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Abstract

Metamorphosis in the insect larva is associated with disintegration, engulf and digestion of

larval tissues. These processes are accompanied by a significant shift in physiological

parameters like high activity of hydrolytic enzymes and decrease of pH. In the way, the

metamorphosing larva resembles the processes occurring in the wound at the stage of

inflammation. Based on this thesis, we put forward the idea of the possibility of using insect

phagocytes in the wound treatment. The search for a suitable insect cell line and the study

of its properties were the purpose of the work. The abilities of insect phagocytes to retain via-

bility and functional activity under conditions physiological for humans were also investi-

gated. We found that blue blowfly Calliphora vicina larvae had histolysocytes, a specialized

population of professional phagocytes involved in the histolysis. In vitro, histolysocytes pos-

sess high phagocytic activity to fragments of vertebrate soft tissues and debris. These cells

retain viability and functional activity for a long time under conditions that are physiological

for vertebrate cells. Moreover histolysocytes can realize the humoral control over the bacte-

ria through the synthesis of antimicrobial peptides. So histolysocytes have the potential to

be used as xenogeneic phagocytes in the wound treatment. The data obtained allow pro-

ceeding to experiments on laboratory animals for studying the effect of such therapy on the

wound healing process.

Introduction

Research on metazoan responses to injury was initiated as early as the end of the 19th century

when Ilya Mechnikov performed his famous experiment with a starfish larva and a thorn from

a tangerine tree [1]. Further studies have shown that the reaction to tissue damage in different

animals, starting from primitive forms, had a stereotypical pattern and manifested itself in the

migration of mobile cellular elements into the alteration zone with the subsequent isolation of

the latter. This process is the initial and decisive stage for the onset of an inflammation

response [2].

In vertebrates, phagocyte migration is preceded by the reaction of the capillary section of a

well-developed vascular system. It is the reaction of the vessels (stasis, permeability hanging)

along the border of the alteration zone that isolates the site of inflammation preventing the
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spread of microorganisms and the toxic products of necrobiosis throughout the body. In

higher vertebrates, such a reaction acquires an additional biological meaning associated with

the presence of adaptive immunity and aimed at excluding the possibility of entry of tissue

deconstruction proteins (autoantigens) from the inflammation zone to the lymphatic system

with the subsequent development of an immune response to them [3]. At this stage, any pres-

ence of cells of adaptive immunity is excluded in the emerging alteration zone, as well as their

involvement in acute (non-chronic) inflammation. The processes of inflammation develop

owing to low-specificity mechanisms of innate immunity, and the central role at this stage is

played by phagocytes [4, 5].

In humans, a deficit of phagocytes in the wound or a decrease in their activity causes a com-

plication of the wound healing process and contributes, among other factors, to the develop-

ment of post-surgery sepsis [6]. There are no effective methods of substitution therapy in the

case of phagocyte failure with the exception of bone marrow transplantation [7]. The use of

humans as phagocyte donors is associated with high economic costs and biosafety problems.

As a potentially powerful alternative, xenogeneic (non-human, non-mammalian and even

invertebrate) cells theoretically could be used in wound treatment.

Although xenotransplantation representing the transplantation of living cells, tissues or

organs from one species to another, is viewed as a promising method for regenerative medi-

cine [8], there currently is an absence of practical results in this area. The main reasons are the

unsolved histocompatibility problem which resulting from the risk of the development of

undesirable reactions (allergies, rejection, etc.) and the problem of the transmission of infec-

tion with xenogeneic cells or tissues [8–10]. However, the presence of wound-specific condi-

tions associated with the formation of a barrier along the viable tissue border makes it possible

to utilize various heterogeneous materials in wound treatment, e.g., sorbents, biopolymers,

and heterologous enzyme medications [11]. The spread of xenogeneic cells and the debris

beyond the alteration zone also might be excluded.

