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Abstract

Angiogenesis in adipose tissue is promoted by insulin-like growth factor | signaling. We analyzed whether this
regulatory mechanism also improves the angiogenic activity of adipose tissue—derived microvascular fragments. Murine
adipose tissue—derived microvascular fragments were cultivated for 24 h in the University of Wisconsin (UW) solution
supplemented with vehicle, insulin-like growth factor |, or a combination of insulin-like growth factor | and insulin-
like growth factor—binding protein 4. Subsequently, we assessed their cellular composition, viability, proliferation,
and growth factor expression. Moreover, cultivated adipose tissue—derived microvascular fragments were seeded
onto collagen—glycosaminoglycan scaffolds, which were implanted into dorsal skinfold chambers to study their
vascularization and incorporation. Insulin-like growth factor | increased the viability and growth factor expression
of adipose tissue—derived microvascular fragments without affecting their cellular composition and proliferation.
Accordingly, scaffolds containing insulin-like growth factor |-stimulated adipose tissue—derived microvascular
fragments exhibited an enhanced in vivo vascularization and incorporation. These positive insulin-like growth factor |
effects were reversed by additional exposure of adipose tissue—derived microvascular fragments to insulin-like growth
factor-binding protein 4. Our findings indicate that insulin-like growth factor | stimulation of adipose tissue—derived
microvascular fragments is suitable to improve their vascularization capacity.
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Introduction implanted scaffolds and rapidly develop interconnections
to the surrounding host microvasculature.®

It is conceivable that in a future clinical scenario, autolo-
gous ad-MVFs are isolated from liposuctioned fat, immedi-
ately seeded onto a scaffold, and retransferred into the tissue
defect of a patient during an intraoperative one-step proce-
dure. On the other hand, it is also possible to cryopreserve

The successful engraftment and survival of tissue-engi-
neered constructs crucially depend on the establishment of
an adequate blood supply after their implantation.!? To
achieve this, the seeding of scaffolds with adipose tissue—
derived microvascular fragments (ad-MVFs) represents a
promising approach.> Ad-MVFs are obtained by short-
term enzymatic digestion of fat samples,* in contrast to the
so-called Stromal \./ascqlar fraction (SVF), Wthh resu.lts Institute for Clinical & Experimental Surgery, Saarland University,
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ad-MVFs,? which offers the exciting opportunity to store
them for later use in biobanks as off-the-shelf vasculariza-
tion units. In addition, we could demonstrate that ad-MVFs
can be precultivated for 24h prior to scaffold seeding and
implantation without affecting their physiological vessel
morphology.'® By using the University of Wisconsin (UW)
solution instead of conventional cell culture medium, this
can be performed under xeno-free conditions according to
good manufacturing practices.!! Of interest, the short-term
cultivation of ad-MVFs is suitable for their stimulation with
pro-angiogenic factors, such as erythropoietin, to further
boost their subsequent in vivo vascularization capacity.'?

There is an accumulating body of evidence that the
microvasculature of adipose tissue underlies different
angiogenic regulatory mechanisms when compared to that
of other tissue types. An upregulated expression of
hypoxia-inducible factor (HIF)-1a rather promotes fibro-
sis than angiogenesis in adipose tissue.!? In contrast, meta-
bolically driven signals associated with an increased
caloric intake stimulate the development of new blood ves-
sels.!* This is most probably due to the fact that the growth
of adipose tissue is determined by the proliferative activity
of its microvasculature.!> In this context, Gealekman
et al.!® reported that insulin enhances angiogenesis in adi-
pose tissue, which is mediated by an increased adipocytic
secretion of insulin-like growth factor (IGF)-1 and the
activation of its receptor on SVF cells.

Based on these findings, we hypothesized in the pre-
sent study that the stimulation of ad-MVFs with IGF-1
during short-term cultivation improves their vasculariza-
tion potential. To test this, we cultivated ad-MVFs from
donor mice for 24 h in the UW solution, which was sup-
plemented with vehicle, IGF-1, or a combination of
IGF-1 and insulin-like growth factor-binding protein 4
(IGFbp4). IGFbp4 inhibits the interaction of IGF-1 with
its receptor'® and, thus, served herein as a negative con-
trol. The cellular composition, viability, proliferation,
growth factor expression, and vascularization capacity of
the cultivated ad-MVFs were analyzed in a panel of in
vitro and in vivo experiments.

