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Abstract

Multinucleated giant hemocytes (MGHs) represent a novel
type of blood cell in insects that participate in a highly effi-
cient immune response against parasitoid wasps involving
isolation and killing of the parasite. Previously, we showed
that circulating MGHs have high motility and the interaction
with the parasitoid rapidly triggers encapsulation. However,
structural and molecular mechanisms behind these process-
es remained elusive. Here, we used detailed ultrastructural
analysis and live cell imaging of MGHs to study encapsula-
tion in Drosophila ananassae after parasitoid wasp infection.
We found dynamic structural changes, mainly driven by the
formation of diverse vesicular systems and newly developed
complex intracytoplasmic membrane structures, and abun-

dant generation of giant cell exosomes in MGHs. In addition,
we used RNA sequencing to study the transcriptomic profile
of MGHs and activated plasmatocytes 72 h after infection, as
well as the uninduced blood cells. This revealed that differ-
entiation of MGHs was accompanied by broad changes in
gene expression. Consistent with the observed structural
changes, transcripts related to vesicular function, cytoskel-
etal organization, and adhesion were enriched in MGHs. In
addition, several orphan genes encoding for hemolysin-like
proteins, pore-forming toxins of prokaryotic origin, were ex-
pressed at high level, which may be important for parasitoid
elimination. Our results reveal coordinated molecular and
structural changes in the course of MGH differentiation and
parasitoid encapsulation, providing a mechanistic model for
a powerful innate immune response.
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Introduction

Drosophila melanogaster is frequently used to study
fundamental immune responses and host-pathogen in-
teractions because innate immune mechanisms are high-
ly similar in insects and vertebrates [1-3]. This species
possesses an open circulatory system with 2 types of blood
cells: spherical plasmatocytes and crystal cells, which rep-
resent 95% and 5% of the circulating hemocyte pool, re-
spectively. After attack by parasitoid wasps or wounding,
large, flattened cells differentiate into a third cell type,
called lamellocytes. These 3 blood cell types execute com-
plementary functions in immune protection [4-8]. Plas-
matocytes play a role in the phagocytosis of microorgan-
isms and produce antimicrobial peptides and matrix pro-
teins [9], whereas lamellocytes form capsules around the
eggs or larvae of parasitoid wasps. Crystal cells and lamel-
locytes produce and carry prophenoloxidases, which after
injury or infection are transformed into active phenolox-
idases, responsible for a melanization reaction at wound
sites and around parasitoids [10, 11].

Previously, we found that in species of the ananassae
subgroup and in Zaprionus indianus belonging to the vit-
tiger subgroup of Drosophilidae, the immune response is
highly effective and remarkably different from that in D.
melanogaster [12, 13]. In these species, after infection by
parasitoids, giant cells possessing several nuclei, termed
as multinucleated giant hemocytes (MGHs), differentiate
and encapsulate the invader [12]. Multinucleation has
been observed in various cells of living organisms, and
their appearance is frequently associated with infections
[14, 15]. Known examples included the Langhans multi-
nucleated giant cells that differentiate around foreign
bodies during granulomatous inflammation [16, 17],
multinucleated syncytia formed by SARS-CoV-2 corona-
virus-infected cells [18, 19], multinucleated hemocytes in
Mercenaria (Mollusc) species after pollutant exposure
[20], multinucleated cells in the roots of plants after nem-
atode infection [21], and multinucleated epidermal cells
around the wound of Drosophila larvae [22], which help
seal off the wound site by eliminating intercellular spaces.
Multinucleation, as a form of genome amplification, sig-
nificantly increases the genetic material within 1 cyto-
plasm, which provides an elevated level of protein expres-
sion and intensified metabolism for these cells.

Similar to lamellocytes, MGHs encapsulate parasitoid
wasp eggs and larvae, but do not participate in bacterial
phagocytosis, the process of which is mediated by plas-
matocytes [12, 13]. However, MGHs are highly motile,
and their presence is associated with a remarkably effi-
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cient protection against parasitoid wasps [12, 13, 23, 24].
In addition, 1 key step of the immune protection is differ-
ent between MGHs and lamellocytes. In D. melanogaster,
the capsule formed by lamellocytes around the parasitoid
wasp is melanized. Melanization generates reactive oxy-
gen species and creates a mechanical barrier, which is im-
portant for a successful defense [10, 11]. Melanization re-
quires 3 prophenoloxidases: PPO1, PPO2, and PPO3. Of
these, PPO2, synthesized by crystal cells, and PPO3, ex-
pressed by lamellocytes, are directly involved in capsule
melanization around parasitoids [11]. By contrast, the D.
ananassae genome has orthologs only for PPO1
(FBgn0090249, 79.7% identity) and PPO2 (FBgn0089750,
92.3% identity), but not for PPO3 [11]. In accordance
with this, in species of the ananassae subgroup, capsules
generated by MGHs are not melanized [12].

To gain insights into the particular immune mecha-
nisms of D. ananassae mediated by MGHs, we used elec-
tron microscopy and gene expression analysis to unveil
mechanisms behind the function of these cells. We demon-
strate that during their differentiation, various characteris-
tic morphological features develop in MGHs. Most notable
are the changes in surface membranes, the development of
a unique, new intracytoplasmic membrane system, genera-
tion of giant cell exosomes (GCEs), and enrichment of lip-
id droplets and microtubules. In line with these morpho-
logical changes, using RNAseq transcriptome analysis, we
show expression changes in genes related to cell surface
morphology and vesicular systems in MGHs. Specifically,
we found that several enriched genes were associated with
the composition, function, and transport of vesicles and
lipid droplets. Moreover, genes involved in cytoskeletal or-
ganization, motility, and adhesion became enriched, con-
sistent with the high motility and adherent features of these
cells. Finally, our transcriptomic analyses revealed that nei-
ther of the melanization-related prophenoloxidases was ex-
pressed in MGHs, which underscores the notion that the
MGH response in D. ananassae is fundamentally different
from that of lamellocytes in D. melanogaster. Together, our
data provide novel insights into the immune response me-
diated by MGHs, which rapidly gain cellular mass, capable
of extraordinary fast movements, and effectively kill invad-
ing parasitoids.

Materials and Methods

Insect Stocks and Culturing

D. ananassae wild type (14024-0371.13) had been obtained
from UC San Diego Drosophila stock center and kept at 25°C on
standard yeast-cornmeal food. The Leptopilina boulardi wasp
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strain G486 was kindly provided by Prof. Todd Schlenke (Univer-
sity of Arizona, Tucson, AZ, USA). Wasps were maintained on D.
melanogaster Oregon R.

Parasitization Assay

D. ananassae larvae were infected with L. boulardi parasitoid
wasps. Sixty second-instar larvae were transferred into a vial con-
taining standard fly food and were exposed to 15 female wasps for
6 h. Seventy-two hours following the wasp infection, for further
experiments, we selected larvae with melanized spots at the site of
oviposition on the cuticle.

