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Abstract

Adipose tissue—derived microvascular fragments rapidly reassemble into microvascular networks within implanted
scaffolds. Herein, we analyzed the contribution of macrophages to this process. C57BL/6 mice received clodronate
(clo)-containing liposomes for macrophage depletion, whereas animals treated with phosphate-buffered-saline-containing
liposomes served as controls. Microvascular fragments were isolated from clo- and phosphate-buffered-saline-treated
donor mice and seeded onto collagen—glycosaminoglycan matrices, which were implanted into dorsal skinfold chambers
of clo- and phosphate-buffered-saline-treated recipient mice. The implants’ vascularization and incorporation were
analyzed by stereomicroscopy, intravital fluorescence microscopy, histology, and immunohistochemistry. Compared to
controls, matrices within clo-treated animals exhibited a significantly reduced functional microvessel density. Moreover,
they contained a lower fraction of microvessels with an o-smooth muscle actin (SMA)™ cell layer, indicating impaired
vessel maturation. This was associated with a deteriorated implant incorporation. These findings demonstrate that
macrophages not only promote the reassembly of microvascular fragments into microvascular networks, but also
improve their maturation during this process.
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Introduction the formation of new blood-perfused networks within
implanted scaffolds.>!" Accordingly, it may be speculated
that in future clinical practice MVFs serve as autologous
vascularization units, which are harvested intraoperatively
from fat samples and retransferred during the ongoing
procedure into a tissue defect of the same patient.

Of note, the course of the early inflammatory host tis-
sue response to implanted biomaterials crucially contrib-
utes to their degree of vascularization and incorporation.'?

The establishment of an effective vascular supply repre-
sents a key challenge to ensure a successful incorporation
and long-term function of implanted tissue constructs.!
This can be achieved by the seeding of scaffolds with
endothelial progenitor cells,” mesenchymal stem cells,>*
keratinocytes,>® glandular-derived stem cells,” dermal
fibroblasts,® or induced pluripotent stem cell-derived
endothelial cells.® Of interest, the prevascularization of
scaffolds with adipose tissue—derived microvascular
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During this process, several angiogenic growth factors,
such as vascular endothelial growth factor (VEGF) or
basic fibroblast growth factor (bFGF), are released by
macrophages, particularly of the M2 phenotype.'>!'* In
fact, after their recruitment from the blood stream toward
the site of biomaterial implantation, macrophages not only
act as phagocytes to clear cellular debris, but also as a
major source of pro-angiogenic cytokines and growth
factors.!>16

In a previous study, we have already shown that MVF-
prevascularized collagen—glycosaminoglycan matrices
contain significant numbers of CD68* macrophages after
their implantation.!” However, the influence of these
immune cells on the network forming capacity of MVFs
has not been analyzed so far. Based on the crucial role of
macrophages in angiogenesis, we herein hypothesized that
they promote the interconnection of MVFs with each
other and, thus, the vascularization and incorporation of
MVF-seeded scaffolds.

To test this hypothesis, we used dichloromethylene bis-
phosphonate (clodronate (clo)) encapsulated in liposomes
to induce apoptosis of macrophages in C57BL/6 mice,
whereas phosphate-buffered saline (PBS)-containing
liposomes served as controls. MVFs were isolated from
the epididymal fat pads of clo- or PBS-treated donor mice
and subsequently seeded onto collagen—glycosaminogly-
can matrices. In previous studies, we found that MVFs
seeded onto these matrices, which are frequently used as
dermal substitutes in clinical practice, exhibit a high via-
bility and rapidly invade their porous matrix structure to
form new microvascular networks.>!%!” The seeded matri-
ces were implanted into full-thickness skin defects within
dorsal skinfold chambers of clo- or PBS-treated recipient
animals. The vascularization and incorporation of the
implants were analyzed by means of intravital fluores-
cence microscopy throughout 14 days as well as histology
and immunohistochemistry at the end of the 14 days obser-
vation period.

Materials and methods

Animals

All animal experiments were approved by the local gov-
ernmental animal protection committee (permit number:
48/2018) and conducted in accordance with the European
legislation on the protection of animals (Directive 2010/63/
EU) and the NIH Guidelines on the Care and Use of
Laboratory Animals (NIH publication #85-23 Rev. 1985).

Dorsal skinfold chambers were implanted in C57BL/6
wild-type mice (Institute for Clinical & Experimental
Surgery, Saarland University, Homburg/Saar, Germany)
with an age of 3—6 months and a body weight of 24-30g.
Epididymal fat was isolated from green fluorescent protein
(GFP)* donor mice (C57BL/6-Tg(CAG-EGFP)10sb/J;
The Jackson Laboratory, Bar Harbor, ME, United States)

with an age of 7-12 months and a body weight of >30g.
The animals were housed under a 12-h day/night cycle and
were fed with water and standard pellet food (Altromin,
Lage, Germany) ad libitum.

