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Abstract

Previously, a novel cell type, the multinucleated giant hemo-
cyte (MGH) was identified in the ananassae subgroup of Dro-
sophilidae. These cells share several features with mamma-
lian multinucleated giant cells, a syncytium of macrophages
formed during granulomatous inflammation. We were able
to show that MGHs also differentiate in Zaprionus indianus,
an invasive species belonging to the vittiger subgroup of the
family, highly resistant to a large number of parasitoid wasp
species. We have classified the MGHs of Z. indianus as giant
hemocytes belonging to a class of cells which also include
elongated blood cells carrying a single nucleus and anuclear

structures. They are involved in encapsulating parasites,
originate from the lymph gland, can develop by cell fusion,
and generally carry many nuclei, while possessing an elabo-
rated system of canals and sinuses, resulting in a spongiform
appearance. Their nuclei are all transcriptionally active and
show accretion of genetic material. Multinucleation and ac-
cumulation of the genetic material in the giant hemocytes
represents a two-stage amplification of the genome, while
their spongy ultrastructure substantially increases the con-
tact surface with the extracellular space. These features may
furnish the giant hemocytes with a considerable metabolic
advantage, hence contributing to the mechanism of the ef-

fective immune response. ©2019 The Author(s)
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Introduction

Multicellular organisms are confronted with a wide ar-
ray of infective microorganisms and parasites. In order to
defend against these invaders and maintain homeostasis,
they have evolved diverse inborn defense mechanisms,
such as the external mechanical barriers and the immune
system, respectively. The phylogenetically oldest compo-
nent of the immune system is the innate immunity, which
develops in spatially and temporally distinct phases of he-
matopoietic development, with similarities between in-
sects and vertebrates [1]. Innate immunity constitutes the
first line of immune defense, protecting the organism
from microbes and parasites and synergizing with the
adaptive immunity in vertebrates. The key components
of innate immunity, including transcriptional and epi-
genetic regulators and signal transduction pathways, are
phylogenetically conserved [2, 3]. Due to the available ge-
netic, genomic, and immunological tools, Drosophila me-
lanogaster has become one of the predominant model or-
ganisms for studies of fundamental mechanisms of innate
immunity and host-pathogen interaction.

The cellular immune response of D. melanogaster in-
volves three types of blood cells, collectively called he-
mocytes [4], which are organized in three anatomical
compartments: the circulation, the sessile tissue, and the
lymph gland [5-7]. Plasmatocytes, representing the ma-
jor hemocyte class, are small spherical cells, which pro-
duce antimicrobial peptides, extracellular matrix pro-
teins, which can engulf and ingest prokaryotes. The
crystal cells are similar in their morphology to plasmato-
cytes but contain phenoloxidases in the form of cyto-
plasmic inclusions, which are required for melanization
reactions. The plasmatocytes and crystal cells are pres-
ent and ready to act immediately upon infection or in-
jury in the larva and the adult. The third cell type, i.e. the
lamellocytes, differentiate from plasmatocytes in the cir-
culation and the sessile tissue or from progenitors of the
hematopoietic organ, the lymph gland, after parasitic in-
fection or wounding the larva [4, 6, 8-17]. They are in-
volved in the encapsulation reaction by enveloping, iso-
lating, and melanizing large particles, like eggs or the
larvae of parasitoids. Lamellocytes have been described
in several Drosophila species, belonging to the melano-
gaster subgroup of Drosophilidae [18-20]; however, re-
cently morphological and functional variations have
been revealed among capsule-forming cells of different
dipteran species. In D. affinis and D. obscura phagocytic
and capsule-forming pseudopodocytes have been de-
scribed [21].
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We have previously identified a novel cell type in Dro-
sophila innate immunity, the multinucleated giant hemo-
cyte (MGH), in several species of the ananassae subgroup
of Drosophilidae [22]. MGHs are non-proliferative effec-
tor cells, which are derived from phagocytic plasmato-
cytes. They are gigantic syncytia of hemocytes with fila-
mentous projections, containing many nuclei, able to en-
velope and Kkill parasitic wasps with high efficiency
without apparent melanotic reaction. The capsule forma-
tion in response to parasitoid infection serves as a viable
model for foreign body-type granulomas in vertebrates, a
typical reaction to chronic inflammatory stimuli [23]. Re-
cently, we have found that MGHs can also develop in Za-
prionus indianus, a species belonging to the vittiger sub-
group of the Drosophilidae, where previously nemato-
cytes, lamellocytes, podocytes, and plasmatocytes had
already been identified [20]. This species uses both mela-
notic and non-melanotic encapsulation when protecting
the organism from the parasitoid wasps, and it is highly
resistant to a large number of wasp species [20]. As Za-
prionus indianus uses a large variety of fruits and vegeta-
bles as sites for oviposition, it can cause extensive eco-
nomic damage [24]. While the species was originally
prevalent in the Oriental region and Africa [25], it ap-
peared in Brazil in 1999 [26], spreading rapidly through-
out all of South America, as well as parts of the North
American continent [27]. Recently, it was found in France
[28], and it is therefore expected that within a short pe-
riod of time it could cause economic problems in Europe
as well [29]. Therefore, it is of great interest to learn about
the biology and the immune defense mechanisms of this
species, with special emphasis on the MGHs.

