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Abstract
Extracellular vesicle (EV) secretion enables cell–cell communication in multicellular
organisms. During development, EV secretion and the specific loading of signalling
factors in EVs contributes to organ development and tissue differentiation. Here,
we present an in vivo model to study EV secretion using the fat body and the
haemolymph of the fruit fly,Drosophilamelanogaster. The systemmakes use of tissue-
specific EV labelling and is amenable to genetic modification by RNAi. This allows
the unique combination of microscopic visualisation of EVs in different organs and
quantitative biochemical purification to study how EVs are generated within the cells
and which factors regulate their secretion in vivo. Characterisation of the system
revealed that secretion of EVs from the fat body is mainly regulated by Rab11 and
Rab35, highlighting the importance of recycling Rab GTPase family members for EV
secretion.We furthermore discovered a so far unknown function of Rab14 along with
the kinesin Klp98A in EV biogenesis and secretion.
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 INTRODUCTION

Cells communicate through different forms of extracellular vesicles (EVs) that are released by discrete mechanisms and fulfil
various functions depending on their cargo. They transport unique combinations of proteins, RNA/DNA and lipids to receiving
cells. This capacity is frequently exploited by tumour cells to interact with each other and the surrounding stromal tissue and to
modulate the tumour environment. Due to their pathogenic role in promoting tumour growth, survival and metastasis, EVs are
an emerging field of research. They also mediate physiological processes such as immune responses, metabolism and reproduc-
tion. During development, EV secretion and the specific loading of signalling factors into EVs contributes to organ development
and tissue differentiation (Yáñez-Mó et al., 2015).
Investigating cell–cell communication has been predominantly done in mammalian two-dimensional cell culture conditions.

To gather three-dimensional information, simpler model systems have to be employed, but whether this form of EV-mediated
communication also prevails in other metazoans remains unclear. EV formation was detected in several vertebrate and
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non-vertebrate model organisms, including fish (Danio rerio) (Hyenne et al., 2019; Verweij et al., 2019), nematodes (Caenorhab-
ditis elegans) (Liégeois et al., 2006), Leishmania parasites (Silverman et al., 2010), amoebae (Dictyostelium discoideum) (Kriebel
et al., 2018) and fungi like the pathogenic yeasts Cryptococcus neoformans (Rodrigues et al., 2008) and Candida albicans
(Silverman et al., 2010).
To understand the role of EVs in cell–cell communication in a multicellular organism, we study their biogenesis and secretion

in the fruit fly Drosophila melanogaster. Many molecular mechanisms are conserved from fly to humans, and about 75% of the
human genes known to cause diseases have an equivalent in the Drosophila genome. In addition, Drosophila provides a fast and
easy means to manipulate any given gene to understand how it contributes to cell–cell communication in development, and
always gives rise to the same structure in the adult animal. To date, Drosophila EVs were isolated from cultured cell lines to
perform proteomic (Beckett et al., 2013; Koppen et al., 2011) or transcriptomic (Lefebvre et al., 2016) analyses. In the polarised
Drosophilawing imaginal disc epithelium, the EV-mediated secretion of themorphogensWingless (Chaudhary & Boutros, 2019;
Gross et al., 2012; Huang & Kornberg, 2015; Linnemannstöns et al., 2020; Witte et al., 2020) and Hedgehog (Bischoff et al., 2013;
Gradilla et al., 2014; Matusek et al., 2014; Parchure et al., 2015) in the extracellular space as well as in association with cytonemes
have been extensively described. EV-mediated mechanisms have also been postulated for the presynaptic release of vesicles in
the Drosophila larval neuromuscular junction (Ashley et al., 2018; Koles et al., 2012; Korkut et al., 2009 , 2013). The Drosophila
male accessory gland/paragonium can be considered the homologue of the human prostate. Its secretory cells contain large
intracellular membrane-bound compartments and secrete EVs in the gland lumen (Corrigan et al., 2014; Fan et al., 2020; Redhai
et al., 2016). These analyses of distinctDrosophila organs are based on immunofluorescent detection of EVs, as the experimental
settings did not allow biochemical characterisation so far. Since EVs function as intercellular communication vehicles, in this
study we tested if the Drosophila ‘blood’ called haemolymph contains EVs at sufficient levels for biochemical purification. This
hypothesis wasmotivated firstly by the fact that virtually allmammalian body fluids contain EVs (Colombo et al., 2014). Secondly,
previous proteomic studies identified orthologues of EV markers in the Drosophila haemolymph (Handke et al., 2013). Thirdly,
flies have an open circulatory system and the haemolymph is in touch with all organs. We therefore envisioned to expand our
analysis in order to establish a model for the systemic analysis of communication between haemolymph, as well as secreting and
receiving organs that communicate via the haemolymph. The fat body is unique to insects and the equivalent to both vertebrate
adipose tissue and liver. It is the centralmetabolic tissue responsible for energy/nutrient-storage, immune response and endocrine
secretion and along this line also functions as the main secreting organ (Arrese & Soulages, 2010). Dietary nutrients are absorbed
in the gut and ultimately stored in fat body adipocytes as glycogen or triacylglyceride incorporated into lipid droplets (Ugrankar
et al., 2019). The storage function of the fat body is vital for holometabolous insects since accumulated energy reserves will be
used during metamorphosis (Arrese & Soulages, 2010).

While the larval fat body is an established model to study starvation-induced autophagy (Lőrincz et al., 2017; Mauvezin et al.,
2014), which puts the organism under extreme stress conditions, much less is known about the physiological steady state and
the endosomal machinery upstream of autophagy. The endosomal system of membrane compartments includes early, recycling
and late endosomes/multivesicular bodies (MVBs) and lysosomes and thereby provides a platform for sorting, recycling and
degradation of internalised cargo (Klumperman & Raposo, 2014). Upon progressive maturation of early endosomes, intralumi-
nal vesicles (ILVs) form by inward budding of the endosomal membrane, giving rise to MVBs. EVs can be shed as exosomes
originating from ILVs of MVBs or as microvesicles directly from the plasma membrane. Even though the different EV subtypes
originate from distinct sites within the cell, they are generated by common intracellular mechanisms and sorting machineries.
This renders the analysis of their biogenesis very complex and requires standardised guidelines regarding nomenclature, sep-
aration methods and characterisation of vesicle types (Théry et al., 2018). The general term ‘extracellular vesicle’, or EV covers
vesicles of both types of cellular origin and diameter without specifying origin and will be used from now on.
Multiple mechanisms can generate EVs. Both ESCRT (endosomal sorting complex required for transport)-dependent (Baietti

et al., 2012) and -independent (Stuffers et al., 2009; Trajkovic et al., 2008; Vaccari et al., 2009) mechanisms drive the incor-
poration of specific cargos into ILVs, leading to distinct MVB sub-populations. The ESCRT family comprises four complexes
(ESCRT-0, -I, -II and -III) plus accessory proteins that are sequentially recruited on MVBs, induce inward membrane budding
and subsequent ILV abscission (reviewed in van Niel et al. (2018)). In contrast, ESCRT-independent mechanisms require the
formation of ceramide which induces a negative curvature and thereby promotes ILV formation (Trajkovic et al., 2008). After
ILV formation,MVBs follow one of twomajor trafficking pathways: towards the lysosome for degradation or towards the plasma
membrane for fusion and release of ILVs as EVs (Palmulli & Van Niel, 2018). The final release of EVs requires the concerted
action of Rab GTPases, SNAREs and other coat/tether proteins for transport, tethering and fusion of MVBs with the plasma
membrane (Colombo et al., 2014). In this context, the role of Rab27 and Rab35 in EV biogenesis has been extensively charac-
terised. Knockdown of Rab27A/B and Rab35 impairs MVB fusion with the membrane and thereby decreases exosome release
in mammalian cells without affecting MVB morphology (Hsu et al., 2010; Ostrowski et al., 2010). Another Rab family member
implicated in EV biogenesis is Rab11, classically recognised for its role in recycling endosome trafficking (Takahashi et al., 2012).
Knockdown studies in human cells andDrosophila indicated a role for Rab11 family members in exosome secretion (Ashley et al.,
2018; Beckett et al., 2013; Corrigan et al., 2014; Koles et al., 2012; Messenger et al., 2018; Savina et al., 2002) and one report even
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identified Rab11a-positive MVBs in human cells (Savina et al., 2005). Rab11-dependent EV secretion was furthermore suggest to
occur specifically under metabolic stress conditions (Fan et al., 2020).
Tetraspanins are a class of transmembrane proteins, also found on neuronal surfaces, that regulate a diverse array of cellular

processes (Hemler, 2003). The transmembrane proteins CD9, CD63 and CD81 of the tetraspanin family are mainly used to
identify EVs (Kowal et al., 2016).Depending on the cell type they can derive both from the plasmamembrane andMVBs (Mathieu
et al., 2021).We generated several reporter fly lines expressing fluorescently labelled orthologues of these tetraspanins and of Rab11
(Fan et al., 2020) to allow for visualisation of EV biogenesis in different organs. Moreover, we established a technique that allows
biochemical quantification of EVs from the haemolymph of larvae. Combining these approaches, we characterised haemolymph-
derived EVs in detail. Here we report our approach to establish EV secretion into haemolymph as a model system that allows
both biochemical and microscopic in-depth analysis of EV secretion in vivo. Comparing the knockdown of known factors of
EV biogenesis in intracellular colocalisation studies, we confirmed a role for recycling Rab GTPases Rab11/Rab35 and identified
Rab14 and Klp98A as two novel regulators of EV secretion from fat body cells into the haemolymph.