Inflammation processes in the wound remarkably shift the physiological parameters from

normal values. Necrobiotic toxins, lysosomal and hydrolytic enzymes, as well as increased

acidity, create a hostile environment [12]. In this regard, a metamorphosing insect larva can be

viewed as a model for a wound. In a larva, all tissues undergo histolysis and subsequent reutili-

zation, similar to the processes taking place in a wound, and the parameters of the internal

environment are also similarly shifted to a significant degree from baseline physiological values

[13]. For example, the activity of hydrolytic enzymes in the hemolymph is high [14, 15] and

the pH is changed dramatically. A pattern in the change in acidity [16, 17] correlates especially

precisely with that of a wound in the inflammation phase in the sense that low pH values give

way to higher ones [18]. And it is phagocytes circulating in the hemolymph that are stay alive

and carry out the histolysis and tissue remodeling programs [19]. In addition, there exists a

well-documented evolutionary conservatism of certain regulatory and effector mechanisms of

innate immunity at the molecular level in insects and mammals [20–22].

The aim of this work was to search and collect suitable insect phagocytes, as well as a subse-

quent study of their activity in vitro to assess the possibility of further practical use in the sub-

stitution therapy of the phagocyte deficiency states.

Blowfly “surgical larvae” having been used over the centuries in wound treatment [23, 24]

were looked at as a potential source of xenogeneic phagocytes. The blowflies were chosen due

to their biomass high growth rate [25], the well-developed technology of large-scale cultivation

[26, 27] and the possibility of insect culture sterilization [28, 29]–prerequisites for the target

cell collecting and use.
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Materials and methods

Insects

Experiments were performed with a laboratory strain of blue blowfly Calliphora vicina R.-D.

(Diptera: Calliphoridae) originating from St. Petersburg area (North-West Russia) and charac-

terized by stable larval diapause [30]. To synchronize development, a laboratory culture of C.

vicina larvae was prompted to enter diapause by placing at +6˚C after gut emptying. The dia-

pausing larvae were transferred to +24˚C so that they could resume development when

required.

Hemocyte collection and cultivation

Hemolymph was obtained from previously sterilized in 70% ethanol larvae by puncture of the

integument of the head segment area. Hemolymph was collected directly in the ice-cold 0.05

M Dulbecco’s phosphate-buffered saline (DPBS, BioloT, Russian Federation). The cells were

precipitated by centrifugation at 100 × g for 5 minutes. The supernatant (plasma) was

removed, the cells were resuspended, and the procedure was repeated. The obtained hemo-

cytes were transferred to the culture medium–DPBS with 20% diapause larva’s heat-inacti-

vated plasma (cell-free plasma was heated up to +60˚C for 30 minutes; denatured protein was

excluded via centrifugation at 10,000 × g for 15 minutes) and a mixture of antibiotics (Sigma-

Aldrich, St. Louis, MO, USA). For subsequent analysis, the cells in the culture medium were

placed on a slide (Deltalab, Spain, Ref. D100003,) or a cell dish (Eppendorf AG, Germany, Cat.

no.: 0030700112) until forming a monolayer (detected microscopically).

Cytochemical reactions

Azure-eosin. The hemocyte monolayer was fixed in a 4% paraformaldehyde (Thermo

Fisher Scientific, Frederick, MD, USA) in DPBS for 15 minutes, washed three times with

DPBS, and regressively stained [31] with a 0.1% aqueous solution of azure (Sigma-Aldrich,

St. Louis, MO, USA) and 0.1% aqueous solution of eosin (Sigma-Aldrich, St. Louis, MO,

USA). The preparations were analyzed with a microscope Leica DMI 2500 (Leica Microsys-

tems, Germany) in a bright field.

Nile blue. Identification of lysosomes was carried out according to the method by Lin

et al. [32]. After the 5-minute incubation of a live hemocyte monolayer with a 0.025% solution

of Nile blue (NevaReaktiv, Russia) in the culture medium, the preparation was washed three

times with DPBS and analyzed with a microscope Leica DMI 2500 by the Differential interfer-

ence contrast (DIC) / Nomarski methods.

Acridine orange. A monolayer of live hemocytes was incubated with a 0.002% solution of

acridine orange (NevaReaktiv, Russia) in the culture medium for 5 minutes, washed with

DPBS, and analyzed using a high-performance fluorescence of microscope Leica DMI 2500

(525 nm).

