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Cytokine Loaded Biopolymers as a Novel
Strategy to Study Stem Cells during
Wound-Healing Processes
Annalisa Grimaldi,* Serena Banfi, Jacopo Vizioli, Gianluca Tettamanti,
Douglas M. Noonan, Magda de Eguileor
The biopolymer matrigel loaded with cytokine can be used for the recruitment in vivo of
specific cell populations and as a vector for the preparation of cell cultures. Data demonstrate
that the injection of the matrigel biopolymer supplemented with interleukin-8 (IL-8) in the
leech Hirudo medicinalis can be used to purify cell populations showing the same morpho-
functional and molecular mechanisms of specific popu-
lations of vertebrate hematopoietic precursor cells
involved in tissue repair. These cells spontaneously dif-
ferentiated intomyofibroblasts. This approach highlights
how the innovative use of a cytokine-loaded biopolymer
for an in vivo cell sorting method, applied to a simple
invertebrate model, can be a tool for studying myofibro-
blast cell biology and its regulation, step by step.
Introduction

The use of biocompatible and bioreabsorbable materials

that form 3D polymer scaffolds represents a promising

novel strategy applicable as cell delivery vehicles, to obtain
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a suitable environment for cells both in vivo or ex vivo, and

to deliver growth factors or drugs, with the final goal of

promoting in vivo tissue regeneration and/or for tissue

engineering.[1,2] Matrigel (MG), a basement membrane

extract essentially made of laminin, collagens, and

proteoglycans,[3] is an injectable biopolymer with diverse

interesting properties: unlike rigid external patches, it can

be positioned in vivo without invasive surgical procedures

and it can be used for implanting cells, providing improved

incorporation in host tissues. Our recent results show that

MG can be used for a novel in vivo cell sorting approach

permitting isolation of specific cell populations involved in

wound healing processes, including stem cells. More over it

can be utilized to ‘shuttle’ the selected populations of cells

from the animal into tissue culture in vitro.[4–6]

In the annelid animalmodelHirudomedicinalis (a leech),

the accomplishment of the processes linked to wound

healing is rapid and is characterized by the same phases

(angiogenesis, fibroplasia, and remodeling) that have been

described for vertebrates.[7] Since in leeches, like in
library.com DOI: 10.1002/mabi.201000452
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vertebrates, a plethora of cytokines act as modulators of

these processes,[8] we took advantage of these features to

develop a novel assay based on a combined system (animal

model/biopolymer) useful for investigatingwoundhealing

and tissue repair.

We have previously shown that the injection into the

leech body wall of MG supplemented with vascular

endothelial growth factor (VEGF) allows for selection of

hematopoietic stem cells able to differentiate into muscle

under specific conditions.[5] Changing the factor incorpo-

rated in the biopolymer to monocyte chemoattractant

protein-1 (MCP1/CCL2), we selected a stem cell population

with a quite different phenotype.[6]

Here we describe a cell population recruited into lesions

using interleukin-8 (IL-8, CXCL8), a chemokine regulated

and released by a number of different stimuli including

inflammatory signals, chemical and environmental stres-

ses, and hormones. IL-8 is a potent chemoattractant for

neutrophils in vertebrates, producing changes in the

morphology of leukocytes, acting on their cytoskeleton

reorganization.[9] It also induces cell surface integrin

expression, required for the adhesion of circulating

leukocytes to the vessel’s endothelial cells and, after their

extravasation, for the adhesion of leukocytes to the

extracellular matrix and their migration towards the site

of inflammation. Finally, it sets the stage for full activation

of these cells at the inflammation site to become effector

immune cells.[10,11]
Experimental Part

Animals and Treatments

Leeches (Hirudo medicinalis, Annelida, Hirudinea, from Ricarim-

pex, Eysines, France) measuring 10 cm were kept in water at 19–

20 8C in aerated tanks. Animals were fed weekly with calf blood.

Animalswere randomlydivided intoseparateexperimentalgroups

according to different protocols and treatments. Each treatment

was performed at the level of the 80th superficialmetamere. Before

each experiment, leeches were anaesthetized with a 10% ethanol

solution. Anesthetized leeches were then dissected and the body

tissuesor thepolymerizedMGpelletswereremovedatspecifictime

points (24h, 48h, 1 week, 20 days, and 1 month) after injection.

