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Abstract

Adipose tissue-derived microvascular fragments (MVF) are used as vascularization units in tissue engineering. In this study,
we investigated whether the vascularization capacity of MVF can be improved by systemic low-dose erythropoietin (EPO)
administration. MVF were isolated from the epididymal fat of donor mice and seeded onto collagen-glycosaminoglycan
matrices, which were implanted into full-thickness skin defects within dorsal skinfold chambers of recipient mice. Both
donor and recipient mice were treated daily with either EPO (5001U/kg) or vehicle (0.9% NaCl). The implants were
analyzed by stereomicroscopy, intravital fluorescence microscopy, histology, and immunohistochemistry. EPO-treated
MVF contained a comparable number of proliferating Ki67* but less apoptotic cleaved caspase-3* endothelial cells when
compared to vehicle-treated controls. Moreover, EPO treatment accelerated and improved the in vivo vascularization,
blood vessel maturation, and epithelialization of MVF-seeded matrices. These findings indicate that systemic low-dose
EPO treatment is suitable to enhance the viability and network-forming capacity of MVF.
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Introduction accelerate and improve their vascularization.®® MVF
represent fully functional microvessel segments, which
can be easily isolated from fat samples by means of
mechanical and enzymatical digestion.” After their seed-
ing onto matrices, MVF have been shown to rapidly reas-
semble into new microvascular networks and to connect

In clinical practice, autologous split-thickness skin
grafts (STSG) represent the gold standard for the treat-
ment of extensive full-thickness skin defects.!? For the
initial coverage of these defects, bioengineered substi-
tutes, such as collagen-glycosaminoglycan (CGAG)
matrices, are used to fulfil the functions of the cutaneous
dermal layer and to stimulate both cellular infiltration 'Institute for Clinical & Experimental Surgery, Saarland University,
and vascular ingrowth from the surrounding host tissue Homburg/Saar, Germany

in order to prepare the wound bed for a later STSG .3+ “Department of Trauma and Reconstructive Surgery, Eberhard Karls

.. . University Tuebingen, BG Trauma Center Tuebingen, Tuebingen,
Noteworthy, the development of a sufficient vasculariza- Germanyy g & g
tion within these matrices may require a relatively long
time period of up to 3 weeks.’ Corresponding author: _
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to the blood vessels of the surrounding host tissue. This,
in turn, markedly improves the incorporation of the
implants at the defect site.'”

Of interest, we have recently demonstrated that a 24-h
precultivation of isolated MVF in medium supplemented
with erythropoietin (EPO) further improves their prolifera-
tion and in vivo vascularization capacity.!! EPO is the
main hematopoietic regulator of cellular proliferation and
differentiation along the erythroid lineage and, thus, com-
monly used for the treatment of anemia.'>"'® The glycopro-
tein is released from the kidney in response to hypoxia and
exerts its effects by means of a conformational change of
the erythropoietin receptor (EPOR).!*? Besides the stimu-
lation of hematopoiesis, these effects include nitric oxide-
mediated endothelium-dependent relaxation of arterial
vessels,?' prevention of apoptotic cell death,”? and tissue
regeneration.”> Moreover, EPO is a strong promoter of
angiogenesis.”* Numerous studies could demonstrate that
EPO treatment results in the formation of angiogenic
sprouts originating from pre-existing blood vessels.?>¢
This sprout formation also represents a crucial step in both
the reassembly of individual MVF to new microvascular
networks and their interconnection with the microvascula-
ture of the surrounding tissue.?’

In an ideal clinical setting, MVF may be rapidly iso-
lated from liposuctioned fat and directly retransferred into
a tissue defect of the patient within an intra-operative one-
step procedure. Accordingly, the angiogenic stimulation of
MVF by EPO during a 24-h precultivation phase may not
be expedient. Alternatively, their vascularization capacity
may be improved by systemic EPO treatment of the
patient. To test this hypothesis, we herein isolated MVF
from the epididymal fat pads of vehicle- and EPO-treated
donor mice. The MVF were then seeded onto CGAG
matrices, which were subsequently implanted into full-
thickness skin defects within dorsal skinfold chambers of
vehicle- and EPO-treated recipient animals. The vasculari-
zation and incorporation of the implanted matrices were
analyzed by means of intravital fluorescence microscopy,
histology and immunohistochemistry throughout an obser-
vation period of 2 weeks.