Acid phosphatase. Acid phosphatase activity in hemocytes was detected by the Gomori

method modified by Chayen et al. [33]. Preliminary fixed in 4% paraformaldehyde solution

hemocyte monolayer was transferred to the warmed staining rack and exposed simultaneously

to the Gomori medium (solution A, 50 mM acetate buffer, pH 5.0, containing 0,132 g of lead

nitrate (Sigma-Aldrich, St. Louis, MO, USA), and solution B, 3% sodium-β-glycerophosphate

(Sigma-Aldrich, St. Louis, MO, USA) in distilled water, mixed carefully and filtered) for 24 h

incubation at a temperature +37˚C. The preparation was washed three times with DPBS and

analyzed microscopically.
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Hemocyte interaction with extracellular matrix proteins

A suspension of larvae hemocytes in the culture medium was placed on fibronectin coated

coverslips (Neuvitro Corporation, Camas, WA, USA, Cat. no.: GG-12-Fifronectin), collagen

coated coverslips (Neuvitro Corporation, Camas, WA, USA, Cat. no.: GG-12-Collagen), or

laminin coated coverslips (Neuvitro Corporation, Camas, WA, USA, Cat. no.: GG-12-Lami-

nin). Hemocyte spreading was studied in 30 minutes after washing the preparation with

DPBS.

Actin cytoskeleton staining

To observe the actin cytoskeleton, hemocytes placed on extracellular matrix (ECM) proteins

were stained with phalloidin-Atto665 (Sigma-Aldrich, St. Louis, MO, USA). Before staining

the hemocyte monolayer was fixed in a 4% paraformaldehyde in DPBS for 10 minutes, washed

in DPBS twice, treated with 0,1% Triton X 100 PRS (Panreac, Spain) in DPBS for 3 minutes,

and, after washing, incubated in a 1% bovine serum albumin (Sigma-Aldrich, St. Louis, MO,

USA) for 25 minutes. The staining with a phalloidin-conjugate working solution took 25 min-

utes. After washing in DPBS, the preparation was added with anti-fade protector ProLong

Gold Antifade Mountant (Thermo Fisher Scientific, Frederick, MD, USA). The preparation

was analyzed using fluorescence microscope (665 nm).

Transmission electron microscopy (TEM)

Hemocytes were fixed in a mixture of 2% paraformaldehyde and 2.5% glutaraldehyde (Thermo

Fisher Scientific, Frederick, MD, USA) in a culture medium. Postfixation was carried out with

1% osmium tetroxide (Sigma-Aldrich, St. Louis, MO, USA) in 0.05 M cacodylate buffer (Vek-

ton, Russian Federation), pH 7.4, using a low-temperature automatic water replacement sys-

tem Leica EM AFS2 (Leica Microsystems, Germany).

The samples were infiltrated with epoxy resin (Agar Scientific Ltd, UK) / acetone (Vekton,

Russian Federation) (1:3) for 30 min, followed by resin / acetone (1:2) for 30 min, followed by

1 h with resin / acetone (1:1) under room temperature. The samples were then transferred into

the 100% resin; the polymerization was carried out over 24 h at +60˚C. Resin blocks were care-

fully trimmed using a Leica EM UC7 trimmer. Ultrathin slices were collected on the mesh cop-

per grids coated by carbon film (SPI Supplies, West Chester, PA, USA), post-stained with 1%

uranyl acetate (Agar Scientific Ltd, UK) in water for 5 min, and with a lead solution for 7 min,

and washed in distilled water. The material was then analyzed with a transmission electron

microscope JEM– 1400 (Jeol, Japan).

Cytofluorimetric analysis

Hemolymph from 10 larvae was collected in cold DPBS. A 4’,6-diamidino-2-phenylindole

(DAPI) solution (Sigma-Aldrich, St. Louis, MO, USA) was added to the suspension. The posi-

tive peak of DAPI was analyzed in BD FACSAria III with the parameters FSC (cell size) and

SSC (granularity). A total of 50,000 events were collected.

