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ABSTRACT

ARTEAGA, Luis Andres Blanco, M.Sc., Universidade Federal de Vigosa, July, 2016.
Differential cellular immune response of hemocyte oGalleria mellonella larvae
against Actinobacillus pleuropneumoniae strains. Advisor: Gustavo Ferreira
Martins.Co-advisor: Denise Mara Soares Bazolli.

Insects respond to infection by mounting cellular and humoral immune reactions. The
primary regulators of these immune responses are cells called hemocytes, which
mediate important cellular immune responses including phagocytosis, encapsulation
nodulation and also secrete immune factors such as opsonins, melanization factors and
antimicrobial peptides. Hemocytes circulate through the hemocoel (body cavity) by
the swift flow of hemolymph (blood), and part of these hemocytes population are
sessile and are attached to tissues. Larva@atieria mellonellais a widely used
factitious host as a viable alternative to traditional mammalian models to study the
efficacy of antimicrobial drugs and the microbial pathogenesigivo. However,
despite their importance as an infection model, biological aspects about the immune
cells, such as density and hemocyte dynamic of larvae are poorly understood. In the
present study, we investigated the cellular immune response of hemocyteS.from
mellonellalarvae against three strains of the gram-negative bacté&wtimobacillus
pleuropneumoniaelow virulent (780), highvirulent (1022), and the serotype 8
reference strain (R8). Five types of larval hemocytes, prohemocytes, plasmatocytes,
granulocytes, oenocytoids, and spherulocytes, were distinguished according to size,
morphology, detection by molecular probes, dye-staining properties, and their role in
the immune response. Total hemocyte count, differential hemocyte count, lysosome
activity, autophagic response, cell viability, and caspase-3 activation were determined
in circulating hemocytes of naive and infected larvae. Granulocytes and plasmatocytes
were the major hemocyte types involved in the cellular defense against
pleuropneumonigethese hemocytes activated phagolysosome activities associated
with an autophagic response against the bacteria. Moreover, our results showed that
apoptosis in circulating hemocytes after exposure to virulent bacterial strains was
related to an excessive autophagic cell death response induced by stress and

subsequent caspase-3 activation.



RESUMO

ARTEAGA, Luis Andres Blanco, M.Sc., Universidade Federal de Vigosa, julho de
2016. Resposta imune celular diferencial de hemdcitos de larvas dgalleria
mellonella contra cepas deActinaobacillus pleuropneumoniae. Orientador: Gustavo
Ferreira MartinsCoorientador: Denise Mara Soares Bazolli.

Os insetos respondem a infeccdo através da montagem de reactesdmtipo

celular e humoral. Os reguladores primarios dessas respostas sédo células chamadas
hemdcitos, os quais medeiam importantes respostas celulares, incluindo a fagocitose,
encapsulamento, nodulagdo, e também segregam fatores humorais, tais como
opsoninas, fatores de melanizacdo e pemidedimicrobianos. Os hemacitos
circulam ao longo da hemocele (cavidade corporal do inseto) pelo fluxo rapido da
hemolinfa (sangue), além disso, partes desses hemdcitos também existem como
células sésseis que estdo associados aos tesgliasvas deGalleria mellonellasédo

uma alternativa viavel para os modelos tradicionais dos mamiferos para estudar a
eficacia de drogas antimicrobianas e a patogénese de microrgamsrioa No
entanto, apesar da sua importancia como um modelo de infec¢cdo, aspectos biol6gicos
sobre as células do sistema imunolégico, tais como a densidade e dindmica dos
hemacitos das larvas sdo mal compreendidos. No presente trabalho, investigamos a
resposta imune celular dos hemdcitos circulantes das larv@s rdellonellacontra
diferentes cepas da bactéria Gram-negaiistinobacillus pleuropneumoniabaixa
viruléncia (780), alta viruléncia (1022), e cepas de referéncia do sorotipo 8 (R8). Os
hemacitos foram classificados com base no seu tamanho, morfologia, coloragéo e seus
papeis na resposta imune, incluindo cinco tipos: prohemdcitos, plasmatocitos,
granulécitos, esferuldcitos, e oenocitéides. Contagem total de hemdcitos, contagem
diferencial de hemdcitos, atividade dos fagolisossomos, resposta autofagica,
viabilidade celular, e a ativacdo da caspase-3 (como indicador de apoptose) foram
determinados em hemacitos circulantes provenientes de larvas desafiadas e controle.
Demostramos pela primeira vez no modeldcdanellonellague os plasmatocitos e
granuldcitos ativam suas respostas autofagicas atravées da formacdo dos
autofagossomos ap06s o contato ddnpleuropneumoniaédlém disso, nossos dados
demonstram que a imunidade celular do presente modelo de infeccdo muda

dependendo do grau de viruléncia das cepas bacterianas.
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1. Introduction

1.1. Actinobacillus pleuropneumoniae infection

Actinobacillus pleuropneumonid@pp) is a gram-negative bacterium and is the
etiological agent of swine pleuropneumonia, a porcine respiratory disease that causes
high morbidity and mortality, leading to severe economic losses in pig prodtétion.
Symptoms and signs of the disease include fever, dyspnea, anorexia, vomiting,
coughing, diarrhea, cyanosis, and frothy hemorrhage trough the nasal cavity due to the
lung tissues damageThese symptoms are caused by sev@&rglleuropneumoniae
virulence factors such as fimbriae, capsular polysaccharides, lipopolysaccharide
(LPS), resistance to oxidative stress, iron acquisition, and Apx toxins, which adhere to
the porcine respiratory tragt. Apx toxins are divided in Apxl, Apx Il, Apx lll and
Apx IV and these toxins are normally used to classify the serotypes based on the degree
of virulence of toxins produced by different strains; these toxins are responsible for
inducing damage to endothelial and epithelial cells of the lung and alveolar
macrophages, causing death in gi§s.

At present, 15 known serotypes of this bacterium based on the antigenic
properties of capsular polysaccharides and cell wall lipopolysaccharides have been
identified and their prevalence varies worldwideln southeastern Brazil, for
example, it has been reported with greater abundance the serotypes 2, 7 and 8, which
have an average degree of viruleHt&loreover, recent works by Pereira et'al.
characterized genotypically and phenotypically serotype 8 of clinical strains from
different sources in southeastern of Brazil; they observed genetic variability among
isolates with different degrees of virulence despite being the same serotype and nearby

geographic regions.

1.2.Galleria mellonella larvae as an infection model

Studies on antibacterial resistance and virulenc&. gfleuropneumoniabave
been conducted mainly by mammalian models like swine and mice to propose new
measures that promote pathogen elimination and prevent hosttféatlowever, the
use of these models is limited by ethical concerns (number of individuals who are
employee’s in particular investigation) and high maintenance costs. This is one reason

why it is proposed the use of insects models that have gained increased attention as a
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viable alternative to traditional mammalian models infection for investigate the
virulence of several pathogeHs?