In order to gain insights into the basis of the cellular
immunity of Z. indianus, we carried out a functional and
developmental analysis of the hemocyte subsets and the
immune compartments, using a newly developed anti-
body-based system, complementing the studies with
transmission electron microscopy. We have revealed
unique features of the cell-mediated immunity of this
species, which provide clues towards the understanding
of the immune response accomplished by MGHs.

Materials and Methods

Insect Stocks and Culturing

Z. indianus strain #1 and strain #3 [20] were kindly provided
by Balint Z. Kacsoh (University of Pennsylvania, USA). Stocks
were kept at 25 °C on standard yeast-cornmeal food. The experi-
ments were done with both strains. As the antigen manifestation
and all tested parameters were the same in the two stocks, the re-
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sults obtained with strain #3 are presented. The Leptopilina victo-
riae wasp strain LvUNK was kindly provided by Prof. Todd
Schlenke (University of Arizona, USA). Wasps were maintained
on D. melanogaster Oregon R.

Monoclonal Antibodies

The immunization with hemocytes and the production of
monoclonal antibodies has been described previously [30]. Hy-
bridoma supernatants were screened with indirect immunofluo-
rescence on immune-induced Z. indianus blood cells, isolated
72 h after wasp infection. (The antibodies are freely available on
request from .A.) The molecular mass of the hemocyte antigens,
which are recognized by the antibodies was determined by West-
ern blot [30] and is shown in online supplementary Figure S1 (see
www.karger.com/doi/10.159/000502646 for all online suppl. ma-
terial). The 12F6 antibody (a generous gift from Prof. Tina Trenc-
zek, Giessen University, Germany) was used to detect crystal cells.
The 4G7 and 5C3 antibodies are Z. indianus specific. The 12F6
antibody was generated originally to Hyalophora cecropia hemo-
cytes, and cross-reacts with the crystal cells of D. melanogaster,
Manduca sexta [31, 32] and Z. indianus blood cells. In D. melano-
gaster, this antibody reacts with the prophenoloxydase PPO2 (79.3
kDa) [32], which shows an 88% homology on a 645 amino acid
stretch with a protein encoded by a region of the LWKS01004021.1
Z. indianus strain IND_ZI_P10 Scaffold4157 whole-genome shot-
gun sequence [29]. As the predicted molecular mass of the PPO2
Z. indianus ortholog was 75 kDa, corresponding to the band
marked by the 12F6 antibody in the Western blot analysis of Z.
indianus hemocytes (online suppl. Fig. S1), we concluded that the
12F6 recognized the PPO2 ortholog in this species.

Hemocyte Isolation and Preparation of the Lymph Gland

All procedures were carried out at room temperature. Z. india-
nus larvae were dissected 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. Blood cells were
adhered to glass microscopic slides for 1 h. The CO,-anesthetized
1-day-old adults were perfused using a glass capillary, containing
CSM. Hemocytes of 3 adults were pooled for each sample and used
for further analysis. Preparation of the lymph gland was performed
as described previously [22].

Antibodies, Indirect Immunofluorescence, and Image Analysis

Hemocytes were fixed with acetone for 6 min, air dried, and
blocked with 0.1% BSA in PBS for 20 min. Cuticle preparations
and encapsulated wasp eggs/larvae were fixed with 2% paraformal-
dehyde for 10 min and blocked with 0.1% BSA in PBS supplement-
ed with 0.01% Triton X-100. The fixed samples were treated iden-
tically, as follows. Incubation with the primary antibodies (5C3,
4G7, 12F6, and a negative control monoclonal antibody T2/48 [33]
in the form of undiluted hybridoma supernatants) was performed
for 1 h. Samples were washed 3 times for 5 min in PBS, incubated
with the secondary antibody and DAPI for 45 min, washed 3 times
with PBS for 5 min and covered with Fluoromount G medium and
coverslip. The samples were analyzed with an epifluorescence mi-
croscope (Zeiss Axioscope 2 MOT), with an Olympus FV1000
confocal LSM microscope or with a Leica TCS SP5 confocal mi-
croscope, respectively. The anti-phospho-histoneH3 was a rabbit
polyclonal antibody (Sigma, 1:1,000 dilution). The antibody to the
active form of RNA polymerase was anti-RNA polymerase I CTD
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(phospho S2) rabbit antibody (Abcam, 1:100 dilution). Secondary
antibodies were anti-mouse CF 568 goat antibody (Biotium, I:
1,000 dilution), anti-mouse Alexa Fluor 488 goat antibody (Invit-
rogen, 1:1,000 dilution), and anti-rabbit Alexa Fluor 488 goat an-
tibody (Invitrogen, 1:1,000 dilution). Actin staining was carried
out with Phalloidin-AttoRho6G (Sigma, 1:500 dilution). Olympus
Fluoview and Olympus 3D viewer software were used to prepare
the 3D animation of phalloidin and DAPI-stained MGH, using
%60 oil immersion objective and 29 optical sections with 4 frame/s
rate.