Electron Microscopy

Dissection of the larvae was carried out in the fixation solution
for both conventional and immune electron microscopy. Further
treatment for conventional samples was as follows. Fixation was
carried out for 48 h at 4°C in the fixative containing: 0.5% glutar-
aldehyde (EM Grade, Polysciences), 4% formaldehyde (Poly-
sciences), 2 mM CaCly, and 1% sucrose in 0.1 mol/L Na cacodylate
buffer (Polysciences). Fixed samples were embedded in 4% agar,
washed in 0.1 mol/L Na cacodylate 3 times for 10 min each, stained
with 1% OsO, (Polysciences) in 0.1 mol/L Na cacodylate for 1 h,
rinsed with 10% acetone twice, and stained with 2% uranyl acetate
(EM, TAAB Laboratory, and Microscopy) in distilled water for 2
h. Dehydration of samples in a graded series of ethanol (50%, 70%,
96% twice and 100% 3 times each), and then in propylene oxide
(Sigma) for 15 min. Infiltration was carried out in propylene
oxide:Durcupan ACM (Sigma) epoxy resin, 2:1 overnight, in pro-
pylene oxide:Durcupan 1:2, and in full Durcupan ACM for 2 h
each. Polymerization was done for 48 h at 60°C. For Ni-DAB elec-
tron microscopic immunolabeling, the samples were kept 1 h at
room temperature (RT) in a fixative containing 0.5% glutaralde-
hyde (EM Grade, Polysciences) and 4% formaldehyde (Polyscienc-
es) in distilled water. After this, the samples went through the fol-
lowing steps: rinsing once in PBS, washing once in TBS for 30 min
at RT, incubating in 30% sucrose-PBS 1 h at 4°C and 1 h at RT,
freezing by dipping into liquid nitrogen 3 times, washing in TBS
twice for 15 min each at RT, incubating in 1% H,0,-TBS for 10
min at RT, and washing again in TBS twice for 15 min each at RT;
quenching followed in 50-50 mM NH,Cl-Glycin in TBS for 30 min
at RT, then washing in TBS twice for 15 min, and blocking in 10%
FBS-1% BSA-TBS for 30 min, both at RT. For immune reaction,
samples were incubated overnight at 4°C with the 7C5, a D. anan-
assae MGH-specific mouse monoclonal antibody [12] and a nega-
tive control isotype-matched monoclonal antibody. The 7C5 anti-
body reacts with live cells, showing that it is specific to an immu-
nological epitope in the plasma membrane (I.A., unpublished).
The samples were washed with 1% BSA-TBS, 4 times each for 10
min. As the secondary probe biotinylated goat anti-mouse anti-
body, 1:500 diluted in 1% BSA-TBS, was used overnight at 4°C,
washing in 1% BSA-TBS, 4 times each for 15 min at RT, then in-
cubation with HRP conjugated ABC reagent (avidin-biotin com-
plex) diluted at 1:500 in 1% BSA-TBS for 5 h at RT, and washing
again in TBS 4 times for 10 min each at RT. Preincubation without
Ni-DAB was carried out next in dark for 30 min at RT (DAB per-
oxidase substrate kit SK-4100, Vector). Samples were treated with
Ni-DAB H,0, for a few minutes, until the development of dark
precipitate; washed in TBS 4 times 10 min each at RT; left over-
night in TBS at 4°C; embedded in 4% agar; washed in 0.1 mol/L Na
cacodylate for 1 h at RT; stained with OsO, (Polysciences) in 0.1
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mol/L Na cacodylate for 1 h; rinsed with 10% acetone twice; stained
with 2% uranyl acetate (EM, TAAB Laboratory and Microscopy)
in distilled water for 30 min; and dehydrated in a graded series of
ethanol (50%, 70%, 96% for 2 times each, and 100% 3 times) and
then in propylene oxide (Sigma) for 15 min. Infiltration was car-
ried out in propylene oxide:Durcupan ACM (Sigma) epoxy resin,
3:1 and 1:1 for 45 min each and 1:3 mix overnight next moved to
full Durcupan ACM. Polymerization was carried out for 48 h at
60°C. Sectioning of electron microscopy blocks for both standard
and immunosamples was made by Reichert Ultracut ultramicro-
tome, and staining of sections was made in Reynolds lead citrate.
Sections were viewed in a JEM-1011 JEOL transmission electron
microscope and pictures taken with a Morada, Olympus camera,
and iTEM software (Olympus).

Visualization of Acidic Vesicles Using LysoTracker Dye

Seventy-two hours following the L. boulardi infection, D. anan-
assae larvae were bled in Schneider’s medium (Lonza) supple-
mented with 5% fetal bovine serum (GIBCO) and 0.01% 1-phenyl
2-thiourea (Sigma) (CSM) on microscope slides and the blood cells
were adhered to the glass slides for 1 h. The encapsulated parasit-
oids were isolated similarly, and to avoid pipetting of the capsules,
they were prepared under the microscope. The CSM medium was
gently removed and the cells and capsules were washed once in
PBS and then incubated in the dark with LysoTracker™ Red DND-
99 (Invitrogen, 1:1,000 dilution in PBS) for 3 min. The samples
were washed twice with PBS and covered with Fluoromount G
medium and coverslip. The samples were immediately analyzed
with an epifluorescence microscope (Zeiss Axioscope 2 MOT) or
with an Olympus FV1000 confocal LSM microscope.

Collection of Samples for Next-Generation RNA Sequencing

Wasp-infected D. ananassae larvae 72 h following the infection
were washed out from the vials in Drosophila Ringer solution.
Blood cells were isolated in Schneider’s medium (Lonza) supple-
mented with 5% fetal bovine serum (GIBCO) on microscope
slides. Sample collection was performed as described previously
[25]. Briefly, cytosol of a blood cell, attached for 30 min to a mi-
croscopic slide, was aspired via a glass pipette, containing 1.5 pL
RNase-free sterile Drosophila Ringer solution, mounted on a mi-
cromanipulator. For sample collection, the pipette holder was
quickly removed from the micromanipulator and the collected cy-
tosol, by applying positive pressure, was expelled to microtubes
containing 1 uL lysis buffer with an RNase inhibitor from the TA-
KARA Clontech SMART-Seq v4 Ultra Low Input RNA Kit for Se-
quencing (Cat. No. 634889). Tubes were briefly centrifuged and
snap-frozen on dry ice. Cytosol of 5 plasmatocytes or 5 MGHs was
pooled in 1 microtube, respectively. Overall, 5 pools were collect-
ed. Samples were stored at —80°C until further processing accord-
ing to the manufacturer’s protocol. In parallel, 5 blood cell pools
were generated, each from 50 age-matched uninfected larvae. The
total RNA samples were generated by RNeasy micro kit from Qia-
gen.

cDNA Library Preparation and Next-Generation RNA

Sequencing

The same procedures were followed as previously [25, 26].
mRNA was processed using Clontech’s SMARTer Ultra Low RNA
Input v4 kit. The resulting cDNA from MGH and activated plas-
matocyte samples, originating from single cell isolates, were har-
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vested and analyzed on a Fragment Analyzer (Advanced Analyti-
cal). Library preparation was performed using an Illumina FC-
131-1024-Nextera XT DNA SMP Prep Kit (Cat. No. 1293799) ac-
cording to the manufacturer’s protocol. The samples were se-
quenced using a NextSeq 150 high-output kit (Cat. No. 20024907)
in an Ilumina NextSeq 500 System with 2 x 75 paired-end reads.
The ¢cDNA synthesis from naive hematocytes was carried out by
Clontech-Takara SMARTer cDNA synthesis kit. The resulting
cDNA was then analyzed on a Fragment Analyzer (Advanced An-
alytical), and concentration-adjusted samples were further pro-
cessed by a SMART-Seq v4 Ultra Low Input RNA kit, continued
from the tagmentation step. Library preparation was performed
using a Nextera XT DNA Sample Preparation Kit (Illumina) as
described in the protocol. Following library preparation, samples
were pooled and sequenced using a NextSeq 300 high-output kit
in an Illumina NextSeq 500 System with 2 x 150 paired-end reads.

Processing of RNA Sequencing Data

After sequencing, raw reads were de-multiplexed and prepro-
cessed using Trimmomatic and Flexbar. Then, raw sequencing
reads were aligned to the Ensembl Drosophila ananassae genome
(release 37), using a STAR aligner with the following parameters:
trimLeft = 10, minTailQuality = 15, minAverageQuality = 20, and
minReadLength = 30. Gene counts were calculated using HTSeq.
For convenience, Ensembl gene IDs use the corresponding gtf file
(ftp://ftp.ensemblgenomes.org/pub/metazoa/release-37/gtf/dro-
sophila_ananassae/Drosophila_ananassae.dana_cafl.37.gtf.gz) as
a reference.

Bioinformatical Analysis of RNA Sequencing Data

To assess differential expression, we utilized DESeq2. To ac-
count for technical dropouts, we first used zingeR to zeroWeight-
sLS function to weigh gene expression against dropouts. We then
used DESeq2 to normalize cell gene expressions and then run a
differential gene expression analysis.

Bioinformatical Analysis of the D. ananassae Comparative

Transcriptome Data

Transmembrane protein structures were predicted using the
MemBrain online webserver [27]. As there is no information avail-
able concerning the D. ananassae genes and proteins, we used the
www.flybase.org database to get knowledge about their D. melano-
gaster orthologs. Gene Ontology (GO) enrichment analysis was
performed using GO: TermFinder open source software [28]. En-
richment analysis was performed against the background of all of
the annotated D. melanogaster genes on www.flybase.org database.
Results were summarized and visualized with REVIGO [29]. Phys-
ical interaction networks were constructed with the Cytoscape
software [30], using interactions listed on the www.flybase.org da-
tabase.