Isolation of MVFs

As previously described in detail, MVFs (Figure 1(a))
were harvested from the epididymal fat pads of GFP™*
C57BL/6 donor mice.'® Briefly, collagenase NB4G (0.5 U/
mL; Serva, Heidelberg, Germany) was used to enzymati-
cally digest the fat tissue under slight stirring and humidi-
fied atmospheric conditions (37°C, 5% CO,) for ~10min.
The enzyme was then neutralized by adding two volumes
of PBS supplemented with 20% fetal calf serum (FCS).
After incubation of the suspension containing MVFs and
single cells for Smin at 37°C, the fat supernatant was
removed and the remaining suspension was filtered
through a 200-um mesh. Subsequently, the MVF-single
cell suspension was enriched to a pellet by a 5-min cen-
trifugation at 120X g, which was then resuspended in 0.9%
NaCl for the seeding of collagen—glycosaminoglycan
matrices.

Seeding of collagen—glycosaminoglycan
matrices

To generate standardized collagen—glycosaminoglycan
matrices for the experiments, 12.5-mm? samples were
identically cut out of a 1.3mm thick Integra® Dermal
Regeneration Template Single Layer without silicone
sheet (Integra Life Sciences, Ratingen, Germany) with a
4-mm biopsy punch (kai Europe GmbH, Solingen,
Germany) and stored in PBS until their use. Before the
seeding, 10 uL PBS was carefully sucked out of the matri-
ces by means of a pipette (Eppendorf, Wesseling-Berzdorf,
Germany). They were then placed on a 500-um cell
strainer, and 10 pL 0.9% NaCl containing ~10,000 MVF
and ~200,000 single cells were transferred onto the matri-
ces (Figure 1(b)).? In addition, a 10-pL pipette was used to
induce negative pressure from underneath the matrices. In
previous studies, we have already shown that this proce-
dure results in a sufficient entrapment of MVFs within the
superficial layers of the matrices, which is necessary to
guarantee a rapid reassembly of individual MVFs into new
microvascular networks.!®!”

Modified dorsal skinfold chamber model

MVF-seeded collagen—glycosaminoglycan matrices were
implanted into full-thickness skin defects within dorsal
skinfold chambers of C57BL/6 recipient mice (Figure
1(c)). For the implantation of the dorsal skinfold chamber
(Irola Industrieckomponenten GmbH & Co. KG, Schonach,
Germany), the mice were anesthetized by an intraperito-
neal injection of ketamine (75 mg/kg body weight;
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Figure |. Model and experimental study design. (a) Freshly isolated MVFs (arrows) from the epididymal fat pads of a GFP™ donor
mouse. Scale bar: 40 um. (b) Schematic illustration of collagen—glycosaminoglycan matrix seeding with MVFs (red) and single cells
(blue). (c) C57BL/6 mouse with a dorsal skinfold chamber containing a full-thickness skin defect. Scale bar: 17.5mm. (d) Schematic
overview of the experimental protocol of the present study. |: GFP* donor mice and GFP™ recipient mice were treated with
liposomes containing clo or PBS 48 h prior to MVF isolation (day —2). 2: MVFs were harvested from the epididymal fat pads of

the donor animals, seeded onto collagen—glycosaminoglycan matrices and implanted into full-thickness skin defects within dorsal
skinfold chambers of GFP™ recipient mice, which were again treated with clo- and PBS-containing liposomes. 3: The recipient
animals further received intraperitoneal injections of clo or PBS on days 2, 4, 6, 8, 10, and 12. The implants were microscopically
analyzed on day 0, 3, 6, 10, and 14. 4: At the end of the 2-week observation period, the dorsal skinfold chamber preparations were
processed for further histological and immunohistochemical analyses.

Ursotamin®; Serumwerk Bernburg, Bernburg, Germany) received a subcutaneous injection of 5 mg/kg carprofen
and xylazine (25 mg/kg body weight; Rompun®; Bayer, (Rimadyl®; Zoetis Deutschland GmbH, Berlin, Germany).
Leverkusen, Germany). For pain medication, all animals Subsequently, the two symmetrical titanium frames of the
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chamber were fixed on the extended dorsal skinfold. The
animals were then allowed to recover for 48h before a
4mm in diameter full-thickness skin defect was created
within the observation window of the chamber by means
of a dermal biopsy punch (kai Europe GmbH). Each defect
was then filled with a MVF-seeded collagen—glycosami-
noglycan matrix, and the observation window was sealed
again with a removable cover glass.