Visualization of the Crystal Cells in situ Using Heat Treatment

In D. melanogaster, crystal cells melanize when larvae are incu-
bated at 60°C for 10 min [34]. We have optimized the protocol for
Z. indianus larvae with heat treatment for 40 min. Therefore, crys-
tal cells were quantified by counting dark spots in incubated whole
larvae at 24, 48, and 72 h post-infection of 24 larvae per sample in
three independent experiments.

BrdU Labeling of the Larvae and ex vivo Detection of Cell

Fusion

BrdU (bromodeoxy-uridine) labelling of cell nuclei was carried
out as described previously [22]. Antimitotic treatment was car-
ried out for the BrdU-labeled and control larvae. The larvae were
fed 2 h before cell fusion analysis with standard yeast-cornmeal
food containing 1 mg/mL aphidicoline (Sigma-Aldrich, A0781)
[35]. Following the treatment, ex vivo detection of cell fusion was
examined as described previously [22].

Cell, Nuclear, and Fluorescence Intensity Measurements

Cellular sizes, nuclear sizes, and fluorescence intensity of the
nuclei were determined with the Image] program (http://imagej.
nih.gov/ij/). The size of the hemocytes was measured in three in-
dependent experiments, with 30 larvae each. Nuclear size and flu-
orescence intensity measurements were performed in three inde-
pendent experiments, 12 samples each. The significance of the dif-
ferences was determined by using Student’s t test or Mann-Whitney
U test. The differences with a p value <0.05 were considered as
significant.

Videomicroscopy

Two larvae were dissected in 100 uL CSM, 72 h after L. victo-
riae wasp infection. The live hemocytes were analyzed with an Al-
pha XDS-1T inverse microscope at room temperature. Photo-
graphs were taken with a Nikon D5300 DSLR camera. Shooting
duration was 150 min with 95-s intervals (online suppl. movie 1)
or 60 min with 12-s intervals (online suppl. Movies 2 and 3). The
images were edited with the Adobe Lightroom CC 2015 program,
and the movie was made with FIJI (https://fiji.sc/).

In vitro and in vivo Phagocytosis Assay

For the phagocytosis assay, FITC-labeled Escherichia coli cells
(SzMC 0582) (Szeged Microbial Collection, University of Szeged,
Hungary) (50 pL pelleted bacteria in 450 uL PBS) (E. coli-FITC)
were used. For in vitro phagocytosis, assay hemocytes were iso-
lated on microscopic slides in 100 uL. CSM, and 5.7 pL E. coli-FITC
was added to the blood cells and incubated for 45 min at room
temperature. The fluorescence of the non-phagocytosed bacteria
was quenched with trypan blue (0.2% final concentration), and the
fluorescence of the engulfed bacteria was visualized with an epi-
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fluorescence microscope (Zeiss Axioscope 2 MOT). The in vivo
phagocytosis assay was carried out by injecting larvae 72 h after
infection with 0.1 pL E. coli-FITC. Hemocytes were isolated 1 h
after injection, fixed and reacted with the respective antibodies
as described above. Analysis was performed with an Olympus
FV1000 confocal LSM microscope, and images in the nucleus
plane were used. The phagocytic capacity of the hemocytes was
correlated with their immunological phenotype.

Isolation of Cell Nuclei from Larval Hemocytes, DAPI Staining,

and FACS Analysis

Cells of naive and L. victoriae-infected (72 h after infection)
larvae were isolated in CSM, pelleted by centrifugation, and washed
twice with ice-cold PBS, resuspended in harvest buffer (10 mm
HEPES pH 7.9, 50 mM NaCl, 0.5 M sucrose, 0.1 mM EDTA, 0.5%
Triton X-100), containing Complete Protease Inhibitor Cocktail
(Roche). The cells were incubated on ice for 5 min, and subse-
quently centrifuged for 10 min with 800 gat 4°C. The supernatant
was discarded and the nuclei were resuspended in Buffer A (10 mm
HEPES pH 7.9,10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA) (Sigma)
and Complete Protease Inhibitor Cocktail (Roche), supplemented
with 50 pg/mL RNAse A (Sigma), incubated for 30 min at 37°C,
and then centrifuged for 10 min with 800 gat 4°C. The supernatant
was discarded, and the pellet was resuspended in ice-cold Buffer
A. The nuclei were stained with DAPI (0.4 pg/mL) and the size and
the fluorescence intensity of the gated nuclei was determined with
a BD FACSJazz Cell Sorter.

Electron Microscopy

Fixation was carried out for 48 h in a 1:1 mixture of the follow-
ing two solutions in distilled water: 6.4% formaldehyde (Poly-
sciences), 1% glutaraldehyde (EM Grade, Polysciences), 4 mM
CaCl, (Molar Chemicals), 2% sucrose (Molar Chemicals), 0.1 M Na
cacodylate (Sigma) as one part, and 4% tannic acid (Sigma), 0.1 M
Na cacodylate as the other part, final pH 7.4. Washing in cacodyl-
ate (pH 7.4) was followed by staining en block in 2% uranyl acetate
(EM, Taab Laboratory and Microscopy) dissolved in distilled wa-
ter. The embedding procedure included dehydration in a graded
series of ethanol (50, 70, two times 96, and 100%), then in propyl-
ene oxid (Sigma); infiltration in propylene oxid: Durcupan ACM
(Sigma) epoxy resin 2:1, overnight in propylene oxid: Durcupan 1:
2, and Durcupan; polymerization took place for 48 h at 60°C. To
observe the samples in the electron microscope, 90-nm sections
were created using a Reichert Ultracut ultramicrotome and stained
in Reynold’s lead citrate [36]. Sections were viewed in a JEM-1011
JEOL transmission electron microscope, and pictures taken with a
Morada, Olympus camera and iTEM software (Olympus).