Results

Ultrastructural Features of MGH Development

Prominent features of developing MGHs could be not-
ed as early as 24 h (24 h) after L. boulardi parasitoid wasp
infection. These included differentiation of cells larger
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than plasmatocytes, and appearance of light vesicles as a
rim in these cells (Fig. 1a). At 48 h, differentiating cells
displayed more substantial size growth and changed their
originally oval shape to spindle. In addition, cellular
branching, multiple nuclei, and several light vesicles in
large areas of the cytoplasm become increasingly appar-
ent (Fig. 1b). By 72 h, multinucleated cells fully differenti-
ated into MGHs; they became enormously large and
strikingly different from plasmatocytes (Fig. 1c). The gi-
ant hemocytes also attached to the surface of parasitoid
and extended projections under its chorion (Fig. 1d). Fur-
thermore, they grew cytoplasmic extensions, which in-
truded into the intersegmental grooves of the parasitoid
(online suppl. Fig. S1a; for all online suppl. material, see
www.karger.com/doi/10.1159/000520110). At some
sites, layers of MGHs wrapped the parasitoid, forming a
capsule (online suppl. Fig. S1b). In addition, dense vesi-
cles also appeared in the cytoplasm of MGHs. Both the
newly formed light and dense core vesicles were associ-
ated with the Golgi apparatus (Fig. 1e, f). Microtubules
could also be frequently seen closely aligned along linear
rows of dense vesicles, many of which seem to have fused
with each other in an elongated shape (Fig. 1g).

Mature MGHs had unique ultrastructural features,
which clearly distinguished them from other known cell
types. Their cytoplasm was divided into 2 structurally dif-
ferent regions: a basal part, adjacent to the parasitoid, and
an apical area, opened to the hemocoel. The thickness of
both regions, as well as that of the MGH itself, was highly
variable (Fig. 2). The basal region showed a characteristic
abundance of dense bodies (see next paragraph), whereas
the apical region contained cell nuclei and perinuclear
areas that gave rise to projections into the hemolymph.
Of note, the perinuclear areas were the most similar to a
typical cell structure in arrangement and organellar com-
position. In certain locations, a high number of lipid
droplets could also be detected (Fig. 2). Finally, the plas-
ma membrane of apical regions irregularly invaginated
into the cytoplasm, which created a spongy, labyrinth-
like structure (Fig. 2, insert of Fig. 2, 3d).

Formation of a Special Multiform Dense Body System

As noted above, basal cytoplasmic regions were char-
acterized by the abundance of dense bodies (Fig. 2, 3),
which formed already 48 h after the parasitoid wasp infec-
tion and later aligned along microtubules, finally forming
a fused, elongated structure (Fig. 1g). These pointed to-
ward the basal membrane and frequently appeared as a
complex multiform network, consisting of vesicular, tu-
bular, lamellar, and irregularly shaped bulky structures

Cinege et al.



Fig. 1. Ultrastructural features of MGH differentiation following
L. boulardi parasitoid wasp infection. a Twenty-four hours follow-
ing wasp infection. In MGH precursors, light vesicles appeared
around the cell periphery (white arrowhead). b Forty-eight hours
after parasitization MGHs display increased size and nuclear (N)
number, branching begins (white arrow), and a large number of
vesicles throughout the cytoplasm. ¢ Seventy-two hours following
parasitization. Higher magnification image shows a part of an
MGH (in the upper left corner), with 3 nuclei (N) and many vesi-
cles. The MGH is clearly distinguishable from nearby plasmato-

(Fig. 2, 3). Although with variable thickness, this multi-
form dense body system (MDBS) represented a continu-
ous lamellar layer adjacent to the surface of parasite
(Fig. 2, 3a, b, ). Analysis of multiple samples revealed that
some MDBSs were also present in deeper apical regions
of the cytoplasm (Fig. 3d).

Recognition of Acidic Vesicles in the MGHs

To further characterize MDBSs, we used the Lyso-
Tracker dye, a tracer for acidic organelles, and carried out
a comparative staining of MGHs and plasmatocytes. We
found numerous LysoTracker positive structures in both

Comparative Morphology and
Transcriptome of MGHs

cytes (Pl, in the lower right corner) by size and structure. d Dense
(black arrowheads) and light (white arrowheads) vesicles in an
MGH extend on the surface of the parasitoid (Pt) under the cho-
rion (Ch). e Image shows the emergence of light vesicles (white
arrowheads) from the Golgi apparatus (G). f Image shows the
emergence of dense vesicles (black arrowheads) from the Golgi ap-
paratus (G). g Dense vesicles (black arrowheads) are aligned along
microtubules (Mt) and form a fused, elongated vesicle (black ar-
row). e-g Images were taken at 48 h after parasitoid infection.

the MGHs and the plasmatocytes. However, there was a
significant difference in dye retention time, which was >2
min in plasmatocytes, but <2 min in MGHs (online suppl.
Fig. S2). In MGHs, accretions of the dye appeared basally,
in well-recognizable continuous areas in contact with the
parasite (Fig. 4). In addition, scattered dye staining could
also be seen in the apical region, sometimes close to the
apical surface, either as larger particles or as a fine net-
work with high- or low-intensity staining, respectively.
This observation was reminiscent of the electron micros-
copy analysis, which also showed some MDBS-rich areas
in apical regions (Fig. 3d). This remarkable similarity in
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Fig. 2. A polarized region of mature MGH
attached to the parasitoid wasp (Pt). The
basal region (Ba) on the surface of the in-
vader; the opposite apical side (Ap) with
projections (Pr) into the hemolymph. The
thickness of basal and apical regions is vari-
able. A multiform dense body system
(MDBS) appears in the basal region, con-
sisting of a loose dense network (white ar-
rowheads) and a continuous thin dense
layer (black arrowheads) on the cuticle (Ct)
of the parasitoid. Spongy canalicular laby-
rinth opens to the hemolymph (arrows), a
similar structure in the inset at a higher
magnification. The middle region of the
cellis rich in lipid droplets (L), whereas nu-
clei (N) are localized in the apical region.

the localization and shape of LysoTracker positive struc-
tures and MDBs in MGHs suggested that these structures
represent overlapping subcellular elements. In phagocyt-
ic cells, LysoTracker positive acidic vesicles and struc-
tures appeared as lysosomes. However, MGHs are non-
phagocytic, and the complex morphology of MGH MD-
BSs differed from the lysosomal apparatus described in
other cell types. To better understand this distinction, we
looked for ultrastructural signs of degradative activity in
MDBS. The fine vesicular, tubular, and sheet-like ele-
ments appeared as a homogeneous dense matter (Fig. 3)
and did not seem to be engaged in degradation. Instead,
they resembled primary lysosomes, which were also
dense, homogeneous, and contained lysosomal enzymes,
primed to be activated by material destined for digestion
[31]. Digestion has been shown to lead to morphological
deterioration, making the lysosomal content heteroge-
neous and morphologically unrecognizable [32], fre-
quently referred to as “intracellular garbage bags” [33,
34]. Indeed, in our electron microscopy sections, the
MDBS system regularly appeared as heterogeneous and
seemingly disorganized (Fig. 3a, d), similar to the classical
view of digestive lysosomes. Without heterophagic input,
the only means for MDBSs to get access to degradable
substrate is autophagy. In support of this possibility, we
found autolysosomes and autophagosomes in large quan-
tities in MGHs, and most frequently in MDBS-rich area
(Fig. 3a; online suppl. Fig. S3). To summarize, our confo-
cal and electron microscopy data support the notion that
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LysoTracker positive structures and MDBSs represented
alysosomal system in MGHs, specifically involved in self-
degradation of cytoplasmic portions by autophagy.