Macrophage depletion

For macrophage depletion, we used clo-containing
liposomes. To mimic an autologous transplantation of
MVFs in the present study, as envisaged for their future
clinical application, both donor and recipient mice received
an intraperitoneal injection of 200 pL clo- (S5mg/mL) or
PBS-containing liposomes 48h prior to the harvesting of
MVFs and the implantation of MVF-seeded collagen—gly-
cosaminoglycan matrices (Figure 1(d)). This dose has pre-
viously been used in other studies to successfully deplete
macrophages.?*?! In recipient animals, the treatment was
repeated on day 0, that is, the day of matrix implantation,
as well as on days 2, 4, 6, 8, 10, and 12 (Figure 1(d)).

Stereomicroscopy

The epithelialization and hemorrhage formation of colla-
gen—glycosaminoglycan matrices were assessed stereomi-
croscopically by means of repetitive planimetry. For this
purpose, the anesthetized animals were fixed on a Plexiglas
stage and the dorsal skinfold chamber was positioned
under a stereomicroscope (Leica M651, Wetzlar, Germany)
on day 0 (day of implantation), 3, 6, 10, and 14. To identify
epithelialized and non-epithelialized areas, the chamber
tissue was visualized in epi-illumination. Trans-
illumination was further used to evaluate the extent of
bleeding (given in % of implant surface) induced by the
MVF-seeded matrices by means of a semiquantitative
hemorrhagic score as follows - 1: no bleeding, 2: 1%—25%,
3:26%—-50%, 4: 51%—75%, 5: 76%—100% of the implant
surface with bleeding, and 6: bleeding exceeding the
implant surface.?? All microscopic images were recorded
by a DVD system and analyzed with the computer-assisted
off-line analysis system Caplmage (Version 8.5, Zeintl,
Heidelberg, Germany). The epithelialized area (given in
%) was calculated by the equation as follows: (total
implant area—non-epithelialized implant area)/(total
implant area) X 100.

Intravital fluorescence microscopy

After stereomicroscopic analysis of the implants, 0.1 mL
of the blood plasma marker 5% fluorescein isothiocyanate
(FITC)-labeled dextran (150,000 Da; Sigma-Aldrich,
Taufkirchen, Germany) was injected into the retrobulbar

venous plexus of the anesthetized animals for contrast
enhancement. The chamber window was then positioned
under a Zeiss Axiotech fluorescent epi-illumination micro-
scope (Zeiss, Oberkochen, Germany) and microscopic
images were recorded with a charge-coupled device video
camera (FK6990; Pieper, Schwerte, Germany) and a DVD
system for off-line analyses using Caplmage (Zeintl).
Throughout the entire observation period, the vasculariza-
tion within the implants was assessed in 12 identical
regions of interest (ROIs), which were determined before
the experiment along a horizontal (6 ROIs) and vertical
line (6 ROIs), covering the entire implant diameter. This
enabled the repetitive assessment of the newly developing
microvascular networks within each area over time. ROIs
exhibiting red blood cell (RBC)-perfused microvessels
were defined as perfused ROIs (given in % of all observed
ROIs). Furthermore, the functional microvessel density
was determined as the total length of all RBC-perfused
microvessels per ROI (cm/cm?). In addition, the diameter
(d, um) and the centerline RBC velocity (v, um/s) of 40
randomly selected microvessels were measured. These
microhemodynamic parameters were used to calculate the
wall shear rate (y, s™') by means of the Newtonian defini-
tion y=8 X v/d.

Flow cytometry

To confirm the depletion efficiency of the injected
liposomes, blood of PBS-treated (n=8) and clo-treated
(n=8) mice was analyzed by means of flow cytometry at
the end of the 2-week observation period. For this pur-
pose, ~800 uL. whole blood of the mice was collected in
ethylenediaminetetraacetic acid (EDTA) tubes (Sarstedt,
Niimbrecht, Germany). Subsequently, each blood sample
was lysed with Pharm Lyse® (Becton Dickinson (BD),
Heidelberg, Germany) for 30 min and washed twice with
20 mL PBS. Forward and side scatters were used to deter-
mine the percentage of monocytes within 10,000 leuko-
cytic cells (granulocytes, monocytes, and lymphocytes)
by means of a FACScan (BD Biosciences) and the soft-
ware package CellQuest Pro (BD Biosciences).