 RESULTS

. Purification and characterisation of EVs fromD. melanogaster haemolymph

Drosophila is a holometabolous insect and its life cycle is divided into the four stages: embryo, larva, pupa and adult. The larvae
feed and consequently grow, while molting twice into the so-called second and third instar until they encapsulate at the end of
the third instar stage to become a pre-pupa. During pupal stage the animal undergoes a full metamorphosis leading to a com-
plete remodelling of the body: most larval tissues are degraded and adult structures reform, finally followed by adult hatching
(Figure 1A). We decided to purify EVs from the third instar larval stage for several reasons: (1) Many important developmental
and physiological processes occur first in larval stage so that many gene functions are not needed in the embryo, (2) in contrast
to pupa, developmental autophagy does not take place at larval stage yet (Rusten et al., 2004), (3) the third instar is still develop-
mentally active, in contrast to adult flies and finally (4) we hypothesised that the level of communication should be high before
the onset of metamorphosis.
We isolated haemolymph by gently opening the larvae to release undiluted haemolymph, careful not to destroy any internal

organs. The haemolymph also contains blood cells called haemocytes that are partially released as well (Petraki et al., 2015).
Subsequently, we performed a standard differential centrifugation-based purification protocol (Figure 1B) to purify Drosophila
EVs and characterised them according to published procedures (Kowal et al., 2016; Théry et al., 2006, 2018). For experimental
standardisation, the same amount of startingmaterial (10μl haemolymph)was processed. Cells in the haemolymphpellet at 750 g.
We use the terms P14 and P100 to refer to material pelleting at 14,000 g and subsequently at 100,000 g. While some small EVsmay
already pellet at 14,000 g, P100 is classically considered to contain exosomes (Théry et al., 2006). Total protein quantification was
performed on both fractions and revealed that the protein content was higher in the P100 fraction (Figure 1C), yet the number of
particles in P100 was significantly lower compared to P14 as determined by Nanoparticle measurement (NTA) (Figure 1D). The
isolated EVs were analysed by transmission electron microscopy (TEM) to analyse if their morphology and size are comparable
to mammalian EVs. Interestingly, we discovered typically shaped exosome-like vesicles both in the P14 and P100 fraction, which
were otherwise free of debris and other contaminations (Figure 1E). The ultrastructural studies revealed that the P14 fraction
contains vesicles in a size range of 50–200 nm (mean diameter 116 ± 47 nm, median 108 nm), while the P100 contained vesicles
in a broader range from 50 to 300 nm (mean diameter 95 ± 50 nm, median 86 nm) (Figure 1F). Nanoparticle tracking analysis
(NTA) showed a mean size of about 100 nm for the P14 and above 150 nm for the P100 fraction (Figure 1G). The size distribution
profile of the P14 pellet seems more similar to mammalian exosomes with a peak at 100 nm (Figure 1H), than the EVs in the
P100, distributed over a broader size range and with more experimental fluctuations, as expected from less concentrated samples
(Figure 1I). Strikingly, EVs isolated from cell supernatants from Kc167(Figure S1A–C) and S2 cells (Koppen et al., 2011) were
found be similar to EVs released from mammalian cells, but we confirmed the peculiar size distribution of in vivo EVs also in
other developmental stages (Figure S1D–O).
In summary, haemolymph from living animals contains a broad range of EVs that can be isolated by standard methods.

Both TEM and NTA studies reveal more particles resembling small EVs in the P14 pellet compared to P100, suggesting in vivo
Drosophila EVs pellet already at lower g-forces compared to mammalian EVs.

. Analysis of the haemolymph EV proteome

To investigate the protein composition of the secreted EVs ofDrosophila haemolymph and to determine which fraction contains
known EVsmarkers, we analysed the haemolymph-derived EV P14 and P100 by label-free mass spectrometry. As in vivo EV pro-
teomics approaches are prone to contaminations, we decided to define the proteomics background by including the supernatant
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 of  LINNEMANNSTÖNS et al.

F IGURE  Purification and characterisation of EVs from D. melanogaster haemolymph. (A) Overview of the Drosophila life cycle. The third instar larval
stage relevant for the following results is indicated. (B) Scheme of EV purification from L3 larval haemolymph by differential centrifugation. The P14 and P100
pellets representing large and small EVs were used for further studies. (C) Protein content of P14 and P100 is represented for five independent samples.
(D) Total particle concentration per μl of resuspended P14 and P100 pellets as determined by Nanoparticle Tracking Analysis (NTA) from three independent
samples. Three videos were recorded per sample and each point corresponds to one video. The line represents the mean. Size distribution of P14 and P100 were
studied by electron microscopy (EM) (E–F) and NTA (G–I). (E) Representative EM image of P14 and P100 pellets. Exosome-like vesicles with characteristic
cup-shape were discovered in both fractions. Scale bars represent 500 nm. (F) Size distribution of P14 and P100 as determined by EM of three independent
samples. (G) Mean size of P14 and P100 as determined by NTA from three independent samples. Three videos were recorded per sample and each point
corresponds to one video. The line represents the mean. (H) Size distribution of P14 as determined by NTA from three videos of three independent samples.
(I) Size distribution of P100 as determined by NTA from three videos of three independent samples. Data are mean ± SD
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after P100 (SN100) into the analysis (Figure 2A). Using an annotated MS/MS spectral library derived from all three fractions, we
obtained full quantitative profiles for a total of 2466 proteins by data-independent acquisition mass spectrometry (DIA-MS). To
control for background, we filtered for P14 and P100 proteins exhibiting an at least twofold enrichment over SN100 and detection
in two or more replicates. Applying these criteria, we found 1127 proteins enriched in the P14 pellet (Figure 2B) and 1114 proteins
in the P100 pellet over background SN100 (Figure 2C, Table S1), respectively. Next, we performed a functional enrichment anal-
ysis of these proteins based on PANTHER classifications (Mi et al., 2013). Comparison of the respective Gene Ontology (GO)
cellular compartment enrichments revealed that P14 proteins are associated with ER-Golgi origin components, membranes and
vesicles (Figure 2D), whereas P100 proteins are mostly ribosomal and non-membrane-bound components (Figure 2E, Table S2).
Consistently, P14 revealed enrichment in GO biological processes related to vesicle trafficking, cell migration, vacuolar acidi-
fication, signalling and transport (Figure S2A). P14 enriched GO Molecular Function terms included receptor and transporter
activity (Figure S2B). In contrast, proteins identified in P100 were highly enriched for terms related to ribosome assembly, cyto-
plasmic translation and splicing (Figure S2C) as well as proteasome activity, RNA and ribosome binding (Figure S2D). As control
we also analysed the proteins enriched in the supernatant. The SN100 is enriched for GO Cellular Components of various sol-
uble protein complexes (Figure S2E). Enriched GO Biological Processes and Molecular Function are involved in metabolism
(Figure S2F,G).

Because the GO terms extracellular vesicle/exosome/organelle are not annotated in Drosophila yet, we next determined the
prevalence of published EVmarkers in the haemolymph samples. For this we compared the proteins detected in our preparations
to the published EV datasets EVpedia (Kim et al., 2013, 2015) and ExoCarta (Keerthikumar et al., 2016; Mathivanan et al., 2012)
as well as the FunRich database (Pathan et al., 2015, 2017), which is based on Vesiclepedia (Kalra et al., 2012). The Drosophila
orthologues for the Top100 human proteins published by EVpedia and ExoCarta were identified with DIOPT (Hu et al., 2011)
and after removal of duplicates this returned 251 potential Drosophila EV markers. FunRich/Vesiclepedia comprises additional
540 potential marker proteins (Table S3). Comparing these published proteomes to our own dataset we discovered that the
P100 proteins overlap with merely seven Drosophila orthologues of the Top100 EV markers. These include G protein subunit
alphai, a proteasome subunit and chaperonins. There are 17 common proteins between P100 and FunRich, but these are mostly
ribosomal protein, translation initiation factors and a proteasome subunit. Similarly, the 52 common proteins between P14, P100
and FunRich are all ribosomal proteins except for the RNA-binding protein Arc1, which was shown to be secreted on EVs before
(Ashley et al., 2018) (Figure 2F,G, Table S4). In contrast, much more proteins from P14 overlap with Top100 EV and/or FunRich
(Figure 2F,G). Among these we found a number of interesting potential Drosophila EV markers, including orthologues of the
intensively studied CD81 (Dm Tsp96F, common to P14 and TopEV), and two other tetraspanins, Dm Tsp42Ed and Tsp42Ee
(common to P14, Top100 EV and FunRich. The closest human orthologue of the latter two proteins is the exosomal marker CD63
(DIOPTv8.0).We also retrieved the small GTPaseARF6 (DmArf51F, common to P14 and FunRich), RalA (DmRalA, common to
all) and the ESCRT component Tsg101 (common to P14, Top100 EV and FunRich). Other promising markers identified comprise
members of the Annexin and solute carrier (SLC) families, as well as CK1γ kinase (Dm Gish), an ATPase (ATP6V0D1, Dm
VhaAC39-1) and one integrin family member (Integrin beta 1, DmMyospheroid) (Figure 2F). 200/388 proteins enriched in the
supernatant did not overlap with Top100EV and/or FunRich listed proteins and the overlapping 77 are proteins of low abundance
on EVs (Figure S2 H, Table S4) (Pathan et al., 2019). Taken together, in agreement with TEM and NTA data, proteomic analyses
confirmed that the haemolymph particles isolated at 14,000 g contain many more markers, which are typically associated with
mammalian P100-EVs/exosomes, then those particles isolated at 100,000 g.

