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Abstract  1 

The wasps Leptopilina heterotoma parasitize and ingest their Drosophila hosts. They 2 

produce extracellular vesicles (EVs) in the venom that are packed with proteins, some of 3 

which perform immune suppressive functions. EV interactions with blood cells of host 4 

larvae are linked to hematopoietic depletion, immune suppression, and parasite success. 5 

But how EVs disperse within the host, enter and kill hematopoietic cells are not well 6 

understood. Using an antibody marker for L. heterotoma EVs, we show that these 7 

parasite-derived structures are readily distributed within the hosts’ hemolymphatic 8 

system. EVs converge around the tightly clustered cells of the posterior signaling center 9 

(PSC) of the larval lymph gland, a small hematopoietic organ in Drosophila. The PSC 10 

serves as a source of developmental signals in naïve animals. In wasp-infected animals, 11 

the PSC directs the differentiation of lymph gland progenitors into lamellocytes. These 12 

lamellocytes are needed to encapsulate the wasp egg and block parasite development. 13 

We found that L. heterotoma infection disassembles the PSC and PSC cells disperse into 14 

the disintegrating lymph gland lobes. Genetically manipulated PSC-less lymph glands 15 

remain non-responsive and largely intact in the face of L. heterotoma infection. We also 16 

show that the larval lymph gland progenitors use the endocytic machinery to internalize 17 

EVs. Once inside, L. heterotoma EVs damage the Rab7- and LAMP1-positive late 18 

endocytic and phagolysosomal compartments. Rab5 maintains hematopoietic and 19 

immune quiescence as Rab5 knockdown results in hematopoietic over-proliferation and 20 

ectopic lamellocyte differentiation. Thus, both aspects of anti-parasite immunity, i.e., (a) 21 

phagocytosis of the wasp’s immune-suppressive EVs, and (b) progenitor differentiation 22 

for wasp egg encapsulation reside in the lymph gland. These results help explain why the 23 
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lymph gland is specifically and precisely targeted for destruction. The parasite’s 24 

simultaneous and multipronged approach to block cellular immunity not only eliminates 25 

blood cells, but also tactically blocks the genetic programming needed for supplementary 26 

hematopoietic differentiation necessary for host success. In addition to its known 27 

functions in hematopoiesis, our results highlight a previously unrecognized phagocytic 28 

role of the lymph gland in cellular immunity. EV-mediated virulence strategies described 29 

for L. heterotoma are likely to be shared by other parasitoid wasps; their understanding 30 

can improve the design and development of novel therapeutics and biopesticides as well 31 

as help protect biodiversity. 32 

  33 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted April 30, 2021. ; https://doi.org/10.1101/2021.04.30.442188doi: bioRxiv preprint 

https://doi.org/10.1101/2021.04.30.442188


3 
 

Author summary  34 

Parasitoid wasps serve as biological control agents of agricultural insect pests and are 35 

worthy of study. Many parasitic wasps develop inside their hosts to emerge as free-36 

living adults. To overcome the resistance of their hosts, parasitic wasps use varied and 37 

ingenious strategies such as mimicry, evasion, bioactive venom, virus-like particles, 38 

viruses, and extracellular vesicles (EVs). We describe the effects of a unique class of 39 

EVs containing virulence proteins and produced in the venom of wasps that parasitize 40 

fruit flies of Drosophila species. EVs from Leptopilina heterotoma are widely distributed 41 

throughout the Drosophila hosts’ circulatory system after infection. They enter and kill 42 

macrophages by destroying the very same subcellular machinery that facilitates their 43 

uptake. An important protein in this process, Rab5, is needed to maintain the identity of 44 

the macrophage; when Rab5 function is reduced, macrophages turn into a different cell 45 

type called lamellocytes. Activities in the EVs can eliminate lamellocytes as well. EVs 46 

also interfere with the hosts’ genetic program that promotes lamellocyte differentiation 47 

needed to block parasite development. Thus, wasps combine specific preemptive and 48 

reactive strategies to deplete their hosts of the very cells that would otherwise sequester 49 

and kill them. These findings have applied value in agricultural pest control and medical 50 

therapeutics.  51 
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Introduction 52 

Parasitoid (parasitic) wasps have an obligatory relationship with their insect hosts. 53 

Engaged in a biological “arms race,” each partner continuously adapts to the other to 54 

emerge alive. For reproductive success, parasitic wasps target their hosts’ behavior, 55 

development and immune system. Their attack mechanisms range from biochemical 56 

warfare and mimicry, to passive evasion and active immune suppression [1-3]. Drosophila 57 

and their parasitic wasps are an emerging model for studying how wasps evade or 58 

suppress host defenses [4, 5]. The generalist Leptopilina heterotoma (Lh) succeeds on 59 

the Drosophila species within and beyond the melanogaster group. Its close relative, L. 60 

boulardi (Lb), considered a specialist, mainly infects flies of the melanogaster group. Both 61 

wasps are highly successful on D. melanogaster; they consume its developing larval and 62 

pupal stages to emerge as free-living adults [6].  63 

Oviposition into second-to-early-third D. melanogaster larval hosts by Lb and Lh wasps 64 

yields divergent immunological effects. Lb infection activates many components of 65 

humoral and cellular immunity: Toll-NF-κB, JAK-STAT, and the melanization pathways 66 

and their target genes are transcriptionally upregulated; there is a burst of hematopoietic 67 

proliferation and differentiation of blood cells (also called hemocytes) in the lymph gland 68 

and in circulation. If the immune responses are strong and sustained, macrophages and 69 

lamellocytes encapsulate and kill wasp eggs [7-11]. Lh infection in contrast suppresses 70 

immune gene expression and kills immature and mature larval hemocytes [12, 13].  71 