Light Vesicles Develop into an Elaborate Reticular

System

In mature MGHys, light vesicles remain the most con-
spicuous organelles that tend to be organized in areas,
where they become disproportionately abundant. The ex-
pansion of the light vesicles appeared to take place in 2
major steps. As alluded above, the first step is character-
ized by accumulation of individual vesicles. They were
either close to the cell periphery (Fig. 1a) or scattered
more or less evenly in the cytoplasm (Fig. 1b—d). In areas
closer to the nucleus, they often intruded into the peri-
nuclear area, rendering the normal cytoplasm island-like
(Fig. 1b, ¢, 5a). In the second step, medium-sized light
vesicles partially fuse into a segmented reticular network,
in which individual units became interconnected yet dis-
cernible (Fig. 5). In this manner, rows, or sheets in 3 di-
mensions, of alight reticular system (LRS) became appar-
ent. Then, the medium-sized units of the LRS grew in size
and became larger and flat (Fig. 5a), taking up roundish
or irregular shapes, and completely occupying extensive
areas of the MGH cytoplasm (Fig. 5b). This rapid growth
presumably involved both fusion and new membrane
synthesis. Finally, LRS sheets were either directly adjacent
to each other or separated only by a very thin layer of
ground cytoplasm (Fig. 5a, b).

Cinege et al.



Fig. 3. Organization of the multiform dense
body system (MDBS) in the MGHs. a Im-
age shows MDBS elements with vesicular
(Ve), tubular (Tu), lamellar (La), and bulky
(Bu) structures adjacent to the cuticle (Ct)
of the parasitoid. b Continuous dense layer
with variable thickness covering the cuticle
(Ct) of the parasitoid. ¢ Higher magnifica-
tion image shows the lamellar structure of
the dense layer covering the cuticle of the
parasitoid (Ct). d Image shows the com-
plexity of MDBS in the deeper apical region
of an MGH: dense homogeneous vesicles
(Ve), tubules (Tu), lamellae (La), and het-
erogeneous bulky (Bu) elements with light-
er areas. The apical part of MGH displays a
spongy structure (Sp).

Within LRSs, only a faint, less electron-dense, inho-
mogeneous, and diffuse material was detected (Fig. 5a),
which appeared as a fluffy precipitate in the large cisternal
elements (Fig. 5b). The largest cisternal spaces contained
a considerable amount of precipitate, which accumulated
under the chorion of the parasitoid, presumably to be dis-
charged into the hemolymph (online suppl. Fig. S4).

Comparative Morphology and
Transcriptome of MGHs

Formation of Giant Cell Exosomes

We also found that smaller apical surface areas of
MGHs developed into aloose network of cytoplasmic ex-
tensions (Fig. 6). These extensions frequently emerged
from perinuclear areas that were rich in RER, mitochon-
dria, polysomes, and dense bodies (Fig. 6b, ¢). In addi-
tion, MGHs carried outgrowths of microfilaments, and a
high number of very small vesicles, which we named
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Fig. 4. Multinucleated giant hemocytes
forming the capsule (Ca) around the para-
sitoid (Pt) generate thin flat LysoTracker
positive areas (white arrows in the right im-
age) along the attachment site with the par-
asitoid. Images are visualized with an
Olympus FV1000 confocal LSM micro-
scope.

Fig. 5. Development of the light reticular system (LRS). a Segmented network with medium-sized units (LRSI).
Expansion into large flat units (LRS2). Faint diffuse material can be seen in the lumen (arrowheads). b Further
expansion of adjacent LRS units with variable size and shape very close to each other. Precipitated content of the
large cisternal elements (arrowheads).

GCEs. Based on morphological traits, GCE originated
from the cell surface by budding and/or detaching from
the tip of the filaments. It was unlikely that GCEs origi-
nated from unspecific cellular disintegration, as various
intracellular organelles, the polysomes and the mitochon-
dria, which are the most vulnerable to deleterious effects,
were intact.

Rapid Plasma Membrane Development in the MGHs

To further study the ultrastucture of the MGHs, we
performed immunostaining with the 7C5 antibody,
which we previously characterized as a specific marker
for MGHs [12]. Immuno-transmission electron micro-
scopic analysis revealed that 7C5 strongly and specifi-
cally reacted with the membrane of MGHs (Fig. 7a) and
revealed a special ultrastructural arrangement of the
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plasma membrane. To underscore the notion of speci-
ficity, the membranes of nearby plasmatocytes were
also negative (Fig. 7b). In MGHs, robust staining was
seen on budding exosomes (Fig. 7a, ¢, d, ) and on the
invaginated labyrinths in spongy areas of the MGH sur-
face (Fig. 2, 3d). Since most, but not all, membranes of
the spongy structure were immunostained, we presume
that in addition to the plasma membrane invaginations,
intracellular canals were also present in this area
(Fig. 7c, e). Further, membranes of the large vacuoles
were negative (Fig. 7c, d), suggesting that their enclo-
sure was different from the plasma membrane and thus
they likely represented intracellular compartments. In-
terestingly, however, some intracellular membranes
also appeared as 7C5 positive. These were fine vesicular,
tubular, and cisternal elements (Fig. 7d), possibly com-
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Fig. 6. Giant cell exosome (GCE)-generating areas in MGH. a MGH settled on the cuticle (Ct) of the parasitoid
(Pt). GCE formation sites are circled. b (Enlarged part from a) GCE formation sites (circled). Polysomes (Ps) and
mitochondria (Mi) appear intact and undamaged. ¢ GCE generation by apparent microbudding (arrowheads).
N, nucleus; Pr, projection; Mf, microfilament.

ponents of the post-Golgi area. We presume that these
7C5 antigen-expressing membrane elements were gen-
erated for further plasma membrane growth and pro-
jection formation (Fig. 7e). This scenario was support-
ed by the observation that the plasma membrane of
newly developed MGH projections was apparently
formed with the fusion of 7C5 positive vesicular mem-
branes (Fig. 7e).

Transcriptomic Analysis of Differentiated MGHs

Our above results have already revealed a highly dy-
namic picture of MGH development and parasite en-
capsulation. We hypothesized that these processes were
supported by increased transcriptional activity and
gene expression changes. To test this hypothesis, we
isolated MGHs by electrophysiological patch-pipettes
72 h after L. boulardi infection and studied their tran-
scriptomic content by mRNA sequencing. For compar-
ison, we also isolated and sequenced the mRNA of ac-
tivated plasmatocytes nearby. For each type, 5 single
cells were pooled per sample and 5 samples of each were
collected for analysis. In total, we detected 9,106 differ-
ent gene transcripts. Results obtained after normaliza-
tion showed that 705 genes were differentially expressed
between MGHs and plasmatocytes. Of these, 481 and
224 genes were expressed at significantly higher and
lower levels, respectively, in MGHs than activated plas-

Comparative Morphology and
Transcriptome of MGHs

matocytes (online suppl. Table S1). These also included
200 and 8 genes that were detected exclusively in MGHs
and plasmatocytes, respectively. Further, we detected
78 D. ananassae genes (within the 705 differentially ex-
pressed genes), which did not have D. melanogaster or-
thologs (online suppl. Table S1). Of these, 63 were ex-
pressed at significantly higher and 15 at significantly
lower level in the MGHs than the activated plasmato-
cytes.

To gain insights into possible functional interac-
tions, all putative proteins encoded by the 705 differen-
tially expressed genes were further analyzed in silico.
Because to date no available information on D. ananas-
sae proteins existed, we used the www.flybase.org data-
base to analyze D. melanogaster protein orthologs. GO
enrichment analysis did not reveal any “biological pro-
cesses” that would be shared by MGHs and plasmato-
cytes (online suppl. Fig. S5). In MGHs, most genes were
related to cell communication, signaling, vesicle, and
membrane function. By contrast, genes significantly
higher expressed in plasmatocytes were associated with
metabolic processes. Subsequently, we used GO “cellu-
lar component” analysis to illuminate the possible sub-
cellular localization of proteins. This revealed that
MGH-enriched genes encoded proteins that localized
in membranes, vesicles, vacuoles, lysosomes, and
SNARE complexes, a family of proteins involved in ves-
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Fig. 7. Plasma membrane development in the MGHs revealed by
immuno-transmission electron microscopy.a MGH plasma mem-
brane shows strong 7C5 staining (black arrowhead). b Plasmato-
cyte plasma membranes lack 7C5 staining (white arrowhead). ¢
7C5 positive plasma membrane invaginations (black arrowheads)
and 7C5 negative intracellular canals (white arrowhead). Note the
lack of labeling on large intracellular vacuole membranes (white
arrow). d Strong 7C5 labeling of the plasma membrane on spo-

icle fusion [34]. By contrast, plasmatocyte-enriched
genes frequently encoded proteins that localized in cy-
tosol, nucleus, and different subcellular organelles,
such as mitochondria, ribosomes, and the endoplasmic
reticulum (online suppl. Fig. S6).
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radic budding exosomes (black arrowheads), and intracellular fine
vesicular (Ve), tubular (Tu), and cisternal (Ci) structures. Note the
lack of labeling on the membrane of the large vacuole (white ar-
row). e Vesicles possessing 7C5 positive membranes (black ar-
rows) fuse to form the plasma membrane of the MGH projections
(Pr). Asterisk labels a newly developed projection detaching from
the cell body. Intracellular canals (white arrowheads) and giant cell
exosomes (black arrowheads) are 7C5 negative.