Materials and methods

Animals

Dorsal skinfold chambers were implanted in C57BL/6 wild-
type mice (Institute for Clinical & Experimental Surgery,
Saarland University, Homburg, Germany) with an age of
3—6months and a body weight of 24-28¢. Epididymal fat
was isolated from green fluorescent protein (GFP)* mice
(C57BL/6-Tg(CAG-EGFP)10sb/J; The Jackson Laboratory,
Bar Harbor, ME, USA) with an age of 7-12months and a
body weight of >30g. The animals were housed under a 12h
day/night cycle and received water and standard pellet food
(Altromin, Lage, Germany) ad libitum.

Isolation of MVF

As previously described in detail, MVF (Figure 1(a)) were
isolated from the epididymal fat pads of GFP* C57BL/6
donor mice.®® For this purpose, the animals were anesthe-
tized by an intraperitoneal (i.p.) injection of ketamine
(75mg/kg body weight; Ursotamin®; Serumwerke
Bernburg, Bernburg, Germany) and xylazine (25mg/kg
body weight; Rompun®; Bayer, Leverkusen, Germany). The
harvested adipose tissue was transferred into 10%
Dulbecco’s modified eagle medium (DMEM; 100U/mL
penicillin, 0.1 mg/mL streptomycin; Biochrom, Berlin,
Germany) and washed thrice with phosphate-buffered saline
(PBS). Subsequently, collagenase NB4G (0.5 U/mL; Serva
Heidelberg, Germany) was used to enzymatically digest the
fat tissue under slight stirring and humidified atmospheric
conditions (37°C, 5% CO,) for ~10min. Thereafter, two
volumes of PBS supplemented with 20% fetal calf serum
(FCS) were used to neutralize the enzymatic digestion.
After incubation of the cell-vessel suspension for Smin at
37°C, the supernatant was removed and the resulting sus-
pension was filtered through a 500 um mesh. Subsequently,
MVF were enriched to a pellet by a 5S-min centrifugation at
120g. Finally, the remaining MVF pellet was resuspended in
10 puL of 0.9% NacCl for the seeding of CGAG matrices.

Seeding of CGAG matrices

A 4-mm biopsy punch (kaiEurope GmbH, Solingen,
Germany) was used to cut identical 12.5mm? samples out
of a 1.3 mm-thick Integra® Dermal Regeneration Template
Single Layer without silicone sheet (Integra Life Sciences,
Ratingen, Germany). The matrices were then placed on a
500um cell strainer and 10ul 0.9% NaCl containing
~20,000 MVF and ~200,000 single cells were transferred
onto the matrices with a 20puL pipette (Eppendorf,
Wesseling-Berzdorf, Germany) (Figure 1(b)). This pipette
was additionally used to induce negative pressure from
underneath the CGAG matrices to ensure a sufficient seed-
ing depth of MVF.!” The MVF-seeded matrices were then
either directly processed for further histological and immu-
nohistochemical analyses or implanted into full-thickness
skin defects for in vivo analyses.

Maodified dorsal skinfold chamber model

MVF-seeded CGAG matrices were implanted into full-
thickness skin defects within dorsal skinfold chambers of
GFP- C57BL/6 recipient mice. This approach offers the
main advantage to provide continuous access for repeti-
tive in vivo analyses of wound defects.?® Prior to the
implantation of the dorsal skinfold chamber (Irola
Industrieckomponenten GmbH & Co. KG, Schonach,
Germany), the mice were anesthetized by an i.p. injection
of ketamine (75mg/kg body weight; Ursotamin®) and
xylazine (25mg/kg body weight; Rompun®). For pain
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Figure |. Experimental setting of the study: (a) freshly isolated MVF (arrow) with surrounding single cells (arrowhead) from the
epididymal fat pads of a GFP* donor mouse. Scale bar: 65 um, (b) schematic illustration of CGAG matrix seeding with MVF (red)
and single cells (blue), (c) overview of the chamber observation window directly after implantation of a CGAG matrix (broken