Group 1: leeches (five animals for each time point) injectedwith

300mL of liquid MG (an extract of the murine Engelbreth–Holm–

Swarm (EHS) tumor produced as previously described)[3] served as

controls.

Group 2: leeches (five animals for each time point) injectedwith

300mL of MG supplemented with 100ng of recombinant human

interleukin-8 (rh)IL-8 or CXCL8 (Pepro Tech, London, UK), were used

to functionally characterize the cellsmigratingunder the influence

of IL-8.

Group 3: leeches (five animals for each time point) injectedwith

300mL of liquidMG supplementedwith 100ng of (rh)IL-8 and 1mg

of the polyclonal antibody rabbit anti-human IL-8 (Pepro Tech),

were used for antibody-mediated neutralization experiments.
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Group4: leeches (fiveanimals/condition) injectedwith300mLof

liquid MG supplemented with 25, 50, 100, and 150ng of (rh)IL-8,

were used to selectively isolate the cells migrating under the

influence of IL-8.

Group 5: leeches (five animals for each time point) injectedwith

300mL of MG supplemented with 100ng of (rh)IL-8 were used to

recruit cells that were then used for seeding and culture in vitro.

Group 6: five leeches were injected with 300mL of a liquid

hydrogel (composed of 0.5% chitosan, 1% alginate, and 2%

hydroxypropylmethylcellulose at pH 7.4) supplemented with

100ng of (rh)IL-8. The hydrogel pellets were removed 15 days

after injection.

Group 7: five leeches were injected with 300mL of a liquid

hydrogel (see above) alone. The gel pellets were removed 15 days

after injection.
Optical and Electron Microscopy

Samples were fixed for 2 h in 0.1M cacodylate buffer at pH 7.2,

containing2%glutaraldehyde. Specimenswere thenwashed in the

same buffer and postfixed for 2 h with 1% osmium tetroxide in

cacodylate buffer, pH 7.2. After standard serial ethanol dehydra-

tion, specimens were embedded in an Epon-Araldite 812 mixture.

Sectionswere obtainedwith a Reichert Ultracut S ultratome (Leica,

Wien,Austria). Semi-thin sections were stained by conventional

methods (crystalvioletandbasic fuchsin)accordingtoreference,[12]

and subsequently observed under a light microscope (Olympus,

Tokyo, Japan). Thin sections were stained by uranyl acetate and

lead citrate and observed with a Jeol 1010 EX electron microscope

(Jeol, Tokyo, Japan).

For immunogold cytochemistry, samples were fixed for 2h at

4 8C with 4% paraformaldehyde and 0.5% glutaraldehyde in

phosphate buffered saline (PBS), dehydrated in ethanol series,

and impregnated in LR White Resin (London Resin Company,

Berkshire, UK).[13,14] Ultrathin sections (80nm in thickness) were

placedon conventional nickel grids and incubatedovernightat 4 8C
with primary rabbit polyclonal anti-human CD11b (Santa Cruz

Biotechnology, CA, USA) or anti-human CD154 (Santa Cruz

Biotechnology) antibodies diluted 1 : 250 in saturation buffer (tris

buffered saline (TBS)/1% normal goat serum (NGS)/1% ovoalbu-

min). Primary antibodies were visualized by immunochemical

stainingwith secondarygoat anti-rabbit IgG (Hþ L)-gold conjugate

antibodies (GE Healthcare Amersham, Buckingamshire, UK)

(particle size, 15nm) diluted 1:100 (incubation 2h at room

temperature). Control sectionswere incubated in saturation buffer

and then with secondary antibodies alone. Samples were counter-

stained with 2% uranyl acetate in water and observed under a

Hitachi H600 electron microscopy at 75 kV acceleration.