. Identification and characterisation of novelDrosophila EVmarkers

Combining our proteomic analysis and previous studies performed in cell culture (Beckett et al., 2013; Gradilla et al., 2014;
Parchure et al., 2015), we assembled a list of potential in vivo EV markers (Figure S3A). Candidates (with available anti-
bodies) were validated by immunoblot analysis of P14, P100 pellets and their respective cell lysates (P0.75) obtained from
wildtype haemolymph. The cis-Golgi marker GM130 served as negative control (Figure 3A, left column). We were able to detect
the membrane trafficking protein Cystein string protein (Csp-1 and -2), the tetraspanin Tsp42Em/Late bloomer (Lbm), Inte-
grinβPS/Myospheroid as well as Syntaxin 1A (Syx1A) in the P14 and Csp-1 and -2 as well as Lbm also weakly in the P100. Weak
signals for the ESCRT component Hrs (Hepatocyte growth factor regulated tyrosine kinase substrate) and the lysosomal protein
Lamp1 (Lysosome-associatedmembrane glycoprotein) came up in the P100. Antibodies against both human andDrosophilaAlix,
Flotillin-2 andTsg101 failed to detect the respective proteins (data not shown).Wedid not have an antibody against the transmem-
brane v-ATPase component VhaAC39-1/ATP6V0D1, but an antibody against human transmembrane ATP6V0A1 gave signals
in P14 and P100. For the plasma membrane protein Basigin (Bsg), a mammalian marker for large EVs (Menck et al., 2015), and
another Tetraspanin Tsp42Ee no antibodies were available either, but we were able to detect respective bands in P14, but not in
P100 by using endogenous GFP insertion lines. Furthermore, we could also retrieve bands in both P14 and P100 for Hsp70 (heat
shock protein 70), α-Tubulin and the small GTPase Rab11 (Figure 3A, right column).
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F IGURE  Analysis of the haemolymph EV proteome. (A) EVs were isolated from wildtype L3 larval haemolymph of three independent replicates by
differential centrifugation. The composition of the resulting 14,000 g (P14) and 100,000 g (P100) pellets and remaining supernatant (SN100) was analysed by
label-free data independent acquisition mass spectrometry (DIA-MS). (B and C) Volcano plots of all 2466 proteins quantified by DIA-MS. Significance of
enrichment was established using FDR-based calculation with p ≤ 0.05 and S0 = 0.5, resulting in an at least 2-fold enrichment as a requirement for
significance. Proteins significantly enriched appear in blue (P14) (B) or green (P100) (C). Data points are annotated by gene name. (D and E) Enriched GO
cellular components of P14 (D) and P100 (E) with a p-value < 0.05 as determined by Fisher Exact Test with the Benjamini–Hochberg False Discovery

(Continues)
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F IGURE  (Continued)
Rate < 0.05. (F) Overlap of P14 and P100 with Drosophila orthologues of Top100 EV markers and FunRich identified markers for Drosophila. The Top100 EV
markers were retrieved from EVpedia and ExoCarta and the corresponding Drosophila orthologues identified with DIOPT. FunRich database provides another
Drosophila EV marker dataset based on Vesiclepedia. (G) Common proteins (annotated by gene name) identified in EVs and their closest human orthologues.
Proteins found in P14 only are indicated in blue. Proteins found in P100 are indicated in green

Since the expression of these markers is rather weak and/or variable and also with the perspective to label EVs in vivo, we
decided to develop several fluorescently labelled markers in addition to the endogenous markers mentioned. This approach
allows tissue- and time-controlled specific expression of EV markers and thereby tracking the fate of labelled EVs using the ver-
satile UAS/GAL4 system (Brand& Perrimon, 1993). Previously, a GFP-tagged humanCD63 construct was successfully expressed
in flies to label exosomes (Corrigan et al., 2014; Gradilla et al., 2014; Gross et al., 2012; Panáková et al., 2005) and overexpression
of mouse CD63-GFP was shown to have the same effect on lysosomes as overexpression of the Drosophila orthologue Tsp29Fa
(Ma et al., 2020).
Here, we generated transgenic flies expressing pHluorin-tagged mouse CD63. Using a Collagen IV-GAL4 (Cg-GAL4) driver,

which is active in both the fat body and haemocytes (Asha et al., 2003) (Figure 3B), we purified EVs from haemolymph. CD63-
pHLuorin could be detected in the P14 of haemolymph EVs (Figure 3C). The tetraspanins CD9 (Théry et al., 1999), CD63 and
CD81(Escola et al., 1998) have been used as exosomalmarkers for the last two decades, withCD63 enriched inMVBs andCD9 and
CD81 at the plasma membrane. To be able to rely on endogenous markers other than mammalian CD63, we aligned the protein
sequences of human CD9, CD63 and CD81 against all 36 Drosophila tetraspanin sequences. This phylogenetic analysis revealed
that Tsp96F is the closest homolog to both CD9 and CD81 (Figure 3D and S3B). We generated transgenic flies for N-terminally
mCherry-tagged Tsp96F and expressed it with CgGAL4. mCherry-Tsp96F is also secreted on EVs, since we could detect it in
the P14 (Figure 3E) and in rare cases the P100 (Figure S3C). As expected for an N-terminally tagged tetraspanin, mCherry-
Tsp96F retains its label upon proteinase K treatment, but is completely degraded following detergent solubilisation (Figure 3F).
Similarly, endogenous Lbm, which is detected by an antibody against the extracellular domain, is trimmed by proteinase K alone
and completely degraded in the presence of detergent (Figure S3D) This underlines that P14 EVs indeed originate from the
endosomal system and carry tetraspanins in agreement with expected EV topology.
Finally, Rab11-GFP positive exosomes were shown to be secreted frommale accessory gland cells (Fan et al., 2020; Marie et al.,

2020) and increasing evidence points at EV secretion from recycling endosomes (Beckett et al., 2013; Fan et al., 2020; Koles et al.,
2012; Messenger et al., 2018; Savina et al., 2002, 2005). In line with these results, we identified CK1γ kinase by DIA Mass Spec,
which is involved in Rab11-mediated vesicle trafficking (Gault et al., 2012). We tested the expression of Rab11-GFP with CgGAL4
and found Rab11-GFP to be secreted in P14 and P100 (Figure S3C). We attempted to estimate the amount of fatbody-derived EV
in comparison to total haemolymph EV by two different approaches: (1) We compared CgGAL4-expressed Rab11-GFP with an
endogenous Myc-YFP-Rab11 insertion (Dunst et al., 2015) as EV marker in haemolymph-isolated EVs from both fly lines and
(2) we diluted CgGAL4,-expressed Rab11-GFP haemolymph with increasing amounts of wild-type haemolymph.
Regarding (1), the amount of UAS-Rab11-GFP (50 kD) can only originate from the fat body, while endogenous Rab11 (20 kD)

and endogenous Rab11-YFP (62 kD) supposedly come from all the cells that secrete EVs into the haemolymph. Indeed, we found
both endogenous and overexpressed Rab11 to be secreted in P14 and P100 (Figure S3E). No strong differences between three
biological replicates indicated a quantitative purification of EVs in P14 and P100. Similar levels of endogenous Rab11 (20 kD) in
samples from the endogenous trap line and the UAS-mediated overexpression line were detected with an anti-rab11 antibody
(Figure S3E, left panel P0.75, P14 and P100), indicating that the amount of endogenous Rab11 are similar in cells (P0.75), but
also on EVs (P14, P100). In contrast, levels of Rab11-GFP (50 kD) overexpressed from the fat body exceeded endogenous Rab11
(20 kD) in P14 and P100 several fold, showing that the amount of overexpressed Rab11 originating from the fat body significantly
contributes to overall EVs in the haemolymph (Figure S3E). Consistently, diluting haemolymph from CgGAL4 > Rab11-GFP
larvae with wildtype haemolymph results in a decay of the Rab11-GFP signal, while endogenously expressed proteins remain
constant (Figure 3G,H). From these two experimental comparisons, we speculate that the fat body is a major contributor of EVs
to the overall EV content in the haemolymph. Taken together, we confirmed the secretion of several overexpressed EV markers
from fat body into the haemolymph that we identified by proteomics or that were previously detected on cell culture-derived
EVs. Our data therefore indicate that our model can reflect general aspects of EV secretion in vivo with the special feature of P14
EVs originating from the endosomal pathway.

. Novel EV markers localise to distinct compartments in fat body cells

Next, we were interested in the subcellular localisation of these proteins. For this, we expressed the markers via UAS/Cg-GAL4
in the fat body and analysed the tissue by immunofluorescence microscopy (Figure 4A,B). The larval fat body is composed of
single-cell layers of adipocytes. In the wandering L3 stage, the cells are flat and polygonal and tightly associated with each other.
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 of  LINNEMANNSTÖNS et al.

F IGURE  Identification and characterisation of novel Drosophila EV markers. (A) EVs were isolated from wildtype L3 larval haemolymph by differential
centrifugation and the resulting pellets analysed by immunoblot for previously published markers as indicated. (B–F) Overexpression of different tagged EV

(Continues)
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LINNEMANNSTÖNS et al.  of 

F IGURE  (Continued)
markers. (B) Transgenes encoding tagged EV markers were expressed with Collagen IV-GAL4 (Cg-GAL4), which is active on both the fat body and
haemocytes. Haemolymph EVs were isolated from the corresponding progeny and analysed for both endogenous and overexpressed EV markers.
(C) Overexpression of mouse UAS-CD63-pHluorin using CgGAL4. CD63-pHluorin could be detected in the P0.75 and P14 of respective haemolymph EVs.
(D) Close up of a phylogenetic tree of human CD9, CD63 and CD81 against all 36 Drosophila tetraspanin sequences. The full tree can be found in the
Supplementary Material. (E) Overexpression of UAS-mCherry-Tsp96F using CgGAL4. mCherry-Tsp96F could be detected in the P0.75 and P14 of respective
haemolymph EVs. (F) CgGAL4 > UAS-mCherry-Tsp96F derived P14 EVs were treated with proteinase K in the presence or absence of TritonX-100. The
internal N-terminal tag is protected and the extracellular part of Tsp96F is digested by proteinase K alone (lane 2). In the presence of detergent, the whole
protein is degraded (lane 4) (G) CgGAL4, GFP-Rab11 derived haemolymph was diluted with increasing amounts of wildtype haemolymph prior to EV
isolation. (H) Quantification of (G). The dotted black line represents the haemolymph ratio. The solid-colored lines represent the Rab11-GFP signal normalised
to endogenous controls as indicated. Data are mean ± SD. All immunoblots depicted are representative blots for at least three independent experiments