line =matrix border; black frames =ROls for intravital fluorescence microscopy). Scale bar: |.6 mm, and (d) schematic overview of
the experimental protocol of the present study. To mimic an autologous transplantation of MVF, as envisaged for their future clinical
application, both donor and recipient mice of MVF were treated with EPO or vehicle (control) on day =2, —1, and 0. The treatment
of the recipient mice was continued on day | and 2. Dorsal skinfold chambers were prepared in the recipient mice on day -2
followed by the implantation of MVF-seeded CGAG matrices on day 0. Microscopic analyses of the implants were performed on day
0, 3, 6, 10, and 14. Thereafter, the implants were excised for further histological and immunohistochemical analyses.

medication, all animals received a subcutancous (s.c.)
injection of S5mg/kg Carprofen (Rimadyl®;, Zoetis
Deutschland GmbH, Berlin, Germany) at the beginning of
the surgical procedure. Thereafter, the two symmetrical
titanium frames of the chamber were fixed on the extended
dorsal skinfold of the animals, as previously described in
detail ?° After the mice were allowed to recover for 48h, a
4-mm full-thickness skin defect was created within the
observation window of the chamber by means of a dermal
biopsy punch (kaiEurope GmbH). Immediately after
wound creation, the defect was filled with a MVF-seeded
CGAG matrix and the observation window was sealed
with a removable cover glass.

Stereomicroscopy

To analyze both the epithelialization and hemorrhage forma-
tion of implanted CGAG matrices by means of planimetry,
the anesthetized mice were fixed on a plexiglas stage and the
dorsal skinfold chamber was positioned under a stereomicro-
scope (Leica M651, Wetzlar, Germany) on day 0 (day of
implantation), 3, 6, 10, and 14. Then, the chamber tissue was

visualized in epi-illumination to detect epithelialized and
non-epithelialized implant areas. The epithelialized area
(given in %) was calculated by the equation: (total implant
area—non-epithelialized implant area)/(total implant
area) X 100. Subsequently, the extent of bleeding (given in %
of implant surface) induced by the MVF-seeded matrices
was detected by means of trans-illumination microscopy.
Bleeding was evaluated with the use of a semiquantitative
score, which is defined as follows: 1: no bleeding, 2: 1%—
25%, 3: 26%—50%, 4: 51%—75%, 5: 76%—-100%, 6: bleeding
exceeding the implant surface. All microscopic images were
recorded on DVD and subsequently analyzed using the com-
puter-assisted off-line analysis system Caplmage (Zeintl,
Heidelberg, Germany).

Intravital fluorescence microscopy

Following the stereomicroscopic analyses of the CGAG
matrices, the anesthetized mice were retrobulbarily injected
with 0.1 mL of the blood plasma marker 5% fluorescein iso-
thiocyanate (FITC)-labeled dextran (150,000Da; Sigma-
Aldrich, Taufkirchen, Germany) for contrast enhancement.
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Subsequently, the chamber window was placed under a Zeiss
Axiotech fluorescence epi-illumination microscope (Zeiss,
Oberkochen, Germany). The 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). The vasculari-
zation of the implanted matrices was assessed in 12 regions
of interest (ROIs) (Figure 1(c)). ROIs exhibiting red blood
cell (RBC)-perfused microvessels were defined and counted
as perfused ROIs (% of all ROIs). Furthermore, the total
length of all RBC-perfused blood vessels was measured to
calculate the functional microvessel density per ROI (cm/
cm?). Additionally, both diameter (d, pm) and centerline
RBC velocity (v, um/s) of 40 randomly selected microves-
sels within the implants were measured. These two parame-
ters were then used to calculate the wall shear rate (y, s ') by
means of the Newtonian definition y=8 X v/d.