To obtain 3D imaging by scanning electron microscopy (SEM),

sectionsof theMGimplantswerefixedwithKarnovskyfixative (2%

paraformaldehyde and 2.5% glutaraldehyde in 0.1M cacodylate

buffer (pH7.2)) for1 hat roomtemperature. Thespecimens,washed

in0.1Mcacodylatebuffer (pH7.2),werepostfixed ina solutionof1%

osmium tetroxide and potassium ferrocyanide for 2h. Each

specimen was washed in PBS (pH 7.2) and then immersed in

0.1% osmium tetroxide in PBS for 1 h. Slices were dehydrated in an

increasing series of ethanol, and subjected to critical point drying

with CO2. Dried slices were mounted on stubs, gold coated with a
, 11, 1008–1019
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Sputter K250 coater, and then observed with a SEM-FEG XL-30

microscope (Philips, Eindhoven, The Netherlands).
Colorimetric and Indirect Immunofluorescence

Staining

Leech tissues, dissected from the area close to theMG injection, and

MG implantswere embedded in Polyfreeze tissue freezingmedium

(Polysciences, Eppelheim, Germany) and immediately frozen in

liquidnitrogen. Cryosections (7mm)were obtainedwith a Leica CM

1850 cryotome and slides were immediately used or stored at

�20 8C. Cultured cellswere fixedwith 4%paraformaldehyde in PBS

for 30min at 4 8C. For colorimetric assays, cultured cells and

cryosectionswere immersed in distilled water and incubatedwith

May Grunwald Giemsa differential staining (Bio Optica, Milano,

Italy), which permits identification of hematopoietic cells based

upon their cytoplasmic pH properties. For indirect immunofluor-

escence, samples washed with PBS were pre-incubated for 30min

with PBS containing 2% bovine serum albumin (BSA) before the

primary antibody incubation (4 8C overnight). The primary

antibodies (diluted 1:100) used were: mouse anti-human CD34

and CD45 (Santa Cruz Biotechnology), which react with leech

hematopoietic precursors cells, as previously demonstrated,[15–18]

mouse anti-human CD14 (Santa Cruz Biotechnology) and mouse

anti-humanCD11c (Novocastra laboratories, Newcastle uponTyne

UK), which react with leech macrophages, as previously demon-

strated,[16,17] rabbit anti-humanCD11b (Santa Cruz Biotechnology)

which reacts with leech granulocytes, as previously demon-

strated,[17,19] rabbit anti-humanCD154 (SantaCruzBiotechnology),

andmouseanti-humana-smoothactina-SMA(DBA,Milano, Italy).

Thewashedspecimenswere incubated for1 hat roomtemperature

with the appropriate secondary antibody (Jackson, Immuno

Research Laboratories, West Grove, PA, USA) Cy3 or FITC

(fluorescein isothiocyanate) conjugated (dilution 1:300). The slides

were mounted in Citifluor (Citifluor Ltd, London, UK) with

coverslips and examined with an Olympus BH2 fluorescence

microscope (Olympus). The staining was visualized using excita-

tion/emission filters of 550/580nm for Cy3 and 490/525nm for

FITC. Data were recorded with a DS-5M-L1 digital camera system

(Nikon, Tokyo, Japan). Images were combined with Adobe Photo-

shop (Adobe Systems, Inc.). In control samples, primary antibodies

were omitted and sections were treated with BSA-containing PBS.
In Vitro Culture

After 1 week in vivo, when they contained a suitable cell

concentration for seeding, the MG implants were harvested and

cultured. Each MG pellet was minced into small pieces using

sterilized razor blades and mechanically dissociated with a

micropipette in 400mL of tissue culture medium before being

plated in wells of 60mm diameter in Dulbecco’s modified Eagle’s

medium (DMEM, Celbio, Milan, Italy) modified by dilution (1:4) to

reach iso-osmolality and supplemented with 1% glutamine and

10% fetal bovine serum.[5,6] Cells were maintained at 20 8C and

histologically and immunocytochemically examined 1, 8, and

20 days after seeding.
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Enzyme-Linked Immunoadsorbent Assay (ELISA)

MG alone (300mL) or loaded with 100ng of (rh)IL-8 was

polymerized by incubation at 37 8C for 1h. The polymerized gels

were placed in 24-well plates containing 600mL of DMEM (Celbio,

Milan, Italy) and incubated at 20 8C. Aliquots (50mL)were removed

from the media after gentle mixing by pipetting after 30min, 1, 6,

24, 48h, and one week of incubation, being careful not to aspirate

theMG gel. Aliquotswere centrifuged at 20 000g for 5min in order

to eliminate eventual debris and frozen immediately at 80 8C. The
amount of (rh)IL-8 released into the medium from the MG pellets

was quantifiedwith a human IL-8 ELISA kit provided by EuroClone

(Milano, Italy) according to the manufacturer’s instructions.
Results and Discussion