Along the entire anterior–posterior axis they organise in thin sheets that are suspended in the haemolymph (Nelliot et al., 2006).
With a diameter of roughly 50 μm fat body cells are comparatively large and easy tomicroscope. They are filled with lipid droplets
of variable sizes ranging from 0.5 to 10 μm in diameter (Beller et al., 2006). Lipid droplets appear as black holes when cytoplasmic
eGFP is overexpressed (Figure 4B). We co-overexpressed cytoplasmic eGFP and mCherry-Tsp96F to distinguish lipid droplets,
cytoplasm and luminal structures. Overexpressed Tsp96F does not co-localise with lipid droplets, but labels vacuolar structures
in the cytoplasm with a discernable lumen (Figure 4C,D). Tsp96F localises mainly to the limiting membrane of these vacuoles
but can also be detected in internal puncta and ILVs (Figure 4D). To better understand the identity of these vacuolar structures
we stained mCherry-Tsp96F-expresssing fat bodies with different organelle markers. mCherry-Tsp96F-positive structures did
neither co-localise with the ER-marker Calnexin (Cnx) (Figure S4A), nor the Golgi marker Golgin (Figure S4B). We did not
observe any co-localisation with the early endosome marker Rab5 (Figure 4E), the ESCRT-0 component Hrs (Figure 4F), and
the late endosome marker Rab7 (Figure 4G) either. Strikingly, a subset of Tsp96F-mCherry-positive structures co-localises with
the tetraspanin Lbm. Lbm furthermore appears to label intraluminal puncta within the large vacuolar structures (Figure 4H,I).
Next, we co-expressed mCherry-Tsp96F with Lamp1-GFP and CD63-pHluorin (Figure 4J–L). This revealed that the mCherry-
Tsp96F positive compartment also co-localises with overexpressed eGFP-tagged Lamp1 (Figure 4J). The Lamp1 construct
contains the transmembrane domain and cytoplasmic tail, which is sufficient to direct proteins to lysosomes, from human Lamp1
(Pulipparacharuvil et al., 2005) and has been successfully used in Drosophila to label lysosomes (Jacomin et al., 2016). Consis-
tently, mCherry-Tsp96F positive compartments are positive for LysoTracker and LysoSensor, indicating acidification (Figure S4
C, D). Tsp96F-mCherry and CD63-pHluorin localise to the same intracellular compartment (Figure 4K,L). The localisation of
overexpressed CD63-pHluorin reflects the expression of endogenously tagged Tsp42Ee, which is most closely related to human
CD63 (Figure S4E,F), demonstrating that the formation of these large structures is not caused by overexpression.

Overexpressed UAS-Rab11-GFP localises to small puncta or larger endosomal structures as was described before (Figure 4L)
(Shandala et al., 2011; Sorvina et al., 2016, 2020). Next, we also co-stained Rab11-GFP-expressing fat bodies with a panel of
organelle markers. Rab11-GFP-positive structures did neither co-localise with the ER-marker Cnx (Figure S4G), nor the Golgi
marker Golgin (Figure S4H). We observed a mostly distinct localisation with partial co-localisation with the early endosome
marker Rab5 (Figure 4N), the ESCRT-0 component Hrs (Figure 4O) and the late endosome markers Rab7 (Figure 4P). The
same was observed for endogenously eYFP-Myc-tagged Rab11, indicating that overexpression of tagged Rab11 does not perturb
its localisation (Figure 4Q). Next, we co-expressed mCherry-Tsp96F with Rab11-GFP (Figure 4R). Rab11-GFP positive puncta
are in close proximity to the larger mCherry-Tsp96F expressing luminal structures (Figure 4R,S). Rab11-GFP also localises prox-
imal to large acidic compartments in the absence of mCherry-Tsp96F (Figure S4I). This suggests that Rab11 and Tsp96F mark
partially overlapping endosomal compartments and contribute to subpopulations of EVs as previously shown (Fan et al., 2020).
These immunofluorescence studies confirm that prior to secretion, EV markers can be detected intracellularly and localise to

late endosomal compartments, marking diverging sorting routes towards the extracellular space.

. Fat-body specific knockdown of ESCRT and RAB components can alter the amount of EVs
secreted in the haemolymph

So far, EV-focused biochemical studies have only been performed with Drosophila cell culture supernatants and in vivo anal-
yses were based on immunofluorescence analyses. Encouraged by the overexpressed and endogenous rab11 comparison, we
asked whether RNAi-induced changes in EV secretion from the fat body, as the biggest organ in contact with haemolymph,
can be detected biochemically by Western Blot analysis of haemolymph EV. Flies were generated that co-expressed Rab11-GFP
or mCherry-Tsp96F together with RNAi targeting the respective genes or a control RNAi (targeting the gene yellow) using the
UAS/GAL4 system and Cg-GAL4 as fat body specific driver (Figure 5A). No single EV marker is known to distribute evenly
across all EV subtypes, so it is advisable to use several different antibodies to reliably normalise signals on EVWestern Blots. To
standardise our analysis in different knockdown conditions, we isolated EVs from an equivalent volume of haemolymph (10 μl),
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 of  LINNEMANNSTÖNS et al.

F IGURE  Novel EV markers localise to distinct compartments in fat body cells. (A) Transgenes encoding tagged EV markers were expressed with
Collagen IV-GAL4 (Cg-GAL4), which is active in both the fat body and haemocytes. Fat bodies were dissected from the corresponding progeny and analysed

(Continues)
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LINNEMANNSTÖNS et al.  of 

F IGURE  (Continued)
for both endogenous and overexpressed EV markers by immunofluorescence. (B) Overview of the fat body composed of flat polygonal adipocytes visualised by
expression of cytoplasmic eGFP and co-staining with Phalloidin to label F-actin. (C) Co-expression of eGFP and Tsp96F-mCherry. Tsp96F localises to large
vacuolar structures containing a lumen. Lipid droplets appear as GFP-negative holes. (D) Magnified view of the boxed region in (C). The filled arrows point at
the membrane of Tsp96F labelled vacuoles, the filled arrow heads point at internal puncta, the empty arrow heads point at intraluminal vesicles, the asterisks
label lipid droplets. (E-G) mCherry-Tsp96F was expressed and co-stained with endogenous endosomal markers Rab5 (E), Hrs (F), Rab7 (G). (H) The
tetraspanin Lbm labels a subset of Tsp96F-mCherry positive structures. (I) Magnified view of the boxed region in (H). mCherry-Tsp96F co-localises to the
same compartment with eGFP-Lamp1 (J) and CD63-pHluorin (K). (L) Magnified view of the boxed region in (K). (M–P) Rab11-GFP was expressed alone (M)
and co-stained with endogenous endosomal markers Rab5 (N), Hrs (O), Rab7 (P). (Q) Endogenous Myc-YFP-Rab11 reflects the localisation of overexpressed
Rab11-GFP in (M-P). (R) Co-expression of Rab11-GFP and mCherry-Tsp96F. Rab11-GFP and Tsp96F-mCherry mark different compartments. (S) Magnified
view of the boxed region in (R). All images show representative confocal images. Scale bar represents 50 μm in (B) and 10 μm in all other images

loaded the resulting EV preparations (P14 and P100) and directly compared the Western Blot signals of candidates and control
(Figure 5A,B). We probed for the overexpressed EV proteins, either Rab11-GFP or Tsp96F-mCherry, and the endogenous EV
markers Lbm and Syx1A (Figure 5B, representative blots for each candidate are depicted in Figure S5).

To test our system, we chose several candidates for knockdown based on their previously described functions in EV biogenesis
and secretion: Rab GTPases Rab27 and Rab35, which are well characterised to mediate MVB fusion with the plasma membrane,
the late endosomemarker Rab7 andRab11, associatedwith recycling endosomes. Furthermore, we chosemembers of the different
ESCRT complexes, namelyHrs (ESCRT-0), Tsg101 (ESCRT-I), Shrb, homolog of humanChmp4B, (ESCRT-III) andAlix (ESCRT
accessory) (Figure 5C).
We quantified the signal intensities of Rab11-GFP or Tsp96F-mCherry, Syx1A and Lbm in P14 and those of Rab11-GFP or

Tsp96F-mCherry in P100. The intensity of the endogenous markers was too low to be quantified in P100. As could be expected
froman in vivo approach, variation between biological replicateswas high andmost of themultiple candidates and different RNAi
lines per candidate did not alter EV secretion significantly. For example, the Rab11-GFP and Syx1A signal in P14 were slightly
increased upon knockdown of Tsg101, however this effect could not be reproduced with a second RNAi line (Figure 5D). In
general, knockdown of different ESCRT components showed high data variation and did not allow clear conclusions (Figure 5D),
although the lines used showed effects in other systems (Matusek et al., 2014). However, there was a 50% reduction of Lbm and
Syx1A along with increase of Rab11-GFP in P14 after Rab35 knockdown using two different Rab35 RNAi lines (Figure 5E). This
is in line with studies frommouse oligodendroglial cells, where Rab35 was shown to mediate EV secretion (Frühbeis et al., 2013;
Hsu et al., 2010). In the case of Rab11 RNAi, only Tsp96F-mCherry was co-expressed (Figure 5F). Knockdown of Rab11 led to a
significant reduction of Tsp96F, but to an increase of Lbm and Syx1A in P14 and a concomitant increase of the detectable Tsp96F
marker in P100 (Figure 5F). It has been observed before that perturbing EV biogenesis by neutral sphingomyelinase inhibition
can shift EV markers from P14 to P100 (Menck et al., 2017).

Taken together, fat-body mediated knockdown of a number of previously described mediators of EV biogenesis, including
Rab7, Rab27 and several ESCRT components did not lead to a reduction of EVmarker intensity as detected biochemically. Albeit
the observed data variability of this in vivo approach, knockdown of Rab35 and Rab11 strongly reduced secretion of some EV
markers. This supports previous findings that different EVs populations exist, and that they are secreted by multiple trafficking
routes and in a cell-type specific manner into the extracellular space.