Histology and immunohistochemistry

Formalin-fixed specimens of freshly MVF-seeded CGAG
matrices as well as dorsal skinfold preparations containing
MVF-seeded CGAG matrices were embedded in paraffin
and cut into 3 pm-thick sections. Hematoxylin and eosin
(HE) staining was first performed on individual sections of
all samples according to standard procedures. To quantify
the collagen content of implanted MVF-seeded matrices
after 14 days, additional sections were stained with Sirius
red. Using a BX60 microscope (Olympus, Hamburg,
Germany) and the imaging software cellSens Dimension
1.11 (Olympus), the collagen content in relation to that of
normal skin was assessed in four ROIs of each sample.®

Moreover, dorsal skinfold preparations were co-stained
with a monoclonal 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, USA)
followed by a goat anti-rat IgG 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-Alexa 488 (1:50; Life Technologies) and cell
nuclei were stained with Hoechst 33342 (2 ng/mL; Sigma-
Aldrich). Quantitative analyses of these sections included
the determination of the density of CD31" microvessels
(given in mm2) and the fraction of CD31%/GFP*
microvessels (given in %) within the matrices.

For the detection of Ki67* and cleaved caspase-3
(CC3)* endothelial cells, sections of freshly seeded MVF-
containing matrices were co-stained with a monoclonal
rat anti-mouse antibody against the endothelial cell
marker CD31 (1:100; Dianova) and a rabbit polyclonal
anti-Ki67 antibody (1:500; Abcam, Cambridge, UK) or a
rabbit polyclonal anti-CC3 antibody (1:100; New England
Biolabs, Frankfurt, Germany) as primary antibodies fol-
lowed by a goat anti-rat IgG Alexa555 antibody (Life

Technologies) and a biotinylated goat anti-rabbit IgG
antibody (ready-to-use; Abcam) as secondary antibodies.
The biotinylated antibody was detected by peroxidase-
labeled-streptavidin (1:50; Sigma-Aldrich). 3-Amino-9-
ethylcarbazole (Abcam) was used as chromogen.
Quantitative analyses of these sections included the deter-
mination of the fractions of Ki67* and CC3™ endothelial
cells (given in %) in six randomly selected ROIs within
the freshly seeded matrices.

Experimental protocol

For in vitro and in vivo analyses, 12 GFP™" donor mice were
either pre-treated with EPO (n=6; 500 IU/kg i.p. dissolved
in 100 uL 0.9% NaCl; Roche Pharma, Basel, Switzerland)
or vehicle (n=6; 100 uL 0.9% NaCl) once daily for 3 days
(Figure 1(d)). After the treatment period, GFP™ MVF were
isolated and seeded onto CGAG matrices (n=22), as
described above. Directly after seeding, six matrices were
processed for the histological analysis of proliferating and
apoptotic endothelial cells of the MVF. The remaining 16
matrices were implanted into full-thickness skin defects
within dorsal skinfold chambers of 16 GFP~ C57BL/6
wild-type mice. These recipient mice were treated with
EPO (n=28) or vehicle (n=_8) once daily for 5 days from the
day of skinfold chamber implantation (day —2) (Figure
1(d)). By applying this treatment regimen, we mimicked an
autologous transplantation of MVF, as envisaged for their
future clinical application.

The hemorrhage formation, vascularization, epitheliali-
zation, and incorporation of the implants were assessed by
means of repetitive stereomicroscopy and intravital fluo-
rescence microscopy on day 0, 3, 6, 10, and 14. At the end
of the 2-week observation period, all animals were sacri-
ficed with an overdose of anesthesia and the dorsal skin-
fold chamber preparations were processed for histological
and immunohistochemical analyses.

Statistical analysis

After testing the data for normal distribution and equal
variance, differences between the groups were analyzed by
the unpaired Student’s z-test (SigmaPlot 11.0; Jandel
Corporation, San Rafael, CA, USA). In case of non-para-
metric data, a Mann-Whitney rank sum test was used. All
values are expressed as means = SEM. Statistical signifi-
cance was accepted for a value of p < 0.05.