Previous experimental studies have demonstrated that the

biomatrix MG supplemented with specific cytokines,

including basic fibroblast growth factor (bFGF), hepatocyte

growth factor (HGF), or VEGF, and injected in vivo either in

murine or the invertebrateH.medicinalis asmodels, is able

to promote a suitable microenvironment for the recruit-

ment of specific cell infiltrates. The recruited cells include

endothelial or muscle precursors cells, respectively

involved in angiogenic and muscle regeneration pro-

cesses.[5,20] This experimental approach is an important

tool that can be finalized to understand, both in inverte-

brates and vertebrates, which cells are recruited and how

these cells move and interact during tissue repair. Here we

focus our studies on the basic events and cells involved in

tissue repair processes based on the use of the biopolymer

MG containing a key inflammatory mediator, IL-8. We

choose the medicinal leech H. medicinalis as an animal

model for studying these processes since substantial data

demonstrate an evolutionary conservation of stem cell

properties between these invertebrates and vertebrate

organisms.[16] The medicinal leech has a relative anatomi-

cal simplicity. Its body consists of amuscolo-cutaneous sac

containing several organs embedded in a loose connective

tissue. Vasofibrous tissue is present between the gut and

the body wall. This peculiar tissue of Hirudinea is involved

in thewoundhealing process, and forms a pseudoblastema

whose retraction reduces wound size.[21,22] This tissue,

poorly represented in unlesioned leeches, is formed by two

kinds of morphologically distinguishable cells: vasofibrous

and vasocentral cells. The vasocentral cells show an

electron-dense cytoplasm containing a few large granules,

and are surrounded by the vasofibrous cells, characterized

by a cytoplasm filled by numerous small highly electron-

dense granules. After injury, numerous vasofibrous tissue

cells migrate towards the lesioned area crossing the thick

muscle layers. At the wound edges the vasocentral cells,

detaching from the vasofibrous cells, form the pseudo-

blastema and generate the mechanical forces responsible
, 11, 1008–1019
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for the wound closure movement. The vasocentral cells of

leeches show a behavior similar to that of vertebrate

myofibroblasts that play a central role in wound healing

and in the pathology of fibrosis. The origin of vertebrate

myofibroblasts is still under investigation. Myofibroblasts

are thought to derive fromalready differentiated cells, such

asfibroblasts, smoothmuscle cells, ormacrophages[23–28] or

from fibrocytes (bonemarrow-derived circulating progeni-

tors).[29–32] Phenotypic conversion of these cells into

myofibroblasts seems to be regulated by cytokines and

growth factors.[28,33,34]

Given the striking similarity between the medicinal

leech vasocentral cells and vertebrate myofibroblasts in

their role in wound healing repair, we focused on

vasocentral cell recruitment and pseudoblastema forma-

tion. IL-8 (or CXCL8) was selected as an attractant for its

involvement in immune responses and wound healing

processes in vertebrates[10,11] and invertebrates.[8,35]
Measurement of IL-8 release from MG by ELISA

We determined the ability and kinetics of the release of

chemokine from the MG into culture media in which

polymerized MG pellets loaded with IL-8 were incubated,

collected at specific time intervals, and analyzed for IL-8 by

ELISA. IL-8 appeared to rapidly diffuse from theMG into the

medium, which attained an average concentration of

485.5� 26.9 pg �mL�1 that did not significantly vary from

30min up to one week during MG incubation (Figure 1 in

the Supporting Information).
Analysis of H. medicinalis Tissues Exposed to IL-8
Loaded MG

In order to confirm the ability of IL-8 to influence

mobilization of the leech vasofibrous tissue cells in vivo,

300mL of MG supplemented with 100ng of (rh)IL-8 were

injected into the body wall muscle of leeches. Examination

of themuscle tissue adjacent the injection site showed that

in control animals injected with MG alone (group 1) or

containing both (rh)IL-8 and a function blocking anti-IL-8

antibody (group 3), there was little infiltration among the

muscle fibers by other cells after 24h (Figure 1A and B). In

contrast, 24 h after injection of (rh)IL-8 containing MG

(group 2), numerous vasofibrous tissue cells were clearly

visible among the muscle fibers in the same areas

(Figure 1C). These areas were readily recognizable by light

microscopy because of a dark pigmentation and they

strongly reactedwithGiemsa stain (Figure 1D). As observed

by using transmission electron microscopy (TEM)