Lb and Lh females (and also L. victoriae, a sister species of Lh) produce discrete immune-72 

suppressive extracellular vesicle- (EV) like structures in their venom glands (called multi-73 

strategy extracellular vesicles, MSEVs in Lh and venosomes in Lb) [14, 15]. Previously 74 
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called virus like particles [16-18] these EVs lack clear viral features [15, 19]. They are 75 

produced in the venom gland, a structure made up of the long gland and a reservoir. The 76 

secretory cells of the long gland synthesize and secrete proteins some of which are 77 

initially incorporated into discrete non-spiked vesicle-like structures. In sister species Lh 78 

and Lv, these structures mature in the reservoir and assume a stellate morphology with 79 

4-8 spikes radiating from the center. Mature EVs are roughly 300 nm in diameter, [14, 16, 80 

20-22]. Packed with more than 150 proteins, EVs are, in part, responsible for divergent 81 

physiological outcomes in infected hosts [15, 19, 23].  82 

Among the most abundant in the Lh EV proteins is a 40 kDa surface/spike protein (SSp40) 83 

[20]. SSp40 shares structural similarities with the IpaD/SipD family of proteins of the 84 

gastroenteric disease-causing Gram negative bacteria, Shigella and Salmonella [15]. 85 

Similar to SSp40’s localization to Lh EV spike tips, IpaD localizes to the tips of the T3 86 

secretion injectisome, a bacterial transfer system that injects virulence proteins into 87 

mammalian cells. IpaD itself promotes apoptosis of mammalian macrophages [24, 25]. 88 

These parallels between Lh SSp40 and bacterial IpaD/SipD suggest that Lh EVs may 89 

share some similarities with bacterial secretion systems. Comparative 90 

transcriptomic/proteomic approaches revealed that SSPp40 and a few other EV proteins 91 

are not expressed in the Lb venom [15].  92 

Whereas Lh EVs lyse lamellocytes within a few hours of wasp attack, Lb EVs do not have 93 

the same effect [7, 16, 26]. Our immune-inhibition experiments suggested that Lh’s 94 

SSp40 mediates EV interactions with lamellocytes [20]. Lh infection also uniquely 95 

promotes apoptosis of larval macrophages and of lymph gland hemocytes [13]. 96 

Macrophages make up more than 95% of all hematopoietic cells while differentiated 97 
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lamellocytes are rarely found in naïve hosts [8-10, 27]. Work in the field strongly suggests 98 

that the protein activities concentrated within the Lh EVs are responsible for the 99 

destruction of these mature and immature blood cells. However, how a macro-100 

endoparasite targets the hematopoietic system and accesses its progenitor population 101 

has not been studied. The modes of Lh EV entry into these cells and the pathways of 102 

destruction are also not well understood.  103 

The goal of this study was to obtain a macro-level view of Lh EV interactions with cells of 104 

the larval hemolymphatic system after infection. The term hemolymph refers to the 105 

interstitial fluid that distributes hormones, peptides and other macromolecules into organs 106 

through the pumping action of an unbranched tubular heart, or the dorsal vessel. Dozens 107 

of macrophages circulate in the hemolymph. The heart lumen is surrounded by a column 108 

of paired cardiomyocytes and associated pericardial cells. This tubular structure is held 109 

in place by alary muscles [28-30]. Hematopoietic cells are organized in paired cell clusters 110 

(or lobes) on the dorsal vessel. In third instar larvae, the anterior-most lobes have blood 111 

cells at various stages of differentiation; the least differentiated progenitors are confined 112 

adjacent to the dorsal vessel, whereas the developing macrophages are sequestered in 113 

the cortical regions of the lobes (Fig 1A). In naïve hosts, the progenitor state is maintained 114 

by a putative niche (also called the posterior signaling center, PSC). The PSC is a tight 115 

unit of about 25-50 cells and is positioned posteriorly to the progenitors [31, 32]. Upon Lb 116 

infection, the PSC reprograms hematopoiesis inducing macrophage and lamellocyte 117 

differentiation [30, 32-39]. The entire structure is covered by the acellular basement 118 

membrane [28, 40]. 119 
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Using Drosophila genetics, cell-specific markers and SSp40 staining as a proxy for Lh EV 120 

localization, we have pieced together a broad view of this host-parasite interaction 121 

interface. We show an abundance of Lh EVs in (a) the lumen of the larval dorsal vessel, 122 

(b) along the collagen/perlecan-based basement membrane around the dorsal vessel and 123 

surrounding clusters of lymph gland progenitors, and (c) inside the progenitor and mature 124 

macrophages. Moreover, high EV signal correlates with the disassembly of the cohesive 125 

PSC unit. PSC ablation limits EV internalization and loss of lymph gland hemocytes, while 126 

PSC inactivation via hedgehog (hh) knockdown (KD) does not have this effect. We also 127 

show that lymph gland hemocytes can phagocytose Lh EVs using the classical Rab5-128 

mediated retrograde transport (RGT) pathway. Surprisingly, Rab5 also maintains fly 129 

macrophage identity, as Rab5 knockdown leads to over-proliferation, lamellocyte 130 

differentiation and tumorigenesis; Rab5 function is cell-autonomous. Thus lymph glands 131 

are not merely a source of mature blood cells but are themselves immune competent 132 

organs and can clear the immune-suppressive Lh EVs to defend the host. However, Lh 133 

EVs proactively dislodge cells of the PSC, blocking differentiation of the protective 134 

immune cells. Lh EVs target the endomembrane system of macrophages that ultimately 135 

results in their apoptosis, thus highlighting central and previously unrecognized roles of 136 

the lymph gland in cellular immunity. These observations help explain why Lh infections 137 

target the larval lymph gland. The direct EV-macrophage interactions and cellular 138 

outcomes set the stage for future molecular analyses in both the hosts and parasites.  139 

  140 
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Results 141 

Lh EVs are present within the larval lymphatic system 142 

Lb17 attack triggers lamellocyte differentiation in the larval lymph gland cortex (Fig. 1A-143 

C). At an equivalent time-point, Lh-infected lobes are significantly smaller (Fig. 1D-K); 144 

[13]. Surprisingly, unlike Antp>mCD8GFP-expressing PSCs of naive and Lb-infected 145 

lobes that remain tightly clustered (Fig. 1A-C), PSC cells of Lh-infected hosts are 146 

dislodged and some are distributed in the body of the lobe (Fig. 1D). 147 

To understand these responses, we imaged more than 25 hosts in multiple experiments. 148 