Materials and methods

Animals

Ad-MVFs were isolated from the epididymal fat pads of
male C57BL/6 wild-type mice or C57BL/6-TgN(ACTB-
EGFP)10sb/] mice (age: 6—12months; body weight:
>30g; Institute for Clinical & Experimental Surgery,
Saarland University, Homburg/Saar, Germany), which
ubiquitously express green fluorescent protein (GFP).!7
Male GFP~ C57BL/6 wild-type mice (age: 5—7 months;
body weight: 24-26g) with implanted dorsal skinfold
chambers served as recipient animals. The mice were
housed in the animal facility of the Institute for Clinical &
Experimental Surgery (Saarland University, Homburg/
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Figure I. Model and experimental study design: (a) Brightfield
microscopy of ad-MVFs (arrows) directly after enzymatic isolation
from the epididymal fat pads of a GFP* donor mouse. Scale bar:
80 um. (b) Dorsal skinfold chamber on the back of a C57BL/6
mouse. Scale bar: 5mm. (c) Stereomicroscopy of the observation
window of a dorsal skinfold chamber after the implantation of

an ad-MVF-seeded collagen—glycosaminoglycan scaffold (borders
marked by a broken line). Scale bar: I.5mm. (d) Time scheme

of the dorsal skinfold chamber experiments. Two days after the
chamber preparation, ad-MVF-seeded scaffolds were implanted
and repetitively analyzed by means of intravital fluorescence
microscopy on days 0, 3, 6, 10, and |4. Thereafter, the dorsal
skinfold chamber tissue with the implants was excised and
additionally analyzed by histology and immunohistochemistry.

Saar, Germany) with free access to tap water and standard
pellet food (Altromin, Lage, Germany).

This study was approved by the local governmental ani-
mal protection committee (Landesamt fiir Verbraucherschutz,
Saarbriicken; permission number: 29/2014) and conducted
in accordance with the Directive 2010/63/EU and the NIH
Guidelines for the Care and Use of Laboratory Animals
(NIH Publication #85-23 Rev. 1985).

Isolation and cultivation of ad-MVFs

For the isolation of ad-MVFs (Figure 1(a)), donor mice
were anesthetized by an intraperitoneal injection of keta-
mine (75 mgkg! of body weight, Ursotamin®; Serumwerke
Bernburg, Bernburg, Germany) and xylazine (25mgkg™' of
body weight, Rompun®; Bayer, Leverkusen, Germany). The
isolation was performed as previously described in detail.*
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Briefly, both epididymal fat pads were harvested and washed
in phosphate-buffered saline (PBS). Subsequently, they
were mechanically minced with a micro-scissors and enzy-
matically digested in collagenase NB4G (0.5UmL"!; Serva,
Heidelberg, Germany) for 10min under slow stirring at
37°C in a humidified atmosphere with 5% CO,. The colla-
genase was then neutralized with PBS containing 20% fetal
calf serum (FCS). The resulting ad-MVF suspension was
incubated three to five times for 5min at 37°C, and the fat
supernatants were removed. After filtration through a 500-
um mesh, the ad-MVFs were enriched to a final pellet by
centrifugation at 120 X g for Smin.

The isolated ad-MVFs were divided into three equal
parts and cultivated for 24 h under humidified conditions
in 1% agarose—coated 24-well plates filled with 4°C UW
solution (Belzer UW® Cold Storage Solution, Bridge to
Life Ltd., Columbia, SC, USA). Recently, we could dem-
onstrate that these conditions are suitable for the xeno-free
cultivation of ad-MVFs in accordance with good manufac-
turing practices.!! The UW solution was supplemented
with vehicle (PBS), 1-uM IGF-1 (R&D Systems,
Wiesbaden, Germany), or a combination of 1-uM IGF-1
and 0.5-ugmL™" IGFbp4 (R&D Systems). After cultiva-
tion, the ad-MVFs were washed in PBS and analyzed by
means of different in vitro and in vivo approaches.

Flow cytometry

The cellular composition of cultivated ad-MVFs was
assessed by means of flow cytometry. For this purpose, the
ad-MVFs were digested in Accutase® (BioLegend, Fell,
Germany) for 30 min at 37°C into single cells. Subsequently,
the cellular expression of the endothelial cell marker
CD31, the pericyte marker a-smooth muscle actin (a-
SMA), and the stromal/stem cell surface markers CD73
and CDI117 was measured with phycoerythrin (PE)- or
fluorescein isothiocyanate (FITC)-labeled antibodies (BD
Pharmingen, Heidelberg, Germany) by means of a
FACScan (BD Biosciences, Heidelberg, Germany) and the
software package CellQuest Pro (BD Biosciences).
Isotype-identical IgG-PE and IgG-FITC (BD Pharmingen)
served as controls.