(Figure 1E) the adjacent muscle tissue was heavily

infiltrated by vasocentral cells, which showed an elec-

tron-dense cytoplasm containing a few granules, and
www.MaterialsViews.com
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vasofibrous cells, characterized by a cytoplasm filled with

numerous small highly electron-dense granules. Sections

observed at the edge of the inoculated MG showed that

vasofibrous tissue was migrating towards the (rh)IL-8

loaded biopolymer (Figure 1F and G) and that, 48 h after

injection (group 2), these cells were clearly infiltrating into

theMGsponge (Figure 1Hand I). These results demonstrate

that in leeches, recombinant human (rh)IL-8 also has a

strong chemotactic activity, and in particular it promotes

vasofibrous tissue cell migration towards the stimulated

area.
Light and Electron Microscopic Examination of MG
Pellets Supplemented With (rh)IL-8

Using thebiopolymerMGasan IL-8-richmicroenvironment

we were able to isolate and better characterize these cells

from a morphological and immunocytochemical point of

view. First, since MG can be supplemented with different

concentrations of cytokines, we sought the best IL-8

concentration for the vasofibrous tissue cells’ recruitment

in the biomatrix and possible differential effects of IL-8

concentration on cell type migration and differentiation.

We supplemented 300mL of MGwith 25, 50, 100, or 150ng

of (rh)IL-8 (group 4) and the MG pellets, formed following

inoculation, were recovered and processed for standard

histology 1 week after injection. We observed that the

number of cells migrating in the biomatrix increased in

relation to the IL-8 concentration (Figure 2A–D).

Results showed that the number of vasofibrous tissue

cells migrating into the biomatrix increased in relation to

the IL-8 concentration (Figure 2A–D), with the highest cell

density obtained at 100ng of IL-8 in the MG (Figure 2C).

Interestingly, employment of a higher amount of the

cytokine (150ng) reduced cell recruitment (Figure 2D). A

high dose inhibition of chemotaxis is characteristic of

chemokines[10] and is consistent with the inhibitory effect

recently described for other chemoattractant factors in the

leech central nervous system.[36,37]

The results also showed that thedifferent concentrations

of IL-8 did not influence the types of cellsmigrating into the

MG. Ultrastructural analysis using scanning (SEM,

Figure 2E–G) and transmission (TEM, Figure 2H–J) electron

microscopy showed that theMG pellets were infiltrated by

cells characterized by a cytoplasm containing numerous

small highly electron-dense granules (Figure 2F and 2I) and

by cells showing an electron-dense cytoplasm containing a

few large granules (Figure 2G and 2L). These two types of

cells canbe foundboth strictlyassociatedwitheachotheror

isolated (Figure 2E and 2H). The MG infiltrating cells

appeared morphologically similar to the vasocentral and

vasofibrous cells, which form the vasofibrous tissue

involved in the formation of the pseudoblastema during

the leech wound healing process.[21,22]
, 11, 1008–1019
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Figure 1.Morphological analysis of leechmuscle tissue near the injection sites. Cross section of a leech body wall injected with MG alone (A)
or supplemented with the (rh)IL-8 and an anti-IL-8 antibody (B). Very few vasofibrous tissue cells (arrowheads in A, B) are visible among the
muscle fibers (m). C,D) Cross section of a leech body wall 24 h after injection of (rh)IL-8 loaded MG. C) Numerous migrating vasofibrous
tissue cells (arrowheads in C,D), positively stained with Giemsa solution (D), are visible among the muscle fibres (m). E) Detail in TEM of the
migrating vasofibrous tissue formed by a vasocentral cell (arrow), with an electron-dense cytoplasm containing a few granules that is
surrounded by vasofibrous cells (arrowheads), with a cytoplasm containing numerous small highly electron-dense granules. F,G) Sections
taken at the edge of the inoculated (rh)IL-8 loaded MG. 24h after injection, the vasofibrous tissue cells (F) stained with Giemsa (G) are
migrating towards the IL-8 loadedmatrix (MG). 48 h after injection (H), the vasofibrous tissue cells (arrowheads) infiltrate theMG sponge. I)
Detail by TEM of vasofibrous tissue cells infiltrating the MG, formed by vasocentral (arrow) and vasofibrous cells (arrowhead). Bars in A–D
and H: 100mm; bars in E–G: 10mm; and bar in I: 1mm.
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Furthermore, using theMG biopolymer, we were able to

