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Introduction
Cardiovascular disease remains the leading cause of death worldwide, with coronary ischemic heart disease accounting for 80% of these fatalities [1-3]. With the total costs of cardiovascular disease rising and expecting to reach $1.1
trillion in the United States alone by 2035, [4] heart failure is in need of new therapies.
Cell-based therapies have shown particular promise in several difficult-to-treat conditions and diseases [5-7]. Human
adipose-derived stem cells (ASCs) hold unique qualities for use in regenerative medicine. A well-known benefit of ASCs lies in
their unique ability to differentiate along with several mesodermal and endothelial lineages as human adipose-derived progenitor cells (APCs) [8,9]. APCs may directly repair, replace, or regenerate multiple cell types in the cardiac myocardium [10-13].
In addition to the regenerative benefit of multi-differentiation, ASCs also secrete several cytokines that promote angiogenesis. One of the most well studied angiogenic cytokine is vascular endothelial growth factor (VEGF) [8,9,14,15]. VEGF is
involved in several angiogenic functions, to include endothelial cell migration, mitogenesis, vascular sprouting, and vascular
tube formation [16,17]. VEGF-A is the most active multi-tasking factor among the VEGF family of proangiogenic cytokines
and is essential for cardiovascular development and function [18,19].
Translational therapy with VEGF-Alone for ischemic heart disease has been an intense focus of research. Intracoronary and intravenous infusions of recombinant VEGF (rVEGF) in patients with coronary disease have been encouraging
[20-22]. However, clinical trials with VEGF therapy, either through gene therapy or through infusion, have not demonstrated
statistical clinical benefit [23-28]. The short half-life and hypotensive side effects of infused rVEGF-A limit its angiogenic
potency [21,29]. In this study, we examine the hypothesis that APC might secrete greater quantities of VEGF-A165than ASCs
and therefore may be better potential therapeutic candidates for cardiac repair than ASCs alone. The purpose of this study
was to quantitate secreted VEGF-A165 (sVEGF-A165) from ASCs and APCs of adipogenic, osteogenic, and chondrogenic lineages and correlate those quantities to a known median effective dose (ED50) of rVEGF165 activity.
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Abbreviations
VEGF= vascular endothelial growth factor; rVEGF=
recombinant vascular endothelial growth factor; ASCs= adipose-derived stem cells; APCs= adipose-derived progenitor
cells; VEGF-A165= vascular endothelial growth factor isoform
165; ED50= median effective dose; sVEGF-A165= secreted vascular endothelial growth factor-A isoform 165; SVF= stromal
vascular fraction; HUVECs= human umbilical vein endothelial
cells