. ESCRT and RAB knockdown regulates EV trafficking in fat body cells

Since capturing changes in haemolymph EV levels by Western Blot was not trivial, we wanted to test in parallel if knockdown
of the respective candidates affected endosomal compartments and trafficking of EV markers on a subcellular level. For this, we
co-expressed Rab11-GFP together with RNAi targeting the respective genes or a control RNAi (yellow) using the UAS/GAL4
system and dissected the fat bodies from wandering L3 larvae (Figure 6A). None of the knockdown conditions analysed was
lethal. The larvae developed, pupated and hatched normally, indicating that overall fat body function was not impaired.
We stained against a panel of organelle markers, including Cnx (ER), Golgin84 (Golgi), Rab5 (early endosome), Hrs (ECSRT-

0/MVBs) and Rab7 (late endosome) and quantified the number of the respective puncta. We assumed that the number of
exosome-forming compartments could be affected by both upstream trafficking pathways or by secretion rate. The ER marker
Cnx is diffusely distributed all over the cell and this localisation was not affected by any of the knockdown conditions tested
(Figure S6A). Knockdown of any candidate did neither show an effect on Golgin-positive puncta number or distribution,
indicating that Golgi function was not impaired either (Figure S6B,E).

The control knockdown of yellow revealed a vesicular staining for the EV marker Rab11-GFP (Figure 6B) as was observed
before (Figure 4L–Q). Upon knockdown of the ESCRT-0 component Hrs the Rab11-GFP signal was rather diffuse and puncta
were almost not discernable (Figure 6C,D), therefore the number of Rab11-GFP puncta was strongly reduced (Figure 6L). Knock-
down of the ESCRT accessory member Alix (Figure 6E,F) and the Rab GTPase Rab27 (Figure 6G,H) led to slight reductions of
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 of  LINNEMANNSTÖNS et al.

F IGURE  Fat-body mediated knockdown of ESCRT and RAB components can alter the amount of EVs secreted in the haemolymph. (A) Tagged EV
markers were co-expressed with RNAi using Cg-GAL4. EVs were isolated from the corresponding L3 larval haemolymph and the resulting P14 and P100 pellets
analysed by immunoblot. (B) Representative immunoblot probing for Rab11-GFP and endogenous Syx1A and Lbm. RNAi against yellow was used as control.
The intensity of the endogenous markers in P100 was too low to be quantified. (C) List of all knockdown candidates. (D) Quantification of Rab11-GFP, Lbm and
Syx1A signal intensity upon knockdown of ESCRT components Hrs, Tsg101, Shrb and Alix. One-way ANOVA: *p = 0.00238. (E) Quantification of Rab11-GFP,
Lbm and Syx1A signal intensity upon knockdown of Rab7, Rab27 and Rab35. One-way ANOVA: *p = 0.0451. (F) Quantification of Tsp96F-mCherry, Lbm and
Syx1A signal intensity upon knockdown of Rab11. Student’s unpaired two-tailed t-test: **p = 0.0048 (P14 Tsp96F), **p = 0.0058 (P14 Lbm), *p = 0.0192,
****p < 0.0001. All quantifications were performed on at least three independent experiments. Data are mean ± SD

Rab11-GFP positive puncta (Figure 6L). However, knockdown of the recycling endosome component Rab35 (Figure 6I,J) and
the late endosomal marker Rab7 (Figure 6K) led to significant reductions of intracellular Rab11-GFP positive puncta (Figure 6L).
Interestingly, Rab35 knockdown leads to mislocalisation of the signal to the cortex of luminal structures resembling Rab7
endosomes, indicating that sorting or fusion is disturbed (Figure 6I,J). Since knockdown of Rab7, Rab35 and Hrs had strong
effects on the Rab11-GFP signal distribution, we wanted to see how other endosomal compartments behave upon knockdown.
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F IGURE  ESCRT and RAB knockdown regulates EV trafficking in fat body cells. (A) Rab11-GFP was co-expressed with RNAi using Cg-GAL4. Fat
bodies were dissected from the corresponding progeny and analysed by immunofluorescence. (B) RNAi against yellow is used as control. Fat bodies expressing

(Continues)
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 of  LINNEMANNSTÖNS et al.

F IGURE  (Continued)
RNAi against Hrs (C, D), Alix (E, F), Rab27 (G, H), Rab35 (I and J) and Rab7 (K) were stained for Rab11-GFP (upper panel) and endogenous Rab7 (lower
panel). Empty arrowheads in (B, upper panel) point at Rab11-GFP positive puncta. Arrowheads in (B, lower panel) point at Rab7-positive ring-like structures.
Arrows in (I, J) point at Rab11-GFP mislocalising to Rab7-positive ring-like structures (L) Quantification of number of Rab11-GFP positive vesicles (upper
panel in B-K). One-way ANOVA: ****p < 0.0001, **p = 0.0017 (Rab27 #1), *p = 0.0424 (Rab27 #2), *p = 0.0318 (Alix #1), *p = 0.0256 (Alix #2). (M)
Quantification of number of Rab7 positive vesicles (lower panel in B-K). One-way ANOVA: ****p < 0.0001. Data are mean ± SD. All images show
representative confocal images and maximum intensity projection of two sections (distance 1 μm) are depicted for visualisation. Scale bar 20 μm

Rab5-labelled early endosomes were distributed over the cell and also located at the cell membrane in the control (Figure S6C,
top). Hrs-positive endosomes/MVBs are mostly found intracellularly and not at the cortex (Figure S6D, top). Knockdown of
Rab27 andHrs did not change the number of Rab5- andHrs-positive puncta (Figure S6C,D,F,G). The late endosomemarkerRab7
localises to ring-like structures in the control knockdown of yellow (Figure 6B, bottom) as was seen before (Figure 4G,N). The
number of Rab7-positive late endosomes was significantly reduced by knockdown of all candidates analysed (Figure 6C–K,M).

In summary, different endosomal maturation steps, among them steps necessary for EV biogenesis, can be monitored in the
Drosophila fat body. Knockdown of several known factors involved in endosomal trafficking including Rab GTPases and the
ESCRT-0 member Hrs led to significant perturbations in the number and distribution of the EV marker Rab11-GFP as well as
the late endosomal marker Rab7, complementing and expanding our biochemical analysis.

. Fat-body mediated knockdown of KlpA/Rab affects EV secretion in the haemolymph

Based on these findings with established EV biogenesis components, we next investigated EV secretion upon knockdown of so
far undescribed candidates to gain insights into the regulation of EV secretion in fat bodies. We analysed the role of Rab14 and
the kinesin Klp98A, which recently were described in Drosophila in lysosomal positioning during autophagy in fat bodies and
Wingless secretion from wing imaginal disc cells (Mauvezin et al., 2016; Witte et al., 2020).
In our DIA-MS analysis we detected Rab14 secreted on P14 EVs (Figure 2B,G). Rab14 knockdown in fat body cells did not

alter levels of secreted EV markers isolated from haemolymph, but Klp98A knockdown reduced Lbm levels in P14, whereas all
other markers were not affected in immunoblots (Figures 7A, S7A). The same trend was observed in Kc167 cells (Figure S7B,C).
Immunofluorescence analysis of fat bodies revealed an opposite effect, namely that Klp98A knockdown did not affect the num-
ber of Rab11-GFP, Rab5, Hrs- and Rab7-positive puncta (Figure 7B,C,E–H). In contrast, Rab14 knockdown significantly reduced
the number of Rab11-GFP puncta (Figure 7B,D,E), as well as the number of Hrs- and Rab7-positive puncta (Figure 7B,D,G,H).
The number of Rab5-positive endosomes was not affected by Rab14 knockdown (Figure 7B,D,F). Golgin-positive puncta num-
ber or distribution was neither affected by Klp98A nor Rab14 knockdown, indicating that Golgi function was not impaired
(Figure S7D). The trafficking pathways at the level of endosomes are diverse. Specificity and directionality of sorting depend
on the Rab GTPases involved as well as overlapping effectors present on endosomal subpopulations (Nag et al., 2018; Sorvina
et al., 2016; Yamamoto et al., 2010). To check whether knockdown affects organisation of these subpopulations, we analysed
the colocalisation of Rab11-GFP, Rab5, Rab7 and Hrs on endosomes upon RNAi. Since endosomal maturation occurs by a
Rab5 to Rab7 conversion (Chavrier et al., 1990; Feng et al., 1995; Rink et al., 2005), changes in colocalisation could indicate
maturation defects as well as shifting from one trafficking pathway to another (Chavrier et al., 1990). Rab14 knockdown signifi-
cantly reducedRab11-GFP/Rab5 colocalisation (Figure 7I), whereas Rab11-GFP/Hrs andRab11-GFP/Rab7 colocalisationwere not
affected (Figure 7J,K). As the number of Rab5-positive puncta is not changed (Figure S7B,D,F), the decreased Rab11-GFP/Rab5
colocalisation is likely caused by the reduced number of Rab11-GFP puncta. This suggests that Rab14 knockdown specifically
affects the recycling of Rab11 towards early endosomes at the dispense of late endosomal compartments. In contrast, Klp98A
knockdown only affects late Rab7-positive endosomes.
Taken together, we could show a novel role of Klp98A and Rab14 in regulating EV secretion. However, they do not appear to

function at the same level of EV compartment trafficking in contrast to their previously described interaction in autophagosome
positioning (Mauvezin et al., 2016), but affect discrete sorting steps in the endosomal system.