The detection of antimicrobials released by hemocytes

Hemocytes from 15 prepupae were incubated in DPBS supplemented with 20% diapause lar-

va’s heat-inactivated plasma and antibiotics for 18 hours at a temperature of +22˚C. Then, the

culture medium was collected, acidified with 0.1% trifluoroacetic acid (TFA, Sigma-Aldrich,

St. Louis, MO, USA) to a final concentration of 0.05%, and applied to a prepared reversed-

phase SepPak C18 cartridge (Waters Corporation, Milford, MA, USA) for fractionating.
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Highly hydrophilic compounds were removed by cartridge washing with 0.05% TFA. Hydro-

phobic compounds were eluted with 50% acetonitrile (Cryochrom, Russian Federation) in

0.05% TFA and lyophilized. For further high-performance liquid chromatography fraction-

ation, the lyophilizate was dissolved in deionized water and totally applied to a Vydac C18 col-

umn (250 × 10 mm, 5 μm, Grace, Columbia, MD, USA), equilibrated with 0.05% TFA.

Substances were eluted with a linear gradient of acetonitrile from 2 to 50% for 50 minutes.

Chromatographic fractions automatically collected with 1-min intervals were lyophilized and

dissolved in 25 μl of deionized water. The antimicrobial components in the fractions were

detected by a plate-growth inhibition assay [34], examining the size of the zones of complete

growth inhibition of Micrococcus luteus A270 or Escherichia coli D31 around 9 μl fraction ali-

quots. Chromatographic fractions of the hemocyte culture with the peak antimicrobial activi-

ties were tested again in three replicates and compared with corresponding fractions of free-

cell cultural medium (control).

In vitro model of a wound

Muscle fiber bunches were obtained by mechanical pinching from a piece of fresh chicken /

pig meat. A suspension of myofibrils obtained by grinding of fresh chicken / pig muscle fibers

and subsequent destruction by pipetting was added to the hemocyte monolayer in a cell cul-

ture dish (Eppendorf AG, Germany, Cat. no.:0030700112).Then, the behavior of hemocytes

was observed.

A suspension of muscle fibers / myofibrils was mixed with a suspension of hemocytes and

the behavior of the cells including their behavior in a mixture of Gram-positive and Gram-

negative bacteria was observed using an inverted microscope Nikon Eclipse TS 100 (Nikon,

Japan) equipped with a time lapse camera.

To simulate the behavior of hemocytes on the wound surface, large (up to 3 cm) pieces of

pig meat being immersed in a culture medium were covered with a suspension of C. vicina
prepupal cells. Observation of hemocytes was carried out using light microscope or stereomi-

croscope equipped with time lapse camera.

Each of these experiments was repeated at least five times.

Statistical analyses

The results are expressed as a mean ± SE. Continuous variables were compared by the non-

parametric Mann-Whitney test in the Statistica 7.1 program (StaSoft Inc., USA).

Results

C. vicina hemocyte characteristics

The morphological diversity of cells was observed in temporary mounts of hemolymph of

post-diapause C. vicina larvae (i.e., larvae that were committed to pupariation). Small round

cells with single granule-like inclusions and larger cells with the same morphological features

were shown to be present simultaneously in circulation (Fig 1A and 1B). The hemocyte mor-

photypes observed could be ranked by the degree of expression of the same morphological

characters.

Large, living hemocytes of the larva were able to spread out on the slide while small cells

retained their shape for a long period of time. When stained with azure and eosin (Fig 1C), the

cytoplasm of small hemocytes exhibited stronger basophilic staining, which could be explained

by the presence of a large amount of RNA in the cytoplasm and was indicative of the weak dif-

ferentiation of these cells. There were granule-like inclusions that completely filled the
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cytoplasm of large hemocytes and were well stained with eosin indicating the proteinaceous

nature of these structures. These hemocytes clearly represented mature forms, and the above-

mentioned series reflects the consecutive stages of differentiation of the same cell line. Mature