Insects have been employed to investigate the virulence of several infectious
agents such as fungi, viruses, and bacteria in order to elucidate host-pathogen
interactions, which can result in responses ranging from pathogen elimination to the
death of the hogt:?* A comprehensive understanding of these interactions is key to
proposing new measures to eliminate invasive pathogens and prevent ho&tTeath.
number of investigations that employ invertebrate models to study human and
veterinary infectious diseases is increasing, because insect immune systems show a
high degree of structural and functional homolégyhe innate immune systems of
mammals>?’Based on such similarities, as well as ease in handling, rapid growth,
low maintenance costs, and ethical acceptance, insect models are now used to study
pathology, host immune responses, and complex interactions between host and
pathogen. Thus, the use of these insect models of infection can considerably reduce
the number of mammals used for such investigaiGifs.

Larvae of the greater wax moth or honeycomb m@tileria mellonella
(Lepidoptera: Pyralidae) are an infection model commonly used to assess the efficacy
of novel antimicrobial drugs and to elucidate biochemical aspects of insect innate and
humoral immunity and phagocytic cell functions against several key human and
veterinary pathogens (e.g., fungi, nematodes, gram-positive or gram-negative
bacterial**°This is becaus&. mellonellalarvae are relatively inexpensive and less
labor-intensive to maintain and have a short lifespan, making them ideal for high-
throughput studie®® In addition, the innate immune system of these larvae is
functionally similar to the mammalian innate immune system, including their
recognition and elimination of infectious agents by specialized phagocytic cells,
secretion of antimicrobial peptides and reactive oxygen species (ROS), and activation
of the intracellular complement casca8&*! Moreover, the size of the great seventh
or last larval instar (23 cm in length) ofG. mellonellaallows easy inoculation of
specific amounts of drugs or pathogens via larval pro-legs and extraction of large
volumes of hemolymph, making this insechenable to drug pharmacodynamic and
immunological studie$%42 making this insect more amenable to drug
pharmacodynamics and immunological studies.

Recently, Pereira et &.studied the infection of. mellonellalarvae by two

strains (780 and 1022) of the swine pathogen, the Gram-negative bacteria
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Actinobacillus pleuropneumonia@pp) to evaluate the usage of this insect as an
alternative for the natural animal host. The results have showed thatllonella

model can be used to assess the virulence and the efficacy of antimicrobial defense
againstA. pleuropneumonia® Their results have suggested tBaimellonellanodel

can be used to assess the virulence and the efficacy of antimicrobial defensedagainst
pleuropneumonia& Althoughthey have demonstrated how the larvae reacts to this
bacterium, several aspects related with the insect cellular immunity were not clarified
considering the different strength of the immune responses observed against the low
(780) and high virulent (1022) strains.

1.3. Defense mechanisms of insects

The immune response of insect, in general, differs fundamentally from
vertebrates for the lack of specific cells, immunoglobulins and memory; however, in
insects there is an innate non-adaptive defense reaction that exhibits striking
similarities to the vertebrate acute-phase respbfi€en the absence of adaptive
immunity, the invertebrates response is based on a complex defense system that
involves cellular and humoral reactions coordindfed However, similar responses
to immune memory in invertebrates have been described as a phenomenon called
"immune priming”, where, the insect exposed to a low dose of a pathogen became
more resistant when later exposed to a high dose of the same pdfhidgen.

The innate immune system of insects consists of physical barriers (e.g.,
exoskeleton and peritrophic matrix), humoral responses and cellular resffdises.
When the barriers are breached, the humoral and cellular immune responses are
activated'®>+%The humoral response consist in soluble effectors molecules such as
opsonins, melanin, prophenoloxidase cascade, and antimicrobial peptides (AMP) that
wound healing in response to injury and kill the pathogen via lysis or melanization,
whereas cellular immunity comprises hemocyte-mediated reactions such as
phagocytosis, nodule formation, encapsulation, and cldtitfg.

Insect hemocytes are comparable to those of the white blood cells of mammals
for their morphology, embryonic origin, amoeboid movement and phagocytic
activity,>® suggesting that immune responses of insects show great similarity to the
innate immune response of mamnf&t€ Hemocytes originate from mesodermally
derived stem cells, and the majority of these cells circulate freely within the

hemolymph (circulating hemocytes), but a significant number called sessile hemocytes
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can be found associated with internal organs (fat body, gut, digestive system or dorsal
tube)?%*8 Together, circulating and sessile hemocytes coordinate insect immunity
against pathogen infectidf*’ The most common types of hemocytes are
prohemocytes, granulocytes, plasmatocytes, adipohemocytes, spherulocytes and
oenocytoid$3°"*8However, types, function, and density of hemocytes differs across
Insecta classe$;> for instance, within the same species hemocyte density can vary
over development and environmental adaptability in response to stress, injury or
infection®”°9%182 Since hemocytes are involved in key insect physiological
functions>3°’circulating hemocytes provide an excellent model system to study cell
development, differentiation and their role in the insect immune system against

pathogenic microbial agert$%%67

1.4 Hemocytes activity inG. mellonella

In G. mellonellahehemocytes are responsible for a variety of defense responses
such as the recognition, phagocytosis, encapsulation, coagulation and cytotoxicity;
these cells participate in combination with the humoral resp5ri&e>6+%when
hemocyte recognize foreign particles such as viruses, bacteria, protozoa, fungi and
apoptotic bodies through theattern Recognition ReceptofPRRS), initiates the
primary cellular defense response phagocytosis, where there is an interaction between
particles and the surface of hemocyfe¥f%% This capability of hemocytes in
recognize a variety of microorganisms, is due by direct interaction with the PRRs
which binds to th&athogen Associated Molecular Patte(RAMPS) such as nucleic
acids, including DNA, dsRNA, ssRNA, as well as surface glycoproteins (GP),
lipoproteins (LP), and membrane components (peptidoglycans [PG], lipoteichoic acid
[LTA], lipopolysaccharides [LPS[{$%&70,

The adhesion of the hemocyte to a foreign particle active a signal transduction
pathway of Mitogen-activated Protein Kinases (MAPK) and Focal Adhesion Kinase
(FAK) that induce morphological changes in hemocytes and subsequent formation of
pseudopods that engulf the foreign bdt{: When the endocytosis occurs, the
ingested particle is trapped in an intracellular vesicle or phagosome. The phagosome
fuses with the lysosome containing enzymes that are involved in intracellular pathogen
death?”487>7® Nevertheless, when a microorganism is phagocytosed this can be

destroyed or evade the immunology response multiply in the hemocyte and cause their
|ySiS45,47,5455



2. Objectives

2.1. General
Assess cellular immune response of circulating hemocyae wiellonelldarvae

post-infection of different strains from pleuropneumoniae

2.2. Specific

Characterize the hemocytes®f mellonellafrom naive larvaend larvae post-

infection of App strains;

Analyze hemocyte density @. mellonellabefore and after the infection of

different App strains ;

Evaluate different cellular responses mediated by hemocyte against different

App strains

Determine hemocytes viability before and after the infection of different App

strains.