not only isolate the vasofibrous tissue cells, but also to

follow their gradual shape modification and changes in

their contractile actin cytoskeleton structure. After 15–

20 days following MG injection (group 2), the number of

cells infiltrating the biopolymerwasmarkedly reduced, the

remaining cells showed an elongated spindle-like shape

phenotype (Figure 3A). In TEM, the cytoplasm of these cells

appeared to be filled by a few granules and conspicuous
Macromol. Biosci. 2011
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bundles of filaments arranged parallel to the cell axis

(Figure 3B). About 1 month after MG inoculation (group 2),

most of the cells showed a typical differentiating

myofibroblast-like phenotype: they contained contractile

filaments and large focal adhesions that linked them to the

surroundingmatrix (Figure 3C and3D). A similar resultwas

obtained by injecting a hydrogel polymer that contained

the same concentration of (rh)IL-8 (group 6, Figure 2B–E in

the Supporting Information). Cellular infiltrates were not
, 11, 1008–1019
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Figure 2. Morphological analysis of cells infiltrating the MG removed from the animal 1 week after injection. A–D) Appearance of sections
under the light microscope of MG pellets. The number of cells migrating in the biomatrix increases in relation to the IL-8 concentration and
the highest cell density is obtained by adding 100ng of (rh)IL-8. SEM (E–G) and TEM (H–J) images show the two types of cells infiltrating the
MG pellets. These cells can be found associated with (arrowheads E, H) or isolated from one each other (F,G,I,J). Vasofibrous cells are
characterized by a cytoplasm with numerous small, highly electron-dense granules (arrowheads F,I). Vasocentral cells have an electron-
dense cytoplasm containing a few large granules (arrowheads G,J). Bars in A–D: 50mm; bar in E: 20mm; bar in H: 5mm; and bars in I and J:
1mm;
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observed in the injected MG, as previously demon-

strated[5,6] (group 1, data not shown,) or hydrogel (group

7, Figure 2A in the Supporting Information) polymers that

did not have any added cytokines, or in MG polymers that

were supplementedwithboth the (rh)IL-8 and the antibody
www.MaterialsViews.com
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anti-human IL-8 (group 3, Figure 3E–H). These control

experiments confirmed that the chemiotactic effect on

vasofibrous tissue cells is exerted by (rh)IL-8 and not by

growth factors or cytokines possibly present in the

polymers.
, 11, 1008–1019
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Figure 3.Morphological analysis of cells infiltrating IL8-containing MG removed from the animal either 20 days (A,B) or 1 month (C,D) after
injection. Spindle-shaped cells containing bundles of filaments (arrowheads in B) are visible dispersed in the MG. C,D) TEM image of the
differentiating myofibroblastlike cells. Contractile filaments (arrowheads in C,D) are visible in their cytoplasm and large focal adhesions
(arrows in D) link these cells to the surroundingmatrix. E–H) Sections of MG supplemented with both (rh)IL-8 and the anti-IL-8 antibody and
removed from the animals at various times (24 h, 48 h, 1 week, and 1 month) after injection. No cells are visible in the MG sponges. Bar in A:
4mm; bar in B: 1mm; bars in C,D: 500nm; and bars in E–H: 100mm.
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Colorimetric and Immunocytochemical
Characterization of Cells Infiltrating the MG

One week after injection of 300mL of MG supplemented

with 100ng of (rh)IL-8 (group 2), the vasocentral and
Macromol. Biosci. 2011
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vasofibrous cellsmigrating into theMGunder the influence