Fig 1. Differentiation of C. vicina phagocytes. A–live hemocytes of the diapausing larva. The heterogeneity of the population is

apparent: immature cells, imc (smaller, rounded, and containing few inclusions) and mature cells, mc (bigger, sprawled, and full of

inclusions) are present in circulation at the same time; slightly differentiated forms prevail. Nomarski optics. B–intact mature pupal

phagocyte: large cell, the entire cytoplasm is filled with specific inclusions. Nomarski optics. C–diapausing larva live hemocytes of the

stained with azure-eosin: the cytoplasm of a slightly differentiated phagocyte shows strong basophilic staining with azure (blue) due to a

large amount of RNA present in young cells. Inclusions filling the mature cell are stained with protein-dye eosin (pink). Bright field. D–

differentiated prepupal hemocyte on collagen. The cell is conspicuously spread out and forms numerous focal adhesions (fa) and actin

stress fibers (sf). Fluorescence microscopy. Scale bar– 10 μm.

https://doi.org/10.1371/journal.pone.0263256.g001
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hemocytes spread out well on slides coated with ECM proteins. Cytoskeletal protein staining

(Fig 1D) revealed that such hemocytes formed numerous focal adhesions and stress fibers, sug-

gesting the presence of receptors for ECM components on these cells.

To determine the nature of the cytoplasmic inclusions in circulating hemocytes of C. vicina
larva and pupa, a number of cytochemical reactions were carried out and ultrastructure level

morphology was studied (Fig 2). Tests with Nile blue revealed the presence of numerous lyso-

somes in the cytoplasm of hemocytes (Fig 2A). Incubation with acridine orange demonstrated

a pronounced heterogeneity in the fluorescence of granule-like inclusions (Fig 2B) that was

not typical of true granulocytes. The fluorescence spectrum of acridine orange was determined

Fig 2. Cytoplasmic inclusions of C. vicina phagocytes. A–live hemocytes in a C. vicina larva. Blue grain–lysosomes: Nile blue.

Nomarski optics. B–live prepupal hemocytes with 0.002% acridine orange. Granule-like inclusions have a different fluorescence color,

which confirms their catabolic nature. Fluorescence microscopy. C–prepupal hemocyte, reaction to acid phosphatase. Brown pigment–

acid phosphatase activity zones. Bright field. D–the fine structure of a differentiated prepupal hemocyte. The heterogeneity of the

catabolic hemocyte inclusions is clearly visible. Ly–lysosomes, phg–phagosomes at different stages of maturation (from the light to the

dark), n–nucleus. TEM. Scale bar– 10 μm.

https://doi.org/10.1371/journal.pone.0263256.g002
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by the degree of polymerization of the stain. The latter depends solely on the pH of the

medium: a decrease in pH shifts the fluorescence color from green to red [35]. Thus, fluores-

cence heterogeneity confirms the catabolic nature of hemocyte inclusions. Moreover, some

fluorescence colors of stain polymers (green-yellow-orange-red-burgundy) probably reflect

the consecutive stages of maturation of phagolysosomes. Reaction to acid phosphatase, a lyso-

some marker enzyme, indicated the presence of enzyme activity in cytoplasmic inclusions (Fig

2C). The examination of hemocytes with TEM confirmed the presence of lysosomes and grow-

ing phagolysosomes in the cytoplasm (Fig 2D).

Cytofluorimetric analysis (Fig 3) showed that the hemocytes of a diapausing larva formed

two clearly defined populations: less differentiated hemocytes and more differentiated ones,

the latter showing a larger size and greater granularity (left and right aggregations, respectively,

in the cytogram 3A). As the larva approached pupariation, the cells migrated from one popula-

tion to the other. The migration reflects the hemocyte differentiation. At the prepupal stage,

populations almost merged. At the same time, the maturation of differentiated cells continued:

in particular, the size increased (FSC-A mean from 9179 (3B) to 12,540 (3C)) and so did gran-

ularity (SSC-A mean from 794 (3B) to 1740 (3C)). After the beginning of tissue histolysis

(pupa formation, 3D), the size (FSC-A mean– 36122) and granularity (SSC-A mean– 8019) of

circulating hemocytes increased sharply, which indicates the completion of cell maturation.