Transcriptional Signatures of MGH Development and

Function

Next, we sought to gain insights into gene expression
changes that could contribute to the rapid differentiation
and development of MGHs after parasitoid wasp infec-
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Fig. 8. Venn diagram shows the result of
cross-comparison analysis of the genes up-
(a) and downregulated (b) in the MGHs
compared to uninduced blood cells (blue),
activated plasmatocytes compared to unin-
duced blood cells (red), and MGHs com-
pared to activated plasmatocytes (green) of
D. ananassae. The list of the respective
genes is presented in online suppl. Table
S4. Both comparisons, as expected, contain
anull (0) set of genes, as we found no genes
that we simultaneously upregulated in
MGHEs versus activated plasmatocytes, and
activated plasmatocytes versus uninduced MGH
blood cells, but not upregulated in MGHs
versus uninduced blood cells.

Up-regulated

MGH
w5, uninduced blood cells

a vs. activated plasmatocytes

Down-regulated

activated plasmatocytes MGH
.im:mq vs. uninduced blood cells

activated plasmatocytes
i

od cells nduced blood cells

MGH
b ws. activated plasmatocytes

tion. For this, we complemented our data sets with mRNA
sequencing from uninduced blood cells, which would
give rise to MGHs after infection. Because uninduced
blood cells represent a population of heterogeneous plas-
matocytes, we isolated mRNA for transcriptome analysis
from 5 independent and uninduced blood cell pools from
third instar larvae. For comparability, the age of these lar-
vae was identical to that of the wasp-infected larvae. Then,
we compared the transcriptomes of uninduced blood
cells and MGHs in a similar fashion as presented above
for activated plasmatocytes and MGHs.

We found a total of 4,489 genes that were differential-
ly expressed: 1,729 and 2,760 genes were significantly
higher expressed in MGHs and uninduced blood cells,
respectively (online suppl. Table S2). Among these, 24
and 1,495 genes were expressed exclusively in MGHs and
uninduced blood cells, respectively. We also found 612 D.
ananassae genes (within the 4,489 differentially expressed
genes), which did not have known D. melanogaster ortho-
logs (see online suppl. Table S2). Of the 612 genes, 167
and 445 genes were significantly higher expressed in
MGHs and uninduced blood cells, respectively. We then
further analyzed all 4,489 differentially expressed genes in
silico (online suppl. Table S2). GO analysis for “biological
process” revealed that MGHs mostly expressed genes,
whose protein products were involved in vacuolar, ve-
sicular, endosomal processes, cellular secretion, microtu-
bule-based transport, ATP synthesis, and autophagy. By
contrast, the uninduced blood cells expressed more tran-
scripts whose protein products were relevant for basic
cellular processes, such as carbohydrate-, lipid-, and pro-
tein-metabolism, catabolism, and also developmental
processes (online suppl. Fig. S7). Further, GO enrichment

Comparative Morphology and
Transcriptome of MGHs

analysis in “cellular component” category revealed that
MGH-enriched genes encoded proteins that localized in
membranes, vesicles, lysosomes, SNARE complexes, vac-
uolar-type ATPase complexes, endosomal sorting com-
plex required for transport, cytoskeleton, Golgi appara-
tus, and mitochondrion (see online suppl. Fig. S8). By
contrast, most uninduced blood cell-enriched genes en-
coded proteins that localized mainly in the cytosol, per-
oxisomes, ribosomes, nucleus, and other intracellular or-
ganelles (online suppl. Fig. S8).

Finally, we asked which gene expression changes char-
acterized MGHs and activated plasmatocytes, commonly
or uniquely, after parasitic infection. For this, we consid-
ered genes that were significantly up- and downregulated
in (i) MGHs compared to uninduced blood cells, (ii) ac-
tivated plasmatocytes compared to uninduced blood
cells, and (iii) MGHs compared to activated plasmato-
cytes (Fig. 8; online suppl. Tables S1-S4). We found 748
(689 + 59) genes, which were upregulated in MGHs and
activated plasmatocytes compared to uninduced blood
cells (Fig. 8a). These likely represent genes that were com-
monly activated by the infection. Of these, 59 genes were
further enriched in MGHs compared to activated plas-
matocytes, suggesting differences in how these genes
were utilized by the 2 cell types. Further, we found 749
and 583 genes, which were upregulated only in MGHs
and activated plasmatocytes, respectively, compared to
uninduced blood cells. These presumably represented
separate transcriptomic responses induced by infection.
Finally, we found 232 and 190 genes that were enriched
in MGHs either compared to both uninduced blood cells
and activated plasmatocytes or to activated plasmatocytes
only, respectively. These, together with the previously
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mentioned 749 genes, were likely responsible for creating
the unique makeup of MGHs. In addition to upregula-
tion, gene downregulation could also contribute to im-
mune responses mediated by MGHs and activated plas-
matocytes. Therefore, we separately analyzed downregu-
lated genes in each comparison (Fig. 8b; note that
downregulation in the MGH vs. uninduced blood cell
comparison, used as an example, would be equivalent to
upregulation in the reverse, uninduced blood cell vs.
MGH, comparison). This analysis revealed that a larger
number of genes were downregulated (1,886 + 14; Fig. 8b)
than upregulated (689 + 59; Fig. 8a) in MGH and acti-
vated plasmatocytes in response to parasitoid infection.
However, there were more genes that differentiated
MGHs by upregulation (232; Fig. 8a) than downregula-
tion (70; Fig. 8b) when compared to both other cell types.
The large number of genes, overexpressed in the MGHs,
based on their D. melanogaster orthologs and the avail-
able data on www.flybase.org, arranged in several groups,
which were relevant for the composition and function of
these highly motile cells, are abundant in vesicles, vacu-
oles, lysosomes, endosomes, and lipid droplets as ob-
served by the electron microscopic analysis (Table 1).

Protein Interaction Networks Encoded by MGH-

Enriched Genes

Next, as a proxy of potentially MGH-specific function,
we were interested in how the MGH-enriched genes gov-
ern protein interactions. Since there was no available in-
formation regarding D. ananassae proteins, we used
available interaction data of their D. melanogaster ortho-
logs, based on the www.flybase.org database. Using this
database, we constructed physical interaction networks
from proteins encoded by genes that were enriched in
MGHs compared to both uninfected blood cells and acti-
vated plasmatocytes. This analysis revealed several sig-
nificantly enriched clusters, which were separated by bio-
logical processes and in which proteins may form stable
complexes or associate transiently. To organize the differ-
ent clusters, we focused on the major categories, such as
vesicles, Golgi apparatus, exocytosis, and cytoskeleton
(Fig. 9-11). We chose these categories in part because the
largest clusters belonged to these categories, and in part
also because our electron microscopic analyses revealed
enhanced cellular activity in these areas. In this confirma-
tory analysis, we tested if there was a correspondence be-
tween the significant gene clusters and structural obser-
vations. In the vesicle category, we were able to enlist dif-
ferent clusters that were associated with vesicle-, vacuole-,
lysosome-, autophagy, and lipid storage-related clusters

12 J Innate Immun
DOI: 10.1159/000520110

(Fig. 9). These corresponded to our findings made by
electron microscopic analysis, which revealed abundant
presence of these cellular structures in MGHs (Fig. 1, 2,
4, 5). Next, we found significantly enriched clusters that
were related to Golgi apparatus and exocytosis (Fig. 10).
These again corresponded to our findings made by elec-
tron microscopic analysis, which revealed vesicle accu-
mulation and budding on the cell surface. In the struc-
tural category, we enlisted significant gene clusters that
were associated with cytoskeletal organization, motility,
and adhesion (Fig. 11). Although the appearance of these
functions was not directly supported by structural analy-
sis, they were consistent with a model, in which active
cytoskeletal rearrangements in MGHs support growth,
adhesion, and the encapsulation reaction.

