (Fig. 5). Unlike their approach, we tested phagocytic activity using E. coli 

particles with a pH-sensitive fluorescent dye that can accurately confirm phagosome 

formation and initiation of the phagolysosome acidification. However, similar to their 

results, we found that S2 cells expressing mHTT were able to initiate phagocytosis. We 

tested this by treating the S2 cells with heat-inactivated E. coli labeled with DNA-

specific fluorescent dye (without pH-sensor); the results showed that mHTT-expressing 

cells were indeed able to engulf E. coli (Fig. S2). Thus, our results suggest that mHTT-

expressing cells were unable to complete the process of phagocytosis to final 

phagolysosome acidification. In addition, a defective actin function has been reported 

in HD mouse immune cells leading to failure of membrane ruffling (Kwan et al., 2012), 

which supports our results since actin assembly is required to trigger engulfment and 
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phagolysosome maturation for successful phagocytosis (Swanson, 2008).  

Consistent with previous observations in HD mice and patients, we also found that 

Drosophila hemocyte cytokine udp3 was upregulated in mHTT-expressing cells (Fig. 

8). Udp3 binds to the JAK/STAT signaling receptor, Dome, and initiates 

phosphorylation cascades which translocate the transcription factor, Stat92E, into the 

nucleus and activates downstream target genes (Fig. 7A) (Morin-Poulard et al., 2013). 

Two selected downstream target genes, tep1 and totA, were highly expressed in mHTT-

expressing cells (Fig. 7B). Notably, we found that the induction of antimicrobial 

peptides was significantly suppressed in mHTT-expressing cells after bacterial 

treatments, which has not yet been observed in other HD models. It is known that 

several human antimicrobial peptides are expressed in blood cells including neutrophils 

and macrophages (Wang, 2014). Since the transcriptomic analysis in HD blood cells 

has shown dysregulation of transcription in large genomic regions (Anderson et al., 

2008), further studies will be needed to understand whether the production of 

antimicrobial peptides is impaired in the blood cells of patients or HD mice during 

infection. 

In summary, the present study demonstrates immune dysregulation in flies 

expressing mHTT in hemocytes (Fig. 9). This expression does not directly cause a lethal 

effect, although it does reduce the number of circulating hemocytes and decrease ATP 

levels. Cytokine expression and downstream JAK/STAT signaling are activated upon 

mHTT expression, which has also been observed in HD patients and mice. In addition, 

the induction of antimicrobial peptides as well as the immune response against different 

pathogenic infections are impaired in mHTT-expressing Drosophila cells. The present 

study introduces a system for studying the tissue-specific effects of mHTT in 

Drosophila immune cells. Further studies can be applied to clarify the molecular 
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interaction between mHTT and antimicrobial peptide pathways (Toll and IMD 

signaling) as well as the mechanisms of phagocytosis suppression. 
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Figures 

 

 

Figure 1. The viability assays of mHTT-expressing flies under the control of the pan-

neuronal driver (elav-gal4) and hemocyte drivers (hml-gal4 and he-gal4). (A) The 

effect of mHTT expression on pupariation (survival to pupal stage). (B) Eclosion 

(survival to adulthood) and (C) adult longevities were measured in control Q20 and 

mHTT Q93. All the experiments performed in at least six independent replicates. Data 

are presented as averages ± SEM. P-values for pupariation and eclosion rate using 

Student’s t-test, *** P < 0.001, N.S., not significant. Significance analysis for longevity 

curve using weighted log-rank test. 
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Figure 2. Ectopic expression of mHTT decreased hemocyte numbers. (A) Microscope 

images indicated the decreased number of circulating and sessile hemocytes in mHTT-

expressing second-instar larvae. Quantification of hemocytes by ectopic co-expression 

of HTT with GFP using hml-gal4 (B) or he-gal4 (C). Phagoless flies with hemocyte 

ablation (hml>UAS-rpr, hid) were used as a negative control. The number of the circular 

hemocyte corresponded to the total number of GFP positive cells in 25 µL of collected 

sample. At least five independent replicates were analyzed. Data are presented as 
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averages ± SEM. Significances were analyzed by ANOVA with Fisher LSD post-hoc 

test (B), and the significant differences among treatment groups are marked with 

different letters (P < 0.05). Student’s t-test was used for (C), *** P < 0.001. 
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Figure 3. Immune challenge with entomopathogenic nematode infection and clotting 

assay. Larvae expressing mHTT Q93 or HTT Q20 with hml-gal4 or he-gal4 hemocyte 
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drivers were infected with H. bacteriophora (A, B), or S. carpocapsae (C, D). Mortality 

was calculated 24 and 48 hours after infection. Phagoless flies with hemocyte ablation 