Results

Heterogeneity of Z. indianus Hemocytes as Revealed

by Discriminative Monoclonal Antibodies

As studies have previously shown that there are sev-
eral molecular patterns presented on hemocytes, which
can be used to distinguish their functional subsets [30],
we produced and used discriminative monoclonal anti-
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bodies to stain Z. indianus hemocytes to uncover their
heterogeneity. On the basis of the reaction pattern, three
main hemocyte types could be distinguished under naive
and infected conditions, both in the larva and in the adult
(Fig. 1). In the naive larva, the 4G7 antibody reacted with
the giant hemocytes, including MGHs carrying more
than one nucleus, with nematocytes, elongated blood
cells carrying a single nucleus, and anucleated structures
(Fig. 1a), and was unreactive with plasmatocytes. This re-
action pattern suggests that the anucleated structures
may originate from the MGHs or from elongated cells
carrying a single nucleus. The 5C3 antibody reacted with
the plasmatocytes which are spherical cells of different
sizes (Fig. 1b) and the 12F6 antibody reacted with a minor
population of spherical cells apparently corresponding to
the crystal cells (Fig. 1c).

The wasp infection resulted in changes in the compo-
sition of the circulating blood cell population: the total
hemocyte count slightly but not significantly (p > 0.5) in-
creased (Fig. 2a); however, the proportion and size of the
MGHs (4G7-positive cells) increased (online suppl. Fig.
§2, Fig. 1d); furthermore, the nuclei of the 4G7-positive
cells enlarged (Fig. 1d). Also, large plasmatocytes (5C3-
positive spherical cells) differentiated (Fig. 1e). As shown
in online supplementary Figure S2, 72 h after wasp infec-
tion 24.5% of the 5C3-positive cells fell into the large plas-
matocyte fraction, and these cells occasionally had en-
larged nuclei or even more than one nucleus (Fig. le).
Furthermore, 8.8% of the crystal cells increased in their
size in wasp-infected larvae when comparing to the area
of the crystal cells in the naive samples (online suppl. Fig.
S2). A threefold increase in the number of the crystal cells
was observed in the hemolymph (Fig. 2a).

We have also carried out heat treatment of the larvae
to visualize the crystal cells in situ after heat treatment for
time points 24, 48, and 72 h after the wasp infection. At
each time point, significantly more crystal cells were ob-
served in L. victoriae-infected larvae (p < 0.001). The 72 h
reactions are presented in Figure 2b.

We have also analyzed the blood cells of 1-day-old
adults, which developed from naive and L. victoriae-par-
asitized larvae, respectively. The number of the hemo-
cytes in the adults was approximately 5% of that of the
third-instar larvae. Filariform, 4G7-positive (Fig. 1g, j),
spherical 5C3-positive (Fig. 1h, k), and 12F6-positive cells
(Fig. 1i,1) and 4G7-positive anucleated structures were all
present in the hemolymph. Interestingly, in the 4G7 pop-
ulation only mononuclear multiform cells and anucleat-
ed structures were detected. The hemocyte count, the
proportion of the subsets, and the morphological features
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Giant hemocytes

Larva
Uninfected

Infected

Uninfected

Adult

Infected

Crystal cells

Fig. 1. Characterization of Z. indianus hemocytes using monoclo-
nal antibodies. Hemocytes of uninfected and infected larvae and
adults (infected adults were developed from wasp-infected larvae)
were reacted with cell type-specific monoclonal and secondary,
anti-mouse Alexa Fluor 488 antibodies. Cell nuclei were visualized
with DAPI. a, d The MGHs (white arrowheads point to nuclei),
the nematocytes (gray arrowheads), and the anucleated structures
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(brown arrowheads) are marked. e Arrows point to large spherical
cells of the infected larvae; the insert shows merge of four confocal
layers in a large plasmatocyte with multiple nuclei. g-1 Hemocytes
of three adults were pooled for each sample. Staining was analyzed
with an epifluorescence Zeiss Axioscope 2 MOT microscope (a-i)
or with an Olympus FV1000 confocal LSM microscope (for insert
of e). The scale bar represents 20 pm.
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of the cells were the same in the adults, regardless of
whether they developed from infected or naive larvae, re-
spectively (data not shown).