Comparison of the Gene Expression Profile of MGHs

and Lamellocytes

Finally, to further pursue the question regarding the
identity of encapsulating mechanisms, we compared the
molecular make-up of encapsulating blood cells in differ-
ent species of Drosophilidae. Specifically, based on previ-
ous studies, we carried out a comparison of the lamello-
cyte-specific genes and proteins that were characterized
in D. melanogaster [35-40] and tested if these were also
enriched in MGHs and/or activated plasmatocytes of D.
ananassae. We found that 61 and 33 D. melanogaster lam-
ellocyte-specific genes were also selectively expressed in
D. ananassae MGHs and in the activated plasmatocytes,
respectively (online suppl. Table S5). In the following, we
will refer to molecules by their gene name in D. melano-
gaster, without specifying the name of their orthologs in
D. ananassae, which can be found in online suppl. Table
S5. Shared genes included the glucose-producing Treha-
lase and the glucose transporter-encoding CG1208, the
presence of which would be consistent with a high energy
demand associated with immune activation, maturation,
and/or encapsulation in both lamellocytes and MGHs.
Moreover, actin-interacting proteins (e.g., Actin 42A,
Annexin B9, Jupiter, the filopodia/lamellipodia-associat-
ed Twinstar, Parvin, Actin-related protein 3, Podl, Flare,
Rho GTPase-activating protein at 18B, and the Myosin-
7a binding protein encoded by CG43340) presumed to be
required for encapsulation and cytoskeletal rearrange-
ments were highly enriched in both cell types. Further-
more, we found shared molecules, which are involved in
cell-adhesive interactions and formation of cell-cell junc-
tions, and thus likely important for the encapsulation.
Our data showed that integrin beta-nu subunit (itgbn),
rhea, Rac2, taxi, FER tyrosine kinase, and bves were also

Cinege et al.



Table 1. Predicted function of the D. ananassae genes overexpressed in the MGHs

Predicted function of genes expressed at a significantly high level in the MGHs. D. melanogaster orthologs are listed.

Vesicle-related

14-3-3zeta, Ack, alc, alphaSnap, AnxB9, AP-2mu, AP-2sigma, Appl, Arf102F, Arf51F, Arf79F, Arl1, Arl2, Arl4, Arl5, Arl8, Atet, Atg6, ATP6AP2, awd, bchs, Bet1,
Bet3, Bet5, BicD, Blos1, boca, BORCS5, CanB2, car, CASK, Ccz1, Cdc42, CG10103, CG10435, CG13531, CG15012, CG16865, CG18659, CG30423, CG32069,
CG32576, CG33635, CG43322, CG4645, CG5021, CG5104, CG5510, CG7956, CG8134, CG8155, CG9067, Che, Chmp1, CHMP2B, Clc, cni, comm, Dab,
DCTN2-p50, DIc90F, epsilonCOP, Esyt2, Exo70, Exo84, fab1, Flo1, Flo2, fwe, gammaSnap1, Gdi, Gga, gish, Gos28, Gp150, IdICp, Lerp, Isn, It, Madm,
Membrin, milt, Mon1, Muted, nudE, or, PAPLA1, Past1, Pi3K59F, Pldn, poe, Ppt1, ps, Rab1, Rab11, Rab18, Rab19, Rab2, Rab21, Rab35, Rab39, Rab40, Rab5,
Rab7, Rab8, RabX1, RabX6, Rac2, Rap1, Ras64B, Rep, Rho1, Rich, Rint1, Rop, Sec10, Sec15, Sec5, Sec6, shi, shrb, sing, Snap24, Snap29, Snx16, spir, spri, stac,
stmA, strat, Syb, Synd, Syngr, Syt1, Syx13, Syx16, Syx17, Syx1A, Syx4, Syx5, Syx7, Syx8, Thor, Tomosyn, Trs20, Trs23, Trs31, Trs33, TSG101, unc-104, Use1,
Uvrag, Vamp7, Vap33, Vha16-1, VhaAC45, Vps11, Vps15, Vps16A, Vps2, Vps20, Vps24, Vps25, Vps28, Vps36, Vps37B, Vps39, Vps60, Vtal, Vtilb, WASp, yki,
Ykt6, zetaCOP

Lysosome-related

Akap200, Arf79F, Arl8, asrij, Atg8a, ATP6AP2, bchs, Blos1, Blos2, Blos3, Blos4, BORCS5, BORCSS, car, Ccz1, cd, cer, CG10681, CG14184, CG14977, CG32225,
CG32590, CG4080, CG4847, CG6707, CG7523, CHMP2B, CIC-b, comm, Cp1, CREG, CtsF, ema, fab1, FIG4, GILT2, Iml1, Lamtor5, Lerp, LManll, It, Mon1,
Muted, Nprl3, Nup44A, or, Pldn, Ppt1, Ppt2, prd1, Psn, Rab2, Rab7, RagA-B, RagC-D, Rilpl, Sap-r, Snx16, stac, Syx16, Syx17, Syx1A, Trpml, Vamp7, Vha13,
Vha16-1,Vps11, Vps16A, Vps16B, Vps25, Vps36, Vps60, wash, yki

Lipid metabolism

ABCA, Ack, alpha-Est7, AnxB10, AnxB11, AnxB9, Aps, Arf79F, Arfip, Atg12, Atg7, Atg8a, awd, bchs, beta4dGalNACTB, brn, Cerk, CG11975, CG14883,
CG15629, CG17544,CG1941, CG1946, CG31460, CG31683, CG31717, CG31935, CG3246, CG33116, CG33774, CG9743, Dad1, Dgat2, Dgkepsilon, disp, Eato,
egh, Esyt2, fab1, FER, fh, firl, ghi, gny, Hex-A, Hsl, iPLA2-VIA, kud, lace, lace, Ldsdh1, LPCAT, Npc2a, ORMDL, Pgi, Pi3K59F, PIG-V, PTPMT1, Rab18, Rac2,
Rheb, RhoGAP92B, Sap-r, scramb1, smt3, SNFAAgamma, St1, Start1, subdued, sws, Synd, Syt1, TMS1, Treh, Ubc2, Vha16-1, vib, Vps36, zetaCOP

Cytoskeletal organization, motility

14-3-3epsilon, 14-3-3zeta, Ack, Act42A, Akap200, ALiX, alpha-Cat, aPKC, Arf51F, Arfip, Arl2, Arp1, Arp10, Arp2, Arp3, Arpc1, Arpc2, Arpc3A, Arpc3B, Arpc4,
Arpc5, awd, bchs, betaTub56D, BicD, BORCS5, BRWD3, Bsg, Calx, Cam, CASK, CCDC53, Cdc42, Cdk9, Ced-12, CG10984, CG13366, CG15701, CG18190,
CG1890, CG31715,CG32264, CG32590, CG43867, CG4537, CG6891, CG7497, CG8134, CG9288, Ch, chig, cib, cindr, cnn, cpa, cpb, Crk, dah, DCTN2-p50,
DCTN3-p24, DCTN4-p62, DCTN5-p25, DCTN6-p27, Dhc16F, Diap1, DIc90F, Dlic, Doa, drk, egh, egl, Ehbp1, FER, flr, form3, FRG1, Ggamma1, gish, GMF, grk,
gukh, Hem, HSPC300, insc, jub, Jupiter, Kap3, Klc, Klp64D, Ids, mad2, mago, Mer, mgr, milt, Mic-c, Mob4, moody, msn, mtm, nod, nudg, Nup44A, par-1,
parvin, pigs, PIP4K, pnut, pod1, Psn, Pvr, Rab1, Rab11, Rab21, Rab35, Rac2, Rbp, Rcd5, ReepA, rhea, Rho1, RhoGAP18B, RhoGAP71E, RhoGAP92B,
RhoGAP93B, RhoGEF2, Rhol, rl, robl, Rtnl1, SCAR, Sep2, shi, spir, sprt, sgh, Ssrp, stai, svr, Synd, tacc, Tes, trio, tsr, tsu, Ubc10, unc-104, Vap33, Vav, vib,
Vps16A, Vrp1, wac, wash, WASp