Histology and immunohistochemistry

Formalin-fixed samples of the dorsal skinfold preparation
as well as the spleen and liver of recipient animals were
embedded in paraffin and cut into 3-um-thick sections.
According to standard procedures, hematoxylin and eosin
(HE) staining of individual sections was performed. By
means of a BX60 microscope (Olympus, Hamburg,
Germany) and the imaging software cellSens Dimension
1.11 (Olympus), the density of infiltrating cells (mm™2)
was assessed in 4 ROIs within the border (2 ROIs) and
center (2 ROIs) zones of implanted MVF-seeded colla-
gen—glycosaminoglycan matrices. To further quantify the
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collagen content within the implants, additional sections
were stained with Sirius red. The collagen content of the
implants was also assessed in 4 ROIs within their border (2
ROIs) and center (2 ROIs) zones in relation to normal
skin.'®

Furthermore, sections were co-stained with a monoclo-
nal rat anti-mouse antibody against the endothelial cell
marker CD31 (1:100; Dianova, Hamburg, Germany) and a
polyclonal goat antibody against GFP (1:200; Rockland
Immunochemicals, Limerick, PA, United States), fol-
lowed by a goat anti-rat I[gG Alexa555 antibody (Life
Technologies, Ober-Olm, Germany) and a biotinylated
donkey anti-goat antibody (1:30; Dianova) as secondary
antibodies. The biotinylated antibody was detected by
streptavidin-Alexa488 (1:50; Life Technologies). Cell
nuclei were stained with Hoechst 33342 (2 pg/mL; Sigma-
Aldrich). The density of CD31* microvessels (mm2) and
the fraction of CD31"/GFP™" microvessels (%) were quan-
titatively analyzed within the implants.

Additional sections were co-stained with a monoclonal
rat anti-mouse antibody against CD31 (1:100; Dianova
GmbH) and a rabbit anti-mouse antibody against a-smooth
muscle actin (SMA) (Abcam, Cambridge, United
Kingdom) as primary antibodies. A goat anti-rat 1gG
Alexa555 antibody and a goat anti-rabbit Alexa488 anti-
body (1:100, Life Technologies) served as secondary anti-
bodies. Cell nuclei on each section were stained with
Hoechst 33342 (2 pg/mL; Sigma-Aldrich). On each sec-
tion, 100 randomly selected microvessels within the
implants were analyzed to assess the fraction of mature
CD31"/SMA™ microvessels (%).

For the immunohistochemical detection of CD68*
macrophages as well as M1 and M2 macrophages, sections
were incubated with a rabbit polyclonal anti-CD68 anti-
body (1:300; Abcam), a rabbit polyclonal anti-inducible
nitric oxide synthase (iNOS) antibody (1:100; Abcam),
and a rabbit polyclonal anti-CD163 antibody (1:200;
Abcam) as primary antibodies, followed by a biotinylated
goat anti-rabbit IgG antibody (ready-to-use; Abcam) or a
goat anti-rabbit peroxidase antibody (ready-to-use;
Abcam) as secondary antibodies. The biotinylated anti-
body was detected by peroxidase-labeled-streptavidin
(ready-to-use; Abcam). The chromogen used was 3-amino-
9-ethylcarbazole (Abcam). All sections were counter-
stained with Mayer’s hemalum (Merck). To detect mast
cells within the implants, additional sections were stained
with toluidine blue according to standard protocols.?

For the immunohistochemical detection of the cytoker-
atin* epithelial layer covering the implants on day 14, sec-
tions of the largest cross-sectional diameter of the matrices
were incubated with a rabbit polyclonal anti-cytokeratin
antibody (1:100; Abcam) as primary antibody, followed by
a biotinylated goat anti-rabbit IgG antibody (ready-to-use;
Abcam). The biotinylated antibody was detected by perox-
idase-labeled-streptavidin - (1:50; Sigma-Aldrich), and

3,3-diaminobenzidine (Sigma-Aldrich) was used as chro-
mogen. Using a BZ-8000 microscopic system (Keyence,
Osaka, Japan), the length of the cytokeratin® epithelial
layer and the diameter of the implants were measured to
assess epithelialization as follows: (length of cytokeratin*
epithelial layer/total diameter of implant) X 100.

Experimental protocol

MVFs were harvested from the epididymal fat pads of six
GFP* donor mice. Three of the six animals were intraperi-
toneally injected with clo-containing liposomes 48 h prior
to MVF isolation (Figure 1(d)). The other three animals
received PBS-containing liposomes. Subsequently, the
isolated MVFs were seeded onto collagen—glycosamino-
glycan matrices (n=8 per group). These matrices were
implanted into full-thickness skin defects within dorsal
skinfold chambers of 16 GFP~ C57BL/6 wild-type mice.
Eight of these 16 mice already received an intraperitoneal
injection of clo-containing liposomes on the day of dorsal
skinfold chamber implantation. The other eight animals
received PBS-containing liposomes. The treatment was
repeated on day 0, that is, the day of matrix implantation,
as well as on days 2, 4, 6, 8, 10, and 12 (Figure 1(d)). To
mimic an autologous transplantation of MVFs under our
experimental conditions, only clo-treated recipients recei-
ved matrices seeded with MVFs from clo-treated donors
and only PBS-treated recipients received matrices seeded
with MVFs from PBS-treated donors. Vascularization,
incorporation, epithelialization, and hemorrhage forma-
tion of the matrices were assessed by means of repetitive
stereomicroscopy and intravital fluorescence microscopy
on day 0, 3, 6, 10, and 14. At the end of the 14-day obser-
vation period, all animals were sacrificed by means of cer-
vical dislocation in deep anesthesia and the dorsal skinfold
chamber preparations were processed for histological and
immunohistochemical analyses.