Western blot analysis

To study the expression of vascular endothelial growth
factor (VEGF), VEGF receptor-2 (VEGFR-2) and matrix
metalloproteinase (MMP)-2 of ad-MVFs and cultivated
ad-MVFs were transferred into lysis buffer, shock frozen
in liquid nitrogen, and stored at —80°C. For protein extrac-
tion, the ad-MVFs were lysed by homogenization with
additional protease inhibitors (0.5-mM phenylmethylsul-
fonyl fluoride, 1:75 v/v Protease Inhibitor Cocktail, 1:100
v/v Phosphatase Inhibitor Cocktail 2; Sigma-Aldrich,
Taufkirchen, Germany). The lysates were then centrifuged

at 4°C and 16,000 X g for 30 min, and supernatants were
saved as whole protein extracts. Protein concentrations
were analyzed by means of the Lowry method.
Subsequently, 30-pg protein per lane was separated on
10% sodium dodecyl sulfate—polyacrylamide gels and
transferred to a polyvinylidene difluoride membrane (Bio-
Rad Laboratories, Miinchen, Germany). The membranes
were incubated over night at 4°C and for additional 3 h at
room temperature with primary antibodies against VEGF
(1:50; Santa Cruz Biotechnology, Heidelberg, Germany),
VEGFR-2 (1:300; Cell Signaling Technology, Frankfurt,
Germany), and MMP-2 (1:100; Santa Cruz Biotechnology).
Corresponding horseradish peroxidase—conjugated sec-
ondary antibodies (1:1000; R&D Systems) were attached
at room temperature for 1.5h. Protein expression was visu-
alized with enhanced chemiluminescence (ECL Western
Blotting Analysis System, GE Healthcare) and analyzed
with an ECL ChemoCam Imager (Chemostar and
LabImage 1D software; Intas Science Imaging Instruments,
Gottingen, Germany). The data were normalized to B-actin
signals (mouse monoclonal anti-B-actin antibody, 1:5000;
Sigma-Aldrich) to correct unequal loading.

Scaffold preparation and seeding

For the in vivo analyses, the cultivated ad-MVFs were
seeded onto clinically available collagen—glycosaminogly-
can scaffolds (Integra®; Integra GmbH, Ratingen,
Germany) with a diameter of 3mm. Seeding was per-
formed as previously described in detail.!!

Dorsal skinfold chamber model and intravital
fluorescence microscopy

The in vivo vascularization of ad-MVF-seeded scaffolds
was analyzed by means of intravital fluorescence micros-
copy directly (day 0) as well as on days 3, 6, 10, and 14
after implantation into dorsal skinfold chambers of GFP~
C57BL/6 recipient mice (Figure 1(b)—(d)), as described
previously in detail.! Before each microscopy, the anes-
thetized mice received a retrobulbary injection of 0.1-mL
5% FITC-labeled dextran 150,000 (Sigma-Aldrich) for
contrast enhancement by intravascular plasma staining.
The microscopic images were analyzed with the computer-
assisted offline analysis system Caplmage (Zeintl,
Heidelberg, Germany). The vascularization of the implants
was assessed in eight regions of interest (ROIs). Perfused
ROIs (in % of all ROIs) were defined as areas containing
either newly developed red blood cell (RBC)-perfused
microvessels or reperfused GFP+ ad-MVFs. In addition,
we measured the functional microvessel density, that is,
the length of all RBC-perfused microvessels per ROI given
in cmcm2, as well as the diameter (d; given in pm) and the
centerline RBC velocity (v; given in pms™!) of 30 ran-
domly selected perfused microvessels within the implants.
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The wall shear rate (y; given in s71) of these vessels was
then calculated according to y=8 X v/d.

Histology and immunohistochemistry

Histological and immunohistochemical analyses were per-
formed on formalin-fixed specimens of cultivated ad-
MVFs, which were embedded in 200-pL fibrin clots
(Hepato-Prest®; Diagnostica Stago, Asniéres-sur-Seine,
France) and dorsal skinfold preparations with ad-MVF-
seeded implants. For this purpose, they were embedded in
paraffin and cut into 3-pm-thick sections. Hematoxylin
and eosin (HE) staining was performed according to stand-
ard procedures.