3. Materials and methods

3.1. Bacterial strains and culture conditions

Two clinical isolates ofA. pleuropneumoniaserotype 8780 (low virulence)
and 1022 (high virulence), and one reference strain (405, here identified as R8) were
used in this study. The clinical strains were previously characterized genotypically and
phenotypically**’® These isolates were obtained from lungs and tonsils of swine with
clinical signs of pleuropneumonia from different farms in southeastern Btatie
reference strain (R8) originated from a farm in Irel&hand was kindly provided by
Prof. Paul R Langford, Imperial College London, UK. Growth and maintenance

conditions ofA. pleuropneumoniastrains were those previously described.

3.2.G. mellonella culture, bacterial infection and hemocytes collection

G. mellonellalarvae were reared and inoculated wih pleuropneumoniae
strains or PBS as previously describédlarvae treated with PBS or uninoculated
(naive) were used as controls; three sets of controls were employed in each assay.
Hemolymph and hemocyte isolati@rere performed using a protocol modified from
Bergin et af? Seventh or last instar larvae (3D days after hatching) were
anaesthetized by cooling on ice (5 min), surface sterilized with ethanol (70%), and
injured with a sterile needle. Hemolymph were collected in siliconized
microcentrifuge tubes (1.5 ml) containing sterile insect physiologic saline (IPS) (150
mM sodium chloride, 5 mM potassium chloride, 100 mM Tris hydrochloride (pH 6.9),
10 mM EDTA, and 30 mM sodium citrate).

Hemocytes were separated from the hemolymph by centrifugation at 1,500 x g
for 5 min at 4°C, washed twice with cold IPS, and resuspended in cold IPS (700 ul).82
Circulating hemocytes of naive and challenged larvae were analyzed at 0, 2, 4, 6, 8,
and 24 h post-treatment to determine morphology, density, lysosomal and autophagy
responses, cell viability, and apoptosis. Hemocytes were analyzed by TEM at 4 h post-
treatment. All experiments were repeated on three independent occasions using

hemocytes collected from different larvae (n = 3 larvae per experiment).



3.3. Hemocytes density

Hemocyte counts were performed using a protocol from Kwon &t al.
Hemolymph (10 pl) was collected as described above and diluted in cold IPS (90 ul).
Hemocyte density was ascertained with a standard Neubauer hemocytometer. To
determine THC and DHC, cells were counted in four squares of a hemocytometer
using a light microscope (Olympus CX41, x4@bjective). Three independent
measurements were obtained at 0, 2, 4, 6, 8, and 24 h post-injection from larvae
inoculated with each strain and with PBS; six independent measurements were
obtained from naive larvae. Thus, a total of 78 larvae were used to determine the
percentages of circulating hemocyte types, and the proportion of each cell population

was expressed as the mean (x standard error of the mean [SEM]).

3.4. Hemocytes labeling and visualization

Hemocytes collected as described above from treated or untreated larvae were
fixed with 4% formaldehyde in PBS for 10 minutes at 32°C and washed with IPS
solution. Hemocyte suspensions from six naive larvae were transferred to glass slides
and incubated in a humid chamber for 30 min to allow cells to adhere to the glass
surface. Adherent hemocytes were stained with a panoptic coloring kit for rapid
differentiation of hemocytes (Instant Prov, Newprov, 1319) according to the
manufacturer’s instructions. Slides were mounted with Eukitt mounting medium
(Sigma-Aldrich, 03989).

Hemocyte cytoskeletons (phalloidin, filamentous actin) (Sigma-Aldrich, 1951)
and nuclei (DAPI, 46-diamidino-2 phenylindole) (Biotium, 40011) were stained as
previously describe8f® DAPI was used in all fluorescence experimeifis.label
acid organelles (lysosomes), hemocytes were stained with the acidotropic dye
LysoTracker Red (1 mM, Life Technologies, L7528) (1:1000) for 30 min, washed
twice with PBS, fixed with 4% paraformaldehyde for 15 min, and washed again twice
with PBS. Samples were analyzed by fluorescence microscopy to visualize the
LysoTracker-positive phagosomes.

To evaluate autophagosome activity, fixed hemocytes were treated with 1%
PBS-Triton-100x (PBS-T) and labeled overnight with the primary antibody anti-
LC3A/B-FITC (1 mg/ml, Abcam, 128025) (1:500), washed in PBS, incubated with
secondary antibody anti-rabbit IgG-FITC (Sigma-Aldrich, FO0382) (1:500) in PBS for
24 h at 4°C, and then washed twice with PBS.
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Fixed hemocytes from naive and bacteria- or PBS-inoculated larvae were stained
with primary antibody anti-caspase 3 (Trevigen, 2B@100) (1:500) in 1% PBS-
overnight, and then washed and incubated with secondary antibody conjugated with
FITC (1:500) as described above. The hemocytes of controls and treated larvae were
analyzed by flow cytometry and fluorescence microscopy. Experiments were repeated
three times using hemocytes collected from different larvae.

Slides subjected to immunohistochemistry or LysoTracker labeling were
mounted in Mowiol anti-fading medium (Fluka). For an immunostaining negative
control, cells (Supplementary figure) were treated as described above, except for
incubation with the primary antibody. Hemocytes stained with DAPI were used as
negative controls for LysoTracker staining (Supplementary figure).

Cells were observed under fluorescence microscope (Olympus BX53, equipped with
a monochrome and color camera) with filters for DAPI, FITC, TRITC, and Cy5, and
an XM10 monochrome camera for fluorescence microscopic images (1376 x 1032-
pixel resolution). Cells stained with panoptic solution were observed under the same
microscope and photographed with the DP73 color camera (2448 x 1920-pixel
resolution). All digital images were analyzed using cellSens Dimension software from
the Laboratorio de Sistemética Molecular at Departamento de Biologia Geral,
Universidade Federal de Vigosa (DBA/UFV).

3.5. Transmission electron microscopy (TEM)

In preparation for TEM, hemocytes from naive larvae and larvae 4 h after
inoculation with strain 780 or 1022 were obtained as a described above and fixed with
2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer or phosphate buffer (pH 7.2)
and 2.5% sucrose, and were post-fixed in 1% osmium tetroxide in 0.1 M cacodylate
buffer (pH 7.2) for two hours. Samples were dehydrated in graded etharbD(?0)
and embedded in LR white resin (Sigma-Aldrich, 62661). After polymerization of the
resin, ultra-thin sections were prepared with an ultramicrotome (RMC products Power
Tome-X), collected on 200-mesh nickel grids, and analyzed by TEM (Zeiss EM109)
at the Nucleo de Microscopia e Microanalise (NMM/UFV).