Statistical analysis

After testing the data for normal distribution and equal
variance, differences between the two groups were ana-
lyzed by the unpaired Student’s t-test (SigmaPlot 11.0;
Jandel Corporation, San Rafael, CA, United States). In
case of non-parametric data, a Mann—Whitney rank sum
test was used. All values are expressed as means * stand-
ard error of the mean (SEM). Statistical significance was
accepted for a value of p <0.05.

Results

Implant vascularization

The vascularization of MVF-seeded collagen—glycosami-
noglycan matrices was repetitively analyzed within dorsal
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Figure 2. In vivo vascularization capacity of MVFs. (a—f) Intravital fluorescence microscopy (blue light epi-illumination, 5% FITC-
labeled dextran intravenously) of MVF-seeded matrices on day 14 after implantation into full-thickness skin defects within dorsal
skinfold chambers of PBS- (a—c) and clo-treated (d—f) C57BL/6 mice (a, d=overview of chamber observation window; b, e =higher
magnification of inserts in a and d; ¢, f=higher magnification of inserts in b and e; broken lines =implant borders; arrows = perfused
microvessels). Scale bars: a, d=2.1 mm; b, e=565 um; ¢, f= 150 um. (g, h) Perfused ROlIs (g, %) and functional microvessel density
(h, cm/cm?) of MVF-seeded matrices within dorsal skinfold chambers of PBS- (control; white circles; n=8) and clo-treated (black

circles; n=8) mice. Means = SEM. *p < 0.05 vs control.

skinfold chambers of clo- and PBS-treated mice by means
of intravital fluorescence microscopy (Figure 2(a)—(f)).
Throughout the 2-week observation period, the seeded
MVFs reassembled into new microvascular networks
within the implants and also developed interconnections
with the microvasculature of the surrounding host tissue.
The implants of both groups showed a comparable percent-
age of perfused ROIs over time (Figure 2(g)). However, the
functional microvessel density within the matrices of clo-
treated animals was significantly lower on days 10 and 14
after implantation when compared to controls (Figure 2(h)).

The process of matrix vascularization was characterized
by decreasing vessel diameters as well as increasing center-
line RBC velocities and wall shear rates of individual
microvessels (Figure 3(a)—(e)). Of interest, the microves-
sels within implants of clo-treated animals exhibited a

significantly larger diameter when compared to controls
(Figure 3(c)). In contrast, the centerline RBC velocity
within these vessels was reduced (Figure 3(d)), resulting in
a significantly lower wall shear rate (Figure 3(e)).

Implant-induced bleeding

To assess implant-induced hemorrhage formation, the
implanted collagen—glycosaminoglycan matrices were
further analyzed by means of trans-illumination stere-
omicroscopy (Figure 4(a)—(f)). The highest hemor-
rhagic scores for both clo- and PBS-treated matrices
were detected on day 6 after implantation (Figure 4(g)).
The extent of hemorrhage formation did not differ
between the two groups throughout the entire observa-
tion period.
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Figure 3. Microhemodynamics of newly developing
microvascular networks. (a, b) Intravital fluorescence
microscopy (blue light epi-illumination, 5% FITC-labeled
dextran intravenously) of microvessels (arrows) within MVF-
seeded matrices on day 14 after implantation into full-thickness
skin defects in the dorsal skinfold chamber of a PBS- (a) and
a clo-treated (b) C57BL/6 mouse. Scale bars: 80 um. (c—e)
Diameter (c, pm), centerline RBC velocity (d, um/s), and wall
shear rate (e, s™') of individual microvessels within MVF-
seeded matrices in dorsal skinfold chambers of PBS- (control;
white circles; n=8) and clo-treated (black circles; n=8) mice.
Means * SEM. *p < 0.05 vs control.

wall shear rate (s™)