of (rh)IL-8 were differently colored by the May Grunwald

Giemsa differential staining method (Figure 4A–C). Vaso-

central cells with a light blue basophile cytoplasm filled

with a few large granules (Figure 4B), and vasofibrous cells
, 11, 1008–1019
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Figure 4. Colorimetric and immunocytochemical characterization of the cells recruited into (rh)IL-8 loadedMGand removed from the animal
1 week after injection (A–P). A–C) Giemsa staining highlights the presence of two different types of cells: the vasocentral cells with a light
blue cytoplasm filled by a few large granules (arrowheads in B) and the vasofibrous cells with small azurophil granules in their cytoplasm
(C). D–I) Immunolabelling of serial cryosections ofMG implants shows that the numerous cells differently stained by Giemsa are positive for
CD34 (D), CD45 (E), CD11b (F), and CD154 (G) markers. No staining is detected for the macrophage markers CD14 (H) or CD11c (I). J–N) Double-
label staining shows one population of cells is CD34þ (green in J,M), CD45þ (green in K,L), CD154þ (red in J,K), and CD11bþ (red in L,M). Another
population of cells was specifically stained by the anti-CD11b antibody (arrowheads in L–N) that was CD45– (green in L), CD34– (green in M),
and CD154– (green in N). O,P) Immunogold staining observed by TEM shows that CD154 (arrowhead in O) is expressed in the cytoplasmof the
vasocentral cells, while CD11b stains the granules of vasofibrous cells (arrowhead in P). Bars in A,D–I: 100mm; bars in B,C: 10mm; bars in J–L:
50mm; and bars in O,P: 200nm.
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Figure 5. A–C) Serial cryosections of IL-8 loaded MG removed from the animal after 1 month from injection. The MG is colonized by cells
with pronounced cytoplasmic expansions stained by Giemsa (A) and expressing both CD154 (B) and a-SMA (C). Bars in A–C: 10mm.
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whose cytoplasm was filled by numerous small azurophil

granules (typical of a vertebrate basophil granulocytes),

were observed (Figure 4C). These cells were immunocyto-

chemically characterized using a panel of antibodies

against CD34, CD45 (markers expressed by hematopoietic

stem cells both in vertebrates and leeches),[16] CD11b

(which recognizes vertebrate and leech granulocytes),[7]

CD154 (which, in vertebrates, plays a crucial role in the

perpetuation of the inflammatory and wound healing

responses[38–41] and is implicated in myofibroblast activa-

tion[42]), CD11c and CD14 (myeloid markers both in

vertebrates and leeches).[5] The cells that migrated into

the MG in response to IL-8 were positive for CD34, CD45,

CD11b, and CD154 and were instead negative for the

myeloid markers CD14 and CD11c (Figure 4D–I, a super-

scriptþ or – indicates expression/non-expression of the

protein). Moreover, double-staining experiments high-

lighted that the vasocentral and vasofibrous cells that

migrated into the MG were characterized by differential

marker expression. In particular, one cell type co-expressed

CD34, CD45, CD11b, and CD154 (Figure 4J and K), while

another population of cellswas specifically stained by anti-

CD11b and were negative for CD45, CD34, and CD154

(Figure 4L–N). Immunogold localization by TEM showed

that CD154 was specifically expressed in the cytoplasm of

the vasocentral cells (Figure 4O),while CD11bwas stored in

the granules of the vasofibrous cells (Figure 4P), as

previously observed in vertebrate granulocyte gran-

ules.[11,43] No staining was observed in control samples

incubatedwith secondary immunogold-labeled antibodies

alone (data not shown).

After approximately 20–30 days from MG inoculation

(group 2), the MGwas colonized only by agranular, spindle
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shaped cells with pronounced cytoplasmic expansions

(Figure 5A). These cells were still positive for CD154

(Figure 5B) and acquired smooth muscle features

(Figure 5C), as indicated by the elevated expression of a-

SMA, the most reliable marker of myofibroblastic differ-

entiation.[44] The vasofibrous cells (with granulocyte

features) were not observed at this later time point. We

hypothesized that, like in vertebrates, in the leech these

granulocyte-like cells are recruited to sites of inflammation

by chemoattractants such as IL-8, rapidly activated, and

subsequently destined to programmed cell death (apopto-

sis), providingaclearancemechanism limiting tissue injury

and leading to resolution of the inflammation.[45–47]