3.6. Fluorescence-activated cell sorting (FACS) analysis
For flow cytometry, hemocytes were collected as described above, and analyses

were performed using a BD FACSVerse cytometer (BD Bioscience) at NMM/UFV.
8



Healthy, apoptotic, and necrotic hemocytes were examined using an Annexin V-
FITC/PI apoptosis detection kit (Life Technologie§/13242) to detect
phosphatidylserineentaining membrane surfaces, following the manufacturer’s
instructions. FACS data were analyzed using FACSuite (BD Bioscience) and FlowJo
version 10 software. FACS results were obtained using FL1 (527/32 bandpass) and
FL2 (568/42 bandpass) channels. A total of 10,000 hemocytes were counted in each

treatment, and the experiments were replicated three times.

3.7. Caspase-3 detection

Fixed hemocytes from naive and challenged larvae were stained with the primary
antibody anti-caspase 3 (Trevigen, 2305-100) (1:500) in 1% PBS-T overnight, and
then washed and incubated with secondary antibody conjugated with FITC (1:500) as
described above. Hemocytes of controls and treated larvae were analyzed by flow
cytometry and fluorescence microscopy. Experiments were repeated three times using

hemocytes collected from different larvae.

3.8. Statistical analysis

Results were analyzed by one-way analysis of variance (ANOVA) using
GraphPad Prism version 6 for Windows (GraphPad Software, San Diego California
USA). The results are shown as the mean + SEM (standard error of the mean), and the
comparisons between values were considered significantly different when the p value
was less than 0.05 (p<0.05 =*; p <0.01 = **; p<0.001 = ***; **** p<(0.0001). Asterisks
denote statistically significant differences between experimental treatments (PBS, 780,

1022, and R8) and untreated larvae (naive).



4. Results

4.1.Characterization of G. mellonella hemocytes and immune responses
againstA. pleuropneumoniae

In this study, we classified, by light, fluorescence, and transmission electron
(TEM) microscopy circulating hemocytes @f mellonellalarvae, based on their size,
morphology, detection by molecular probes, dye-staining properties, and role in the
innate immune respon&&%The hemocyte types were found in larvae of all controls
and treatments. The hemocytes were classified into five morphotypes: PR, PL, GR,
OE, and SP (Figs. 1 and 2).

PR were the smallest cells found in the hemolympt36um in diameter) of G.
mellonella larvae. They were observed to be round or oval, with evident large nuclei
and scattered chromatin (Figs. 1A and 2A). PL were ovoid or elongated cells with a
spindle shape (280 um in length and Q5 um in width), containing humerous
mitochondria with a centrally located, elongated or lobate nucleus and scattered
chromatin of various sizes (Figs. 1B and 2B). GR were the most abundant cell type in
the hemolymph. These cells were large and round3&Qm in length and 320 pum
in width), and were characterized by the presence of abundant small granules in the
cytoplasm and a rounded-central nucleus (Figs. 1C and 2C). OE were the largest cells
found in the hemolymph. These were usually round48Qum in length and @0
pm in width), with a small and eccentric nucleus (Figs. 1D and 2D). SP were oval or
spherical cells (125 pm in length and-320 pum in width), with scattered spherical
inclusions or spherules in the cytoplasm in almost all cells. The nuclei were centered
and small, and most were deformed by spherules (Figs. 1E and 2E).

To determine which types of hemocytes were immunologically active against A.
pleuropneumoniae, larvae were challenged with two isolates (780 or 1022), and
hemocytes were harvested 4 h post-bacterial inoculation. At this time point, only GR
and PL were activated, and they exhibited morphological changes with the appearance
of filopodia-like, lobopodia-like, or fan-like structures (Figs. 3A, 3B, 3D, 3E, and 3H).
Moreover, small granules or vacuoles in cytoplasms became larger-sized vacuoles or
polymorphic vacuoles (Figs. 3D, 3E, and 3F). In addition, different reactions,
including phagocytosis and nodulation by PL and GR were observed in response to A.
pleuropneumoniae (Figs. 3C, 3D, 3G, 3H, and 3I). PR, SP, and OE did not change
their shape after A. pleuropneumoniae exposure (data not shown). These results
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indicate that GR and PL are the key cell types involved in innate immune cellular

responses in G. mellonella larvae.

Prohemocytes Plasmatocytes Granulocytes Qenocytoids Spherulocytes

Al Bl

Figure 1.Light (1) and fluorescence (2) microscopic images of hemocyt@aliaria

mellonella(last larval instar). A1E1 cells were stained using rapid panoptic kit, and
A2-E2 cells were stained with DAPI (blue) for nuclei and phalloidin-FITC for F-actin
(red). Prohemocytes (A); plasmatocytes (B); granulocytes (C); oenocytoids (D), and
spherulocytes (E). Bar =5 um.
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Figure 2. Transmission electron micrographs of hemocyte&atieria mellonella

(last instar larvae). (A) Prohemocytes with a compact cytoplasm. (B) Fusiform

plasmatocytes (inset: mitochondrion). (C) Granulocyte with dense granules (Dg) and
mitochondria (M). (D) Round-shaped oenocytoid with structured granules (Sg) (inset:

mitochondria). (E) Spherulocyte with spherules (Sph). N = nucleus. Bar =2 pm.

12



1022

PBS

780

Figure 3. Light (A—C) and transmission electron microscope-ljDimages of
immunologically activated granulocytes (GR) and plasmatocytes (PL) from larvae of
Galleria mellonella(last instar larvae) 4 h after injection of PBS-H) or strain 780

(G-1) or 1022 (A-C) df Actinobacilluspleuropneumoniadn panels A, B, and C, cells

were stained using a rapid panoptic kit. GR and PL displayed cell processes (black
arrows) that appeared as filopodia-like (A), lobopodia-like (B and D), or fan-like (H)
structures after PBSroA. pleuropneumoniaénfection. Larger-sized polymorphic
vacuoles (red arrows) were seen in GR and PL at 4 h post-injectiéh g H).
Reactions such as phagocytosis (D, H, and 1) and melanization (arrowhead) (C and G)
were also noted. Arrowheads indicate melanized bacteria (780) and phagocytosed
bacteria by granulocytes (H and 1). Insets show ff@gnification of strain 780 in

original images. N = nucleus. Bar uf (A-C), Bar = 2um (D-H), Bar = 1um (I).
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4.2. Hemocyte density and phagolysosome activity depend on the virulence
of A. pleuropneumoniae strains

To determine the effect k. pleuropneumoniastrains on hemocyte density
after larval infection, the total hemocyte counts (THC) and differential hemocyte
counts (DHC) were measured in naive larvae and larvae at each time point (0, 2, 4, 6,
8, and 24 h) after injection with PBS or strain 780, 1022, or R8 (Figt[@A There
were significant differencesp (< 0.05) in THC between 2, 4, and 8 h post-PBS
injection. The THC returned to basal levels 24 h after injection with PBS (Fig. 4A).
THC in larvae infected with strain 780, 1022, or R8 showed significant differences
from that in naive larvae at 2, 4, 6, 8, and 24 h after injection of bacteria, except at O h
(Fig. 4A). In general, hemocytes in the larvae infected with strains 1022 or R8 showed
a greater decrease in THC than that observed in larvae inoculated with PBS or 780
(Fig. 4A).