Methods
Overview
Fresh human lipoaspirate underwent enzymatic processing to isolate the stromal vascular fraction (SVF). From
the SVF, the ASCs were adherently (plastic) expanded. The
ASCs then underwent selected differentiation to produce APCs
along osteogenic, adipogenic, and chondrogenic lineages. An
undifferentiated ASC control was also cultured concurrently.
A sample of the supernatant from each of the four populations was then collected and tested at culture days 7, 14, and
21 for determination of levels of sVEGF-A165. Complete media change for all four populations was performed on culture
day 4, 7, 11, 14, and 18. Confirmatory cytological stains for
each lineage was performed on culture day 14. Additionally,
the osteogenic APCs also underwent qualitative immunocy
to chemistry for VEGF-A165. This study was completed with
three contiguously executed series of experiments with three
separate patient samples. Each patient sample established a
respective “cell line.” Each cell line was initially split to allow
for continued growth beyond differentiation day 14 (at which
time lineage-specific stains were used to assess differentiation in the corresponding other split cell line). The study design schema is represented in figure 1. This is an index qualitatively descriptive study; no statistical analysis was pursued.
Method of SVF isolation
Fresh human waste lipoaspirate from informed and
consented three healthy females were used for this University of Florida Jacksonville Institutional Review Board approved
study (IRB# 201601520). Each of the three lipoaspirate samples was used to prospectively establish a cell line, from initial
ASC expansion to differentiation and analysis. The lipoaspirate
had been harvested using standard operative tumescent techniques using syringe liposuction. The tumescent solution included normal saline, lidocaine, and epinephrine. Shortly afJScholar Publishers
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ter harvest, the fresh lipoaspirate was then processed using the
“Reviticell Kit” (Reviticell, Inc., Jacksonville, FL) with its inherent 10-step process. In brief, shortly after the lipoaspirate was
obtained, 70mls of unconcentrated lipoaspirate was measured
out and subsequently underwent intersyringe transfer (between
two 60 ml syringes provided as part of the Reviticell Kit) for five
transfers. Then, 17.5 ml of lipoaspirate was placed into each of
four 35 ml custom Transfer Syringes (produced for Reviticell by
Cardinal Health, Dublin, OH and pre-labeled as such by Reviticell). Subsequently, 20 ml of normal saline was added to each
syringe and a homogenous suspension was created. The plunger
rods were then removed and the four Transfer Syringes were centrifuged for 3 minutes at 340 x g (Drucker Diagnostics, 755VES,
State College, PA). The concentrated pellet at the bottom of each
of the four Transfer Syringes was then added to a Concentrate
Syringe (standard 35 ml syringe pre-labeled as such by Reviticell). After discarding the aqueous infranatant from two of the
Transfer Syringes, 7.5 ml of lipoaspirate lowest in the adipose
column of each of the two Transfer Syringes was transferred to
the Concentrate Syringe. A Corase®Syringe (standard 35 ml syringe pre-labeled as such by Reviticell) then received 10 ml of
phosphate buffered saline and Corase®.
Aliquots of Corase® (0.5 ml sterile water with 1 mg of
Corase® were prepared preoperatively). Corase® is produced by
Roche Custom Biotech for Reviticell and is identical to LiberaseMNP-S, which is a blended collagenase meeting current
Good Manufacturing Practice guidelines. It is a purified (not
crude) blend of three enzymes: collagenase I, collagenase II, and
thermolysin. Corase® specific activity is 3.8U/mg or activity of
19-32 Wunsch Units.
The contents of the Concentrate Syringe were then
transferred to the Corase® Syringe (thus containing 15mls of
concentrated lipoaspirate with centrifuged pellets from all four
centrifuged Transfer Syringes). The Corase® Syringe was then
placed into an incubating rocking platform shaker (VWR, Radnor, PA) at 370C for 20 minutes at tilt level of “6” and tilt speed of
“30.” Half of the contents of the Corase® Syringe was then transferred to each of two Transfer Syringes. To these syringes, 20 ml
of saline (provided as a part of the Reviticell Kit) was added and
subsequently centrifuged for 3 minutes. The resultant pellet, also
defined as the stromal vascular fraction or SVF, in the bottom of
each syringe was then collected and combined for culture.
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Figure 1: Study design: Beginning with fresh lipoaspirate, SVF was enzymatically isolated and the ASCs were expanded after plastic adherence. The ASCs were then split into three differentiation media for osteogenic, adipogenic, and chondrogenic progenitor
development. The supernatant of each lineage was then sampled on culture days 7, 14, and 21 and the sVEGF-A165 quantities
were determined by immunoassay. Similarly, first passaged undifferentiated ASCs were also expanded and comparatively tested.
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Method of ASC expansion
The SVF was added to 6 MLS of animal component free
defined media (MesenCult™-ACF basal medium #05451 and 5X
supplement #05452, STEMCELL Technologies, Vancouver, Canada) in a T-25 culture flask (pre-treated with attachment substrate, STEMCELL Technologies, #05444. Flask: VWR, Nunclon
tissue culture flask #470174-450) and incubated at humidified
5% carbon dioxide. Half media change was performed at day
3. The plastic adherent monolayer of ASCs was then expanded
for10 days. At this stage, ASCs were harvested for differentiation
stimulation, while one aliquot was passaged to a new T-25 culture flask for further expansion without differentiation (media
remained the animal component free defined media).