Mechanism of MGH Formation and Transcriptional

Activity of the Nuclei

As in D. ananassae syncytium formation and multi-
nucleation of hemocytes can occur by cell fusion [22], we
investigated whether this process could contribute to for-
mation of MGHs in Z. indianus as well. Actin-microtu-
bule staining of hemocytes with phalloidin showed con-
tinuous labeling of interconnecting cytoplasmic bundles,
without separating plasma membrane between the nuclei
(Fig. 3a) implying that the nuclei are not separated from
each other. Moreover, a 3D confocal picture reconstruc-
tion of a phalloidin and DAPI-stained MGH showed that
the nuclei were located in the same cytoplasm (online
suppl. Movie 4). To verify that multinucleation can be the
result of cell fusion, the nucleotide analogue BrdU was
used to label the DNA of hemocytes. Seventy-two hours
after infection with L. victoriae, blood cells of BrdU-treat-
ed Z. indianus larvae were isolated and mixed ex vivo with
unlabeled hemocytes from infected larvae. As shown in
Figure 3d, both BrdU-labeled and unlabeled nuclei were
presentin the same cytoplasm, confirming that cell fusion
can contribute to MGH formation. Moreover, we tested
whether or not mitosis might also have role in MGH for-
mation. At different time points following the infection
with L. victoriae, we tested the presence of the mitotic
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marker phospho-histone H3 (H3P) in the circulating
4G7-positive giant cells. Indirect immunofluorescence
analysis, using anti-H3P antibody, revealed that in the
circulation the fraction of H3P-positive cells was the larg-
est (0.2%) at 48 h after infection. More than 430,000 cells
were scored for H3P expression, and the signal appeared
in the plasmatocytes but was not seen in giant cells (data
not shown).

Previously, it was shown that in multinucleated osteo-
clasts the level of transcriptional activity varies between
nuclei [37]; therefore, we investigated if all nuclei were
transcriptionally active in the multinucleated giant cells
of infected larvae, by using an antibody recognizing the
active form of RNA polymerase II, in combination with
the 4G7 giant cell marker. We found that all nuclei of
MGHs were positive for the active RNA polymerase II
staining (online suppl. Fig. S3).

Giant Hemocytes Are Motile, Transform Shape, and

Fuse

Wasp infected larvae were bled on slides and the activ-
ity of hemocytes was recorded in a time-lapse movie ex
vivo. We showed that the giant cells were strikingly mo-
tile, moved vigorously (online suppl. Movies), fused (on-
line suppl. Movies 1 and 3), changed shape, and projected
filariform extensions. Spherical cells could also change
shape and also took on elongated forms (see online suppl.
Movies 1 and 2).

Cinege et al.



Functional Characteristics of the Hemocyte Subsets

We analyzed the role of the three main blood cell pop-
ulations in the phagocytosis of microbes and the encap-
sulation reaction. The phagocytic capacity of the hemo-
cytes of naive and L. victoriae-infected third-instar larvae
was tested using FITC-labeled Escherichia coli bacteria.
The bacteria were taken up by both small and large 5C3-
positive spherical cells, the plasmatocytes; however, the
4G7-positive giant cells and anucleated structures never
engulfed bacteria (Fig. 4). Time-lapse encapsulation ex-
periments, using immunostaining with the discrimina-
tive antibodies, revealed that the 5C3-, as well as the 4G7-
positive cells contributed to the formation of the capsule
(Fig. 5). The 5C3-positive cells, the plasmatocytes, were
found on the egg at each time point, while the 4G7-posi-
tive cells were present in low numbers on the parasite at
24 h, and their presence gradually increased and peaked
at 72 h. With 12F6, the crystal cell-specific antibody, we
observed a diffuse signal, which was most intense 72 h
after infection.

Compartmental Origin of the MGHss

Ithas been established thatin D. melanogaster the lam-
ellocytes develop after immune induction [9], and all
three hematopoietic compartments contribute to the an-
ti-parasite response [6, 14]. As we observed giant hemo-
cytes in naive Z. indianus animals, we determined roles of
the hematopoietic compartments in giant cell differentia-
tion both in naive and parasitized larvae.

Cells carrying the 4G7 antigen were present in the
lymph gland and in the circulation in all larval develop-
mental stages in naive and infected state (Fig. 6); more-
over, these cells were detected in the sessile tissue too (on-
line suppl. Fig. S4). Parasitoid wasp infection caused dra-
matic changes in the structure of the lymph gland. When
compared to the control (Fig. 6¢), the organ was swollen
(Fig. 6d), the proportion of the 4G7-positive cells was in-
creased, and 72 h after infection the primary lobes started
to disintegrate. Moreover, at the posterior part of the dor-
sal vessel, around the pericardial cells, 4G7-positive cells
accumulated (Fig. 6i, j) both in naive and in infected lar-
vae.
In order to analyze the possible role of the lymph gland
in multinucleation, we examined the organ for the pres-
ence of the H3P mitotic cell marker. The mitotic cells
were present at the highest proportion 24 h after wasp
infection, on average with 22 H3P-positive cells per or-
gan. The H3P marker could also be detected in the nuclei
of some 4G7-positive cells (Fig. 7a). On average, 9 H3P-
positive cells were observed in the lymph glands of unin-
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Fig. 3. Syncytium formation and multinucleation occurs by cell
fusion. a Phalloidin-AttoRho6G staining of hemocytes from im-
mune-induced Z. indianuslarvae. Arrows point to the nuclei of the
multinucleated giant hemocyte. BrdU-labeled (b) and unlabeled
(c) larvae, 72 h after the wasp infection, were treated with the an-
timitotic aphidicoline, and their isolated blood cells were mixed in
vitro (d) and reacted with mouse anti-BrdU Alexa Fluor 488 anti-
body (green) and DAPI (blue). d Arrows show BrdU-labeled,
while arrowheads point to BrdU-unlabeled nuclei of the fused cell.
Detection was done with an Olympus FV1000 confocal LSM mi-
croscope (a) and an epifluorescence Zeiss Axioscope 2 MOT mi-
croscope (b-d). Scale bars represent 50 pum.

fected larvae of the same developmental stage. Moreover,
we observed that 48 h after the infection some 4G7-posi-
tive cells had more than one nucleus (Fig. 7b), indicating
that multinucleation of the giant cells may already occur
in the lymph gland. At this stage, we also detected that all
4G7-positive cells carried enlarged nucleus (Fig. 7b).