Results

Proliferating and apoptotic endothelial cells of
freshly isolated MVF

In a first set of experiments, we analyzed CGAG matri-
ces directly after their seeding with EPO- and vehicle-
treated MVF. Immunofluorescent microscopy of the



Spdter et al.

nuclei | Ki67

nuclei |

10 (d)

CD31*/Ki67* cells (%)

control EPO

10 (h)

CD31*/CC3* cells (%)

control EPO

Figure 2. Proliferating and apoptotic endothelial cells in MVF: (a—c) representative images of the immunohistochemical detection
of CD31%/Ki67" (arrows) and CD31%/Ki67~ endothelial cells (arrowheads) of EPO-treated MVF within a CGAG matrix directly
after seeding. Scale bars: 45 um. (d) CD31%/Ki67* endothelial cells (%) of vehicle- (control; white bar; n=3) and EPO-treated
(black bar; n=3) MVF within CGAG matrices directly after seeding, as assessed by immunohistochemical analysis. Means = SEM.
(e—g) representative images of the immunohistochemical detection of CD31%/CC3" (arrows) and CD31*/CC3~ endothelial

cells (arrowheads) of EPO-treated MVF within a CGAG matrix directly after seeding. Scale bars: 45 pm, and (h) CD317/CC3*
endothelial cells (%) of vehicle- (control; white bar; n=3) and EPO-treated (black bar; n=3) MVF within CGAG matrices directly

after seeding, as assessed by immunohistochemical analysis.
Means = SEM.

samples showed a comparable fraction of proliferating
Ki67* endothelial cells within the two groups (Figure
2(a)—(d)). In contrast, although not proven to be signifi-
cant, EPO-treated MVF contained less apoptotic CC3™
endothelial cells when compared to vehicle-treated con-
trols (Figure 2(e)—(h)).

Vascularization of MVF-seeded matrices

The vascularization of CGAG matrices seeded with EPO-
and vehicle-treated MVF was repetitively analyzed in the
mouse dorsal skinfold chamber model by means of intravi-
tal fluorescence microscopy (Figure 3(a)—(f)). This analysis
revealed a significantly higher number of perfused ROIs in
the EPO group when compared to vehicle-treated controls
on both days 6 and 10 (Figure 3(g)). This indicates an accel-
erated vascularization of matrices seeded with EPO-treated
MVF. In addition, these matrices also exhibited a signifi-
cantly higher functional microvessel density on both days
10 and 14 when compared to controls (Figure 3(h)).

During the phase of in vivo implantation, the newly
developing microvascular networks within matrices seeded
with EPO- and vehicle-treated MVF underwent a progres-
sive maturation, as indicated by decreasing diameters as
well as increasing centerline RBC velocities and wall shear
rates of individual microvessels over time (Table 1). Of
interest, this maturation process was more pronounced in

matrices seeded with EPO-treated MVEF, which finally con-
tained blood vessels with a smaller diameter and a higher
wall shear rate when compared to controls (Table 1).

Implant-induced bleeding

All implants were additionally analyzed by means of trans-
illumination stereomicroscopy to determine whether EPO-
treatment promotes the formation of hemorrhages in
MVF-seeded CGAG matrices. The highest hemorrhagic
score for both groups was detected on day 6 after implan-
tation (Figure 4(a)—(g)). Of interest, this score was signifi-
cantly higher in the EPO group when compared to the
control group. As already shown by intravital fluorescence
microscopy, the newly developing microvascular networks
were still incomplete and unorganized at this early phase
of the vascularization process (Figure 3(b) and (e)). In the
following time course of the experiment, the hemorrhages
within all matrices were progressively resorbed, resulting
in a final hemorrhagic score comparable to that directly
after matrix implantation (Figure 4(g)).