Tri-lineage differentiation
Expanded cells were dissociated from the culture flask
(Mesencult™-ACF Dissociation Kit #05426, STEMCELL Technologies). ASCs were first passaged and seeded on six-well
culture plates at approximately 100,000 cells per well (for the
osteogenic and adipogenic differentiation and approximately
100,000 cells to the coned tube for the chondrogenic differentiation). After attachment, cells were grown to confluence for the
good cultures (the chondrogenic lineage confluence could not
be examined due to the coned tube in which the cell resided).
Each differentiation population received lineage inducing conditioned media. No cell counts were obtained beyond the initial
seeding.
For osteogenic differentiation, basal growth media was
exchanged for conditioned osteogenic differentiation medium
(STEMCELL Technologies, Mesencult™ Osteogenic Stimulatory
Kit #05404). Alizarin Red (Sigma-Aldrich) staining was performed (to specifically stain for calcium) on day 14 and photomicrographs were obtained using whole field bright-light microscopy captured at 15x.
For adipogenic differentiation, basal growth media was
exchanged for conditioned adipogenic differentiation medium
(STEMCELL Technologies, Mesencult™ Adipogenic Differentiation Medium #05412). Oil red O (Sigma-Aldrich) staining was
performed (to specifically stain the lipid droplets) on day 14 and
microphotographs were obtained using whole field bright-light
microscopy captured at 30x.
For chondrogenic differentiation, basal growth media
was exchanged for conditioned chondrogenic differentiation
medium (STEMCELL Technologies, Mesencult™ Chondrogenic
Differentiation Medium #05455). Culturing took place at the
JScholar Publishers
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coned bottom of a polypropylene 15ml tube. Alcian Blue / Nuclear Fast Red (Sigma-Aldrich) staining was performed (to specifically stain sulfated proteoglycans) on day 14 and micrographs
were obtained. The micromass sphere was photographed by indirect microscopy.

Secreted VEGF-A165 immunoassay
At days 7, 14, and 21of culture within the differentiation and non-differentiation media, equal aliquots of media were
collected, diluted 1:1 with sterile PBS and immunoassay using
luminescence analysis for VEGF using Human Luminex Performance Assay Kit (R& D Systems, Minneapolis, MN, #LUH000).
This anti-VEGF-A assay detects isoforms of VEGF-A121, 165,
and 189 without cross-reactivity for VEGF -B, -C, or -D, according to the manufacturer. Standard cocktails 1 & 2 were reconstituted in RD6-40 and serially diluted, per the manufacturer’s
instructions. A 96-well microtiter plate was used and 100 μL of
wash buffer was added to pre-wet the plate, 50 μL of microparticle bead mixture and 50 μL of standard or samples were added
and incubated at room temperature for 3 hours on a horizontal
orbital microplate shaker (0.12” orbit) set at 500 ± 50 rpm. After incubation, the liquid was removed and wells were washed
3X with buffer (100 μL). Then, 50 μL of diluted Biotin Antibody Cocktail was added to each well and incubated for 1 hour
at room temperature on the shaker and washed 3X with buffer.
Next, 50 μL of diluted Streptavidin-PE was added to each well
and incubated for 30 minutes at room temperature before each
well was washed 3X with buffer (100 μL). After resuspending the
microparticles in 100μL of a buffer, the plates were incubated
for 2 minutes and read on a Luminex 100 IS flour analyzer (Luminex, Inc., Northbrook, IL). A known concentration of human
recombinant VEGF was included in each run as a positive control and the concentration of unknown samples was calculated
from a five-parameter logistic (5-PL) curve-fit using a standard
Sigma plot. Media only serves as a control for all test samples and
wash buffer alone serves as blank for the experiment. A standard
curve for analytes was generated using Sigma plot software capable of generating five parameters (5-PL) logistic curve. VEGF
levels were expressed as pg/ml.