Immune Induction Generates Increased Nuclear DNA

Content in Hemocytes

Based on DAPI and immunostaining experiments, we
observed that the nuclei of the giant blood cells and part
of the large plasmatocytes were enlarged, when compared
to those of the majority of plasmatocytes (Fig. 1d, e). To
correlate the nuclear size and DNA content, we isolated
intact nuclei from naive and wasp-infected hemocytes,
stained the DN A with DAPI; then, the fluorescence inten-
sity and the size of the nuclei were analyzed by flow cy-
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Fig. 4. Phagocytic capacity of the hemocyte
subsets. a FITC-labelled E. coli bacteria
were incubated with hemocytes isolated
from uninfected (third-instar) and infected
larvae. The arrow indicates a large plas-
matocyte of the infected larvae, arrowheads
point to the giant hemocytes and filariform
structures. The fluorescence of not en-
gulfed bacteria was quenched with trypan
blue. Detection was done with a Zeiss Ax-
ioscope 2 MOT microscope. b FITC-la-
belled E. coli bacteria are engulfed by the
5C3-positive plasmatocytes. Staining was
analyzed with an Olympus FV1000 confo-
cal LSM microscope. Images are composed
by merging four slides in the nucleus plane.
Representative pictures were selected from
3 independent experiments, with 3 animals
in each group. The scale bars represent 20
pm.

E. coli-FITC

Uninfected

Infected

tometry. The DAPI florescence intensity revealed three
nuclear subgroups in the naive and four subgroups in the
wasp-infected larvae (Fig. 8a, b), which correlates with
the cell size. The nuclear fraction with the highest fluores-
cence intensity was characteristic for hemocytes of the
infected larvae. When the DAPI fluorescence was corre-
lated with the immune phenotype of isolated hemocytes,
we found that the nuclei presenting higher fluorescence
intensity were mostly those of the 4G7-positive giant he-
mocytes (Fig. 8c).

Transmission Electron Microscopic Analysis of

Z. indianus Hemocytes

Transmission electron microscopy analysis of fully de-
veloped MGHs revealed that these cells had a distinctly
sponge-like overall appearance, as they possessed an elab-
orate system of canals and sinuses (Fig. 9a-g; online sup-
pl. Fig. S5). The giant cell became polarized upon attach-
ment to the parasite: it developed a basal and an apical
layer. The basal layer was attached to the surface of the

8 J Innate Immun
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parasite, and the apical layer was in direct connection
with the hemolymph. Getting closer to the surface of the
parasite, the canal system gradually became narrow
(Fig. 9a). The nuclei appeared to be randomly scattered
in the cytoplasm and were not separated by a plasma
membrane (Fig. 9b). Using a special fixative comple-
mented with tannic acid [38], which allowed stronger
staining of the plasma membrane, as opposed to intracel-
lular membranes, we showed that this irregular system of
canals and sinuses was extracellular and communicated
with the hemolymph through openings on the outer sur-
face of the cell (Fig. 9¢; online suppl. Fig. S5). The thick-
appearing plasma membrane covered smaller and bigger
areas of the cytoplasm, which were abundantly equipped
with protruding thin microvilli and thin lamellae (Fig. 9d).
The membranes of the intracellular organelles, like the
Golgi apparatus, the endoplasmic reticulum, and mito-
chondrial membranes appeared much thinner than the
plasma membrane (Fig. e, f, g). Interestingly, microtu-
bules also appeared in this peripheral cytoplasm of the

Cinege et al.



24 h 48 h 72 h

Control- Control- Control-

Fig. 5. Time-lapse analysis of the encapsulation reaction. L. victoriae parasitoids were isolated at different time
points after infection of Z. indianus larvae, and indirect immunofluorescence staining was analyzed with an
Olympus FV1000 confocal LSM microscope. The scale bar represents 200 pum.
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Uninfected

Infected

Second-instar larvae

Early third-instar larvae

Late third-instar larvae

Fig. 6. Expression of the 4G7 antigen in the hematopoietic com-
partments of developing larvae. The lymph glands were isolated at
different developmental stages from naive (a—c) and infected (d)
larvae. e-h Blood cells of naive second-instar and early third-instar
larvae are shown. Expression of the 4G7 giant cell-specific antigen
was also detected near the dorsal vessel around the pericardial cells

giant cell (Fig. 9g), and multiform dense bodies with vari-
able shape and size could also be observed (Fig. 9a,d). The
irregular shape of the cytoplasmic islands, the thin micro-
villi and lamellae, made the plasma membrane extremely
large, especially in the spongy region. When analyzing the
ultrastructure of the giant cell localized on the parasitoid
wasp, we observed that, in this case too, the canal system
was wider at the periphery, while it became narrower
when approaching the surface of the embedded parasite
(Fig. 9a).