Throughout these studies, we used a polyclonal antibody to mark SSp40, an Lh EV-149 

specific protein [20]. Lh infection of Pxn>GFP animals reduced Pxn>GFP expression (Fig. 150 

1E-H). (Pxn is normally active in the cortex and its expression mimics that of many other 151 

genes downregulated by Lh infection [7]). An abundance of Lh EVs was observed in 152 

anterior- and posterior-lobe hemocytes as well as in the dorsal vessel (Fig. 1F-H, J, K). 153 

This staining signal is absent in glands from naive animals (Fig. 1E, I). Thus, Lb and Lh 154 

attack have drastically different outcomes and Lh EVs appear to interact directly with most 155 

lymph gland hemocytes. 156 

In our analyses across multiple experiments, we found that the degree of tissue loss and 157 

EV distribution varies. Lobe morphologies ranged from nearly intact and filled with EVs 158 

(Fig. 1F, J) to damaged lobes and many or few EVs (Fig. 1G, H, K). This variation is likely 159 

due to (a) the duration of infection (i.e., time between oviposition and dissection); (b) the 160 

injected EV dose; or (c) the dynamics of EV circulation. Dissections at later time points 161 

showed loss of almost all lymph gland hemocytes [13].  162 
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To then probe how Lh EVs enter the lymphatic system, we stained Lh-infected glands 163 

from fly strains with GFP-tagged Collagen IV (basement membrane, Viking [41]) or GFP-164 

tagged proteoglycan core protein, Perlecan/Trol [42]. In both cases, EV puncta were 165 

clearly localized with the continuous GFP signals of these extracellular matrix (ECM) 166 

proteins along the dorsal vessel as well as in the interstitial spaces around clustered 167 

hematopoietic progenitors (yellow puncta in Fig. 2A-D’ arrows). Surprisingly, punctate 168 

staining was also seen inside immature progenitors, adjacent to the dorsal vessel (Fig. 169 

2B, B’ D, D’). EVs were also observed inside some cardiomyocytes as evidenced by 170 

SSp40 colocalization with the mCD8GFP signal in Hand>mCD8GFP larvae (Fig. 2E-F’, 171 

arrows). Thus, Lh EVs associate with ECM proteins of the lymphatic system, enter the 172 

dorsal vessel lumen and even some cardiomyocytes. 173 

 174 

Effects of Lh infection on PSC integrity  175 

Previous studies have demonstrated that upon Lb infection, the PSC reprograms 176 

hematopoietic development and promotes lamellocyte differentiation. Similar to controls, 177 

Lb infected PSCs remain tightly clustered [35, 37, 38, 43, 44]. We found that regardless 178 

of the Lh strain, PSC cells dislodged from their normal posterior position into the body of 179 

the lobe (Fig. 1D and Fig. S1A, B). At the time points we examined, half of the PSC cells 180 

relocated into the lobe, of which an overwhelming majority (>95%) were present as single 181 

cells or as groups of two cells. The other half remained in their original place, although 182 

some were not as tightly clustered (Fig. 1D; Fig. S1; n=24 PSCs from 12 lymph glands). 183 

As expected, in 14 lobes from naive controls, all PSC cells were tightly packed. Strikingly, 184 
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in samples where the PSCs were still intact, EVs congregated in regions adjacent to the 185 

PSC, but were never found inside the PSC cells (Fig. S1A, B).  186 

The Slit ligand, originating from adjacent cardiomyocytes, controls PSC integrity via the 187 

Robo receptors in the PSC; Robo2 has the strongest effect [45]. Indeed, the effect of Lh 188 

infection on the PSC resembles Slit/Robo2 knockdown, which promotes PSC 189 

disassembly [45] (Fig. 1 and Fig. S1). A cohesive PSC is important in hematopoietic 190 

development as fewer macrophages and crystal cells develop in Slit/Robo2 KD lobes 191 

compared to controls. But differing from Lh infection, Slit KD PSCs are larger and there 192 

is no apparent loss of progenitors [45]. In spite of different outcomes in the two conditions, 193 

we hypothesized that the initial steps might be shared and that Lh EVs might inactivate 194 

the Slit-Robo signal, which might explain PSC disassembly.  195 

To test this idea, we infected animals in which the Slit-Robo pathway was manipulated to 196 

promote constitutive signaling. We found that neither expressing active Slit nor 197 

overexpressing Robo2 altered Lh EVs’ ability to disassemble the PSC. Lh infection of 198 

HandΔ>Slit-N animals still promoted PSC disassembly (Fig. S2A-C’; n =16 lobes) even 199 

though gain-of-function Slit-N [46] reverses the effects of Slit KD [45]. Similarly, Lh 200 

infection bypassed the effects of Robo2 overexpression (Antp>Robo2-HA) and promoted 201 

PSC disassembly Fig. S2D-F’). Many EVs are observed around these PSCs (Fig. S3; 202 

n=16). Thus, either EVs inactivate PSC function independently of the Slit-Robo signal, or 203 

they possess redundant mechanisms that disable constitutive Slit-Robo signaling.  204 

  205 
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PSC-less lymph glands remain intact  206 

PSC-less lymph glands were unable to induce lamellocyte differentiation after Lb infection 207 

[36]. We asked if ablating the PSC might similarly inhibit the Lh infection responses. PSC-208 

less lobes (Col>Hid) lacked Antp staining and Lh14 infection did not affect lobe integrity 209 

(Fig. S4A-D’; n>12 lobes). Moreover, while Lh-infected UAS-Hid lobes lost progenitors 210 

and exhibited high levels of EV uptake (Fig. 3A, B, D, E), Lh-infected PSC-less lobes 211 

remained intact and showed low, a non-specific SSp40 staining signal in anterior and 212 

posterior lobes (Fig. 3C, F; n>12 lobes for each condition). In contrast to the non-213 

responsive Col>Hid lobes, Antp>hhRNAi lobes responded to Lh infection and suffered 214 

progenitor cell loss (Fig. S5A-F; n>12 lobes for each condition). Thus, inactivating the 215 

signaling function of the PSC does not appear to affect the wasp’s ability to disassemble 216 

the PSC. P1 staining revealed that Lh infection does not block macrophage differentiation 217 