Fig 3. The dynamics of the population structure of C. vicina circulating hemocytes. As one progresses to the pupal stage, the cell

migration from the left population to the right is observed that indicates the cell differentiation process. Cytofluorimetric analysis data.

https://doi.org/10.1371/journal.pone.0263256.g003
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The medium after prepupal hemocyte incubation was examined for the possible presence

of antimicrobial factors secreted by the cells. After testing chromatographic fractions with the

plate-growth inhibition method (Fig 4), it was found that anti-Gram-positive activity was con-

fined to fractions 30–33 (peaking in fraction 31) and 38–39 (peaking in fraction 38), and anti-

Gram-negative activity was confined to fractions 30–34 (peaking in fraction 33) and 35–36

Fig 4. Antimicrobial components secreted by prepupal hemocytes of C. vicina. The hemocyte culture medium was fractionated

chromatographically (A) and fractions were tested by the plate-growth inhibition method (B) for the presence of antimicrobial

components. The areas of zones of complete growth inhibition of Gram-positive M. luteus A270 (above the X-axis) and Gram-negative

E. coli D31 (below the X-axis) were mapped on the chromatographic profile; antimicrobial activity in the represented fractions was

absent in the control. Chromatographic fractions with the peak antimicrobial activities were re-tested in three replicates and compared

with the control by the non-parametric Mann-Whitney test (C).

https://doi.org/10.1371/journal.pone.0263256.g004
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(peaking in fraction 36). In the control, the corresponding fractions did not contain any anti-

microbial components. Chromatographic mobility, i.e., the distribution pattern of antimicro-

bial activity and elution time, corresponded to that in C. vicina larval antimicrobial peptides

(AMP) have described previously by Chernysh et al. [36].

Hemocyte activity in the wound model

To assess (simulate) the behavior of C. vicina hemocytes in a wound, an enriched population

of prepupal phagocytes was incubated in a medium containing cell debris and fragments of

vertebrate (chicken, pig) muscle tissue. Hemocytes collected from larvae at the onset of histoly-

sis completely disassembled and phagocytosed even large muscle fibers that much more exceed

hemocyte size (Fig 5; the whole process is available on the video file in S1 Video). During the

engulfment of large muscle tissue fragments hemocyte cooperation was observed. As well

phagocytes effectively absorbed and engulfed separate myofibrils (see S2 Video).

The analysis of the hemocytes behavior on the wound-like surface showed that prepupal

phagocytes quickly attach to the substrate and actively move along it (see S3 Video). Under

cultivation the cells were shown to form mobile clusters being a consequence of the coopera-

tion mentioned above.

It should be noted that all of the simulation experiments were time-consuming (tens of

hours) and were carried out under conditions that are physiological for the cells and tissues of

vertebrates. This did not affect the viability and functional activity of hemocytes.

Discussion

The possibility of using C. vicina larvae as a source of specific highly active phagocytes was

investigated. This species was characterized by a deep diapause before the start of the tissue

Fig 5. Phagocytosis of pig myofibrils by the hemocytes of a C. vicina prepupa. Starting to contact with the muscle fiber (arrow) after

30 minutes of cultivation (A), hemocytes disassemble and engulf it gradually (B—2 h 30 min, C—3 h 30 min, D—5 h 30 min of

cultivation) up to complete phagocytosis by 24 hours (E). Scale bar– 10 μm.

https://doi.org/10.1371/journal.pone.0263256.g005
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remodeling processes. Commitment to pupariation in C. vicina larvae is accompanied by a

mass appearance of immature predecessors of a specialized line of phagocytes in the hemo-

lymph. The ratio of these specialized phagocytes is more than 90% of all circulating hemocytes.

In the wandering larva, the morphological diversity of hemocytes in circulation is a conse-

quence of a simultaneous presence of different stages of cells of the same differentiation line.

This agrees with the literature data on the absence of specialized hematopoietic organs in dip-

teran larvae. The differentiation of these cells occurs directly in the hemolymph and is mani-

fested in the following: an increase in cell size, the formation of the lysosomal apparatus, the

appearance of specific catabolic inclusions in the cytoplasm, the expression of receptors for the

ECM elements, increased amoeboid movement, and the development of the cytoskeleton. All

of these features characterize this cell line as a population of highly active professional

phagocytes.