Implant incorporation

At the end of the in vivo experiments, additional histologi-
cal and immunohistochemical analyses were performed to
study the incorporation of the MVF-seeded matrices.
HE-stained sections revealed a lower amount of granula-
tion tissue within clo-treated implants, as indicated by a
significantly reduced number of infiltrating cells
(4011 =521 cells/mm?) when compared to PBS-treated
controls (5693 = 221 cells/mm?; p < 0.05) (Figure 5(a) and
(b)). In line with this, these implants also contained mark-
edly less mature collagen type I fibers, as assessed by
polarized light microscopy of Sirius red—stained sections
(Figure 5(c)—(f)). Furthermore, the density of CD31%
microvessels was significantly reduced within the matrices
of clo-treated animals (Figure 6(a)—(e)). In both groups,
~80% of all detected CD31™" microvessels were also posi-
tive for GFP, proving their origin from the seeded MVFs
(Figure 6(f)—(i)). Finally, the implants within clo-treated
mice revealed a significantly reduced number of microves-
sels exhibiting a perivascular a-SMA™* cell layer, indicat-
ing a lower maturation stage of the newly developed
microvascular networks (Figure 6(j)—(1)).

Immune cell infiltration of the implants

Flow cytometric analyses were performed to prove the
successful macrophage depletion by clo-containing
liposomes. These analyses revealed a significantly
reduced number of circulating monocytes within the
blood of clo-treated mice when compared to PBS-treated
controls (Figure 7(a)-(c)). Moreover, the number of
CD68* macrophages was significantly lower within the
liver (57.6 = 5.4mm?) and spleen (897.9 + 163.0mm2)
of clo-treated animals when compared to controls
(199.4 =33.8mm 2 and 1617.6 =211.9mm 2, respec-
tively). In line with these findings, the implants of clo-
treated mice contained markedly less CD687
macrophages at the end of the 2-week observation period
(Figure 7(d), (e), and (1)). Accordingly, they also pre-
sented with lower numbers of M1 and M2 macrophages
as well as multi-nucleated giant cells (MNGCs) (Figure
7(f)—(k) and (m)—(0)). In contrast, the matrices of both
groups exhibited a comparable number of infiltrating
mast cells (Figure 7(p)—(1)).

Implant epithelialization

The continuous access to the implanted matrices through
the observation window of the dorsal skinfold chamber
additionally allowed the repetitive stereomicroscopic anal-
ysis of implant epithelialization (Figure 8(a)—(d)).
Although not proven to be significant, the matrices of clo-
treated mice revealed a reduced epithelialization through-
out the entire observation period when compared to
PBS-treated controls (Figure 8(e)). This finding was
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Figure 4. Implant-induced hemorrhage formation. (a—f) Trans-illumination stereomicroscopy of MVF-seeded matrices on day 0
(a, d), 6 (b, €), and 14 (c, f) after implantation into full-thickness skin defects within dorsal skinfold chambers of PBS- (a—c) and clo-
treated (d—f) C57BL/6 mice. Scale bars: 2mm. (g) Hemorrhagic score of MVF-seeded matrices within dorsal skinfold chambers of
PBS- (control; white circles; n=8) and clo-treated (black circles; n=8) mice. Means * SEM.

confirmed by the immunohistochemical detection of the
newly developing cytokeratin® epithelial layer, progres-
sively covering the surface of the implants over time
(Figure 8(f)—(h)).

Discussion

In tissue engineering, MVFs represent promising building
blocks, which have already been used in experimental studies
for the vascularization of different scaffold biomaterials,'1%2*
skin flaps,?*?® superficial myocardium,?’ epicardial patches®®
as well as large bone and muscle defects.’>! Notably, the
harvesting of MVFs from adipose tissue typically results in
an isolate that includes various types of single cells, including
adipocytes, mesenchymal stem cells, and immune cells.”'
On the other hand, implanted MVF-seeded scaffolds are rap-
idly infiltrated by immune cells, particularly macrophages,
from the surrounding host tissue.’> The present study now

demonstrates the crucial importance of these immune cells
for the functionality of MVFs. In fact, we have shown that
macrophages promote network formation and maturation of
MVFs within collagen—glycosaminoglycan matrices, which
were implanted into full-thickness skin defects.

We herein treated both MVF donor and recipient mice
with clo-containing liposomes. Once ingested by mac-
rophages, the phospholipid bilayers of these liposomes are
disrupted under the influence of lysosomal phospholipases
and the strongly hydrophilic clo molecules are intracellu-
larly released.’3 As soon as a certain concentration of clo is
reached, irreversible damage causes macrophages to
undergo apoptosis.** This widely used method is consid-
ered the best approach to selectively deplete macrophages
in mammals.’’3° As demonstrated by Ferenbach et al.,*
clo-induced macrophage depletion is typically associated
with a reduced number of circulating monocytes. This
finding was confirmed by our flow cytometric analyses. In
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Figure 5. Final incorporation of MVF-seeded matrices. (a, b) HE-stained sections of MVF-seeded matrices on day 14 after
implantation into full-thickness skin defects within the dorsal skinfold chamber of a PBS- (a) and a clo-treated (b) C57BL/6 mouse
(broken lines =implant border; arrows =striated skin muscle). Scale bars: 260 pm. (c—e) Polarized light microscopy of Sirius red—
stained sections of normal skin (c) as well as MVF-seeded matrices of a PBS- (d) and a clo-treated (e) mouse. Scale bars: 50 um. (f)
Total collagen ratio (implant/skin) within MVF-seeded matrices in PBS- (control; white bar; n=8) and clo-treated (black bar; n=8)

mice. Means = SEM. *p < 0.05 vs control.