(Fig. S5C). Taken together, these results suggest that the PSC plays a structural role in 218 

trafficking of EVs from either the hemolymph or the dorsal vessel into the lobes and that 219 

the cell-lethal effects of Lh EVs is distinct or downstream of the PSC’s niche function. 220 

 221 

The larval lymph gland is phagocytically competent  222 

We next studied if EV uptake into hematopoietic cells occurs via RGT mechanisms. In 223 

Pxn>GFP; +/Bc heterozygous lymph glands, we observed blackened, dead crystal cells 224 

in the cytoplasm of the GFP-positive cortical cells (Fig. S6). This observation suggests 225 

that GFP-positive lymph gland cells are phagocytically competent. We therefore 226 

investigated if Lh EV uptake depends on Rab5, an early endosomal protein. Rab5 227 

mediates trafficking from the plasma membrane to early endosomes [47]. In contrast to 228 
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Pxn>GFP macrophages, where EV staining is bright and punctate throughout the 229 

cytoplasm (Fig. 4A, B), Pxn>GFP, Rab5RNAi cells show peripheral punctate staining, 230 

presumably from intact EVs, trapped in early endosomes, both in lymph gland (Fig. 4C; 231 

arrows) and circulating (Fig. 4D; arrows) hemocytes. In lamellocytes, the EV signal is 232 

diffuse and nuclear, and Rab5 KD shows no change in staining intensity or distribution 233 

(Fig. 4E, F; arrowheads), suggesting Rab5-independent uptake mechanisms are 234 

involved. msn-GFP-and Integrin--positive lamellocyte fragments were also observed in 235 

Lh-infected macrophages suggesting occurrence of efferocytosis (Fig. S7).  236 

 237 

Lh EVs negatively impact phagolysosomal organization in macrophages 238 

Rab7 mediates late endosome formation and trafficking between late endosomes and 239 

lysosomes, marked by Rab7 and LAMP1, respectively [47]. To evaluate if Lh EVs impact 240 

the RGT machinery, infected glands expressing GFP-tagged Rab5, Rab7, or LAMP1 241 

proteins were examined (Fig. 5). Under our experimental conditions, Lh EVs rarely 242 

colocalized with early endosomes and Rab5 compartment morphology remained 243 

comparable to uninfected controls (only 14% of SSp40 puncta are Rab5-positive; n = 221 244 

cells; 6 lobes; Fig. 5A-C). In contrast, Lh EVs were consistently found with GFP-Rab7 245 

and GFP-LAMP1 and these compartments were grossly distorted (100% co-localization; 246 

n = 115 and 112, Rab7 and LAMP, respectively, 6 lobes each; Fig. 5D-E”). Moreover, the 247 

Rab7/EV and LAMP1/EV signals were asymmetrically localized in Lh-affected cells. 248 

These observations suggest that high numbers of Lh EVs transit through early 249 

endosomes, but that they are retained in late RGT compartments including lysosomes. 250 
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Thus, Lh EVs have a detrimental effect on RGT compartment integrity and this loss of 251 

integrity may promote lysosomal leakage and labilization. 252 

 253 

Rab5 suppresses proliferation and maintains the macrophage fate 254 

We were surprised to find that Pxn>GFP Rab5RNAi animals developed melanized tumors 255 

(Fig. S8A, B); the hematopoietic population is significantly expanded and lamellocyte 256 

differentiation is robust, affecting viability (Fig. S8C-F). (Variability in viability and tumor 257 

development in Rab5 KD animals is likely due to the strength and differential cell-specific 258 

expression patterns of the GAL4 drivers.) A similar result was observed with the 259 

expression of the dominant negative Rab5S34N protein which cannot bind GTP [48]). 260 

Rab5 KD even in the lymph gland medullary zone (TepIV>Rab5RNAi) resulted in 261 

lamellocyte differentiation (Fig. 6A, B). 262 

Hematopoietic expansion correlated with increased mitotic index (MI) in lobes of tumor-263 

bearing Pxn>GFP Rab5RNAi animals (Fig. 6C, D) suggesting that normal Rab5 function 264 

checks over-proliferation and ectopic progenitor differentiation. (MI=2.2 ± 2.15 in control 265 

Pxn>GFP; 2.9 ± 1.1, and 5.5 ± 1.9 in experimental Pxn>GFP, Rab5RNAi animals without 266 

and with tumors, respectively (n = 10 for each condition). These results suggest that Rab5 267 

acts as a tumor suppressor and maintains hematopoietic immune quiescence. 268 

Control “FLP-out” clones without Rab5RNAi contained small cells that did not express 269 

integrin-β; experimental clones with Rab5RNAi had larger, F-actin-rich cells with a typical 270 

lamellocyte morphology, that were also integrin-β-positive (Fig. 6E-H). These results 271 

suggest that Rab5’s requirement in maintaining the progenitor or macrophage fate is cell-272 

autonomous.  273 
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Discussion 274 

System-wide distribution but specific effects of Lh EVs  275 

Parasitism by L. heterotoma has been of interest because of its ability to parasitize many 276 