 DISCUSSION

Propagation of endogenous exosomes in vivo is largely unknown, and data on their biogenesis and role in normal developing
tissue and adult tissue homeostasis lags behind.Drosophila is one of the best organisms to study intercellular and -organ commu-
nication. The same genes and principles underlie fly and human development, so human diseases can be modelled in the fly and
analysed on the molecular and cellular level (Droujinine & Perrimon, 2016). Drosophila has functionally corresponding organ
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F IGURE  Fat-body mediated knockdown of Klp98A/Rab14 affects EV secretion in the haemolymph. (A) Quantification of Rab11-GFP, Lbm and Syx1A
signal intensity upon knock down of Klp98A and Rab14. Quantifications were performed on at least three independent experiments. Data are mean ± SD.
One-way ANOVA: **p = 0.0011. (B-D) Rab11-GFP was co-expressed with RNAi using Cg-GAL4. Fat bodies were dissected from the corresponding progeny
and analysed by immunofluorescence. RNAi against yellow was used as control. Fat bodies expressing RNAi against yellow (B), Klp98A (C) and Rab14 (D) were
stained for Rab11-GFP as well as endogenous Rab5, Hrs, Rab7, Cnx99A and Golgin as indicated. (E) Quantification of number of Rab11-GFP positive vesicles in
(B–D). One-way ANOVA: ***p = 0.0008. (F) Quantification of number of Rab5-positive vesicles in (B–D). (G) Quantification of number of Hrs-positive
vesicles in (B–D). One-way ANOVA: **p = 0.0078. (H) Quantification of number of Rab7 positive vesicles in (B–D). One-way ANOVA: *p = 0.0124,
****p < 0.0001. (I) Pearson’s correlation coefficient of Rab11-GFP/Rab5 is decreased upon Rab14 knockdown. One-way ANOVA: ***p = 0.0004. Pearson’s
correlation coefficient of Rab11-GFP/Hrs (J) and Rab11-GFP/Rab7 (K) is not affected by the knockdown conditions tested. Data are mean ± SD. All images
show representative confocal images and maximum intensity projection of two sections (distance 1 μm) are depicted for visualisation. Scale bar 20 μm
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 of  LINNEMANNSTÖNS et al.

systems to mammals. The work presented here establishes the fat body, equivalent to fat and liver, as a genetic model to study EV
biogenesis in vivo. Our system allows both biochemical quantification of EVs from the haemolymph of larvae and expression of
fluorescently tagged EV proteins to understand principles of interorgan communication by EVs.
We purified EVs from haemolymph by differential centrifugation and analysed the resulting pellets by Western Blot, NTA,

EM and DIA mass Spectrometry. Both TEM and NTA studies suggest that fly EVs have a different pelleting behaviour com-
pared to mammalian EVs. The majority of EVs, with the size and morphology of exosomes, can be pelleted at 14,000 g. So far,
particle characterisation in Drosophila relied on purification of EVs from cell culture supernatants. For this, Kc167 and S2 cells
(Koppen et al., 2011), derived from embryonic haemocytes, as well as Dm-D17-c3 (D17) and S2R+ cells (Lefebvre et al., 2016)
were used.Drosophila cells are cultured in the same serum (FBS)-containingmedium asmammalian cells and generally switched
to serum (FBS)-free conditions only shortly before the start of isolation. We suspect that serum-derived lipids are incorporated
into membranes while cultured in the presence of serum (FBS). This might interfere with EV composition leading to the fact
that cell culture studies do not reflect the in vivo situation. Drosophilamembranes contain sphingolipids, but their composition
is different compared to mammalian membranes. They lack sphingomyelin, and instead have phosphoethanolamine ceramide
(PE-ceramide) as a major membrane constituent. In PE-ceramide, a phosphoethanolamine replaces the phosphocholine in sph-
ingomyelin (Hildenbrandt et al., 1971). Interestingly, basic components for the synthesis of sphingolipids exist in Drosophila,
including several sphingomyelinase homologs (Acharya & Acharya, 2005). In mammals, ceramide is generated via breaking
down sphingomyelin by neutral and acid sphingomyelinases. Moreover, Drosophila lack all enzymes required for the synthe-
sis of cholesterol and the sterol content in fly membranes is less compared to mammalian membranes (18% vs. 30%) (Rietveld
et al., 1999). Nevertheless, they are capable of utilising ingested cholesterol for post-translational modification of substrates like
Hedgehog (Acharya & Acharya, 2005; Callejo et al., 2006; Dawber et al., 2005; Gallet et al., 2006). We suspect that Kc167 cells
can incorporate and metabolise sphingomyelin and cholesterol from the cell culture medium supplemented with bovine serum
and that this may influence EV lipid composition and result in the observed differences in pelleting behaviour.
Out of the described human EV markers we identified > 100 in Drosophila, including common exosome markers such as

different Tetraspanins and Rab GTPases. Out of these, we decided to focus on overexpressed Rab11-GFP, CD63-pHluorin and
mCherry-Tsp96F as markers for immunofluorescence and -blot. Rab11-GFP and tagged tetraspanins label distinct EV sub-
populations within fat body cells. Rab11-GFP positive puncta do not overlap with any of the other endosomal markers tested,
underlining their unique identity as recycling endosomal MVBs (Fan et al., 2020). The expression of tagged Tsp96F and CD63
overlap and mCherry-Tsp96F positive structures colocalised with endogenous Lbm and GFP-Lamp1. Previously, it was postu-
lated that the GFP-LAMP1 fusion protein identified large perinuclear structures corresponding to lysosomes as well as smaller
structures evenly distributed in the cytoplasm (Jacomin et al., 2016). A recent report, however, describes the secretion of Lamp1/2
on EVs from HeLa cells, indicating that Lamp1/2 does not only mark endosomes destined for lysosomal degradation (Mathieu
et al., 2021). The tetraspanin Lbm/Tsp42Em was originally described to facilitate neuromuscular junction formation in larvae
(Kopczynski et al., 1996) and localises to a cluster of 18 Tsp on the second chromosome (Fradkin et al., 2002; Todres et al., 2000).

Regarding immunoblot analysis, no single EV marker is known so far to distribute evenly across all EV subtypes that could
be used for normalisation.We could not load complete haemolymph for normalisation because it is very protein-rich and there-
fore only produces a smear so that no clear bands can be detected. It is neither possible to normalise against the P0.75 cell
pellet containing the Drosophila blood cells, because the number of haemocytes varies between preparations and cannot be
standardised since the larvae are punctured manually. Therefore, as described, we always isolated EVs from an equivalent vol-
ume of haemolymph, loaded the whole EV preparation and directly compared the Western Blot signals to standardise different
knockdown conditions.
As proof of principle, we started by analysing the knockdown ofmembers of the Rab and ESCRT families that have been shown

to regulate EV biogenesis before. Rab proteins regulate EV biogenesis in a cell-type specific manner. Originally, knockdown of
Rab27A/B and Rab35 was shown to impair MVB fusion with the plasma membrane and thereby decrease exosome release in
oligodendroglia andHeLa cells (Hsu et al., 2010; Ostrowski et al., 2010). In addition to Rab27 and Rab35, we also included Rab7 in
our analysis. It is involved both in trafficking between early endosomes and lysosomes and is also associated with late endosomes
and MVBs like Rab27. In Drosophila, Rab7 knockdown or expression of a dominant-negative version of Rab7 (Rab7-DN) in
accessory gland cells disturbs exosome release (Corrigan et al., 2014). There is also evidence for its role in EV secretion from
C. elegans (Hyenne et al., 2015) and mammalian cultured cells (Jaé et al., 2015). The recycling endosome component Rab11 was
implied in EV secretion from human andDrosophila cells and also in vivo (Ashley et al., 2018; Beckett et al., 2013; Corrigan et al.,
2014; Fan et al., 2020; Koles et al., 2012; Messenger et al., 2018; Savina et al., 2002) and one report even identified Rab11a-positive
MVBs in human cells (Savina et al., 2005).

The ESCRT-0 component Hrs is recruited to endosomes via its FYVE domain and recognises ubiquitylated cargos. Tsg101 is
one of the four ESCRT-I components and bridges between ESCRT-0 and -II. Shrb is the homolog of human Chmp4B and a fila-
ment forming subunit of ESCRT-III, which drives inwardmembrane deformation (Henne et al., 2013; Raiborg&Stenmark, 2009).
Alix (ALG-2 interacting protein X) is an ESCRT accessory protein that can directly bind to Shrb/Chmp4B, thereby bridging cargo
into MVBs in a ubiquitylation-independent way (Baietti et al., 2012). For many of these candidates, data variability hampered
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the interpretation of immunoblot results, even though the lines had effects on intracellular EV marker trafficking as shown by
immunofluorescence. This biochemical variability might be introduced by technical imprecision. Considering the low amount
of starting material, it cannot be ruled out that insufficient resuspension led to the observed fluctuation in protein expression of
P14/P100, however similar amounts of EV were purified from wildtype haemolymph in a regular manner. What is more likely,
though, is that endosomal trafficking is adaptable and knockdown of single ESCRTmembers might not be sufficient to block EV
secretion completely due to redundancy and despite subcellular perturbations detectable by IF. We decided against a ubiquitous
GAL driver like tubulin-GAL4 in the beginning of the study because complete knockdown is lethal for many of the candidates
analysed. To circumvent this problem in the future, one could combine a ubiquitous driver with a temperature-sensitive GAL80
element to restrict the knockdown to a short developmental time window.
Generally, a mixed population of EVs of different cellular origin are co-purified as revealed by proteomic profiling of EV

subtypes (Kowal et al., 2016). By manipulating ESCRT-III and Alix we anticipated to perturb the formation of all ESCRT-
dependent EVs. However, EV biogenesis via Syndecan and Alix requires Syntenin (Baietti et al., 2012) and there is no Syntenin
homolog in the Drosophila genome (FlyBASE version FB_), indicating that other mechanisms must exist in flies. Further-
more, variability could also result from competing EV biogenesis mechanisms, where knockdown of one machinery favours
the other as was shown for the generation of Hrs- and CD63-dependent subpopulations (Edgar et al., 2014). Interestingly, we
observed a significant reduction in EV secretion upon knockdown of Rab11 and Rab35, suggesting that recycling Rab family
members strongly contribute to EV secretion from the fat body. In mammalian cells, Rab11 orchestrates slow recycling from
MVBs to the plasma membrane, whereas Rab4 directs fast recycling from early endosomes towards the plasma membrane
(De Renzis et al., 2002). Rab4 plays a role in apical secretion of the morphogens Hedgehog and Wingless in wing imaginal
discs (D’Angelo et al., 2015; Linnemannstöns et al., 2020). InDrosophila fat body cells, Rab4 and Rab11 function in anti-microbial
peptide secretion. Here, UAS-Rab11-GFP localises to small puncta and to larger endosomal structures which are also positive
for Rab4 (Shandala et al., 2011; Sorvina et al., 2016, 2020). Studies in human cells and Drosophila indicated a role for Rab11
in EV secretion (Ashley et al., 2018; Beckett et al., 2013; Corrigan et al., 2014; Koles et al., 2012; Messenger et al., 2018; Redhai
et al., 2016; Savina et al., 2002) and a recent study highlighted the emerging importance of recycling MVBs in response to glu-
tamine starvation (Fan et al., 2020). Rab11- and Rab35-regulated exosomal secretion does not seem to be ESCRT-dependent
(reviewed in Blanc and Vidal (2018)), which supports our findings that EV secretion from the fat body is not impaired by
knockdown of ESCRT components, but controlled by Rab11/Rab35. However, the detailed mechanism of Rab11- and Rab35-
mediated EV secretion remain to be elucidated. None of the various Rab35 effectors identified so far was shown to be involved
in EV secretion (Chaineau et al., 2013). The exocyst complex is a direct target of Rab11 (Zhang et al., 2004) and its members
were shown to regulate apical secretion of the morphogen Wingless in wing imaginal discs (Chaudhary & Boutros, 2019).
Noteworthy, the suppression of any individual Rab family member was not sufficient to completely block exosome secre-
tion. This can be due to redundancy or alternatively each Rab might regulate the secretion of a subset of EVs (McGough &
Vincent, 2016).