To study the presence and expression levels of IGF-1
receptor (IGF-1R) within ad-MVFs, sections of fibrin-
embedded ad-MVFs were co-stained with an antibody
against the endothelial cell marker CD31 (1:100; Dianova,
Hamburg, Germany) in combination with an antibody
against IGF-1R (1:50; Abcam, Cambridge, UK). A goat
anti-rat IgG antibody (1:200; Life Technologies, Eugene,
OR, USA) and a goat anti-rabbit Alexa555 IgG antibody
(1:200; Thermo Fisher Scientific GmbH, Dreieich,
Germany) served as secondary antibodies. To merge the
images, cell nuclei on each section were stained with
Hoechst 33342 (2 ugmL~!; Sigma-Aldrich). The sections
were examined under a BX60 microscope (Olympus,
Hamburg, Germany).

For the immunohistochemical analysis of cell viability
and proliferation, sections of fibrin-embedded ad-MVFs
were co-stained with an antibody against CD31 in combi-
nation with an antibody against the apoptosis marker
cleaved caspase (Casp)-3 or the proliferation marker Ki67,
as described previously in detail.!® The sections were
quantitatively analyzed for the assessment of the fractions
of CD31+/Casp-3+ and CD31%/Ki67* endothelial cells
(given in %) as well as CD317/Casp-3* and CD317/Ki67*
perivascular cells (given in %) in randomly selected fibrin-
embedded ad-MVFs, including at least 200 endothelial
and perivascular cells per sample.

In addition, sections of dorsal skinfold preparations with
ad-MVF-seeded implants were co-stained with an antibody
against CD31 and GFP, as described previously in detail.1
These sections were used to assess the density of all CD31*
microvessels (given in mm2) and the fraction of CD31%/
GFP* microvessels of all CD31" microvessels (given in %)
in the center and the border zones of the implants.

Experimental protocol

For in vitro analyses, ad-MVFs were harvested from 54
C57BL/6 wild-type donor mice. After cultivation, their
cellular composition and protein expression were ana-
lyzed by flow cytometry (n=3 for each group) and
Western blotting (n=4 for each group). Additional ad-
MVFs were used for the immunohistochemical analysis

Table 1. Ad-MVF cells expressing CD3 1, a-SMA, CD73, and
CDI17 (% of all cells), as assessed by flow cytometry.

CD3lI a-SMA CD73 CDI17
Vehicle 256*+26 98=*15 163x17 204=14
IGF-1 30220 132%+32 20.1=0.5 25.0x1.8
IGF-1 +1GFbp4 300*1.0 13.6*1.7 21.6+x06 228*24

Ad-MVF: adipose tissue—derived microvascular fragment; UW: Univer-
sity of Wisconsin; IGF-1: insulin-like growth factor |; IGFbp4: insulin-
like growth factor-binding protein 4; SMA: smooth muscle actin; SEM:
standard error of the mean.

Mean = SEM.

The ad-MVFs were cultivated for 24h in 4°C UW solution supple-
mented with vehicle (n=3), IGF-1 (n=3), or a combination of IGF-|
and IGFbp4 (n=3).

of IGF-1R expression, cell viability, and proliferation
(n=4 for each group).

For in vivo analyses, ad-MVFs were harvested from 37
GFP" donor mice. After their cultivation, they were seeded
onto scaffolds, which were implanted into the dorsal skin-
fold chambers of 24 GFP~ recipient mice (vehicle: n=8;
IGF-1: n=8; IGF-1 + IGFbp4: n=28) for repetitive intravi-
tal fluorescence microscopy. Finally, the animals were sac-
rificed with an overdose of anesthetics and the implants
were further processed for histological and immunohisto-
chemical analyses.

Statistical analysis

All data were tested for normal distribution and equal vari-
ance. In case of parametric distribution of the data, differ-
ences between the three groups were analyzed by analysis
of variance (ANOVA) followed by the Student—Newman—
Keuls post hoc test. In case of non-parametric distribution
of the data, differences were assessed by ANOVA on ranks
followed by Dunn’s test (SigmaPlot 11.0; Jandel
Corporation, San Rafael, CA, USA). All values are given
as mean * standard error of the mean (SEM). Statistical
significance was accepted for a value of p <0.05.