Secreted VEGF-A165osteogenic APC immunocytochemistry
On culture day 21, osteogenic APCs underwent qualitative immunocytochemistry for the presence of VEGF-A165.
The Thermo Scientific Ultravision Detection System (catalog #
TR-015-HD) was used to conjugate a primary VEGF antibody
(Thermo Scientific RB-9031-R7-A) through streptavidin-biotin
J Biomed Eng Res 2019 | Vol 3: 103

immune-enzyme detection with resultant chromogenic 3,3’diaminobenzidine (DAB) expression for microscopy. According
to the manufacturer, the primary VEGF antibody reacts with
the 165, 189, and 121 amino acid splice variants of the human
VEGF with expected staining of the cytoplasm, cell surface, and
extracellular surface. Specimen processing proceeded according
to the respective Instructions For Use except that the APCs remained in culture and were not formalin fixed.

Results
After expansion for 10 days in vitro(see figure 2), ASCs
were passaged and underwent progenitor stimulation (osteogenic, adipogenic, and chondrogenic). Similarly, the osteogenic and
adipogenic lineages grew to 80% confluence at day 10 and with
complete confluence at about day 14. All progressed to representative phenotypic functional mature differentiation, as positively
stained on differentiation culture day 14 (see figure 3).
By culture day 21, the osteogenic APCs had developed
spheroids. The staining with only Alizarin Red (indicating the
presence of calcium) remains diagnostic of osteogenic progenitor cells. As seen in Figure 4, the Alizarin Red staining maintained a light red color. As seen in Figure 5, the staining with
only DAB (indicating the presence of VEGF-A165) maintains a
medium to dark brown color. As seen in Figure 6, staining for
both calcium (with Alizarin Red) and VEGF-A165-DAB produces
a generally lighter red-brown comparative to DAB alone or darker than Alizarin Red. This observation is phenotypically diagnostic of an osteogenic progenitor sphere producing VEGF-A165.
By an average of the three cell lines, the osteogenic progenitor population produced comparatively the greatest quantity
of VEGF-A165, maximally on day 14 at 1,684.73 pg/ml. The chondrogenic lineage consistently produced VEGF-A165, albeit in considerably fewer quantities. The greatest increase in VEGF-A165
production was between days 7 and 14: 186% increase of
VEGF-A165 within the osteogenic progenitor lineage. (see Figure
7). As this study quantitated secreted VEGF-A165 longitudinally
among three separate cell lines as harvested from three different
patients, each cell line produced comparatively different quantities of VEGF-A165 (see Figure 8). However, secreted quantities of
VEGF-A165 trended similarly within each cell line.
Calculating VEGF-A165 per million cells was based on
an average of 650,000 cells per 9cm2 well. As the media volume
within each well at each point of supernatant sampling was 2 ml,
peak VEGF-A165 levels were 5.18 ng/ million cells for osteogenic
APCs (sampled at day 14), 4.69 ng/ million cells for adipogenic
JScholar Publishers
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APCs (sampled at day 14), 4.23ng/ million cells for undifferentiated APCs (sampled at day 21), and 1.26 ng/ millions cells for
chondrogenic APCs (sampled at day 14). See Figure 9.
Current Good Manufacturing Grade rVEGF-A165 (Cat#
293GMP, R&D Systems, Minneapolis, MN) stimulates proliferation of human umbilical vein endothelial cells (HUVECs). The
ED50 (median effective dose) for this standard effect is 1 ng/mL
with a specific activity of approximately 1.7 x 103 U/μg. In the
current study, 1.685 ng/mL (1,685 pg/mL) was maximally elaborated as sampled, or 3.37 ng total for 650,000 osteogenic cells
(2ml/well of 650,000 cells). Osteogenic APCs would achieve
ED50 for HUVEC stimulation of 1ng/ml at 1.93 x 105 cells (sampled at day 14), 2.13 x 105 cells for adipogenic APCs (sampled
at day 14), 2.36 x 105 cells for undifferentiated ASCs (sampled
at day 21), and 7.92 x 105 cells for chondrogenic APCs(sampled
at day 14). See Figure 10. Additionally, based on comparative
VEGF-A165 activity of osteogenic APCS, one would need 9.4%
more adipogenic APCs, 18.2% more undifferentiated ASCs, or
75.6% more chondrogenic APCs to generate the same level of
enzymatic activity of osteogenic APCs.