In the DHC, the percentages of circulating hemocytes of naive larvae were
59.9% GR, 22.7% PL, 7.5% SP, 7.3% PR, and 2.6% OE. The hemocyte densities in
individuals infected with PBS were 60.57% GR, 20.98% PL, 10.71% PR, 6.16% SP,
and 1.58% OE. The percentages of hemocyte types in larvae infected with strain 780
were 58.37% GR, 29.38% PL, 7.85% PR, 3.40% SP, and 1.01% OE. In contrast, the
percentages of hemocyte types in larvae infected with strain 1022 were 73.08% GR,
12.35% PL, 8.19% PR, 5.27% SP, and 1.11% OE. For larvae infected with strain R8,
the percentages were 71.22% GR, 14.10% PL, 7.14% PR, 5.86% SP, and 1.67% OE.

A significant increasep(< 0.05) was observed in the relative percentage of GR
at 4 h after injection with PBS (100%) compared to that in naive larvae (53%),
followed by a decrease (41%) at 24 h post-injection (Fig. 4B). Similarly, with PBS,
the percentage of PL also increased (100%) compared to that in naive larvae (26%),
then decreased (37%) at 8 h post-injection, and finally recovered (59%) at 24 post-
injection (Fig. 4B). The percentage of GR increased at 4 h post-injection of strain 780
(100%) relative to that in naive larvae (54%) and then decreased (39%) at 24 h post-
infection (Fig. 4C). The highest level of PL production (100%) was observed at 4 h
post-infection with strain 780; whereas naive (47%) larvae showed a decrease (18%)
at 8 h post-infection (Fig. 4C). However, hemocyte densities following infection with
strain 780 begin to increase at 24 h post-injection (Fig. 4C). On the other hand, GR in
larvae treated with strain 1022, at 0 h post-infection increased only 10% compared to

that in naive larvae (90%), and subsequently decreased to 10% at 2 h post-infection,
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followed by a sharp decrease at 24 h post-injection (13%) (Fig. 4D). These small
changes in cell numbers were also observed for GR in larvae injected with strain R8,
in which only a slight increase in GR at 0 h post-infection (100%) and then a robust
decrease at 24 h post-treatment (9%) was observed relative to that in naive larvae
(97%) (Fig. 4E).

PL in larvae treated with strain 1022 or R8 decreased the least at 24 h post-
infection (2%) relative to that in naive larvae (34 and 37%) (Figs. 4D and 4E), whereas
percentages of PR and SP did not change much in either naive or treated larvae (Figs.
4B-E). Similarly, percentages of OE were the same in naive and challenged larvae
(Fig. 4B-E). Our results indicate that changes in hemocyte densities depended on the
virulence of strains 780 (low), 1022 (high), and R8 (reference) strains. In addition, GR
represented the highest percentage of hemocytes, followed by PL, in naive and
challenged larvae, again suggest that these two hemocytes were the main circulating
cells involved in cellular responses against App.

As mentioned above, only PL and GR displayed polymorphic granules in their
cytoplasms after inoculation with either PBS Aar pleuropneumonia€rig. 3). To
examine whether these large polymorphic vacuoles were phagosomes, cells were
stained with LysoTracker at different times and analyzed with a cytometer (Figs. 5A
D, left column).Under a fluorescence microscope, more than 75% of GR and 25% of
PL in larvae with all treatments showed LysoTracker-positive phagosome staining.
According to the flow cytometric analysis, at 8 h post-infection, hemocytes showed
intense staining for strains 780 (78.61%), R8 (92.22%), and 1022 (100%), compared
to that in naive larvae (13.68%) (Figs.-&l). For PBS-injected larvae, peak staining
intensity was observed at 6 h post-injection (62.25%) (Fig. 5A).

Intense staining for phagolysosome activity was still observed in hemocytes 24
h post-infection with strains 1022 (87.26%) or R8 (80.71%). In contrast, after injection
of PBS (24.86%) or strain 780 (54.18%), this activity was gradually reduced (Figs.
5A-D). Phagolysosome activity was confirmed by fluorescence microscopy (Figs.
5A-D, right column). We also observed free bacterial cells in smears of 1022-infected
or R8-infected individuals, and visualization of bacteria increased beginning at 6 h
post-infection (Figs. 5C and D). Bacteria were not observed in the smears of 780-
inoculated larvae (Fig. 5B). The presence of these free bacteria suggests that the
phagolysosome-mediated defense mechanisms of circulating hemocytes in larvae

infected with highly virulent and reference strains were not effective in eliminating the
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bacteria. In contrast, PR, SP, and OE did not show staining with LysoTracker in either
the control or injected individuals (data not shown). After bacterial infections, GR and
PL activated a phagolysosome response through the fusion of phagosomes with
polymorphic granules to kill the pathogeéf8* Thus, the effectiveness of a cellular
response in clearing the pathogen was dependent on the time post-infection and

virulence ofA. pleuropneumoniastrains.
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Figure 4. Total hemocyte count (THC) and differential hemocyte count (DHC) of
circulating hemocytes in naive and bacteria- or PBS-inoculasiéria mellonella

(last instar larvae) byctinobacilluspleuropneumoniaeTHC (A) and DHC (BE)

were obtained from six naive larvae and three inoculated larvae at each time point (0O,
2, 4, 6, 8, and 24 h) post-injection of PBS or strain 780, 1022, or R8. Results are
presented as means and standard deviations. Asterisks indicate p*patu®85, **p

<0.01, ***p < 0.001, and ****p < 0.0001. Asterisks denote statistically significant
differences between different experimental treatments (PBS, 780, 1022, and R8) and
naive larvae. PR = prohemocytes; PL = plasmatocytes; GR = granulocytes; OE =
oenocytoids; SP = spherulocytes; ns = non-significant.

4.3. GR and PL show autophagy-mediate intracellular reactions against.
pleuropneumoniae

GR in insects have been reported to activate the autophagy response through
microtubule-associated protein 1 light chain 3 alpha (LC3) during phagocytosis to
enhance pathogen recognition and cleardié&To test whether the response against
A. pleuropneumoniagas related to autophagy (. mellonellalarvae, hemocytes
were stained with antibody LC3-FITC (a marker for autophagosomes). We observed
high LC3-positive staining in the polymorphic granules of GR and PL in all treatments.
The peak staining intensity of LC3 in hemocytes was found at 6 h after injection with
PBS or strains 1022 or R8, and the percentages of LC3-positive cells were 33%, 78%,
and 100%, respectively (Figs. 6A, C, and ID contrast, with the low virulence strain
(780), the peak staining intensity for LC3 was at 8 h post-infection (58%) (Fig. 6B
Very little LC3-FITC staining was observed in naive larvae, with positive cells ranging
from 9 to 11% of total hemocytes.