(hml>UAS-rpr, hid) were used as negative control. Bead aggregation assay was used 

for assessing the clotting activity (E). Hemolymph was collected from Q93, Q20 and 

Phagoless (hml-gal4) larvae, mixed with a bead suspension, and the aggregates were 

quantified by ImageJ software. All the experiments were performed in five to six 

independent replicates. Data are presented as averages ± SEM. Significances were 

analyzed by ANOVA with Fisher LSD post-hoc test; significant differences among 

treatment groups are marked with different letters (P < 0.05).  
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Figure 4. Immune challenge with parasitoid wasp infection and encapsulation activity 

assay. Larvae expressing mHTT Q93 and HTT Q20 with hml-gal4 (A) or he-gal4 (B) 

hemocyte driver were infected with parasitoid wasp, L. boulardi. Phagoless flies (which 

underwent hemocyte ablation) were used as negative control. Thirty infected larvae 

were collected and the numbers of eclosed flies and wasps were calculated, indicating 

the number of flies overcoming the wasp infection and the number of wasps 

successfully escaping the fly’s immune reaction, respectively. Data are presented as 
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average ± SEM with more than 10 biological replicates. The significances of results for 

(A) were analyzed by ANOVA with a Fisher LSD post-hoc test; different letters on the 

treatment group indicate significant differences at P < 0.05. The significances of results 

for (B) were examined using Student’s t-test, *** P < 0.001, N.S., not significant. For 

assessing the encapsulation activity, the numbers of fly larvae containing larvae of 

parasitic wasps (C), intact melanized capsules (D), melanized pieces (E) as well the 

numbers of the infected larvae without melanization (F) were recorded.  The 

significances of the results were analyzed by Mann–Whitney U-test (paired); 

significant differences among treatment groups are marked with different letters (P < 

0.05). The photos show examples of intact melanized capsule in Q20 larvae, melanized 

pieces in Q20 and Q93 larvae and infected phagoless without melanization reaction (G). 
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Figure 5. Impairment of phagocytic activities in mHTT-expressing S2 cells. S2 cell 

lineages expressing wild-type HTT (Q25) and mHTT (Q46, Q72, and Q97) were treated 

with pHrodo Red E. coli for 8 hours. (A) Fluorescence microscope images show the 

decreased intensity of red fluorescence signals in mHTT-expressing cells. (B) The 

phagocytic rate was calculated as the percentage of cells showing a red fluorescence 

signal to the total number of cells in each image. Each treatment was performed in three 
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independent replicates with (+copper) or without (-copper) CuSO4 induction. Data are 

presented as average ± SEM. Significances were analyzed by ANOVA with Tukey HSD 

post-hoc test; different letters on the treatment group indicate significant differences at 

P <0.05. 
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Figure 6. Decrease of ATP level and alternation of Bcl-2 protein expression in mHTT-

expressing S2 cells. ATP levels of HTT- and mHTT-expressing S2 cells (5 × 104 cells) 

were measured after 72 (A) and 120 hours (B) of copper induction. Each treatment was 

performed in five independent replicates with (+copper) or without (-copper) copper 

induction. Data are presented as average ± SEM. Significances were analyzed by 

ANOVA with Tukey HSD post-hoc test; different letters on the treatment group indicate 

significant differences at P < 0.05. The mRNA levels of Drosophila Bcl-2 proteins, 

buffy and debcl were measured in Q25 HTT and Q97 mHTT-expressing S2 cells after 

120 hours of induction (C). All the expressions were normalized to rp49 transcript and 

Q25 control (△△CT). Data are presented as average ± SEM from three independent 

replicates. P-values were determined using Student’s t-test, *** P < 0.001. 
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Figure 7. Activation of cytokine expression and JAK/STAT signaling in the mHTT-

expressing S2 cells. (A) Schematic representation of the interaction between Upds and 