Implant incorporation and vascularization

The matrices of both groups were additionally evaluated by
means of histology and immunohistochemistry on day 14
after implantation. The analysis of HE-stained sections
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Figure 3. Blood perfusion of implanted MVF-seeded CGAG matrices: (a—f) intravital fluorescence microscopy (blue light epi-illumination,
5% FITC-labeled dextran 150.000 i.v.) of MVF-seeded CGAG matrices on day O (a, d), 6 (b, e), and 14 (c, f) after implantation into
full-thickness skin defects within dorsal skinfold chambers of vehicle- (a—c) and EPO-treated (d—f) C57BL/6 mice. Broken lines=matrix
borders, arrows = perfused microvessels, arrowheads =interconnections of seeded MVF with microvessels of the surrounding host tissue,
asterisks =non-perfused matrix areas. Scale bars: 500 um. (g, h) perfused ROlIs (g, %) and functional microvessel density (h, cm/cm?) of
MVF-seeded matrices in vehicle- (control; white circles; n=8) and EPO-treated (black circles; n=8) C57BL/6 mice directly (d0) as well as

3, 6, 10, and 14 days after implantation, as assessed by intravital fluorescence microscopy and computer-assisted image analysis.
Means = SEM. *p < 0.05 versus control.

Table I. Diameter (um), centerline RBC velocity (um/s), and wall shear rate (s™') of individual microvessels within MVF-seeded
matrices in vehicle- (control; n=8) and EPO-treated (n=8) C57BL/6 mice directly (d0) as well as 3, 6, 10, and 14 days after
implantation, as assessed by intravital fluorescence microscopy and computer-assisted image analysis.

0d 3d 6d 10d 14d

Diameter (um):

Control - 557+35 342*3.0 21.8+20 170x1.8

EPO - 542+15.0 31,0 1.9 14.4 +0.9% I.3x10*
Centerline RBC velocity (um/s):

Control - 228+ 14.0 152.2+30.3 271.8+46.6 2734+ 34.6

EPO 35.6* 164 153.6 =40.3 256.9 +26.3 300.7 +33.9
Wall shear rate (s™'):

Control - 36+24 36763 107.4 £20.2 136.6 £20.4

EPO - 7040 426 11.6 150.6 £23.5 232.7+33.9
Mean = SEM.

*p<0.05 versus control.
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Figure 4. Implant-induced bleeding: (a—f) representative
trans-illumination stereomicroscopic images according to the
semi-quantitative hemorrhagic score, that is, |: no bleeding (a),
2: 19%-25% (b), 3: 26%—-50% (c), 4: 51%—-75% (d), 5: 76%—100%
(e), 6: bleeding exceeding implant surface (f). Scale bars:
I.4mm, and (g) hemorrhagic score of MVF-seeded matrices in
vehicle- (control; white circles; n=8) and EPO-treated (black
circles; n=8) C57BL/6 mice directly (d0) as well as 3, 6, 10, and
14 days after implantation, as assessed by stereomicroscopy.
Means = SEM. *p < 0.05 versus control.

showed a comparable infiltration of a dense granulation tis-
sue into matrices seeded with EPO-treated (4047 £ 466 cells/
mm?) and vehicle-treated (3748 + 363 cells/mm?) MVF
(Figure 5(a) and (b)). Further quantitative analyses of Sirius
red-stained sections revealed a comparable amount of
mature collagen fibers within the implanted matrices of both
groups (Figure 5(c)—(f)).

Although not proven to be significant, matrices seeded
with EPO-treated MVF exhibited a higher density of
CD31* microvessels when compared to controls (Figure
6(a)—(c)). Of interest, additional CD31/GFP co-stainings
showed a tendency toward a lower fraction of GFP*
microvessels originating from the seeded GFP™ MVF
within the EPO group (Figure 6(d)—(g)).

Implant epithelialization

Finally, repetitive epi-illumination stereomicroscopy revealed
an accelerated epithelialization of matrices seeded with
EPO-treated MVF, as indicated by a significantly larger epi-
thelialized area when compared to controls on day 10 after
implantation (Figure 7(a)—~(g)).