addition, we detected a significantly lower number of
CD68* macrophages within the implanted matrices as
well as within the hepatic and splenic tissue of clo-treated
animals when compared to controls. Accordingly, a mark-
edly reduced number of MNGCs, which result from the
fusion of individual macrophages,*! was found within the
implants of macrophage-depleted mice.

The effect of macrophage depletion on the vasculariza-
tion capacity of MVFs was investigated in the dorsal skin-
fold chamber model. In combination with intravital
fluorescence microscopy, this approach not only allows
the repetitive analysis of microvascular network formation
within implanted matrices, but also the assessment of
the functionality of individual microvessels, as indicated
by fluorescently labeled blood perfusion.! We found
that MVF-seeded collagen—glycosaminoglycan matrices
within dorsal skinfold chambers of clo- and PBS-treated
animals exhibit a comparable percentage of perfused ROIs
over time. However, the functional microvessel density
within matrices of clo-treated mice was significantly lower
when compared to controls. This reduced vascularization
was further confirmed by immunohistochemical detection
of CD31" microvessels within the implants at the end of
the 2-week observation period. These results support the
view that macrophages play an important role in the pro-
cess of angiogenesis.*>* In fact, M2 macrophages are
able to produce various pro-angiogenic factors, such as
VEGF and bFGE.** Moreover, proteases secreted by
macrophages contribute to the remodeling of the extra-
cellular matrix and, thus, facilitate neovascularization.*¢

Finally, sophisticated studies indicate that macrophages
can act as guides for endothelial tip cells and are involved
in sprout anastomosis.*’ In the present study, macrophage
depletion may have impaired all these mechanisms, result-
ing in reduced interconnections of individual MVFs and,
thus, a lower density of the microvascular networks.

In addition, microvessels in clo-treated mice also showed
a lack of maturation, as indicated by significantly larger ves-
sel diameters as well as lower centerline RBC velocities and
wall shear rates. Of note, macrophages produce transform-
ing growth factor (TGF)-f3, a 25-kD homo- and heterodimer
crucially involved in vascular development.*® TGF-f
induces the expression of contractile proteins needed for
vascular stabilization by eliciting the switch from mesen-
chymal stem cells toward the smooth muscle cell/pericyte
lineage.*® Furthermore, TGF-B supports vessel stabilization
through the stimulation of both migration and proliferation
of smooth muscle cells.’>! In line with this knowledge,
macrophage depletion resulted in a significantly reduced
number of microvessels exhibiting a perivascular a-SMA™*
cell layer within collagen—glycosaminoglycan matrices of
clo-treated mice when compared to controls.

The development of new microvascular networks in
MVF-seeded matrices is typically associated with hemor-
rhage formation.?? This is particularly the case during the
early phase of vascularization, when the interconnection of
individual MVFs with each other and the surrounding host
microvasculature is not yet fully completed. Accordingly,
we detected the highest hemorrhagic score in both groups
on day 6 after matrix implantation, corresponding to the
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Figure 6. Final vascularization of MVF-seeded matrices. (a—d) Immunohistochemical detection of CD31" microvessels within MVF-
seeded matrices in a PBS- (a, c) and a clo-treated (b, d) mouse (a, b=overview of the implants; ¢, d = higher magnification of inserts
in a and b; broken lines =implant borders; arrows=CD3 1" microvessels). Scale bars: a, b=230 um; ¢, d=45 pm. (e) Microvessel
density (mm™2) within MVF-seeded matrices in PBS- (control; white bar; n=8) and clo-treated (black bar; n=8) mice. Means = SEM.
*p < 0.05 vs control. (f-h) Representative immunohistochemical detection of CD31/GFP" microvessels (arrows) and CD317/
GFP~ microvessels (arrowheads) within a MVF-seeded matrix of a clo-treated mouse. Scale bars: 30 um. (i) GFP™ microvessels

(%) within MVF-seeded matrices in PBS- (control; white bar; n=8) and clo-treated (black bar; n=8) mice. Means = SEM. (j, k)
Immunohistochemical detection of CD31* microvessels with (arrows) and without (arrowheads) a perivascular a-SMA™ cell

layer within MVF-seeded matrices of a PBS- (j) and a clo-treated (k) mouse. Scale bars: 18 pm. (I) a.-SMA™ microvessels (% of all
blood vessels) within MVF-seeded matrices in PBS- (control; white bar; n=8) and clo-treated (black bar; n=8) mice. Means = SEM.