The changes observed in the structure of the circulating hemocyte population as the larva

prepares for pupariation clearly indicate that these cells play a leading role in histolysis. The

involvement of hemocytes in the digestion of disintegrated larval tissues was previously men-

tioned in the literature [37]. For this reason, the term “histolysocytes” was proposed. In the

authors’ opinion, the use of this term is all the more justified as the phagocytic activity of these

cells is uninduced. That is, this activity is not associated with the development of the immune

reaction but has a normal physiological nature.

Based on the data above, the authors believe the prepupal hemocytes to be most promising

in light of the aim of this study. First, during the prepupal stage, there are already no immature

forms in circulation, and hemocytes are completing their functional differentiation. Second,

the change in granularity and cell size observed during the transition to the pupal stage is a

consequence of active phagocytosis of disintegrated larval tissue by the hemocytes. Therefore,

in the authors’ opinion, it seems more promising to use “hungry phagocytes one step before”

for the necrotic soft tissue engulfment.

It was discovered that, during cultivation, histolysocytes released substances into the

medium that are toxic to Gram-positive and Gram-negative bacteria. It was previously found

that the AMP complex of C. vicina larvae includes peptides that belong to defensin, cecropin,

diptericin, and proline-rich peptide families. A useful feature of this complex is the inability of

bacteria to evolve resistance to it [36]. Moreover, the AMP complex is also active against

microorganisms that form biofilms [38].

The ability of hemocytes to condition the medium as they release antimicrobial factors

results in the sustained phagocytic activity of these cells even after exposure to a mixture of

Gram-positive and Gram-negative bacteria. At the same time, histolysocytes do not show

phagocytic activity against microorganisms.

The simulation experiments that model the possible behavior of histolysocytes in a wound

demonstrate: (a) the ability of histolysocytes to retain viability and functional activity for a

long time under conditions that are not physiologically normal to them; (b) the ability to pos-

sess high phagocytic activity to fragments of vertebrate necrotic soft tissues and debris (in con-

trast to living cells of vertebrates–the data obtained on the tumor cells, not shown); (c) the

presence of receptors for the ECM components on the membranes of these cells; (d) rapid

amoeboid movement and a well-developed lysosomal apparatus; (e) the ability to cooperate in

the clusters similar to vertebrate phagocytes [39, 40]; (f) control of the activity of microorgan-

isms in the medium by synthesizing and releasing an array of antimicrobial peptides. In view

of all these findings, the authors hope that histolysocytes could be successfully used in the early

stages of the wound healing process (i.e., necrotic changes and the formation of an

inflammation).
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The development of a protocol for the use of xenogeneic cells to compensate for the defi-

ciency of phagocytes in the wound should include: 1) the search for and true assessment of

candidate cells; 2) assessment of the influence of xenogeneic phagocytes on the wound healing

process in the laboratory animals; 3) further transition to the pilot of clinical trials in human.

The current study is limited only with the first point, and its positive results allow moving on

to experiments on animals and hoping for the successful implementation of the project as a

whole.

Supporting information

S1 Video. In vitro disintegration and phagocytosis of large porcine muscle fibers (red

arrow) by mature histolysocytes of the C. vicina larva. The size of fragment significantly

exceeds the size of hemocytes. Insects cells exhibit the cooperation in the process of debris

destroying. Scale bar—10μm. Phase-contrast microscopy, time-lapse, speed– 120x.

(MP4)

S2 Video. In vitro utilization of separate myofibrils by histolysocytes of the C. vicina larva.

Insect cells actively engulf muscle fragments. Scale bar—10μm. Phase-contrast microscopy,

time-lapse, speed– 90x.

(MP4)

S3 Video. C. vicina hemocytes on the substrate simulating the wound surface 3 hours after

inoculation. Histolysocytes remain alive and keep functional activity under conditions that

are physiological for vertebrate cells. lusters formed by hemocytes can be observed. Cluster

appearance result from the hemocyte cooperation in the process of debris phagocytosis. Scale

bar– 100 μm. Stereo microscope, time-lapse, speed– 90x.

(MP4)
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