Results

Cellular composition of ad-MVFs

We first performed flow cytometric analyses of ad-
MVFs directly after their cultivation in 4°C UW solu-
tion, which was supplemented with vehicle, IGF-1, or a
combination of IGF-1 and IGFbp4. These analyses
revealed that the different supplements did not affect the
cellular composition of the vessel segments. In all the
three groups, we detected ~ 26-30% CD3 17 endothelial
cells and ~ 10-14% a-SMA™ pericytes (Table 1). In
addition, the ad-MVFs also contained ~ 16-25% cells,
which were positive for the stromal/stem cell surface
markers CD73 or CD117 (Table 1).
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Figure 2. IGF-IR expression, viability, and proliferative activity of ad-MVFs: (a—i) Fluorescence microscopy of fibrin-embedded
ad-MVFs, which were cultivated for 24 h in 4°C UW solution supplemented with vehicle (a, d, g), IGF-1 (b, e, h), or a combination
of IGF-1 and IGFbp4 (c, f, i). Staining was performed with Hoechst 33342 (a—i, blue) for the detection of cell nuclei and an antibody
against CD31| (a—i; green) for the identification of endothelial cells in combination with an antibody against IGF-IR (a—c, red),

an antibody against Casp-3 (d—f; red) for the labeling of apoptotic cells, or an antibody against Ki67 (g—i; red) for the labeling of
proliferating cells. Arrows = marker-positive endothelial cells, arrowheads =marker-positive perivascular cells. Scale bars: | | pm.

(j) Casp-3+ apoptotic (%) and (k) Ki67+ proliferating (%) cells within ad-MVFs, which were cultivated for 24 h in 4°C UW solution
supplemented with vehicle (white bars, n=4), IGF-1 (black bars, n=4), or a combination of IGF-| and IGFbp4 (gray bars, n=4).

Mean =+ SEM; “p < 0.05 vs vehicle; #p < 0.05 vs IGF-1 * IGFbp4.

IGF-1R expression, viability, and proliferative
activity of ad-MVFs

In a second set of experiments, we analyzed the expression
of IGF-1R as well as the viability and proliferative activity
of endothelial cells and surrounding perivascular cells

within cultivated, fibrin-embedded ad-MVFs by means of
immunohistochemistry. We found that IGF-1R is strongly
expressed on both endothelial and perivascular cells of ad-
MVFs (Figure 2(a)—(c)). This confirms the findings of a
previous study reporting the expression of IGF-1R in the
SVF of adipose tissue but not on adipocytes.!¢
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Ad-MVFs cultivated in the vehicle-supplemented UW
solution exhibited ~ 19% endothelial cells and ~ 17%
perivascular cells, which stained positive for the apopto-
sis marker Casp-3 (Figure 2(d) and (j)). This high apop-
tosis rate was significantly reduced, when ad-MVFs were
cultivated in the IGF-1-supplemented UW solution
(Figure 2(e) and (j)). Addition of IGFbp4, in turn, com-
pletely reversed this positive effect of IGF-1 on cell via-
bility (Figure 2(f) and (j)). Moreover, we detected ~
5-7% Ki67* endothelial cells and ~ 3—6% Ki67" perivas-
cular cells without significant differences between the
groups (Figure 2(g)—(i) and (k)). This indicates that the
different supplements had no effect on the proliferative
activity of ad-MVFs.

Angiogenic activation of ad-MVFs

To assess the angiogenic activation of cultivated ad-
MVFs, we next measured the expression of the pro-angi-
ogenic factors VEGF/VEGFR-2 and MMP-2 by means of
Western blot. Cultivation of ad-MVFs in the UW solution
supplemented with IGF-1 or IGF-1 in combination with
IGFbp4 markedly increased their expression of VEGF
and VEGFR-2 when compared to vehicle-treated con-
trols (Figure 3). In addition, we detected a higher expres-
sion of MMP-2, which, however, was not proven to be
significant (Figure 3).

In vivo vascularization capacity of ad-MVFs

Finally, we seeded cultivated ad-MVFs onto collagen—
glycosaminoglycan scaffolds, which were implanted into
dorsal skinfold chambers of recipient mice to study their
vascularization using repetitive intravital fluorescence
microscopy. By means of this approach, we could dem-
onstrate that cultivation of ad-MVFs in IGF-1-
supplemented UW solution accelerates and improves
their in vivo vascularization capacity. In fact, scaffolds
seeded with these ad-MVFs exhibited a significantly
higher number of blood-perfused ROIs already on day 3
after implantation when compared to those seeded with
vehicle-treated controls (Figure 4(a), (b) and (g)). In
addition, they finally contained newly formed microvas-
cular networks with a significantly higher functional
microvessel density on day 10 and 14 (Figure 4(d), (¢)
and (h)). This was associated with improved microhemo-
dynamic parameters. Individual microvessels within the
scaffolds seeded with IGF-1-stimulated ad-MVFs pre-
sented with significantly reduced diameters on day 10
and 14 when compared to those seeded with vehicle-
exposed ad-MVFs, which is a typical sign for enhanced
vessel maturation and remodeling (Table 2). In addition,
these vessels also exhibited higher centerline RBC veloc-
ities and wall shear rates (Table 2). All these positive
effects of IGF-1 stimulation were completely reversed by