Plasmatocytes lack caverns, channels, and sinuses
(fig. 9, i; online suppl. Fig. S5); hence, these structures
were characteristic exclusively for the giant hemocytes.
Both types of plasmatocytes showed thin lamellar projec-
tions and were active in phagocytosis, engulfing microbes
and cell debris (Fig. 9h, i).

10 J Innate Immun
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(pc) at the posterior region of uninfected (i) and infected larvae (j).
Samples were reacted with the 4G7 and anti-mouse Alexa Fluor
488 antibodies. Staining was analyzed with an Olympus FV1000
confocal LSM microscope (a, b, ¢, and d), or with an epifluores-
cence Zeiss Axioscope 2 MOT microscope (e-j). Scale bars repre-
sent 50 um.

Discussion

We were able to obtain new insights into the immu-
nity of Z. indianus, an invasive species achieving a highly
effective hemocyte-mediated protection against a large
number of parasitoid wasp species [20, 28]. Based on our
data, obtained using blood cell type-specific monoclonal
antibodies, functional assays, and morphological analy-
sis, we identified three main hemocyte types in larvae and
also in adult flies, both in naive and infected animals: the
giant hemocytes and their derivatives (4G7-positive cells
and structures), the plasmatocytes (5C3-positive cells),
and the crystal cells (12F6-positive cells). Previously, we
already found that MGHs differentiate in the species of
the ananassae subgroup of Drosophilidae in response to
infection by parasitic wasps [6]. In comparison with the
MGHs of species from the ananassae subgroup, the giant

Cinege et al.



Fig. 7. Mitotic and binucleated cells in the lymph gland. a Analysis
of the mitotic cells in the lymph gland 24 h after the infection, us-
ing anti-phospho-histone H3 and 4G7 antibodies. Arrows point to
4G7-positive cells (red) carrying the mitosis marker (green). b The
lymph gland 48 h post-infection. Enlarged nuclei of 4G7-positive
cells (thick arrows), nuclei of binucleated 4G7-positive cells (ar-
rowheads), and enlarged nuclei of 4G7-negative cells (thin arrows)
are indicated. Staining was analyzed with an Olympus FV1000
confocal LSM microscope. Scale bars represent 50 pm.

hemocytes of Z. indianus are also present in the uninfect-
ed animals. The morphology of these cells is more filari-
form and in general they are smaller when compared to
the MGHs in the species of the ananassae subgroup. In
response to wasp infection, not only giant cells differenti-
ated, but large, plasmatocyte-like cells also appeared
(Fig. 1e), which shared the functional characteristics of
normal sized plasmatocytes when engulfing bacteria
(Fig. 4).

Plasmatocytes in Z. indianus, similarly to other Dro-
sophilids, are not only actively engulfing bacteria (Fig. 4)
but are also involved in the encapsulation of the parasite
(Fig. 5). The giant hemocytes are not phagocytic, but are
involved in the encapsulation of the parasite egg and the
larva. Nematocytes of Z. indianus were already shown to
be present in the capsule formed around the parasitoid
wasp eggs [20]. Using the PPO2-specific antibody, we ob-
served a diffuse reaction on the parasitic egg, which could
not be assigned to any cellular structure, but showed that
a PPO2 ortholog could also be involved in the encapsula-
tion reaction.

Anucleated cell fractions are likely derived from the
giant hemocytes. Previously, we observed anucleated
structures in D. ananassae and D. bipectinata [unpubl.
data], and this phenomenon was also described in the he-
mocytes of D. falleni and D. phalerata [39]. We were now
able to show that Z. indianus produces anucleated struc-
tures both in larvae and adults. The function of these an-

Genome Amplification during the
Cellular Immune Response of Drosophila

ucleated structures is unknown, but a similar phenome-
non was found in vertebrates, when the anucleated
thrombocytes, which mediate blood clotting, were gener-
ated from the polyploid megakaryocytes [40]. This phe-
nomenon appears to be highly similar to the possibly
polyploid giant hemocytes and anucleated cell fractions
of Drosophila species.

In D. melanogaster, the three blood cell compartments
(i.e., the lymph gland, the sessile tissue, and the circulat-
ing blood cells, respectively) are involved in the differen-
tiation of the encapsulating hemocytes, the lamellocytes
[5, 6, 17]. Previously, we recognized that in D. ananassae
the differentiation of the MGHs takes place outside of the
lymph gland [22], and we now conclude that in Z. india-
nus, the lymph gland plays a pivotal role in the differen-
tiation of the giant cells under both naive and immune-
induced conditions, as 4G7-positive cells appear in the
organ early in the development, and after immune induc-
tion the organ is swollen and releases the giant cells. It is
not clear, however, how the multinucleated giant cells are
formed in the lymph gland, nuclear division may contrib-
ute to their formation. After the burst of the organ, a
strong rise in the number of the giant cells can be ob-
served at the posterior end of the heart vessel.