Drosophila hosts and the existence of venom factors that kill host hemocytes. The 277 

discovery of an anti-lamellocyte activity intrinsic to Lh EVs provided initial insights into the 278 

critical roles of these EVs in parasitism [20, 49]. However, details underlying their 279 

apoptotic effects on macrophages have been lacking. This work provides the first view 280 

into how Lh EVs rely on the host’s circulation to gain system-wide distribution to not only 281 

precisely kill the available effector cells but also to pre-emptively interfere with the host’s 282 

ability to produce additional effector cells. We show that lymph glands serve an important, 283 

previously unappreciated role in immunity. A majority of lymph gland cells can 284 

phagocytose Lh EVs to protect the host from their detrimental effects. EV activities in turn 285 

promote their apoptotic death by disrupting their endomembrane system.  286 

This work also lays bare new questions. Lh EVs’ association with the ECM proteins 287 

around the lymphatic system cells suggests ways in which EVs might recognize and 288 

home into the lymph gland hemocytes and cardiomyocytes although the role of the ECM, 289 

the details of their entry and physiological effects on cardiomyocytes are currently 290 

unclear. As has been suggested for Slit-carrying vesicles [45], cardiac cells might provide 291 

a route for Lh EVs to converge into the vicinity of the PSCs. Once inside lymph gland 292 

hemoctytes, they simultaneously target the protective functions of macrophages and 293 

lamellocytes and their activities culminate to strongly block encapsulation (Fig. 7). These 294 

strategies are not uncommon and are likely to be shared by closely related Leptopilina 295 
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wasps or even unrelated virulent wasps that attack drosophilid and non-drosophilid hosts 296 

and are known to destroy their hosts’ hematopoietic cells [50-54]. 297 

Lh EVs proactively block encapsulation  298 

Studies with Lb showed that the lymph gland itself responds to wasp infection and 299 

lamellocytes differentiate from hematopoietic progenitors [8, 9, 55, 56]. In addition to 300 

PSC’s niche function in naïve animals [31, 32, 57-59], the PSC also appears to play an 301 

anti-parasite role as Lb infection promotes lamellocyte differentiation [30, 35-38, 43, 60]. 302 

Given this latter role, it is reasonable to interpret Lh’s effects on PSC integrity as part of 303 

a corresponding adaptive strategy that Lh has acquired during its evolutionary history. 304 

The high Lh EVs levels around the PSC and its disassembly provide novel physiological 305 

insights into PSC functions and raise intriguing mechanistic questions. A normally 306 

clustered and cohesive PSC organization is needed for proper hematopoietic 307 

differentiation in naïve animals [45]. Although Lh infection-induced PSC disassembly and 308 

hemocyte loss are observed together in fixed samples, our data from infected PSC-less 309 

animals suggest that PSC disruption might precede hemocyte death. It is possible that 310 

the PSC may somehow “recognize” foreign entities and might serve to protect the 311 

progenitor microenvironment by acting as a chemical or mechanical barrier between the 312 

vascular and hematopoietic cells. In this scenario, Lh EVs may be targeting PSC 313 

cohesiveness to inactivate this barrier function. 314 

This interpretation is consistent with the recently discovered permeability barrier in the 315 

PSC that is breached by systemic bacterial infection. Permeability barrier in the PSC is 316 

maintained by septate junctions (SJ) and SJ depletion is linked to increased Toll signaling, 317 

cellular immune activation and improved host survival [39]. The barrier function between 318 
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the vascular and hematopoietic cells proposed here would serve to limit the ingress of 319 

structures such as microbes and EVs. The mechanisms underlying the effects of ablated 320 

PSCs are unclear but it is notable that PSC-less lobes do not respond to either Lb or Lh 321 

infections (our results and [61]). Examining whether Lb EVs/venosomes similarly interact 322 

with the lymph gland ECM, congregate around the PSC, and are phagocytosed by 323 

hemocytes will shed more light on these processes. 324 

Extracellular vesicles secreted from mammalian neutrophils and endothelial cells can 325 

direct cell motility and chemotaxis [62, 63]. Thus it is possible that one or more Lh EV 326 

activities [15] is similarly responsible for PSC disassembly. These activities may perturb 327 

host pathways required for normal PSC cohesion and function, although manipulating the 328 

Slit-Robo pathway components, or hh signaling, hypothesized to disrupt the infection 329 

process, was insufficient to block Lh’s ability to disperse the PSC and attack hemocytes. 330 

Lh EVs may possess redundant or independent mechanisms to control PSC integrity and 331 

this question remains open for further research. 332 

A central role for phagocytosis in the anti-parasite response  333 

The ability of macrophages to ingest and kill microbes is a fundamental facet of innate 334 

immunity. Microbes have evolved to evade or escape the destructive conditions in their 335 

host cells’ phagolysosomes. While most intracellular pathogens avoid fusion with 336 

lysosomes, others modify endocytic trafficking differently to survive in their host cells [64]. 337 

We have shown that like microbes, Lh EVs are endocytosed and can damage the late 338 

endocytic compartments. This suggests that their biochemical activities may distort and 339 

damage intracellular membranes although how this occurs is unclear. A novel family of 340 

Lh EV-associated GTPases [15] are possible candidates for such activities as expression 341 
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of select GTPases in yeast alter vacuolar morphologies [65]. Microbial infection of 342 

macrophages can activate apoptosis responses [66-68] and it is possible that similar 343 

effects of Lh EVs in fly macrophages are directly linked to their apoptosis. 344 

Lamellocytes utilize a flotillin/lipid raft dependent mechanism to internalize Lb EVs [69], 345 

and it is possible that Lh EVs use the same or a similar pathway. The significance of the 346 

nuclear SSp40 signal in lamellocytes after Lh infection is unclear; but because the signal 347 

is not punctate, Lh EVs are likely internalized via a membrane fusion step in which their 348 

vesicular character is lost. EM results also show that unlike macrophages with 349 

membrane-enclosed endocytic vesicles containing intact Lh EVs, lamellocytes do not 350 

have such compartments, and once internalized, EVs lose structural integrity [49]. 351 

Efferocytosis thus appears to be an effector anti-parasite response as lysed lamellocytes 352 

are cleared by this process, and it may ultimately also be beneficial to parasite 353 

development. 354 

Our genetic studies with Rab5 highlight the central role of the endocytic processes in the 355 

anti-parasite response. Loss of endocytic trafficking activates immune signaling ([70-72]). 356 

From a physiological standpoint, it makes sense why the lymph gland is a dedicated target 357 

of wasp infections. Both key aspects of anti-wasp cellular immunity, i.e., phagocytosis of 358 

the wasp’s EVs and lamellocyte differentiation, unequivocally reside in the lymph gland. 359 