Discussion

MVF represent highly angiogenic vascularization units,
which are widely used to study basic mechanisms of
microvascular network formation.’*** Moreover, they are
able to improve the vascularization of different tissue
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Figure 5. Incorporation of implanted MVF-seeded CGAG matrices: (a, b) HE-stained sections of MVF-seeded CGAG matrices

on day 14 after implantation into full-thickness skin defects within the dorsal skinfold chamber of a vehicle- (a) and an EPO-treated
(b) C57BL/6 mouse (broken lines =matrix borders, arrows = panniculus carnosus muscle). Scale bars: 400 um. (c—e) polarized light
microscopy of Sirius red-stained sections of normal skin (c) as well as MVF-seeded CGAG matrices on day |4 after implantation
into full-thickness skin defects within the dorsal skinfold chamber of a vehicle- (d) and an EPO-treated (e) C57BL/6 mouse. Scale
bars: 35um, and (f) total collagen ratio (matrix/skin) of MVF-seeded matrices in vehicle- (control; white bar; n=8) and EPO-treated
(black bar; n=8) C57BL/6 mice on day |4 after implantation, as assessed by polarized light microscopy of Sirius red-stained sections.

Means = SEM. *p < 0.05 versus control.
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Figure 6. Vascularization of implanted MVF-seeded CGAG matrices: (a, b) immunohistochemical detection of CD317
microvessels (arrows) in MVF-seeded CGAG matrices on day 4 after implantation into full-thickness skin defects within the
dorsal skinfold chamber of a vehicle- (a) and an EPO-treated (b) C57BL/6 mouse. Scale bars: 30 pm, (c) microvessel density (mm™2)
of MVF-seeded matrices in vehicle- (control; white bar; n=8) and EPO-treated (black bar; n=8) C57BL/6 mice on day |14 after
implantation, as assessed by immunohistochemical analysis. Means = SEM, (d—f) immunohistochemical detection of CD31*/GFP*
microvessels (arrows) and CD317/GFP~ microvessels (arrowheads) in a MVF-seeded CGAG matrix on day 14 after implantation
into a full-thickness skin defect within the dorsal skinfold chamber of an EPO-treated C57BL/6 mouse. Scale bars: 30 um, and (g)
GFP* microvessels (%) in MVF-seeded matrices of vehicle- (control; white bar; n=8) and EPO-treated (black bar; n=8) C57BL/6
mice on day |4 after implantation, as assessed by immunohistochemical analysis.

Means + SEM.

types.>>° Of interest, recent studies have shown that the

vascularization capacity of MVF can be further enhanced
by exposure to growth factors.''* In fact, we found that a
24-h precultivation in medium supplemented with EPO
improves the viability of MVF and promotes their reas-
sembly into new microvascular networks after seeding
onto CGAG matrices and in vivo implantation.!! In the
present follow-up study, we demonstrate that a systemi-
cally applied low dose of EPO induces similar effects
without the necessity of a time-consuming pre-cultivation
phase of MVF.

Of note, the herein used protocol for EPO treatment
was chosen according to Rezaeian et al.'®, who reported
that the application of the glycoprotein shows maximum
beneficial effects on blood perfusion and angiogenesis of
critically perfused flap tissue when administered in an
overlapping regime, that is, before and after the surgical
intervention. Accordingly, we also exposed MVF to sys-
temic EPO doses before their isolation from donor fat sam-
ples as well as after their transfer into tissue defects of
recipient mice. For this purpose, we used repetitive low
doses of 5001U/kg EPO, which have been proven to nei-
ther affect hematocrit nor hemoglobin levels even when
administered for 20 days.!® Considering the short half-life
of EPO,* this repetitive EPO treatment may have ideally

supported the reassembly of MVF into new microvascular
networks during the first days after matrix implantation.

In a first set of experiments, we isolated MVF from the
epididymal fat tissue of EPO- and vehicle-treated donor
mice to analyze their proliferation and viability. We did not
detect a stimulatory effect of EPO on the proliferation of
endothelial cells. In contrast, EPO-treated MVF exhibited
a lower fraction of apoptotic endothelial cells when com-
pared to vehicle-treated controls. The latter finding is in
line with the results of various other studies demonstrating
anti-apoptotic effects of EPO. For instance, the glycopro-
tein inhibits apoptosis of rat microglial cells in vitro*? and
suppresses neuronal apoptosis in a rodent model of closed
head injury.?? Of particular relevance for the present study,
EPO has been further shown to reduce apoptotic cell death
of adipose tissue* as well as endothelial progenitor cells**
and mature endothelial cells.*®