IGF-1
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VEGF SEEREEEC
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MMP-2 500 G i o 0 e e e
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Figure 3. Angiogenic activation of ad-MVFs. Western blot
analysis of the expression (pixel intensity X 10%) of VEGF,
VEGFR-2, and MMP-2 within ad-MVFs, which were cultivated
for 24h in 4°C UW solution supplemented with vehicle (white
bars, n=4), IGF-I (black bars, n=4), or a combination of IGF-I|
and IGFbp4 (gray bars, n=4). The data were normalized to
[3-actin signals to correct unequal loading.

Mean *+ SEM; *p < 0.05 vs vehicle.

addition of IGFbp4 to the UW solution during ad-MVF
cultivation (Figure 4(c), (f)—(h) and Table 2).

At the end of the in vivo experiments, we additionally
analyzed implanted ad-MVF-seeded scaffolds by means of
histology and immunohistochemistry. In line with our
intravital fluorescent microscopic results, we found that
scaffolds seeded with IGF-1-stimulated ad-MVFs were
better incorporated at the implantation site when compared
to the other two groups, as indicated by a more pronounced
invasion of granulation tissue at the margins and the center
of the implants (Figure 5(a)—(i)). Moreover, we detected a
higher density of CD31* microvessels within their center
and the border zones (Figure 5(j), (k) and (n)). In contrast,
there were no significant differences in the fraction of
CD31+/GFP+ microvessels (Figure 5(k)—(m) and (0)). The
analyzed border and center zones of the implants of all
three groups exhibited fractions higher than 80% CD31+/
GFP* microvessels (Figure 5(0)).

Discussion

Ad-MVFs represent versatile vascularization units for
different applications in the field of tissue engineering
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Figure 4. In vivo vascularization capacity of ad-MVFs: (a—f): Intravital fluorescence microscopy (blue light epi-illumination with
contrast enhancement by 5% FITC—labeled dextran 150,000 i.v.) of ad-MVF-seeded collagen—glycosaminoglycan scaffolds (borders
marked by broken lines in (a—c)) on day 3 (a—c) and |4 (d—f) after implantation into the dorsal skinfold chamber of C57BL/6 mice.
The ad-MVFs were cultivated for 24 h in 4°C UW solution supplemented with vehicle (a, d), IGF-1 (b, €), or a combination of IGF-1
and IGFbp4 (c, f). Scale bars: (a—c)= 170 pm and (d—f) =70 um. (g) Perfused ROlIs (%) and (h) functional microvessel density (cmcm™)
of ad-MVF-seeded collagen—glycosaminoglycan scaffolds directly (0d) as well as 3, 6, 10, and 14days after implantation into dorsal
skinfold chambers, as assessed by intravital fluorescence microscopy. The ad-MVFs were cultivated for 24h in 4°C UW solution
supplemented with vehicle (white circles, n=8), IGF-1 (black circles, n=8), or a combination of IGF-I and IGFbp4 (gray circles, n=8).

Mean = SEM; “p < 0.05 vs vehicle; #p < 0.05 vs IGF-1 * IGFbp4.

and regenerative medicine. In previous studies, they have
been used to establish a sufficient blood supply to surgi-
cal flaps,'®1? epicardial patches,”® muscle and bone
defects?!?2 as well as dermal skin substitutes.” Although
they already exhibit the unique ability to rapidly reas-
semble into new blood-perfused microvascular networks,
we have recently shown that their vascularization capac-
ity can be further improved during short-term 24-h culti-
vation prior to their in vivo use.!? In the present study, we
now demonstrate that this is achieved by adding IGF-1 as
a culture supplement.

Our novel approach is based on the finding that the
angiogenic activity of blood vessels in adipose tissue is
typically determined by metabolic signals.!® Indeed,

increased insulin levels in the course of high-fat diet
promote the vascular sprouting of adipose tissue, which
is mediated by the upregulation of IGF-1 and downreg-
ulation of IGFbp4.'¢ In line with this view, we herein
found that stimulation of isolated ad-MVFs with IGF-1
does not affect their cellular composition but markedly
enhances their expression of VEGF/VEGFR-2 and
MMP-2 when compared to vehicle-treated controls.
Additional exposure to IGFbp4 did not reverse this pro-
angiogenic effect, indicating that IGF-1 induces the
expression of the analyzed factors independently of the
interaction with IGFbp4. Another possible explanation
for this unexpected observation may be the inefficiency
of IGFbp4 to interact with the IGF-1R in the present
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Table 2. Diameter (um), centerline RBC velocity (ums™'), and wall shear rate (s™') of individual microvessels within ad-MVF-
seeded collagen—glycosaminoglycan scaffolds on day 3, 6, 10, and 14 after implantation into dorsal skinfold chambers, as assessed by

intravital fluorescence microscopy.