These ideas can be further examined at the molecular level with the available descriptions 360 

of the Lh and Lb EV proteomes [15, 19, 23]. Virulence factors provide the armament for 361 

parasite success in the host/pathogen arms race. Insights from this model host-parasite 362 

system can influence our understanding of how parasite-derived factors have shaped the 363 

immune physiology of fly hosts.   364 
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Materials and Methods 381 

Stocks and crosses 382 

All D. melanogaster stocks were raised on standard fly medium containing cornmeal flour, 383 

sucrose, yeast, and agar at 25°C.  384 

GAL4 lines: PSC drivers were: Antp-GAL4; mCD8GFP ([73], from S. Minakhina) and y w; 385 

Collier-Gal4/CyO y+ ([32] from M. Crozatier). The truncated Hand promoter is active in 386 

cardiomyocytes of the dorsal vessel ([74], from M. Crozatier). Hemocyte drivers were: 387 

Pxn-GAL4, UAS-GFP ([75], from U. Banerjee); Hemese-GAL4 (He-GAL4) ([76], from D. 388 

Hultmark); eater (ea)-GAL4 ([77], from R.A. Schulz); Collagen-GAL4 (Cg>GFP) ([78], 389 

from C. Dearolf); Serpent (Srp)-GAL4 [79] and TepIV-GAL4 [80] (both from N. Fossett); 390 

Hemolectin-GAL4 (Hml>GFP) ([81], from J-M. Reichhart). 391 

UAS lines: UAS-Slit-N ([46]; Slit gain-of-function) and UAS-Robo2-HA (for 392 

overexpression of Robo2, [82]) lines were obtained from T. Volk and T. Kidd.  393 

Strains from the Bloomington Drosophila Stock Center: UAS-Rab5RNAi (#30518); UAS-394 

GFP-Rab5 (#43336) [83]; UAS-GFP-Rab7 (#42706); UAS-Rab5.S43N (#42704); UAS-395 

GFP-LAMP; nSyb-GAL4/CyO:TM6B (#42714) [84], and UAS-hhRNAi (#25794) [85]).  396 

Other lines: A homozygous Bc stock devoid of markers and other mutations (from B. 397 

Lemaitre [86]) was balanced with the CyO-GFP balancer for crosses with the 398 

homozygous Pxn-GAL4, UAS-GFP strain. Protein trap lines were: Collagen IV (Viking) 399 

and perlecan (Trol) (from A. Spradling and L. Cooley); hhf4f-GFP; Antp-GAL4/TM6 Tb Hu 400 

(marks PSC, from R.A. Schulz); Dome-MESO-GFP (lymph gland medulla is GFP-401 

positive) ([87] from M. Crozatier). We recombined this latter insertion with the Antp-GAL4 402 
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insertion to make a UAS-mCD8GFP; Antp-GAL4, Dome-MESO-GFP (AntpDMG) stock. 403 

hopTum-l , msn-GAL4; UAS-mCD8GFP [88] uses the misshapen (msn) driver to mark 404 

lamellocytes [89]. For PSC-less animals, UAS-Hid [90] females were crossed with Collier-405 

GAL4/CyO y+ males. For FLP-out clones [91], hsp70-flp; Actin>CD2>GAL4 flies were 406 

crossed with the Rab5RNAi flies; progeny was heat shocked at 37°C as described [38]. 407 

UAS-GAL4 crosses were maintained at 27°C.  408 

Wasp infections 409 

y w flies were used to rear wasps. Unless specified otherwise, infections were done with 410 

either Lb17 or Lh14 [7]. LhNY [20] was used to validate results with the Lh14 strain. Ten 411 

to twelve trained female wasps were introduced to hosts from a 12-hr egg-lay. Hosts were 412 

allowed to recover after an 8-12 hr infection. Dissections were typically done two days 413 

after infection. Uninfected controls followed the same timeline. In general, longer infection 414 

regimes led to stronger responses: more lamellocytes differentiated after Lb infection and 415 

more lobe cells were lost after Lh infection. Under our experimental conditions, 416 

superparasitism by either wasp was rare and for our analyses, we avoided hosts with 417 

more than one parasite. 418 

Immunohistochemistry  419 

Antibody staining was performed according to [92]. Primary mouse anti-SSp40 (1:1000) 420 

[20] and Cy3 AffiniPure donkey anti-mouse secondary (1:200) (Jackson Immuno 421 

Research) were used to detect Lh EVs. Mouse anti-Antennapedia (1:10; Developmental 422 

Studies Hybridoma Bank 8C11, [93] and macrophage-specific mouse anti-P1 (1:20; I. 423 

Ando [94]) were similarly detected. Nuclear dye (Hoechst 33258, Invitrogen, 1:500) and 424 

Rhodamine or Alexa Fluor 488-tagged Phalloidin (Invitrogen) were used for 425 
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counterstaining cells. For mitotic index, rabbit anti-phospho-histone3 (PH3; 1:200 426 

Molecular Probes)-positive hemocytes were scored in randomly selected 1000 µm2 areas 427 

of imaged lobes. 428 

Samples were mounted in VectaShield (Vector Laboratories). Lamellocytes were 429 

visualized by (a) high Phalloidin staining signal, (b) integrin-1:200 Developmental 430 

Studies Hybridoma Bank CF.6G11 [95]) expression, or (c) msnf9-GFP expression [89]. 431 

Representative results from twelve or more dissections from at least three independent 432 

experiments are presented, unless specified otherwise.  433 

Confocal imaging 434 

Mounted samples were imaged with Zeiss laser scanning confocal microscopes LSM 510 435 

or LSM710. For each experiment, images were scanned on the same microscope with 436 

the same software and scan settings. Images were gathered at 0.8 µm -1.5 µm and 437 

recorded at 8 bit. Laser amplifier gain and offset values were set with negative controls 438 

lacking either primary antibodies or wasp infection. Images were processed with Zeiss 439 