High autophagosome activity was still detected in hemocytes 24 h post-infection
with strain 1022 or R8, and it remained higher than that in PBS- or 780-treated
individuals at the same time (Figs. -@8). Other hemocyte types (PR, OE, and SP
were not stained with LC3 (data not shown). Again, a great number of bacterial cells
in larvae infected with strain 1022 or R8 were observed surrounding circulating
hemocytes; however, this was not observed in 780-infected larvae (Fid3). Gbis
indicated that virulent strains were able to evade immune surveillance. Our results

suggest that GR and PL activated autophagy responses to remove infectious agents,
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but that this intracellular reaction varied with time af#er pleuropneumoniae

infection.
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Figure 5. Analysis of lysosomal activity in circulating hemocytes @alleria
mellonella(last instar larvae) stained with LysoTracker Red. Flow cytometric analyses
(graphs, left) and fluorescent microscopic images (right, 8 h post-infection) of cells
from larvae 6 h post-injection of PBS (A), and 8 h post-infection of strain 780 (B),
1022 (C), or R8 (D) ofActinobacillus pleuropneumoniae Insets show 2
magnification of phagolysosomes (red) in original images. White arrows in C and D
indicate bacterial strains (blue) 1022 (high virulent) and R8 (reference). Asterisks
indicate adjusted p valuegs < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

GR = granulocyte; PL = plasmatocyte; MFI = mean fluorescent intensity; N = nucleus;

Bar=>5 pum.
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Figure 6. Analysis of the autophagy response of circulating hemocyt&aileria
mellonella(last instar larvae) showing positive staining (green) for the protein LC3.
Flow cytometric analyses (graphs, left) and fluorescent microscopic images (right) of
cells from larvae injected with PBS (A) or strain 780 (B), 1022 (C), or R8 (D) of
Actinobacilluspleuropneumoniad-luorescent images show cells collected 6 h post-
injection of PBS or strains 1022 or R8, and 8 h post-infection with strain 780. Insets
show Z magnification of LC3-positive autophagosomes. White arrows (C and D)
indicate bacterial strains (blue) 1022 (high virulent) and R8 (reference). Asterisks
indicate adjusted p valuelgi < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

GR = granulocyte; PL = plasmatocytes; MFI = mean fluorescent intensity; N =

nucleus; Bar 5 pm.
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4.4. Viability of circulating hemocytes

The accumulation of autophagic vacuoles in hemocytes and mammalian cells
(e.g., macrophages and neutrophils) has been shown to induce cell death for pathogen
clearancé384878%Tg investigate whether the activation of autophagic vacuoles post-
infection with A. pleuropneumoniaestrains induces apoptosis in circulating
hemocytes, cells were double stained with annexin V-FITC and propidium iodide (P1)
and analyzed by flow cytometry at different times (Fig. 7). Hemocytes were divided
into four groups: live (annex#iPIl-), early apoptotic (annexin+/P), late apoptotic or
dead (annexin+/PI+), and necrotic cells (annes)*® The percentage of
hemocytes in naive larvae weasfollows. annexin-/Pl- 99.8%, annexin+/P1 0%,
annexin+/Pl+ 0%, and annexifitl+ 0.18% (Fig. 7A). At 2 h post-infection, larvae
infected with each of the three strains showed early-stage cellular necrosis (Figs. 7C
D; Table 1). Furthermore, apoptotic cells showed mostly early apoptosis at 2 h post-
infection with A. pleuropneumoniastrains, in contrast to that in PBS-inoculated
larvae (Figs. 7BE; Table 1).

Much higher percentages of necrotic cells were detected 4 h post-infection with
strain 1022 (50.8%) or R8 (42.4.2%) compared with 780 strain (12.2%) (Figl; 7C
Table 1). The low-virulence strain (780) was able to induce necrosis in a high
percentage of cells (40.2%) at 6 h post-injection (Fig. 7C; Table 1).

At 8 h post-infection, hemocytes in late apoptosis increased in larvae infected
with all strains, but not in PBS-injected larvae (Figs—EBTable 1). In addition,
significant percentages of necrotic cells in individuals infected with strain 1022 or R8
were still present (Figs. 7D and E).

The cellular death rate increased at 24 h post-injection of strain 1022 (97.8%) or
R8 (96.3%) (Figs. 7D and E; Table 1). In contrast, larvae inoculated with PBS or strain
780 showed an increasing recovery of cell viability rate at this time point (Figs. 7B
C; Table 1). PBS injection did not significantly affect cell viability (Fig. 7B; Table 1).
According to the fluorescence-activated cell sorting (FACS) analysis, autophagic
vacuoles accumulated in G. mellonella hemocytes, and this appeared to be related to
the elimination of A. pleuropneumoniae, with cell death through two distinct

pathways: apoptosis and necrosis.
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4.5. Apoptosis and active caspase-3 expression

Cells in late apoptosis were also detected by flow cytometric analysis. To
confirm the apoptotic phenotype, hemocytes of PBS-injected and A.
pleuropneumoniae-infected larvae were stained with anti-caspase 3 and analyzed by
flow cytometry and fluorescence microscopy (Fig. 8). Significantly increased
expression (p < 0.05) of active caspase-3 was observed at 6 h post-injection of PBS
(45%) compared with that of naive larvae (17%). Expression then decreased gradually
(33%) by 24 h post-infection (Fig. 8A). Caspase-3 expression increased significantly
6 h after injection of strain 780 (61%) compared with that of naive larvae (17%), and
then increased quickly and was maintained at a high level at 8 h post-injection (63%)
(Fig. 8B).

The level of caspase-3 expression was low at 24 h post-infection following
infection with the low-virulence strain (780) (Fig. 8B), whereas the level of caspase
increased gradually during the time course following infection with strain 1022 or R8
(Figs. 8GD). The peak detection of caspase-3 was at 24 h post-infection with strain
1022 (100%), whereas the level of caspase-3 expression at this time point in naive
larvae was 17% (Fig. 8C). Our data suggest that infectionAvigheuropneumoniae
can induce apoptosis circulating hemocytesGoimellonellathrough activation of
caspase-3, and that the level of expression of the enzyme depends on the virulence of

a particularA. pleuropneumoniastrain.
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Figure 7. Representative flow cytometric images of circulating hemocytes indicating
the percentages of apoptotic, necrotic, and live cells aRetinobacillus
pleuropneumoniaeanfection. Hemocytes were stained with annexin-V/propidium
iodide. Quadrants I: necrotic cells; quadrant Il: late apoptotic cells; quadrant IlI:
healthy cells; and quadrant IV: early apoptotic cells. Cell viability of circulating
hemocytes from naive larvae (A) and larvae after inoculation with PBS (B) or strain
780 (C), 1022 (D), or R8 (E) &f. pleuropneumoniaat different times.
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Table 1. Percentages of viable circulating hemocytes and standard deviations (SD)

determined by flow cytometry.