Control experiments performed in the absence of primary

antibodies were negative for all the samples (data not

shown).
Cultured Cells

Inorder to follow invitro the fateof theMGinfiltratingcells,

and to assess their potential to spontaneously differentiate

into myofibroblast-like cells, we used the biopolymer MG

supplemented with 100ng of (rh)IL-8 as a vector for

isolating these cells in vivo to then culture them in vitro

(group 5). TheMGpolymerswere removed from the leeches

after 1week in vivo and the cells placed in culture. Starting

fromday 1 after seeding (Figure 6A), the cultured cellswere

present as either single cells or clusters (Figure 6A). Eight

days after seeding (Figure 6B) the number of cultured cells

dramatically increased. These cells showed the same

positivity for May Grunwald Giemsa (Figure 6C and D)

differential staining and expressed the same set of specific

markers (CD34, CD11b, and CD154, Figure 6E–G) as that
, 11, 1008–1019
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Figure 6. Cultures of the cells recruited into the MG sponges by (rh)IL-8. A–G) After 1 week in vivo the MG was removed and the cells
infiltrating theMG spongewere placed in culture. A,B) Phase contrast images of cells after 24 h (A) or 8 days (B) from seeding. Cultures were
formed by rounded cells differently stained with Giemsa (C,D) and expressing CD34 (E), CD11b (F), and CD154 (G). Phase contrast (H) and
Giemsa staining (I) images of the cells after 20 days in culture showing the characteristic spindle shaped cells that are positive for a-SMA (J).
K–M) Double labelling experiments show that the a-SMAþ (green in K–M) cells are CD154þ (red in K), CD34� (red in L), and CD11b� (red in M).
Bar in A: 100mm; bar in B and H: 50mm; bars in C, D, and I–M: 10mm; and bars in E–G: 20mm.
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already observed in vivo (Figure 4). After 15–20 days from

seeding most of the cells showed a spindle shaped, highly

differentiated phenotype (Figure 6H), with an agranular

pink cytoplasm upon Giemsa staining (Figure 6I). The
www.MaterialsViews.com
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expression of a-SMA (Figure 6J) was a clear indication that

these cells were differentiating into myofibroblast-like

cells. Moreover, as shown by double immunostaining

experiments, they maintained CD154 expression
, 11, 1008–1019
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(Figure 6K), while they no longer expressed other hema-

topoetic cell markers such as CD34 and CD11b (Figure 6L

and M). Although the initial cultures contained two

different populations of cells, it appears that only the

vasocentral cells differentiated into myofibroblasts, while

the vasofibrous cells probably underwent apoptosis, as

typically occurs for the short-lived terminally differen-

tiated granulocytes of vertebrates.[47,48]

Our data demonstrate that the vasocentral cells,

characterized by the expression of the CD154 marker, after

about 1 month from migration into the (rh)IL-8 supple-

mented MG sponge differentiate into myofibroblast like-

cells. Intriguingly, the vasocentral cells share several

similarities with the vertebrate fibrocytes that contribute

to wound healing by promoting the contractile force of

wound closure,[49,50] producing cytokines and chemo-

kines[51] and stimulating angiogenesis. These fibrocytes,

like the leech vasocentral cells, are characterized by

prominent cell surface projections and by the expression

of several markers including CD11b, CD34, and CD45, but

they do not express myeloid markers such as CD14 and

CD11c. When fibrocytes differentiate into myofibroblasts,

they spontaneously up-regulate a-SMA expression and

gradually loose the expression of CD34 and CD45, typical

markers of hematopoietic stem cells.

Takentogether, these results suggestanewrole for IL-8 in

myofibroblast recruitment and differentiation. In Hirudo,

like in vertebrates, myofibroblasts can have different

origins. These cells, as previously described, can derive

from fibroblasts which, in untreated Hirudo, reside in the

thick layerof theextracellularmatrix (ECM)filling the space

between muscle fibers of the body wall. After injury or

cytokine stimulation, these resident fibroblasts proliferate

to produce a new robust collagen scaffold[52] and transdif-

ferentiate into myofibroblasts.[8] Here we show that

myofibroblasts can also derive from the vasocentral cells

recruited in the injured area by IL-8.
Conclusion

We show that the in vivo biopolymer cell sorting method

reported here represents an interesting system that allows:

i) identification of the cytokines regulating the tissue repair

processes, ii) isolation and characterization of the specific

cell populations involved in wound healing responses and

recruited by the specific cytokine(s), and iii) the selection of

specific cell populations, whose isolation has been very

difficult to acheive to date, for in vitro culture, expansion,

and differentiation analyses. Moreover, our data highlight

howthe leech, alongwithanovelassaybasedontheuseofa

biomatrix supplemented with cytokines, produces a

combined system (animal model/biopolymer) useful for
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the generation of newmethodologies that canbe applied in

both basic and applicative research.
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