Day 3 Day 6 Day 10 Day 14

Diameter (um)

Vehicle 555+938 21.2+0.8 157+0.8 129+0.5

IGF-1 32.1+6.7 218+ 1.5 12.5+£0.5% 10.4 = 0.4

IGF-1 + IGFbp4 39.6 4.7 24.1+1.8 150x0.6 132+0.7
Centerline RBC velocity (ums™')

Vehicle 25.0*+3.0 194.4 +28.1 284.9 +33.5 360.1 =21.9

IGF-1 39.5+98 185.1 289 385.2+30.3% 451.3 = 13.2%

IGF-1 + IGFbp4 13.611.1 96.7 +16.6 243.0 =347 341.1+234
Wall shear rate (s™')

Vehicle 50x23 86.7+123 178.8+23.9 259.0+17.0

IGF-1 266+ 144 777134 2769 | 7.4+ 402.8 =21.2°#

IGF-1 + 1GFbp4 29*24 39.0+7.7 165.1 =30.0 255.1 £245

Ad-MVF: adipose tissue—derived microvascular fragments; UW: University of Wisconsin; IGF-1: insulin-like growth factor |; IGFbp4: insulin-like
growth factor—binding protein 4; RBC: red blood cell; SEM: standard error of the mean.
The ad-MVFs were cultivated for 24 h in 4°C UW solution supplemented with vehicle (n=8), IGF-1 (n=8), or a combination of IGF-1 and IGFbp4

(n=8).
Mean = SEM; *p < 0.05 vs vehicle; #p < 0.05 vs IGF-1 + IGFbp4.

experimental setting due to wrong doses of IGFbp4 and
IGF-1 or a lack of IGFbp4 action time because both
compounds were applied simultaneously. However, we
planned our experiments according to the protocols and
results of previous studies focusing on the interaction of
IGFbp4 and IGF-1. In these studies, the dose of
0.5 ugmL™! IGFbp4 has been shown to potently inhibit
IGF-1-induced angiogenesis.'®?* For this purpose,
IGFbp4 and doses of IGF-1 up to 10uM were also
applied at the same time to different angiogenesis
assays. Moreover, we could demonstrate that 1-pM
IGF-1 effectively protects the endothelial and perivas-
cular cells of ad-MVFs from apoptotic cell death during
cultivation, which is completely reversed by co-expo-
sure with 0.5-pgmL~!-IGFbp4. The latter finding con-
firms previous studies reporting on anti-apoptotic
mechanisms of the growth factor.?42> In endothelial
cells, these mechanisms particularly involve the preser-
vation of the mitochondrial membrane potential and
retention of cytochrome-c as well as a reduction of
Casp-3 activity.?

It is also well known that IGF-1 promotes the prolifera-
tion of endothelial cells and perivascular smooth muscle
cells via activation of the PI3K (phosphoinositide
3-kinase)/Akt pathway.?62” However, our immunohisto-
chemical analyses did not reveal any differences in the
fraction of proliferating Ki67+ cells within vehicle-, IGF-
1-, and IGF-1/IGFbp4-exposed ad-MVFs. This is most
probably due to the fact that the ad-MVFs were cultivated
under hypothermic conditions, which have been shown to
suppress cell proliferation.?82° We chose these conditions
because we wanted to use the UW solution for our experi-
ments, which would also be suitable to cultivate ad-MVFs

under clinical conditions in accordance with good manu-
facturing practices. Recently, we found that for this pur-
pose, it is more favorable to cultivate ad-MVFs at a low
temperature of 4°C because this prevents their aggrega-
tion into larger agglomerates and, thus, facilitates their
subsequent homogeneous seeding onto collagen—glycosa-
minoglycan scaffolds.!!