%Groups
| (necrotic cells) 11 (late apoptotic cells) 1l (healthy cells) 1V (early apoptotic cells)

Naive  0.44 +0.37 0.22 £0.28 98.6 + 1.69 0.29+0.41

2h 0.95+0.48 1.53 +0.65 95.5+0.98 1.96 £ 0.22

«n 4h 2.05+0.91 3.41 +£0.98 90.5+1.13 4.05 £ 1.06
@ 6h 6.65 + 2.1c 11.2 +2.26 78.3+2.54 4.1 £2.12
8h 791+1.71 2.19+154 88.2+2.45 1.63+0.80

24h 419+ 0.90b 5.43 £ 2.07 87.9+2.17 2.41+£1.00

2h 7.93+1.73 6.03 + 0.09 84.2 £+ 2.68 1.82 +1.02

- 4h 12.2+2.61 12.6 +1.83 72.6 £3.11 252 +1.37
X 6h 40.2 £2.12 8.68 £ 2.00 50.3+3.81 0.82+0.31
8h 13.5+2.33 15.1 +3.11 67.2+3.25 418 £2.43

24h 11.6 +2.49 14.0 + 3.26 69.6 + 2.53 4.68 £1.84

2h 8.30+1.70 11.6 +1.06 77.3+3.81 3.04 £1.05

~ 4h 50.8 £1.27 18.9 + 3.88 32.6 £ 3.60 1.67 £0.60
§ 6h 16.8 +1.48 33.7£3.39 48.1 £2.40 1.33+0.52
8h 11.1+1.41 51.9 + 3.88 33.9+1.34 3.01+£1.13

24h 1.07 +0.74 97.8+1.76 0.63 + 0.37 0.45 + 0.63

2h 10.1 £1.33 11.6 £2.75 75.4£2.33 3.13+1.45

4h 42.4 +2.96 18.6 + 1.55 37.1+0.91 1.87 £0.52

2 6h 11.95+1.20 42.4 £ 3.60 43.2 £3.81 2.38+1.01
8h 10.95+1.20 64.6 + 2.75 21.4+0.91 2.95+0.63

24h 0.87 £0.04 96.3+1.13 1.59 +0.70 1.19+0.42
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Figure 8. Analyses of active caspase-3 (stained green) expression in hemocytes after
Actinobacilluspleuropneumoniaénfection. Flow cytometric analyses (graphs, left)
and fluorescent microscopic images (right) of cells from larvae inoculated with PBS
(A) or strain 780 (B), 1022 (C), or R8 (D). Fluorescent images show cells collected 6
h post-inoculation of PBS, 8 h post-infection with strain 780, 24 h post-infection with
strain 1022, and post-infection with strain R8. Insets shewm2gnification of
caspase-3-positive staining. White arrows (C and D) indicate bacterial strains (blue)
1022 (high virulent) and R8 (reference). Asterisks indicate adjusted p vagluss:

0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. GR = granulocyte; PL =
plasmatocytes; MFI = mean fluorescent intensity; N = nucleus=Baim.
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5. Discussion

The present study provides novel information about the innate immune response
of G. mellonellalarvae to infection with different clinical strains of the gram-negative
bacterium A. pleuropneumoniaeWe also used several microscopy techniques,
counting methods, and probes to revisit hemocyte classification, as well as determine
the percentages of different hemocyte typ&S.imellonellalarvae. We described the
five types of hemocytes based on their size, morphology, detection by molecular
probes, dye-staining properties, and involvement in cellular immunity. Our results
corroborate a previous description of wax moth larvae by J¥htmt classified
hemocytes as PR, PL, GR, SP, and OE. Bedausellonellais a model for studying
innate immunity, it is important to accurately classify hemocytes in this iffs&ét.
Following infection with differenA. pleuropneumoniastrains, cellular and humoral
responses such as phagocytosis, nodulation, and melanization were found to be
mediated by GR, whereas PL were only involved in phagocytosis. These findings are
in agreement with those of previous studies that have shown that GR and PL are the
main cells involved in cellular defense against pathoge@s mellonellalarvae?®%*

According to the THC and DHC, the types and density of hemocytes were
directly affected by infection witA. pleuropneumoniastrains. The injection of PBS
or the low-virulence strain (780) resulted in an increase in hemocyte density, whereas
injection with the high-virulence (1022) or reference (R8) strain resulted in reduced
hemocyte densities. These results clearly indicate that fluctuations in circulating
hemocyte densities were associated with the time after exposure to the pathogen and
degree of pathogen virulence. These data are in agreement with previous reports
showing rapid changes in hemocyte humber& ofnellonellalarvae after wounding
or pathogen infectioit’"93%

The increase in hemocyte densities observed in individuals after injection of PBS
or the low-virulence strain (780) may be associated with multiplication ¢t PR.is
widely accepted that PR are stem cells capable of multiplying and differentiating into
one or more hemocyte typ&s’® Thus, replication of PR in the circulatory system may
contribute to an increase and maintenance of the number of circulating hemocytes after
immune challeng&*®Hence, it is reasonable to assume that the increase in hemocytes
observed here after injection with PBS or a low-virulence bacterium resulted from PR
proliferation in G. mellonellalarvae. However, further studies examining mitotic

division inG. mellonellahemocytes are needed to confirm this. On the other hand, the
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sharp decline in circulating hemocytes in larvae infected with strain 1022 or R8 is
indicative of the ability of the virulent strains to evade an immune response by killing
hemocytes and inhibiting their proliferation, resulting in larval d&ath.

Large-sized polymorphic granules or vacuoles were seen in GR and PL
following exposure t&\. pleuropneumoniaéhese structures resulted from fusion of
phagosomes with lysosomes, following intracellular digestion of ingested patégens.
Our findings agree with the reports of Kwon et%nd Hwang et &, in which large
polymorphic vacuoles were observed in GR after microbial infection that contributed
to killing of phagocytosed microorganisms. The high activity of phagolysosomes or
lysosomes in hemocytes observed at 8 h post-infection with all strains suggests that
hemocytes require several hours to eliminate the bacteria once they have been
phagocytose&*®® Thus, effective clearance of a pathogen via phagolysoson@s in
mellonellais not only dependent on time but also dependent on the virulence of a
specific strain.