JAK/STAT pathway. (B) The gene expression of cytokines (udp1-3), dome, jak(hop) 

and JAK/STAT downstream target genes (teps and tots) were measured in Q25 HTT 

and Q97 mHTT-expressing S2 cells after 120 hours of copper induction. All the 

expressions were normalized to rp49 expression and Q25 control (△△CT). Data are 

presented as average ± SEM from three independent replicates. P-values using 

Student’s t-test, * P < 0.05, *** P < 0.001. 
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Figure 8. Suppression of antimicrobial peptides (AMPs) induction after bacterial 

treatment in the mHTT-expressing S2 cells and larvae. (A) Q25 and Q97-expressing S2 

cells were incubated with E. coli and M. luteus (Q25_B and Q97_B) or without bacteria 

(Q25_C and Q97_C) for 8 hours, and the expression levels of AMPs was measured. 

The AMPs expressions were normalized to rp49 expression and Q25 control. (B) 
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Larvae expressing mHTT Q93 or HTT Q20 under hml-gal4 hemocyte drivers as well 

as Phagoless mutants were infected with ECC15-GFP and their expression of AMPs was 

determined after 8 hours. The expressions were normalized to rp49 transcripts and non-

infected controls. The AMPs expression levels of non-infected controls for each 

genotype were set to one. All the data are presented as average ± SEM from three 

independent replicates. The significances were analyzed by ANOVA with Fisher LSD 

post-hoc test; different letters on the treatment group indicate significant differences at 

P < 0.05. 
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Figure 9. Model of mHTT effects on Drosophila and mammalian immune cells. The 

expression of mHTT in hemocytes of Drosophila displays similar effects on the 

immune cells of HD patients and mice.  
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Supplemental Fig. 1. Expression of four different lengths of HTT-GFP fusion proteins 

under a fluorescence microscope. mHTT-expressing cells (Q46, Q72, and Q97) showed 

significant mHTT aggregates after copper induction, while there was no aggregate 

formation in normal HTT-expressing cells (Q25).   
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Supplemental Fig. 2. Phagocytosis assay in Q25- and Q97-expressing S2 cells with E. 

coli labeled by DNA-specific dye (Hoechst 33342). Cells expressing mHTT were able 

to initiate phagocytosis. 

 

 

 

 

 
Supplemental Tab. 1. List of qPCR primers used in this study.  

 

  

genes left 5'-3' right 5'-3'

upd1 AATCAGCTGAAGCGCCACG GGAATTGGGCTTGAGCTTGG

upd2 AAGACTTGGTACCGCCACAT GGCTCTTCTGCTGATCCTTG

upd3 ATCGCGACCTGCAGATTTAC TGTACAGCAGGTTGGTCAGG

totA ATTCTTCAACTGCTCTTATGTGCTATCGTCCTGGGCGTTTTT

tep1 GTCCTGCTCGCCCTTCTC TCAAATGCCAAAACTCTATGTCA

tep2 CGTTCTGCTGGCTTTCTTC ATACTGGTCGTCCGTCTTGTC

dptB CTATTCATTGGACTGGCTTGTG GTCCATTGGGGCTCTGC

drs CCCTCTTCGCTGTCCTGA TTAGCATCCTTCGCACCAG

mtk TGGCCACGGCTACATCA CCCGGTCTTGGTTGGTTA

def CGTGGCTATCGCTTTTGCTC GAGTAGGTCGCATGTGGCTC

attA TGGTCATGGTGCCTCTTTG GATTGTGTCTGCCATTGTTGA

cecA CTTCGTTTTCGTCGCTCTC TTTTCTTGCCAATTTTCTTCAG

rp49 CTTCATCCGCCACCAGTC GGCGACGCACTCTGTTGT
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Materials and methods 

Fly stocks  

Flies were reared at 25 °C on standard cornmeal medium. The fly strains used were 

UAS-Q20Httexon1111F1L and UAS-Q93Httexon14F132 obtained from Prof. Lawrence 

Marsh (UC Irvine, USA) (Steffan et al., 2001), which contain 20 (wild-type) and 93 

(mutant HTT) polyglutamine repeats, respectively. The pan-neuronal driver, elav-

gal4[C155], and hemocyte drivers, he-gal4 and hml-gal4, were obtained from 

Bloomington Drosophila Stock Center and Dr. Tomas Dolezal (University of South 

Bohemia), respectively (Lin and Goodman, 1994; Sinenko and Mathey-Prevot, 2004; 

Zettervall et al., 2004). Hemocyte-ablated flies (phagoless) were used as negative 

controls and were generated by overexpressing pro-apoptotic proteins (UAS-rpr, -hid) 

with hml-gal4 (Zhou et al., 1997; Charroux and Royet, 2009; Defaye et al., 2009). 