For this reason, we decided to further study the role of Rab14, which was shown to regulate autophagosome localisation in
the Drosophila fat body together with the kinesin 3 family member Klp98A, the orthologue of mammalian KIF16B, as upstream
effector (Mauvezin et al., 2016). The larval fat body uses autophagy to mobilise nutrients throughout the animal in response
to starvation. In the present work, Klp98A significantly affects secretion of Lbm- positive EV in the haemolymph as detected
by immunoblot, whereas Rab14 knockdown affects the late endosome populations (as detected by IF). This could indicate that
the two proteins collaborate under stressed autophagic conditions, but perform distinct functions in the physiological state,
provided there are enough nutrients. We found Rab14 in the P14 pellet by DIA-MS and work in human cell culture showed
that components of functional protein complexes can be sorted differentially into EVs to modulate endosomal trafficking by
the autophagic component ATG5 (Guo et al., 2017). As mentioned above, specificity and directionality of EV sorting depend
on Rab GTPases as well as overlapping effectors present on the subpopulations. Rab14 and the fast recycling Rab4 share the
effector RUFY1 and engage in recycling of TfR and Glut4 to the plasma membrane (Yamamoto et al., 2010). Rab14 was also
shown to act prior to Rab11 and after Rab4/5 in an intermediate recycling compartment (Linford et al., 2012). Rab4 and KIF3A
regulate melanosome/lysosome-related organelle trafficking (Nag et al., 2018), which has overlapping functional components
with EV biogenesis (Delevoye et al., 2019). Klp98A is also involved in apical Wingless recycling via Rab4-endosomes to the
plasma membrane (Witte et al., 2020) prior to Wingless secretion on EVs (Gross et al., 2012). Within the fat body Rab4/Rab11
are regulating exocytosis of innate immune cargo like antimicrobial peptides (Shandala et al., 2011; Sorvina et al., 2016). The
interconnection of these components in targeting endosomal subpopulations and EV cargo proteins has to be elucidated in
further studies.
Taken together, we introduce a novel in vivo model that allows to study the secretion of different EVs populations via multiple

trafficking routes into the extracellular space. The larval fat body provides nutrients used by developing organs like imaginal discs
and other tissues for growth. It remains to be identified whether fat body-derived EVs act as communication device or provide
mainly trophic support and if they are preferentially taken up by certain organs or tissues.
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 MATERIAL ANDMETHODS

. Drosophila stocks and genetics

The following Drosophila stocks were used in this study: wildtype OregonR (a gift from J. Grosshans, Philipps University
Marburg, Germany), UAS-eGFP (chr. II, a gift from Martin Zeidler, University of Sheffield, UK), UAS-Lamp1-GFP (a gift from
T.Vaccari, University ofMilan, Italy), bsgCA (GFP trap Bsg, a gift fromUlrichThomas,University ofMagdeburg, Germany (Besse
et al., 2007)). These stocks were obtained from Bloomington Drosophila stock centre: Cg-Gal4(7011), eYFP-Myc-Rab11(62549),
UAS-Rab11-GFP (8506), vas-PhiC; attP.ZH-Fb (24749), nos-PhiC; attP.C(25709), AliX TRiP (33417(#1)), Hrs TRiP
(28026(#1), 33900(#2)), Rab14 TRiP (28708), Rab35 TRiP (#2), Tsg101 TRiP (35710(#2)), Tsp42Ee-GFP (Flytrap, BL51558),
Tsp42Ee EGFP-FlAsH-StrepII-TEV-3xFlag (RMCEMiMIC, 63197). The followingUAS-RNAi stockswere obtained fromVienna
Drosophila RNAi Center: Yellow (KK 106068), ALiX (GD 32047(#2)), Klp98A (GD 40603), Rab7 (KK 27051), Rab11 (KK 42709),
Rab27 (KK 31887(#1), KK 35774 (#2)), Rab35 (KK 101361(#1), Shrb (KK 106823), Tsg101 (GD 23944(#2)). UAS-mCherry-Tsp96F
and UAS-CD63-pHluorin transgenic lines were generated according to standard protocols by φC31 integrase-mediated site-
specific insertion in the attP landing sites at 86Fb and 25C6, respectively (Bischof et al., 2007). Fly stocks were kept on standard
medium containing agar, yeast and corn flour. Crosses were performed at 25◦C.

. Plasmids

The coding region of Drosophila Tsp96F was amplified from DGRC clone LD19727 and the resulting PCR product was recom-
bined into pDONRTM221 vector using the Gateway BP Clonase II Enzyme mix (Life Technologies, Carlsbad, CA, USA). For
generation of transgenic flies, the construct was subcloned into the expression vector pUASt-attB-mCherry-rfA (kind gift from
SvenBogdan) by LR recombination (Life Technologies, Carlsbad, CA,USA). CD63-pHLuorinwas amplified fromAddgene clone
#70113(pCMV-lyso-pHluorin) and subcloned into pUASTattB (kind gift from Jörg Großhans) via XhoI/XbaI.

. Antibodies

Antibodies were used against human Alix (1:100 WB; goat, Santa Cruz and mouse, Santa Cruz), ɑ-Tubulin (1:100 WB; mouse,
DSHB 12G10), human ATP6V0A1, (1:1000 WB; rabbit, Novus Bio), Cnx (1:10 IF; mouse, DSHB Cnx99A 6-2-1), Csp-1(1:50 WB;
mouse, DSHB ab49), Csp-2(1:50WB;mouse, DSHB 6D6), Flo2(1:1000WB; BDTransduction Laboratories), GFP (1:1000WB and
IF; mouse (A11120) and rabbit (A11122), Molecular Probes), GM130 1:1000(WB; rabbit, Abcam ab30637), Golgin 1:10(IF; mouse
DSHB Golgin84), Hrs (1:50 WB; 1:10 IF; mouse, DSHB Hrs 27-4 and Hrs 8-2), Hsp70(1:1000 WB; mouse Santa Cruz BRM22),
(IntegrinβPS (1:50 WB; mouse, DSHB CF.6G11), Lamp1(1:500 WB; 1:100 IF; rabbit, Abcam ab30687), Lbm (1:50 WB; 1:10 IF;
mouse, DSHB 10C9), mCherry (1:1000 IF and WB; rabbit, Abcam ab167453), Rab5(1:500 IF; rabbit, Abcam ab31261), Rab7(1:10
IF; mouse, DSHB), human Rab11(1:1000 WB; mouse, BD Transduction), Syx1A (1:50 WB; mouse, DSHB 8C3), Tsg101(1:500 WB;
mouse, Abcam 4A10). Secondary antibodies directed against the species of interest were coupled to Alexa Fluor 488, 568 and
647(IF, 1:400, Invitrogen) and 680RD and 800CW (WB, 1:20,000, LiCor).

. Haemolymph collection

Wandering L3 larvaewere collected and cleaned in PBS.After drying thembriefly on a paper towel to remove the remaining buffer
the larvae were transferred into perforated 0.5 ml tubes. While transferring, the larvae are pierced with forceps near the mouth
hooks to open the larval body wall and release haemolymph. The tubes were then inserted into 1.5 ml tubes and centrifuged for
20–30 s in a picofuge. The 1.5 ml tube containing the haemolymph was immediately snap-frozen in liquid nitrogen and stored
at –80◦C. Ten larvae yield approximately 10 μl haemolymph.

. Isolation of EVs from haemolymph

Tenmicrolitres haemolymph were collected and resuspended in 500 μl filtered PBS+PTU (Phenylthiourea 0.1 μg/ml) to prevent
melanisation and centrifuged at 750 g for 15 min at 4◦C. The supernatant (SN0.75) was transferred into a fresh 1.5 ml reaction
tube and centrifuged at 1500 g for 10 min at 4◦C to remove cell debris. The supernatant kept after 1500 g centrifugation (SN1.5)
was transferred into a fresh 1.5 ml reaction tube and centrifuged at 14,000 g for 35 min at 4◦C. The resulting P14 pellet was
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washed with 200 μl PBS and again centrifuged for 35 min at 4◦C. The washed P14 pellet was resuspended in 20 μl filtered PBS
and 5 μl RIPA+ PI. The supernatant kept after the first 14,000 g centrifugation was centrifuged at 100,000 g for 2 h at 4◦C (rotor:
Beckmann Coulter TLA 120.1). The supernatant was discarded and the P100 pellet was resuspended with 25 μl filtered PBS (EM
and NTA) or 20 μl filtered PBS and 5 μl RIPA + PI (Western Blot). Samples for NTA were stored short-term at –20◦C until
further analysis. Samples for Western Blot analysis were boiled in reducing or non-reducing 6X SDS sample buffer and stored at
–20◦C until further use.