We have observed that following wasp infection, the
nuclei of the 4G7-positive cells and those of some large
plasmatocytes in the circulation are enlarged (Fig. 1d, e).
Nuclear enlargement was also observed 48 h after wasp
infection in each of the 4G7-positive cells and some 4G7-
negative cells of the lymph gland (Fig. 7b). Moreover, the
binucleated lymph gland cells were all 4G7 positive and
carried enlarged nuclei. Multinucleation of giant cells
may also occur outside the lymph gland by cell fusion
(Fig. 3, online suppl. Movie 1 and 3).

As the immune induction results in enlarged nuclei in
both, the encapsulating cells and in a subpopulation of
phagocytic plasmatocytes, we have correlated the nuclear
size with the DNA content by FACS analysis. We found
that the nuclear size correlates with the DNA content
(Fig. 8a, b). According to the DAPI fluorescence intensi-
ty, the nuclei of the uninfected hemocytes can be divided
into three subgroups, while in case of the infected ani-
mals, four subgroups were detected (Fig. 8a, b). The sub-
group possessing the highest DAPI fluorescence intensi-
ty, hence probably the highest ploidy level, was present
only in the hemocytes of the infected larvae. These nuclei
belong mostly to the terminally differentiated giant (4G7-
positive) hemocytes (Fig. 8c). Polyploidy occurs in highly
differentiated cells in Drosophila. Cells of the adult rectal
papillae are polyploid and undergo normal mitotic cycles
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Fig. 9. Electron micrographs of the Z. indianus hemocytes. a Large
portion of a giant cell. At the periphery, a loose, irregular network
of electron lucent extracellular canals is present, which becomes
denser when approaching the surface of the L. victoriae parasitoid
(pt). The black areas are multiform dense bodies (mdb). An elec-
tron-dense layer (dl) is firmly attached to the parasitoid. b Multiple
nuclei (n) in the giant cell (notice the lack of plasma membrane
between the nuclei). c Communication pores between the environ-
ment and the extracellular network of canals at the periphery of a
giant cell (arrows). d Large number of thinner or thicker lamellae
(white arrows) and thin microvilli (black arrows) protrude into the
canal system; multiform dense body with branching projection
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(black arrowhead). e The plasma membrane appears to be thick
(black arrowhead), while internal membranes like that of trans-
Golgi elements are thin (white arrowhead) due to the fixation with
tannin. f Thick plasma membrane (black arrowhead) and a mito-
chondrion with thin membrane (white arrowhead). g Microtu-
bules in the peripheral cytoplasm of the giant cell (black arrows).
h Large plasmatocyte. i Small plasmatocyte. Both plasmatocytes
are capable of performing phagocytosis; phagosomes (white ar-
rows), nucleus (n), lamellar projections (black arrows). Hemocytes
were isolated from Z. indianus larvae 72 h following the L. victo-
riae parasitoid infection.

(For figure see next page.)
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[41]. Moreover, the subperineurial glia of D. melanogas-
ter larvae are polyploid, and it was shown that polyploidy
is critical for the maintenance of the blood-brain barrier
[42].

The MGHs of Drosophila are motile cells with filamen-
tous projections, and they strongly resemble multinucle-
ated giant cells found in mammalian foreign body-type
granulomas, developed with fusion of macrophages.
Polyploid macrophages having role in granuloma forma-
tion were also reported [43, 44]. Since the mechanism and
biological importance of macrophage fusion, polyploidi-
zation, are only partially understood, we anticipate that
studies on MGHs may broaden our knowledge on the de-
velopment, structure, and granuloma formation in gen-
eral.

As the increased DNA content and multinucleation
may provide a metabolic advantage for the giant hemo-
cytes, we tested whether all of the nuclei were transcrip-
tionally active or if there was a variation between the tran-
scriptional activities, as observed in the multinucleated
osteoclasts [37]. All the nuclei of the giant hemocytes
were found to be transcriptionally active, suggesting that
the multinucleation, combined with the endoreplication,
provide a two-stage amplification of the genetic material
within a single cell.

The electron microscopic analysis revealed that the gi-
ant hemocytes possess an elaborate canal system, which
is lined with plasma membrane, creating a sponge-like
structure, thereby providing an extremely large contact
surface with the extracellular space. No matter how un-
usual it is, this structural arrangement must obviously
serve an efficient way to isolate and kill the parasite. In
finding connection of structure with function, we must
recognize that the extracellular compartment has only a
limited connection to the circulating hemolymph by sur-
face pores on the overall boundary of the giant cell. This
may allow the giant cell to create and control a large vol-
ume of extracellular fluid, which has a somewhat different
composition than the overall hemolymph. Structurally
this arrangement is advantageous in achieving high mo-
tility (microtubules are abundant in the spongy region)
and flexibility for changing the shape, which is a major
requirement for engulfing the parasite.

Our data indicate that the invasive Z. indianus pos-
sesses a well-organized and effective immune system, in-
cluding a unique cell type in innate immunity, the MGH.
Multinucleation, and amplification of the nuclear DNA,
provide remarkable increase of the genetic material,
hence permitting a high level of protein expression.
Moreover, the particular cellular ultrastructure, allowing
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an extremely large contact area with the environment, en-
hances functional efficiency; thus, all these features may
contribute to a highly efficient immune response.
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