The high amount of free bacterial cells observed in smears post-infection with
strain 1022 or R8 indicates the potential for these bacteria to evade the cellular
response, killing hemocytes through by triggering programmed cell death mediated by
caspase-3 irG. mellonellalarvae. By evading immune defenses, pathogens can
replicate inside the host’s hemolymph and more quickly kill larvae.!! The data
obtained here are in agreement with other studigs. ahellonella in which larval
mortality has been associated with the virulence of pathogens, with these pathogens
invading, infecting, replicating, and evading immune defenses to cause host
death!3799

Autophagy in hemocytes has a dynamic relationship with phagocytosis in
immune responses of several ins&f$!® Here, we show for the first time the
accumulation of LC3-positive autophagosomes in the cytoplasms of GR and PL post-
infection with A. pleuropneumoniastrains. It seems that both hemocyte types were
able to activate autophagy by triggering translocation of LC3 into phago$dffies.
When infectious microorganisms are phagocytosed, double-membraned vesicles in the
cytoplasm called autophagosomes fuse with lysosomes to generate autolysosomes.
These autolysosomes help to degrade and eliminate damaged organelles and
microbes! 1%

Differences between the higher expression levels of LC3 in hemocytes 24 h post-

infection in larvae infected with strain 1022 or R8 and lower expression levels of LC3
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in hemocytes of larvae infected with strain 780 strain at the same time point could be
related differences in the infection dynamics of these specific strains. The high-
virulence and reference strains may have been able to evade autophagolysosome
activity.!®1% Alternatively, these bacteria may have avoided phagocyte engulfment
and hence not been degraded by autoph&g9% By contrast, the low-virulence strain

was detected and destroyed by the autophagic response to maintain host
homeostasi&’®’ Thus, autophagy was dependent on the time after treatment and
virulence of the bacterial strains. Accumulating evidence suggests that autophagy is a
key biological process in the preservation of cellular homeostasis in conditions of
endogenous stre8sand that it plays a role in cellular immunity by promoting vesicles
containing hydrolytic enzymes (phagolysomes) in order to control intracellular
pathogens?’1% Therefore, autophagy represents another innate immune defense
against infectious organisms that are engulfed by €i&inally, we confirmed the

report by Pereira et &t, showing that more virulent strains were able to evade cellular
responses and grow within the insect, leading to insect death. According to our results,
the low-virulenceA. pleuropneumoniaestrain was killed by a cellular immune
response mediated by autophagosomes.

Using flow cytometry analyses, we determined the numbers and percentages of
live, early-apoptotic, late-apoptotic, and necrotic hemocytes followihg
pleuropneumoniaenfections. Strain 780 was associated with a relatively low
percentage of dead cells (13%) and high percentage of necrotic cells (39%). dh spite
this, the percentage of viability rate recovered and began to increase at 24 h post-
infection. This observation indicates that the hemocyte-mediated cellular response was
able to control and eliminate the low-virulence strain. In contrast, in larvae infected
with strain 1022 or R8, elevated percentages of necrotic cells appeared early (4 h post-
infection), reducing the numbers of circulating hemocytes in larvae through necrosis.
Moreover, the percentage of late-apoptotic cells increased over time following
infection with these two strains. One possible explanation for these results is that
cytotoxic effects or structural components (capsule, fimbriae and adhesins) of these
virulent strains directly killed the hemocyt¥3® Another possibility is that
autophagy was associated with cell death. Evidence suggests that in some
circumstances of cellular stress, autophagy cooperates with apoptosis, leading to a
form of cell death characterized by the accumulation of autophagosomes and as

autophagic cell death (ACD) or type Il programmed cell death (type II
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PCD)871®107.111 Accumulation of autophagosomes in GR and PL was detected after
exposure to strain 1022 or R8. These morphological changes are typical of cells dying
by ACD1031081110yr data indicate that the virulent strains were able to induce cell
death through either of the two distinct pathways: ACD or necrosis. These findings
confirm the hypothesis proposed by Pereira eta, that highly virulent strains Kkill
circulating hemocytes by activating their own endogenous apoptosis machinery,
causing damage to hemocyte DNA and, subsequently, larval death.

In situ staining of caspase-3 confirmed the high percentage of late-apoptotic
hemocytes after exposure to strain 1022 or R8. Caspase-3 is a type of executioner
caspase that plays a key role in programmed cell d&ati Activation of caspase-3
in hemocytes infected with strain 1022 or R8 suggests that the high expression of
caspase-3 contributes to the apoptosis of hemocytes to enable pathogen
survival8*114115 virylent strains likely cause the demise of infected hemocytes by
various types of cell death, including apoptotic cell death or necrotic cell death, and
evade immune celf8?> On the other hand, hemocytes might also activate programmed
cell death as an alternative response to bacterial infection. In this coAtext,
pleuropneumoniaenay release specific virulence factors that allow it to evade ACD
and subsequent cellular immune respori¥eginally, our results suggest that
apoptosis of circulating hemocytes after exposure to virulent strains was related to an
ACD process induced by stress, caspase-3 activation, and probably ROS

productiont” 118
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6. Conclusion

Here, we demonstrated for the first time different cellular immune roles for
circulating hemocytes i®. mellonelldarvae infected with different clinical strains of
A. pleuropneumonia@VNe clearly showed that the responsét@leuropneumoniae
depends on the virulence of a bacterial strain and includes cellular resporses to
pleuropneumoniastrains in addition to melanization and/or by trapping of bacteria in
the dorsal tube regiort.Our data also indicate that pleuropneumoniais eliminated
by intracellular mechanisms that are directly related to hemocyte-mediated innate
immunity. The intracellular response to pathogens consists of phagolysosome activity
associated with autophagy that eliminates pathogens and maintains host homeostasis.
However, the effectiveness of this hemocyte-mediated cellular response is dependent
on the time post-infection and virulence ofArpleuropneumoniastrain.

Our research group has not yet identified specific virulence factors that support
the differential behaviors of virulent strains Af pleuropneumoniaehowever, the
results of the present study suggest that the metabolism of this bacterium is key factor.
For instance, strains 1022 and R8 have higher specific growth rates than the low-
virulence strain, and the profiles of acids produced in anaerobic conditions are
completely different between high- and low-virulence strains (unpublished data).
Therefore, further studies on virulence factorsPofpleuropneumoniaesignaling
pathways, and genes that encode caspase proteins involved in the
activation/inactivation of apoptosis in hemocytes ®f mellonella larvae are
necessary. In addition, measuring ROS production in response to infections with
virulent and reference strains will clearly contribute to a better understanding of
hemocyte apoptosis. In conclusion, the findings presented here provide information on
cellular immmune responses @. mellonellalarvae. These findings can improve our
understanding of host-pathogen interactions. Additional studies can contribute to the
development of new measures to eliminate the pathogen and prevent host death.
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Supplementary figure. Hemocytes ofs. mellonellalarvae. (A) Negative control for
LysoTracker Red, 8 h after infection of 780 (low virulent strain). (B) Negative control
for LC3 immunostaing, 6 h after infection of 1022 (high virulent) strain. (C) Negative
control for caspase-3 stain, 8 h post-infection of 780. Arrow = bactefa~
granulocyte, Pl= plasmatocytes, N = Nucleus. Bar gn.

41