LSM image browser or Zen Lite 2012. Figures were assembled in Adobe Photoshop 440 

v12.0.4 and CC 2015.5 or Illustrator CC 2015.3. 441 

442 
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 758 

 759 

Fig 1. Lh EV association with the larval lymphatic system 760 

(A) Anterior lobes (ALs, without lamellocytes) from a naive Antp>mCD8GFP Dome-761 

MESO-GFP (AntpDMG) animal shows medullary zone (MZ), cortical zone (CZ) and 762 

posterior signaling center (PSC). The lobes flank the dorsal vessel (DV, asterisk in other 763 

panels).  764 

(B-D) Anterior lobes from uninfected (UI; B), Lb- and Lh-infected (C, D) Antp>mCD8GFP 765 

animals. Lb17 infection induces lamellocyte differentiation in the cortex (lamellocytes are 766 

larger than their progenitors and are rich in F-actin). The GFP-positive PSC appears 767 

unaffected. Lh14 attack leads to loss of lobe cells; the PSC cells are not tightly-clustered 768 

and displaced from their original location.  769 

(E-K) Lymph glands from Pxn>GFP animals. (E) GFP is expressed in the cortex of 770 

uninfected animals, but GFP expression is reduced after wasp attack (F-H). Lh14-infected 771 

ALs from the same infection experiment showing variability in loss of cells; Lh EVs (anti-772 

SSp40 staining, referred to as p40 here and remaining figures) are seen in some cells of 773 

these lobes and within the dorsal vessel. (I-K) Posterior lobes from uninfected (I) and Lh-774 

infected animals (J, K). (L) Circulating hemocytes from infected animals.  775 
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 776 

 777 

Fig 2. Lh EVs association with basement membrane proteins 778 

(A-B) Vkg-GFP lymph glands. (A) GFP marks Collagen IV in the dorsal vessel and around 779 

lobe clusters. (B-B’) Lh infected gland shows extensive EV puncta co-localized with GFP 780 

in the dorsal vessel (*) and in between lobe clusters. Punctate, cytoplasmic staining in 781 

many cells throughout the anterior lobes (B, B’, arrows) is also observed.  782 

(C-D) Trol-GFP lymph glands. (C) GFP marks Trol-GFP distribution in naïve and (D, D’, 783 

arrows) Lh infected animals. Co-localization of Trol-GFP and EV puncta are observed. 784 

(E-F) Hand>mCD8GFP animals marks the cells of the dorsal vessel. (E) An intact 785 

lymph gland from a naïve animal. (F, F’, arrows) EV signal localizes with the GFP signal 786 

in the cardiomyocytes.  787 
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 788 
 789 

Fig 3. PSC-less lymph glands from Lh-infected animals have intact lobes and show 790 

reduced EV signal 791 

(A, D) Anterior lobes from a naïve UAS-Hid host are intact and do not have EVs; anterior 792 

(A), and posterior lobes (D).  793 

(B, E) Anterior lobes from a Lh infected UAS-Hid host is depleted of hemocytes and has 794 

many EVs. Anterior lobes (B, B’), and posterior lobes (E, E’).  795 

(C, F) PSC-less lobes from a Lh infected Col>Hid host are intact with weak EV signal. 796 

Anterior (C, C’), and posterior lobes (F, F’).  797 
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 798 

 799 

Fig. 4. Intracellular Lh EV localization 800 

(A, B) Anterior lobes (A-A”) and circulating hemocytes (B-B”) from Lh-infected Pxn>GFP 801 

animals showing EV uptake. Magnifications of areas in (A) and (B) are shown in A’, A” 802 

and B’, B”, respectively. Arrows point to internalized vesicles. 803 

(C, D) An anterior lobe (C-C”) and circulating hemocytes (D-D”) from Lh-infected 804 

Pxn>GFP Rab5RNAi animals showing peripheral localization of EVs (arrow). As in Fig. 1, 805 

Pxn>GFP expression is reduced after wasp attack. Samples were counterstained with 806 

FITC-Phalloidin to visualize cell morphology. A larger Phalloidin-positive lamellocyte 807 

(arrowhead) remains EV negative, while smaller macrophages endocytose EVs. The EV 808 

signal is peripheral in some, but not all cells. 809 

(E, F) Lobes (E-E”) and circulating hemocytes (F-F”) from Lh-infected GFP-positive 810 

lamellocytes of hopTum-l msn>mCD8GFP, Rab5RNAi animals. Lamellocytes show a diffuse 811 

nuclear SSp40 signal (arrowhead). 812 

 813 
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 814 

  815 

 816 

Fig 5. Effects of Lh and Lb infection on retrograde transport organelles 817 

(A, B) Hemese>GFP-Rab5 lymph gland lobes stained with anti-SSp40; Lh EVs enter 818 

Rab5 compartments, some EVs colocalize with GFP-Rab5 (arrows). 819 

(C-E) Hemese>GFP-Rab5, >GFP-Rab7, and >GFP-LAMP1 expression in naïve animals 820 

or (C – E prime) Lh-infected animals. Individual cells are outlined. Yellow arrow in C’ and 821 

C” shows a normal Rab5 compartment with EV signal. White arrows point to normal 822 

compartment morphologies. Many Lh EVs are associated with grossly distorted Rab7 and 823 

LAMP1 compartments (square brackets).  824 

(F, G) Lb infection does not distort LAMP1 compartment morphologies. 825 

 826 
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827 

Fig 6. Rab5RNAi triggers overproliferation and lamellocyte differentiation 828 

(A, B) TepIV>Rab5RNAi in the medullary zone drives lamellocyte differentiation. 829 

Lamellocytes are rich in F-actin. 830 

(C, D) High levels of mitosis (PH3-positive) are induced by Pxn>Rab5RNAi.  831 

(E-H) Cell-autonomous inhibitory role for Rab5 in lamellocyte differentiation.  832 

(E, G) hsFLP; actin>NLS-GFP control clones (without Rab5 KD) are marked with GFP 833 

and do not contain lamellocytes (inset, arrow in panel G).  834 

(F, H) hsFLP; actin>NLS-GFP, Rab5RNAi clones are composed of lamellocytes with high 835 