. Proteinase K protection assay

EVs were isolated from 40 μl haemolymph. The resulting P14 and P100 pellets were resuspended in 80 μl filtered PBS and split
into four identical aliquots. Proteinase K digestion was then performed with or without 0.01 mg/ml proteinase K (QIAGEN) in
presence or absence of 1% Triton X-100 for 30 min at 37◦C. The samples were then boiled in or non-reducing 6X SDS sample
buffer and subjected to Western Blot analysis.

. Protein lysis

The P0.75 pellets, containing haemocytes and other cells present in the haemolymph, were lysed in 25μl RIPA buffer+Proteinase
Inhibitor (Roche) on ice for 20–30 min and then centrifuged 15 min at 14,000 g and 4◦C. The supernatant was boiled in reducing
or non-reducing 6X SDS sample buffer and stored at –20◦C until further use.

. Immunoblot

Proteinswere separated on 4%–12%gradient gels (Bolt Bis-Tris PlusGels, Thermo Scientific) and transferred to PVDFmembrane
(Merck). After blocking with 5% (wt/vol) milk-TBST, membranes were incubated with corresponding primary antibodies in
TBST at 4◦C. After washing, membranes were incubated with fluorescently labelled secondary antibodies at room temperature
in the dark. Detection was performed using Odyssey from Li-COR. Quantitative measurements were done with LiCOR Image
Studio software.

. Electron microscopy

Purified EVs were left to settle on carbon-coated grids. After washing with water, samples were stained with neutral uranyl
acetate. After incubation with a 1:1 mixture of 4% uranylacetate and 2% methycellulose, grids were air-dried and visualised at
30,000× magnification using a transmission electron microscope (Zeiss EM900). Representative images from three biological
replicates of P14 and P100 from wild-type haemolymph were obtained. Particle size was determined compared to a size marker
in Fiji.

. Nanoparticle tracking analysis

Nanoparticle tracking experiments were performed using a Nanosight LM10 (Malvern) instrument. P14 and P100 samples were
diluted 1:200 in PBS and 400 μl diluted sample were measured. We used consistent settings with 30 s of measurement time at
medium polydispersity and reproducibility under a level of illumination of 15 (LM10 software) and measured three consecutive
rounds of 30 s. For P100 and P14 particles up to 500 nm were used in calculations and the rest of the registered particles (which
corresponded to <1% in all cases) were taken out. The measured EV concentrations were corrected for the dilution factor and
depicted as number of particles per μl haemolymph pellet (starting material was 10 μl haemolymph).

. Mass spectrometry

Three independent biological replicates of haemolymph samples (P14, P100, SN100) were boiled 5 min in non-reducing SDS
sample buffer (300mMTris-HCl pH 6.8, 12% SDS, 0.05% Bromphenolblue, 60%Glycerol, 12 mMEDTA) and run short-distance
(1.5 cm) into a 4%–12 % NuPAGE Novex Bis-Tris Minigel (Invitrogen). Gels were stained with Coomassie Blue for visualisation
purposes. Stained areas were cut out as a single fraction and diced. After washing, gel slices were reduced with dithiothreitol
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(DTT), alkylated with 2-iodoacetamide and digested with trypsin overnight. The resulting peptidemixtures were then extracted,
dried in a SpeedVac (Atanassov & Urlaub, 2013). For generation of an annotated MS/MS spectral library for DIA-MS, equal
amount aliquots from each sample were pooled to a total amount of 80 μg and separated into twelve fractions using a reversed
phase spin column (Pierce High pH Reversed-Phase Peptide Fractionation Kit, Thermo Fisher Scientific).
For mass spectrometric analysis, samples and reverse phase fractions were taken up in 20 μl loading buffer (0.1% aqueous

formic acid, 2% acetonitrile) and separated by nanoflow chromatography. Injections of 1 μg protein equivalent enriched on a
self-packed precolumn (0.15 mm ID x 20 mm, Reprosil-Pur120 C18-AQ 5 μm, Dr. Maisch, Ammerbuch-Entringen, Germany)
and separated on an analytical RP-C18 column (0.075 mm ID × 250 mm, Reprosil-Pur 120 C18-AQ, 3 μm, Dr. Maisch) using a
30 to 90 min linear gradient of 5%–35% acetonitrile/0.1% formic acid (v:v) at 300 nl/min. The eluents were analysed on a hybrid
triple quadrupole-TOF mass spectrometer (TripleTOF 5600+) equipped with a Nanospray III ion source (Ionspray Voltage
2400 V, Interface Heater Temperature 150◦C, Sheath Gas Setting 12) and controlled by Analyst TF 1.7.1 software build 1163(all AB
Sciex).
For generation of an MS/MS spectral library, reverse phase fractions as well as the individual samples were analysed by

data-dependent acquisition (DDA) using a Top30 data-dependent acquisition method, with a survey scan ofm/z 380-1250 accu-
mulated for 250 ms at a resolution of 35,000 full width at half maximum (FWHM). Precursors above a threshold MS intensity
of 200 cps with charge states 2+, 3+ and 4+ were selected for MS/MS at 0.7 FWHM resolution, and fragmented using nitrogen
as a collision gas using manufacturer’s default rolling collision energy settings. MS/MS scans ofm/z 180–1500 were accumulated
for 100 ms at a resolution of 17,500 FWHM, resulting in a total cycle time of 3.4 s. Two replicate injections per reversed phase
fraction were analysed to construct a spectral library.
For quantitative SWATH analysis, MS/MS data were acquired using 100 variable size windows (Zhang et al., 2015) across the

400-1200m/z range. Fragments were produced using rolling collision energy settings for charge state 2+, and fragments acquired
over an m/z range of 180–1500 for 40 ms per segment. Including a 250 ms survey scan this resulted in an overall cycle time of
4.3 s. Two replicate injections per biological sample were acquired.

. Mass spectrometry data processing

Data were analysed using Spectronaut SW v14.2.200619.47784 (Biognosys). For generation of a spectral library, both DDA and
DIA data were searched against the UniProtKBD.melanogaster reference proteome (revision 02-2017, 23,306 entries) augmented
with a set of 51 known common laboratory contaminants and the sequence of the mCherry. Default setting including dynamic
mass and retention time calibration, carbamidomethylation as fixed modification, and methionine oxidation and protein
N-terminal acetylation as variable modifications were used. The search resulted in a hybrid DDA/DIA spectral library of 31,104
precursors representing 23,940 peptide sequences and 2871 protein groups at an FDR of 1%, respectively, established by combined
forward-and-reverse decoy searches.
Quantitative analysis of DIA data was achieved by peak extraction on the precursor/fragment level using the above spectral

library and combining six fragments to the precursor and up to 10 peptides to the protein for obtaining protein area values, each
at estimated FDR levels of 1%. Other than this, default software settings were used, including dynamic mass and retention time
calibration. The resulting peak areas were summed to peptide, protein and protein group area values, which were used for further
statistical analysis. The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the
PRIDE (Perez-Riverol et al., 2019) partner repository with the dataset identifier PXD027290.
Statistical analysis was performed in Perseus 1.5.6.0 software (Max Planck Institute for Biochemistry, Martinsried, Germany).

Following log 2 transformation, data were filtered for proteins with valid values in at least 60% of injections in at least one sample
group (P14/P100/SN100). Missing values were imputed from a normal distribution (width 0.3, downshift 1.8) to avoid division by
zero, resulting in a datamatrix containing 2466 protein group areas. Significance of enrichment was established using FDR-based
calculation with p ≤ 0.05 and S0 = 0.5, resulting in an at least 2-fold enrichment as a requirement for significance.
GO term enrichment analysis was performed with PANTHER (Mi et al., 2013) with a cut-off p-value < 0.05 as determined by

Fisher Exact Test with the Benjamini–Hochberg False Discovery Rate < 0.05.

. Immunofluorescent stainings and microscopy

For fat body isolation L3 larvae were inverted and collected in PBS on ice. Fixation and immunostainings were performed as per
standard procedures. After transferring the tissue on a slide, FBs were separated from the rest of the larval tissue and the excess
liquid was removed. Specimen were mounted in Mowiol and images were acquired using a Zeiss LSM780 confocal microscope.
Staining with LysoTracker Red DND-99, LysoTracker Deep Red and LysoSensor Green DND-189 (1 μM each) was done as
described (Juhasz & Neufeld, 2008). Staining and microscopy conditions were kept identical for comparisons. Z stacks were
generated with 0.5-1 μm intervals using a Plan Neofluar 63X/oil NA 1.4 objective.
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. Microscopy and image analysis

Confocal images were processed with Zen lite (Zeiss), Fiji/ImageJ (NIH) (Rueden et al., 2017; Schindelin et al., 2012; Schneider
et al., 2012) and Affinity Designer (Affinity). Microscopy conditions were kept identical for colocalisation analyses. The num-
ber of endosomes were quantified using Fiji. Rab11-GFP-, Rab7- and Hrs-positive endosomes were counted manually per cell
(11-20 fat body cells per RNAi) and normalised to 10 μm2. Rab5-positive puncta > 4 px were counted automatically in Fiji using
ComDet v.0.5.3 plugin for ImageJ (https://github.com/ekatrukha/ComDet). Quantification of colocalisation was performed by
calculating Pearson’s correlation coefficients of sections using the Fiji plug-in JaCoP (Bolte & Cordelières, 2006).

. Phylogenetic tree analysis

Protein sequences for all tetraspanins analysedwere retrieved fromUniProt. Phylogenetic tree was generatedwith the EMBL-EBI
Simple Phylogeny tool (Saitou & Nei, 1987) with default settings (no gap exclusion, no distance correction) using the neighbour-
joining method.

. Statistics

All experiments were carried out at least in biological triplicates. All graphs depict the mean and error bars indicate standard
deviation. Statistical significance was calculated by carrying out one-way ANOVA with Dunnett’s multiple comparison test to
compare a control mean with the other means or Student’s t-test where appropriate. The data that support the findings of this
study are available from the corresponding author upon reasonable request.
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