Developmental and longevity assay 

Thirty first-instar larvae collected from a juice plate were transferred into vials to 

measure the number of pupae and adults for each replicate. For the longevity assay, 

about 20 to 30 newly emerged male adults were collected for each replicate and 

maintained at 29 ℃. Q93 expression driven by pan-neuronal driver, elav-gal4 and 

phagoless flies were used as positive controls for longevity assay. Since expression of 

Q93 driven by elav-gal4 (X chromosome insertion) results in high mortality of male 

progeny (dosage compensation) (Warrick et al., 1998), female progeny were used for 

recording the longevity. The number of dead flies was counted every day. All the 

experiments were performed in at least six independent replicates. 

 

Circulating hemocyte counting 

Circulating hemocytes were obtained from larvae by cuticle tearing in Ringer's buffer 
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with thiourea to prevent melanization (25 µl of buffer per 6 larvae). The number of 

hemocytes expressing GFP (hml-gal4 or he-gal4 > UAS-gfp) were counted using a 

hemocytometer. At least five independent replicates were analyzed for each genotype.  

 

Parasitoid wasp infection, eclosion and encapsulation assay  

Leptopilina boulardi parasitoid wasps were obtained from Dr. Jan Hrček (Biology 

Centre CAS) and maintained by infecting wild-type Drosophila larvae. For the wasp 

infection assay, forty larvae (second-instar) were transferred onto a dish containing 

cornmeal food, and three female wasps were then placed onto the dish and allowed to 

attack for 72 hours. After infection, 30 infected larvae were collected from the dish and 

transferred into a vial containing cornmeal for each replicate. Each genotype was tested 

in at least 10 independent replicates. The total number of eclosed flies and wasps were 

calculated (Mortimer et al., 2012). For the encapsulation assay, the infected larvae were 

dissected 72 hours post-infection and the number of larvae containing intact melanized 

capsules, broken melanized pieces as well as wasp larvae was recorded. 

 

Nematode infection 

Two nematode species, Steinernema carpocapsae and Heterorhabditis bacteriophora, 

were used in this study, under previously described maintainance conditions (Ibrahim 

et al., 2018). For the infection assay, nematodes were combined with autoclaved water 

to achieve a concentration of 25 infective juveniles per 10 μl. Then, 10 μl of nematode 

suspension was applied to paper and placed in each wells of a 96-well plate. Individual 

larvae were transferred to each well where they stayed in contact with the nematodes, 

and the plate was covered with Parafilm. The infection was conducted at 25 °C in the 

dark. Each experimental replicate consisted of 32 early third-instar larvae (72 hours 
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after egg hatching), and all experiments were done at least in five replicates. The 

number of dead larvae were counted after 24 and 48 hours of infection (Arefin et al., 

2014; Kucerova et al., 2016). 

 

Bead aggregation assay  

The bead aggregation assay was described in our previous study (Kucerova et al., 2016). 

Briefly, 2.5 μl of hemolymph was collected from six late third-instar larvae, mixed with 

BSA-blocked bead suspension (tosylactivated Dynabeads M-280, Invitrogen), diluted 

in Drosophila Ringer (pH 6.0) in a well of cavity diagnostic slide (Thermo Scientific) 

and covered with round cover glass. Pictures were taken with a Nikon SMZ-745T 

stereomicroscope associated with a CANON EOS 550D. The images were analyzed 

and quantified with the ImageJ graphics software with the “Analyze Particles” module. 

 

Cell culture 

Drosophila Schneider 2 (S2) cells were grown at 25 ℃ in Shields and Sang medium 

(Sigma) with 0.1% yeast extract, 0.25% peptone, and 10% heat inactivated fetal bovine 

serum. To generate stable lines expressing polyglutamine repeats, the S2 cells were 

transfected with four different Httex1-eGFP pMK33 plasmids (Q25, Q46, Q72, and 

Q97) containing copper-inducible metallothionein promoter (obtained from Dr. Sheng 

Zhang) (Zhang et al., 2010).  