F-actin staining (F) and are Integrin-β-positive (H). In panel H, the GFP and Integrin- β 836 

signals overlap in some cells confirming lamellocyte identity (inset, arrow in panel H). 837 

  838 
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 839 

 840 

 841 

 842 

Fig 7. Lh EV interactions and effects on host blood cells: summary of events 843 

Left: Immune suppression by Lh and Lb wasps and host defense in response to infection. 844 

Text in bold indicates findings from this study. 845 

Right: Lb (left lobe) attack triggers signaling events in the PSC and promotes 846 

lamellocyte differentiation of lymph gland progenitors. This process is important in host 847 

defense against parasitic wasps and is kept in check by Rab5.  848 

After Lh infection (right lobe), Lh MSEVs concentrate around and disassemble the PSC. 849 

They are phagocytosed by macrophages by a Rab5-dependent endocytic mechanism. 850 

In macrophages, EVs damage the phagolysosomal compartments. They are 851 

internalized by lamellocytes independently of Rab5 function. EVs lyse the few 852 

lamellocytes that differentiate post infection. 853 

 854 
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 855 

 856 

Fig S1. Similar effects of different Lh strains 857 

(A-B) SSp40 staining of lymph glands from Lh14- (A-A’’) or LhNY-infected (B-B”) 858 

Antp>mCD8GFP hosts. Strong punctate EV signals are observed around the GFP-859 

positive PSCs and in hemocytes. Areas in the PSC are enlarged in the insets to show 860 

details. 861 
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 863 

 864 
 865 

Fig S2. Lh infection overrides Slit-Robo signaling 866 

(A-C) Antp staining of lymph glands from Hand>mCD8GFP (A-A’) and 867 

Hand>mCD8GFP, Slit-N (B-C’) hosts. The tight clustering of Antp-positive PSC in 868 

infected hosts is lost and the PSC is disassembled (C-C’). 869 

(D-F) Lymph glands from Antp>mCD8GFP (D-D’) and Antp>mCD8GFP, Robo2-HA hosts 870 

(E-F’). (E-E’) Robo2-HA expression tightens the GFP-positive PSC. (F-F’). Lh attack 871 

overrides this effect. Lh EVs are associated with these Antp> mCD8GFP, Robo2-HA 872 

lobes (see Fig. S3). 873 

 874 
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 875 
Fig S3. Lh EVs are associated with Robo2-HA lobes 876 

Anterior lobes of lymph glands from uninfected Antp>mCD8GFP (A-A’) and 877 

Antp>mCD8GFP, Robo2-HA animals (B-B’). EVs are absent in glands of naïve animals 878 

(A, A’) but clearly observed and widely distributed in glands from infected animals. The 879 

PSC cells becoming dislodged are also evident. (The sample in panels B, B’ is the same 880 

as shown in Fig. S2, panels F, F’.) 881 
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 882 
 883 

Fig S4. PSC-less lymph glands do not respond to Lh infection 884 

(A-A’) A normal-sized and intact PSC, expresses Antp in UAS-Hid animals. Lobes from 885 

naïve animals have normal morphology. 886 

(B-B’) An Antp-positive PSC is disassembled in UAS-Hid animals after Lh infection. 887 

Lobes are reduced in size. Insets in panels A’ and B’ show Antp-positive PSC cells. 888 

(C-D) A PSC-less lymph gland from Col>Hid naïve and Lh-infected hosts. Lobes are Antp-889 

negative. Col>Hid lobes remain intact after Lh-infection (D-D’). The dashed lines in panels 890 

(C) and (D) show the areas in the images where biological samples are present. Arrows 891 

point to the general locations where the PSCs should have formed.  892 
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 893 

 894 
Fig S5. Antp>hhRNAi PSCs respond to Lh infection 895 

(A, B) Lobes from naïve AntpGAL4; hhf4f-GFP (A) and Antp>hhRNAi; hhf4f-GFP (B) hosts. 896 

hh KD increased cortical P1-positive cells. 897 

(C, D) Anterior lobes from Lh-infected hosts showing significant hemocyte loss and 898 

disassembled PSCs. In both cases, few GFP-positive PSC cells are present. P1-positive 899 

cells are also present after Lh infection (C). 900 

(E, F) Anterior (E) and posterior (F) lobes from Lh-infected Antp>hhRNAi; hhf4f-GFP hosts 901 

show many EVs in the few hemocytes remaining after infection. EVs are also evident in 902 

the dorsal vessel.  903 
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 904 

 905 

 906 

 907 

Fig S6. Blackened crystal cells are phagocytosed by lymph gland hemocytes 908 

(A A’) A Bc/Bc+ Pxn>GFP gland showing blackened crystal cells contained within 909 

Pxn>GFP-expressing hemocytes. Arrows points to crystal cell nuclei; arrowheads point 910 

to Pxn>GFP-positive macrophages. Not all macrophages contain a crystal cell. 911 

 912 
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 913 

 914 

Fig S7. Efferocytosis of disintegrating lamellocytes 915 

Smears from an Lh-infected hopTum-l host in which lamellocytes (L) express mCD8GFP. 916 

Lamellocytes also express high levels of integrin-beta. Double positive lamellocyte 917 

fragments in panel A (pseudocolors in A’ and A” are merged in panel A) are observed 918 

in macrophages (M) indicated by arrows. 919 
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 921 

 922 

 923 

 924 

Fig. S8. Tumorigenesis and lethality in Rab5 knockdown animals  925 

(A, B) Pxn>GFP, UAS-Rab5RNAi larvae with melanized tumors clearly visible through the 926 

transparent cuticle. Tumors are absent in the control animal.  927 

(C, D) Smears from circulating hemocytes of these animals. An overabundance of 928 

Pxn>GFP-positive and GFP-negative (lamellocytes) cells is observed.  929 

(E) Tumor penetrance (animals with tumors/animals scored) in Rab5 KD animals varied 930 

with different GAL4 drivers.  931 

(F) Viability to adulthood was differentially compromised. More than 100 animals were 932 

scored for each cross in panels (E) and (F). 933 
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