*p < 0.05 vs control.

onset of blood perfusion, as shown by intravital fluores-
cence microscopy. Of interest, we did not observe any sig-
nificant differences in the extent of hemorrhage formation
between the implants of clo- and PBS-treated mice
throughout the entire observation period. This demon-
strates that the implant-induced bleeding was not affected
by the herein performed macrophage depletion.

To assess the incorporation of the MVF-seeded matri-
ces, we additionally analyzed their epithelialization over

time and final collagen content on day 14 after implanta-
tion. Implants in clo-treated animals revealed a slightly
reduced epithelialized surface throughout the entire obser-
vation period. This may be explained by a direct influence
of macrophage-secreted TGF-B. In fact, as previously
described by Reynolds et al.,’? elevated levels of TGF-B
lead to enhanced re-epithelialization of wounds. Moreover,
we detected significantly less mature collagen type I fibers
within matrices of clo-treated mice when compared to
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Figure 7. Systemic and implant-associated immune cells in PBS- and clo-treated animals. (a, b) Flow cytometric histograms

showing the leukocyte population divided into lymphocytic (blue), monocytic (black; arrows), and granulocytic (red) subpopulations

within lysed whole blood of PBS- (a) and clo-treated (b) C57BL/6 mice 14 days after matrix implantation. (c) Monocytes (% of all

leukocytic cells) within the blood of PBS- (control; white bar; n=8) and clo-treated (black bar; n=8) mice. Means = SEM. *p < 0.05

vs control. (d—k) Immunohistochemical detection of CD68" macrophages (d, e; arrows), M| macrophages (f, g; arrows), M2
macrophages (h, i; arrows), and MNGC:s (j, k; arrows) within MVF-seeded matrices of PBS- (d, f, h, j) and clo-treated (e, g, i, k)

mice. Scale bars: 30 um. (l-o) CDé8" macrophages (I; mm2), M| macrophages (m; mm~2), M2 macrophages (n; mm~2), and MNGCs

(o; mm~2) within MVF-seeded matrices in PBS- (control; white bars; n=8) and clo-treated (black bars; n=8) mice. Means = SEM.
*p < 0.05 vs control. (p, q) Toluidine blue—stained sections showing mast cells (arrows) within MVF-seeded matrices of a PBS- (p)

and a clo-treated (q) mouse. Scale bars: 30 pm. (r) Mast cells (mm™2) within MVF-seeded matrices of PBS- (control; white bar; n=8)
and clo-treated (black bar; n=8) mice. Means = SEM.
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Figure 8. Implant epithelialization. (a—d) Stereomicroscopic
images of MVF-seeded matrices on day 0 (a, c) and 14 (b,

d) after implantation into full-thickness skin defects within
dorsal skinfold chambers of a PBS- (a, b) and a clo-treated (c,
d) C57BL/6 mouse (closed black lines=total implant areas;
broken yellow lines =non-epithelialized implant areas). Scale
bars: |.3mm. (e) Epithelialization (% of total implant surface) of
MVF-seeded matrices within dorsal skinfold chambers of PBS-
(control; white bars; n=8) and clo-treated (black bars; n=8)
mice. Means = SEM. (f, g) Immunohistochemical detection of
the cytokeratin™ epithelial layer (arrows) covering MVF-seeded
matrices in a PBS- (f) and a clo-treated (g) mouse. Scale bars:
500 pm. (h) Epithelialization (% of total implant diameter) of
MVF-seeded matrices within dorsal skinfold chambers of PBS-
(control; white bar; n=8) and clo-treated (black bar; n=8)
mice. Means * SEM.

controls. This may be due to the fact that macrophages are
major players in collagen synthesis.”> On the other hand,
because adequate vascularization is a major prerequisite for
implant incorporation,'® the reduced collagen content may
also be due to the impaired microvascular network forma-
tion within implants of macrophage-depleted animals.

Conclusion

The present study demonstrates that macrophages cru-
cially contribute to the vascularization capacity of MVFs.
They do not only promote the reassembly of MVFs into

new microvascular networks, but also improve their mat-
uration during this process. It should be noted that the
numbers and activity of macrophages significantly differ
between individual patients dependent on the status of
their immune system.>*** Hence, our novel findings indi-
cate that this may also determine the outcome of future
clinical interventions using MVFs as vascularization units.
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