Golgi-related

CG31145, Syx17, sll, pns, BicD, PAPLA1, Syx4, CG9773, IPIP, Trs33, Snap29, cni, Bet1, CG3662, CG5447, Bet5, Vtilb, Gga, Vps29, Arf51F, CG30423, LPCAT,
CG11753, Rab8, CG9067, CG32069, Exo84, Trs31, Trs20, CG10344, Cam, Arl2, Rab39, CG15168, CG43322, Lerp, Clc, Gos28, Dab, comm, brn, Tomosyn,
CG5934, zetaCOP, Arf102F, CG33116, FerTHCH, Rab2, Trs23, CG7536, CG16865, ATP6AP2, Ykt6, vib, Nhe1, Sec10, Syx16, Doa, ksh, CG15099, Fer2LCH, Snx1,
Zip99C, Rab11, Ccm3, CG5021, COX4, Efr, pod1, Rab1, Sec6, park, Bet3, CG5382, boca, Tango5, Rint1, prd1, Snx3, Rab19, CG5196, Fur2, Use1, strat,
CG14511, wash, CG33635, Tango14, Golgin104, beta4GalNACTB, Sec15, CG1116, c11.1, Sec5, FucTB, CG32485, Syx5, CG8314, RhoGAP1A, Snap24, ema,
CG5510, IdICp, PHGPx, CG14232, Arl5, asrij, Yip1d1, Arfip, Membrin, Madm, CG4645, Arl1, Chc, Rab18, Rich, GPHR, alphaSnap, epsilonCOP, Arf79F

Exocytosis

Arf102F, Arf51F, Arf79F, Arl1, Arl2, Atet, BicD, car, CCDC53, CG31935, Chc, comm, Dab, disp, Esyt2, Exo70, Exo84, fwe, pck, Rab11, Rab35, Rab7, Rab8, Rap1,
Rop, Rrp47, Sec10, Sec15, Sec5, Sec6, shi, shrb, Snap24, Snap29, stac, stmA, Syngr, Syt1, Syx17, Syx1A, Syx5, Thor, Tomosyn, TSG101, Vamp7, Vap33, Vps11,
Vps20, Vps24, Vps60, WASp

Adhesion
Fas3, sd, CASK, rhea, NijA, Arpc4, Sema2b, Ggamma1, CCDC53, CG34325, NijB, Rhol, Itgbn, parvin, brn, alpha-Cat, Sap-r, cold, tx, eff, CG17278, Bsg, Arpc1,
pyr, Flo2, cindr, Hem, Rap1, FER, wash, trio, shi, Flo1, Psn, muskelin, egh, SCAR

Autophagy

Arl8, Atg12, Atg3, Atg4a, Atg6, Atg7, Atg8a, Atg9, bchs, BI-1, Blos1, Blos2, BRWD3, Buffy, Cam, car, Ccz1, CG11781, CG11975, CG12163, CG32039, CG42554,
CG5445, CG5676, CG6878, CGB155, CG8270, Che, CHMP2B, crq, CycC, Doa, DOR, Dronc, ema, fab1, Fis1, Fkbp39, Iml1, Lerp, It, MED24, Nprl3, Nup44A,
park, Pi3K59F, Rab1, Rab11, Rab19, Rab2, Rab21, RagA-B, RagC-D, Ras85D, Rheb, rl, rpr, Sap-r, Sec61gamma, SH3PX1, shi, shrb, Snap29, SNF4Agamma,
Sod1, Syx13, Syx17, Tango5, Trpml, Ubc6, Utx, Uvrag, Vamp7, Vps11, Vps15, Vps16A, Vps25, Vps28, Vps36, Vps39, zda

D. melanogaster orthologs are listed and their predicted function is based on www flybase.org.
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highly expressed in both cell types. In addition, the ortho-
log of another lamellocyte-specific marker, atilla [41, 42],
was highly expressed by MGHs (online suppl. Table S1).
To sum, these molecules are highly expressed in at least 2
encapsulating cell types and feasibly involved in MGH-
mediated encapsulation of parasites.

In addition to analyzing similarities between D. mela-
nogaster lamellocytes and D. ananassae MGH, we also
looked for molecules that were expressed in MGHs but
did not have D. melanogaster orthologs because they may
reveal MGH-specific features. In this domain, specifically
interesting were a family of 12 genes (FBgn0096551,
FBgn0096550, FBgn0096554, FBgn0096359, FBgn0097309,
FBgn0099661, FBgn0096553, FBgn0096357, FBgn0096354,
FBgn0096360, FBgn0096555, FBgn0096355), which repre-
sent predicted members of the Hemolysin E (also named as
Cytolysin A) family. Members of this family are pore-form-
ing toxins encoded by several bacterial species [43] and
therefore feasibly contribute to the effective immune re-
sponse against parasites.

Discussion

MGHs mediate a highly efficient immune response
against parasitoid wasps [12, 23, 24]. To reveal the struc-
tural and functional features of MGHs, in this study we
carried out electron microscopic and next-generation
transcriptomic analyses of D. ananassae MGHs, activated
plasmatocytes, and uninduced blood cells for compari-
son. These revealed a vesicle-rich intracellular organiza-
tion, existence of a multiform dense body system, and
unique transcriptomic characteristics in MGHs. The ul-
trastructural and transcriptomic findings were consistent
with one another, and together provided mechanistic in-
sights into the extremely fast cellular growth and high
motility shown by MGHs, and their efficient defense
against parasitoids.

Vesicle-Rich Intracellular Organization of MGHs

MGHs are generated upon parasitoid wasp infection.
Their precursors, the spherical plasmatocytes, elongate
and lose their phagocytic and dividing capacity in re-

Fig. 9. Predicted physical interaction networks of vesicle-, vacu-
ole-, lysosome-, autophagy-, and lipid metabolism-related pro-
teins encoded by genes upregulated in the MGHs based on interac-
tions of D. melanogaster orthologs (www.flybase.org). The D.
ananassae equivalents of the respective candidates are listed in on-
line suppl. Tables S1 and S2.

Comparative Morphology and
Transcriptome of MGHs

sponse to infection. Subsequently, these elongated cells
fuse with each other and form the terminally differenti-
ated MGHs, which have the capacity to encapsulate in-
vaders [12]. Previously, in Z. indianus, we found that
MGHss carry relatively few vesicles and possess a sponge-
like overall ultrastructure formed by an irregular cyto-
plasmic canalicular system [13]. By contrast, our current
analysis of D. ananassae MGHs revealed a large number
of diverse vesicular systems and a canalicular organiza-
tion which is mostly localized at the cell periphery. In
electron microscopic images, the organization of vesicu-
lar systems was consistent with roles in storage, transport,
and remodeling of intracellular materials. In addition,
vesicles appeared to contribute to rapid formation of an
elaborate membrane system, particularly noticeable at
the cell periphery. Further, light vesicles developed into
an extended reticular system occupying large areas of
MGHs. Using immunolabeling, we demonstrated that
the 7C5 protein, specifically localized in MGH plasma
membranes, also is apparent in the post-Golgi area where
vesicular, tubular, and cisternal organelles appeared to be
en route to or already fused with the plasma membrane
providing rapid growth of the cell envelope (Fig. 7c, d, e).
It is possible that in addition to increasing cell size by di-
rect synthesis of new membrane areas, these fusion events
secreted transported content by exocytosis. Finally, we
detected alarge number of lipid droplets in MGHs (Fig. 2;
online suppl. Fig. S3), whose appearance was consistent
with upregulated lipid storage-related genes (Table 1; on-
line suppl. Tables S1 and S2; Fig. 9), suggesting that lipids
may serve as a reservoir for cholesterol and acyl-glycerols,
which are required for the formation and maintenance of
the outstretched membrane system [44].

Multiform Dense Body System

Similar to our previous observations in Z. indianus [13],
we found an MDBS in D. ananassae MGHs, which ap-
peared to contribute to the formation of an electron-dense
layer along the attachment site with the parasitoid. The
well-organized, lamellar structure of this electron-dense
layer likely facilitates strong and stable attachment of MGHs
to parasitoids, encapsulation, and possibly degradation.
While its composition remains elusive, our data demon-
strate that assembly of the electron-dense layer is facilitated
by a direct transfer route of materials from the Golgi appa-
ratus, suggesting a dedicated cellular mechanism behind its
development. Providing further insights, we detected acid-
ic vesicles and an acidic layer, whose location corresponded
with that of the electron-dense layer (Fig. 4). Although due
to technical limitations we could not unambiguously colo-

] Innate Immun 15
DOI: 10.1159/000520110



Golgi apparatus - related Exocytosis

Fig. 10. Predicted physical interaction networks of proteins encoded by genes upregulated in the MGHs involved
in Golgi apparatus-related processes and exocytosis. The D. melanogaster orthologs are shown. Networks are
based on the available information on www.flybase.org.