The in vivo vascularization of ad-MVF-seeded scaf-
folds was assessed in the dorsal skinfold chamber by
means of intravital fluorescence microscopy. In line with
our in vitro results, we found that scaffolds, which were
seeded with IGF-1-stimulated ad-MVFs, exhibited a
faster vascularization, as indicated by a significantly
higher number of perfused ROIs on day 3 after implanta-
tion when compared to the other two groups. A more
rapid onset of blood perfusion in newly developing
microvascular networks is associated with an accelerated
vascular remodeling process over time.3* Accordingly,
we detected a more pronounced decrease of the diameter
and increase of the centerline RBC velocity of individual
microvessels in scaffolds of the IGF-1 group at later
observation time points. These improved microhemody-
namic conditions also resulted in higher wall shear rates,
which are known to promote vascular sprouting.3! Hence,
it may be assumed that this mechanism crucially contrib-
uted to the formation of microvascular networks, which
finally exhibited a higher functional microvessel density
in scaffolds seeded with IGF-1-stimulated ad-MVFs
when compared to those seeded with vehicle- or IGF-1/
IGFbp4-exposed vessel segments.

Finally, we analyzed the implanted scaffolds on day
14 by means of histology and immunohistochemistry.
Of interest, we detected a strong invasion of granulation
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Figure 5. Final vascularization and incorporation of ad-MVF-seeded scaffolds: (a—i): HE-stained sections of ad-MVF-seeded
collagen—glycosaminoglycan scaffolds (borders marked by closed line; b, e, h=red inserts in a, d, g; ¢, f, i=blue inserts in a, d,
g) on day 14 after implantation into the dorsal skinfold chamber of C57BL/6 mice. The ad-MVFs were cultivated for 24h in
4°C UW solution supplemented with vehicle (a—c), IGF-1 (d—f), or a combination of IGF-1 and IGFbp4 (g—i). Scale bars: a, d,
g=380pm and b, c, ¢, f, h, i=60 pm. (j): Scheme displaying the different areas, which were used for the immunohistochemical
analyses (red =implanted scaffold (center) and green =surrounding host tissue (border)). Scale bar =620 pm. (k-m):
Representative images of immunohistochemically stained microvessels in the center of an ad-MVF-seeded collagen—
glycosaminoglycan scaffold on day 14 after implantation into the dorsal skinfold chamber of a C57BL/6 mouse. Staining was
performed with Hoechst 33342 to identify cell nuclei (k-m, blue), an antibody against CD31 for the detection of endothelial
cells (k, red) and an antibody against GFP (I, green). (m) The merge of (k) and (I). Arrows=CD31*/GFP* microvessels and
arrowheads = CD3|+/GFP~ microvessels. Scale bars: 70 um. (n) Microvessel density (mm2) and (o) CD3|+/GFP* microvessels
(%) in the center and border zones of ad-MVF-seeded collagen—glycosaminoglycan scaffolds 14 days after implantation into the
dorsal skinfold chamber, as assessed by immunohistochemical analysis. The ad-MVFs were cultivated for 24 h in 4°C UW solution

supplemented with vehicle (white bars, n=8), IGF-I (black bars, n=8), or a combination of IGF-1 and IGFbp4 (gray bars, n=8).
Mean = SEM; #p < 0.05 vs IGF-1 * IGFbp4.
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tissue into scaffolds seeded with IGF-1-stimulated ad-
MVFs. This observation can be interpreted as a stronger
incorporation of the implants at the end of the observa-
tion period due to their improved vascularization. In
fact, these scaffolds also presented with the highest den-
sity of CD31+ microvessels when compared to the other
two groups. More detailed analyses further revealed that
the fraction of CD31+/GFP+ microvessels was compara-
bly high (>80%) in the border and center zones of the
scaffolds of all the three groups. Importantly, these
immunohistochemical findings indicate that in all the
three groups, the vascularization of the implants was
mainly driven by the seeded GFP+ ad-MVFs. Moreover,
they show that the absolute number of CD31+/GFP+
microvessels was significantly higher in the IGF-1
group, while the fraction of CD31+/GFP+ microvessels
did not differ between the groups. This is most probably
due to the fact that IGF-1 not only improved the viabil-
ity of GFP+ ad-MVFs within the scaffolds and stimu-
lated their outgrowth into the surrounding host tissue
but also simultaneously promoted to the same extent
angiogenesis of GFP~ host microvessels within the scaf-
folds’ border zones and their angiogenic ingrowth into
the implants.

Conclusion

We could demonstrate that IGF-1 improves the viability,
angiogenic activity, and in vivo network-forming capacity
of ad-MVFs. Accordingly, exposure of isolated ad-MVFs
to this growth factor during short-term cultivation may
represent a promising approach to improve their vasculari-
zation properties prior to their retransfer into patients dur-
ing multi-step surgical procedures.
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