 

Phagocytosis assay 

After induction for 5 days (120 hours) with 1 mM copper (CuSO4; Sigma), 100 µl of 

cell suspension (1 × 106 cells/ml) was transferred to each well of a 96-well plate. Then, 

100 µl of pHrodo Red E. coli (1 mg/ml; Thermo Fisher Scientific) was applied to each 
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well for phagocytosis testing. After 8 hours of treatment, the supernatant was removed, 

the cells were washed two times with 1× PBS, and 100 µl of fresh medium was applied. 

Cells were observed and photographed with a confocal microscope. From the images, 

the total number of cells and the number of cells displaying red fluorescence were 

counted. Three experimental repeats for each treatment were done for statistical 

analysis.  

 

ATP measurement 

Cells were treated with 1 mM copper for 3 days (72 hours) and 5 days (120 hours) to 

induce mHTT expression. 50 µl of a 1 × 106 cells/ml solution (5 × 104 cells) was 

transferred to each well of a 96-well plate. After removing the supernatant, 60 µl of 

CellTiter-Glo solution (Promega) was applied to each well for 10 minutes. Then, 50 µl 

of the mixture was transferred to each well of 96-well white plates and the intensity of 

luminescence was then measured. Five independent replicates for each treatment were 

performed for analysis. 

 

 

Bacterial infection in vitro and in vivo 

5 ml of S2 cells (1 × 106 cells/ml) carrying copper-inducible Q25 HTT or Q97 mHTT 

transgenes were incubated in media containing 1 mM CuSO4 for 120 hours in 60 mm 

tissue culture plates. After the induction, the cells were treated for 8 hours with 1 ml of 

bacterial mixture containing Escherichia coli and Micrococcus luteus at an optical 

density (600 nm) of 1 (OD600 = 1) (Lemaitre and Hoffmann, 2007). The cells were then 

harvested for RNA extraction.  

For the in vivo infection, late third instar larvae (96 hours after egg hatching) were 



102 
 

collected and transferred into a vial with 0.5 g instant Drosophila medium (Formula 4-

24, Carolina Biological Supply, Burlington, NC) supplemented with 200 μl of bacterial 

suspension (OD600= 50) Erwinia carotovora carotovora 15-GFP (ECC15-GFP) and 

1300 μl of distilled water. The larvae were collected for RNA extraction eight hours 

after the infection (Basset et al., 2000; Charroux and Royet, 2009).  

 

RNA extraction 

For in vitro experiments, S2 cells were washed with 1× PBS three times and harvested 

with 800 µl of RiboZol (VWR). Samples were preserved at -80 °C until RNA 

purification. For in vivo experiments, ten larvae were washed by distilled water and 

homogenized by the pestle motor (Kimble) in 200 µl of RiboZol (VWR Life Science, 

Radnor, PA). The sample were then preserved at -80°C for further RNA purification. 

RNA was isolated using NucleoSpin RNA columns (Macherey-Nagel) following the 

manufacturer’s instructions and cDNA was synthesized from 2 µg of total RNA using 

a RevertAid H Minus First Strand cDNA Synthesis Kit (Thermo Fisher Scientific).  

 

qPCR and primers 

5× HOT FIREPol® EvaGreen® qPCR Mix Plus with ROX (Solis Biodyne) and an Eco 

Real-Time PCR System (Illumina®) were used for qPCR. The cDNA was diluted 50 

times before use. Each reaction contained 4 μl of EvaGreen qPCR mix, 0.5 μl of 

forward and reverse primer (10 μM), 5 μl of diluted cDNA and ddH2O to adjust the 

total volume to 20 μl. The list of primers is shown in supplementary table 1. The 

expression level was calculated by using the (2-∆∆Ct) method. The ct value of target 

genes were normalized to reference gene, ribosomal protein 49 (rp49). 
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Statistical analysis 

Error bars show standard error of the mean throughout this paper. Significance was 

established using Student’s t-test (N.S.: not significant, * P < 0.05, ** P < 0.01, *** P 

< 0.001) or one- way ANOVA analysis with Fisher LSD or Tukey HSD post-hoc test. 

The Mann-Whitney U test was used for examing the significance of the data on wasp 

larval hatching and the host encapsulation activites (Fig. 4C-F). For the statistical 

analysis of longevity curve, we used online tool OASIS 2 to perform the weighted log-

rank test for determining significance (Han et al., 2016). 
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