Cytoskeletal organization, motility

Adhesion

Fig. 11. Predicted physical interaction networks of proteins encoded by genes upregulated in the MGHs involved
in cytoskeletal organization, motility, and adhesion. The D. melanogaster orthologs are shown. Networks are
based on the available information on www.flybase.org.
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calize these in 1 conclusive experiment, we presume that the
electron-dense material and the acidic structures were iden-
tical or at least very closely related.

An important question regarding the MGH-mediated
encapsulation is whether melanization is required for a
successful immune response. In D. melanogaster, mela-
nin is generated by blood cells and participates in the mel-
anization of the capsule [10], but PPO3, which is required
for this process, does not have an ortholog in D. ananas-
sae [11]. Our transcriptional analysis furthermore re-
vealed that neither PPO1 nor PPO2, which could also fa-
cilitate melanization, was expressed by MGHs. In addi-
tion, neither of the orthologs of MP1, Sp7, and Hayan,
which activate the melanization cascade [45, 46], was ex-
pressed by MGHs, confirming that the encapsulation re-
action mediated by MGHs does not require melanization.

In contrast to melanization, a large number of genes
involved in autophagy were highly expressed by MGHs
(Table 1; online suppl. Tables S1 and S2; Fig. 9). In addi-
tion, and in consistent with this, we detected a large num-
ber of autophagosomes in MDBS areas (online suppl. Fig.
S3), where lysosomal self-degradation is the most likely
to take place. Further, gene expression analysis revealed
high expression of multiple genes that encode vacuolar-
type ATPase subunits (Fig. 9), which could contribute to
intensified proton-pumping activity and thus acidifica-
tion. Since we already noted a correspondence between
the electron-dense areas and acidic structures, it is plau-
sible that acidification in these areas is rendered by vacu-
olar-type ATPases. However, using LysoTracker, we also
noted that retention of the dye was much lower in MGH
vesicles than in activated plasmatocytes (online suppl.
Fig. S2b). This may be explained by our finding that the
D. ananassae gene FBgn0093624, an ortholog of the hu-
man ABCC4 gene, was significantly enriched in MGHs
compared to activated plasmatocytes. This gene encodes
a P-glycoprotein, which has been shown to recognize and
transport aromatic and hydrophobic compounds, such as
the LysoTracker dye, by efflux pumping [47]. Therefore,
it is possible that the extremely fast decrease of the Lyso-
Tracker fluorescence intensity in acidic organelles of the
MGHs was rendered by P-glycoprotein activity.

Transcriptomic Insights into Recognition,

Encapsulation, and Killing of Parasitoids

In addition to the ultrastructural observations, our
transcriptomic analyses provided insights into the im-
mune response mediated by MGHs. As characteristic
steps in the process, we concentrated on the recognition,
encapsulation, and killing of parasites.

Comparative Morphology and
Transcriptome of MGHs

With regard to the recognition, significant enrich-
ment of 2 D. ananassae-specific genes was particularly
noticeable in MGHs. These were FBgn0099042 and
FBgn0089610, which encode proteins containing fibrino-
gen C2 domains and N-terminal signal peptides. This
finding could be significant because in invertebrates fi-
brinogen C2 domain-containing proteins have been as-
sociated with recognition and precipitation of parasite-
derived molecules [48]. Further, orthologs of the D. me-
lanogaster genes croquemort and lozenge were highly
expressed by MGHs (online suppl. Tables S1 and S2).
Croquemort promotes apoptotic cell clearance in D. me-
lanogaster plasmatocytes [49], whereas lozenge, a marker
for D. melanogaster crystal cells, is known to be involved
in transcriptional regulation [50]. In addition, orthologs
of genes involved in JNK signaling, such as bendless, Pvr,
Alg-2, CYLD, cpa, and Cdc42 [51-57], were highly ex-
pressed by MGHs. By contrast, elements of other signal-
ing pathways relevant for immune response to pathogens
in D. melanogaster (e.g., Toll, IMD, or JAK/STAT) were
not enriched, underscoring that JNK signalization is like-
ly a key mediator of MGH movement or stress response
following infection.

Encapsulation is a general reaction against foreign
particles and parasitoids. However, the evolutionary ori-
gin of the encapsulating blood cells in different species of
Drosophilidae remains poorly understood. While here we
identified several genes that are highly expressed in en-
capsulating D. ananassae MGHs and D. melanogaster
lamellocytes (online suppl. Table S5), the elimination of
the parasitoids is more effective in D. ananassae [12, 23].
This may be due to major differences in the killing mech-
anisms between the 2 species, the notion of which is
somewhat supported, but not entirely explained, by the
lack of melanization by D. ananassae [12]. The 12 pre-
dicted members of Hemolysin family, encoded in the ge-
nome of D. ananassae but not D. melanogaster, may pro-
vide further insights into the differences of parasite elim-
ination. Hemolysins are pore-forming toxins that can lyse
erythrocytes and mammalian cells and are encoded by
several bacterial species [43]. In addition to D. ananassae,
these genes are present in the genomes of several other
species of the ananassae subgroup of Drosophilidae (as D.
malerkotliana, D. bipectinata, D. parabipectinata, D.
pseudoananassae, D. varians, and D. ercepeace). Lateral
transfer of toxin genes from prokaryotic organisms or
phages to eukaryotes, such as the cytolethal distending
toxin B [58] or parasitoid-killing factors [59], has previ-
ously been described. Therefore, it is possible that hori-
zontal gene transfer may have been a key mechanism for
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acquisition of new phenotypes in species of the ananassae
subgroup, which broadened the repertoire, complexity,
and effectiveness of their immune response and defense.
While the precise recognition, encapsulation, and killing
mechanisms by MGHs remain elusive until further ex-
perimental evidences, these transcriptomically identified
molecules already provide insights and illuminate a path
toward genetic dissection of such mechanisms.

Giant Cell Exosomes

Our electron microscopic analyses have revealed anoth-
er noticeable feature of D. ananassae MGHs, namely, the
intensive budding of plasma membrane into the hemo-
lymph (Fig. 6, 7d, e). Membrane-wrapped vesicles had a
diameter of 50-80 nm, and thus we named them as GCEs
[60]. Consistent with this observation, we found high ex-
pression of the following D. melanogaster orthologs in
MGHs: (i) tetraspanins CD81, CD82, CD37, and CD63,
known to be enriched in exosomes [61]; (ii) Rab35, which
facilitate exosome biogenesis [62]; and (iii) several genes
related to endosomal sorting complex required for trans-
port, which mediates exosome biogenesis [60]. It is known
that cells from bacteria to vertebrates produce diverse exo-
somes, which cargo proteins, lipids, and nucleic acids either
in their internal compartment or displayed on the exosome
surface [63, 64]. Cargo molecules may mediate signaling
between cells and, in some cases, are associated with dis-
eases, such as cancer and infections [60, 65-68]. There are
limited data concerning the extracellular vesicles in insect
species. In Drosophila, it was shown that hemocytes can
take up dsRNA from infected cells, produce virus-derived
complementary DNAs, and de novo synthesize secondary
viral siRNAs. These viral siRNAs are secreted in exosome-
like vesicles for protection against virus challenge [69].
Moreover, released exosomes may shape mating-specific
behaviors in other individuals [70] or mediate targeted
long-range signaling, for example, by Hedgehog proteins
[71]. In MGHs, it is feasible that GCEs mediate signaling to
other tissues to maintain homeostasis after parasitoid infec-
tion, or directly contribute to the killing of parasitoids. The
considerable number of exosome related genes expressed in
MGHs could facilitate future research that elucidates the
specific physiological relevance of GCEs.

Conclusion
Our study provided new insights into an extremely ef-

fective innate immune response mediated by MGHs.
Both the unique ultrastructure and gene expression pro-
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file of D. ananassae MGHs highlight a dedicated defense
mechanism against parasitoids. As a model, the capsule
formation by MGHs could serve to better understand
similar defense mechanisms in vertebrates, such as the
foreign body-type granulomas, whereas genomic charac-
terization of hemocyte subpopulations could facilitate
target discovery for diagnostics and molecule-targeted
therapies.
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