We investigated the effects of systemic low-dose EPO
treatment on MVF-seeded CGAG matrices in the dorsal
skinfold chamber model. In combination with intravital
fluorescence microscopy, this approach not only allows
the repetitive analysis of microvascular network forma-
tion within implanted matrices, but also the assessment of
the functionality of individual microvessels, as indicated
by fluorescently labeled blood perfusion.?’ We could
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Figure 7. Epithelialization of implanted MVF-seeded CGAG
matrices (a—f) stereomicroscopic images of CGAG matrices
on day 0 (a, d), 6 (b, e), and 14 (c, f) after implantation into
full-thickness skin defects within dorsal skinfold chambers of
vehicle- (a—c) and EPO-treated (d—f) C57BL/6 mice. Closed
lines = matrix borders, broken lines = non-epithelialized matrix
areas. Scale bars: | mm, and (g) epithelialization (%) of MVF-
seeded matrices in vehicle- (control; white circles; n=8) and
EPO-treated (black circles; n=8) C57BL/6 mice directly (d0) as
well as 3, 6, 10, and 14 days after implantation, as assessed by
stereomicroscopy.

Means = SEM. *p < 0.05 versus vehicle.

demonstrate that MVF-seeded CGAG matrices within
EPO-treated mice reveal both significantly more perfused
ROIs on days 6 and 10 as well as a higher functional
microvessel density on days 10 and 14 when compared to
matrices in vehicle-treated animals. This may be due to
the fact that EPO is a potent angiogenic factor,***” which
activates different angiogenic signal transduction path-
ways, such as JAK2/STAT5 and AMPK-KLF2.#4° In
addition, the maturation of microvessels within the CGAG
matrices of EPO-treated mice was more pronounced, as
indicated by significantly smaller vessel diameters on
both days 10 and 14 after implantation. This accelerated
maturation may be explained by an EPO/EPOR-mediated
enhanced proliferation of smooth muscle cells,® which
are responsible for the stabilization of blood vessels.

In line with our intravital fluorescence microscopic find-
ings, we further detected a significantly elevated hemor-
rhage formation within EPO-treated animals when compared
to vehicle-treated controls on day 6. At this early time point,
the matrices of the EPO group already exhibited an improved
perfusion. On the other hand, the newly developing micro-
vascular networks may have still contained many immature
microvessels with an increased permeability causing ele-
vated bleeding. However, due to the fact that the semiquan-
titative score of hemorrhage formation within EPO-treated
mice rapidly returned back to the baseline level of day 0,
this observation has to be interpreted as an EPO-induced
temporary vascularization boost.

At the end of the 14-day observation period, we finally
analyzed the implanted MVF-seeded CGAG matrices by
means of histology and immunohistochemistry. These anal-
yses revealed that neither the cellular infiltration into the
implants nor their collagen content markedly differed
between the two groups. However, the matrices in EPO-
treated mice exhibited a tendency toward a higher microves-
sel density when compared to those in vehicle-treated
controls. In addition, they revealed a reduced fraction of
CD31%/GFP* microvessels. These results indicate that EPO
may have particularly stimulated the early angiogenic
ingrowth of CD31%/GFP™ microvessels from the surround-
ing host tissue into the matrices without improving the
endothelial proliferating activity of the CD31*/GFP™ MVF.

Finally, our stereomicroscopic analysis of the implants
showed a significantly improved epithelialization of CGAG
matrices in EPO-treated animals when compared to vehicle-
treated controls on day 10. This positive effect of EPO on
skin repair has previously been described in other wound
healing studies and may be explained by the stimulatory
effect of this glycoprotein on the proliferating and migratory
activity of fibroblasts and keratinocytes.?®!

Conclusion

The present study demonstrates that systemic low-dose
EPO treatment improves the vascularization capacity of
MVF. This type of treatment enhances their viability and
promotes the vascularization and epithelialization of MVF-
seeded matrices after implantation. Given the fact that EPO
is already approved for the use in patients, the herein applied
MVE-based vascularization approach may be easily com-
bined with EPO treatment in future clinical practice.
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