Discussion
ARCserve an essential role in cardiac cell and tissue
regeneration by offering both structural and hormonal regenerative capabilities. From a structural perspective, ASCs exist in
an undifferentiated state, with the ability to self-renew and differentiate along several mesodermal APC lineages[8,9,30-35].
Additionally, animal studies have shown that ASCs have the potential to differentiate in vivo into endothelial cells and cardiomyocytes [34,36,37]. While the maintenance and production of
vessels rely on several growth factors and cytokines, VEGF is one
of the most critical and well-studied angiogenic growth factors
[38]. Hormonally, ASCs have been shown to improve blood flow
in a mouse model of hind limb ischemia by secreting angiogenic
growth factors, including VEGF [39].
While it appears counterintuitive to deliver osteogenic
APCs to adult cardiac tissues damaged by ischemia, it is noteworthy to mention that bone morphogenetic proteins play a
well-established role in both vascular growth [40] and cardiac
development [41]. Heterotopic bone formation is also a consistent finding in valvular heart disease [42]. Up-regulating angiogenesis and down-regulating bone formation in the therapeutic
use of osteogenic APCs for cardiovascular disease will be critical. The current study demonstrates that APCs secreted levels of
VEGF-A165 in a lineage-dependent manner and osteogenic APCs
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Figure 2. Undifferentiated adipose-derived stem cells.
Representative bright-field 10x micrograph illustrating plastic plate adherence and outward extension of non-passaged adipose-derived stem cells (undifferentiated growth day 10).

Figure 3. Adult progenitor cells, differentiation day 14. (A) Representative bright-field 15x micrograph illustrating calcium
staining by Alizarin Red of adipose-derived stem cells differentiated to osteoblasts. (B) Representative bright-field 30x micrograph illustrating lipid droplet staining of adipose-derived stem cells differentiated to adipocytes. (C) Representative indirect
micrograph illustrating a sulfated proteoglycan sphere stained with alcian blue & nuclear fast red indicating adipose-derived
stem cells differentiated to chondroblasts. Sphere diameter 2mm.
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Figure 4. Osteogenic progenitor cell colony
Alizarin Red staining alone for calcium confirms a functional osteogenic progenitor cell colony (40x magnification).

Figure 5. Osteogenic progenitor sphere stained for vegf-a165.
(A) Presumed osteogenic progenitor sphere (ASCs treated with osteogenic differentiation media), unstained, 20x mag. (B)
Same presumed osteogenic progenitor sphere positively stained with DAB (dark brown) alone, indicating the production of
VEGF-A165, 20x mag.
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Figure 6. Osteogenic progenitor cell sphere, stained with alizarin red and dab.
This osteogenic progenitor sphere has been stained with Alizarin Red (for calcium) and DAB (for VEGF-A165), 20x mag. The
staining is comparatively lighter than with DAB alone and darker than Alizarin Red alone, diagnostic for an osteogenic progenitor sphere producing VEGF-A165.

Figure 7. Secreted Vegf-A165 Levels (means of the three cell lines respectively).
At days 7, 14, and 21 of lineage-specific culture, samples of each APC supernatant (osteogenic, adipogenic, and chondrogenic)
were obtained and VEGF-A165 levels determined by immunoassay. Similarly, the VEGF-A165 levels of undifferentiated first passaged
ASCs were also measured. The osteogenic media displayed the highest levels of VEGF-A165. The chondrogenic lineage secreted the
least amount of VEGF-A165.
JScholar Publishers
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Figure 8. Secreted Vegf-A165 Levels (by cell line)
Each of the three cell lines produced respectively different quantities of VEGF-A165, through respective levels trended similarly:
panel A (osteogenic APCs), panel B (adipogenic APCs), panel C (ASCs), panel D (chondrogenic APCs).

Figure 9. Secreted vegf-a165 maximum levels per 106 adipose-derived progenitor cells.
These values are reflective the maximal quantity of VEGF-A165 as sampled on differentiation day 14(osteogenic, adipogenic,
and chondrogenic APCs) and culture day 21 for undifferentiated ASCs.

JScholar Publishers
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Figure 10. Comparative quantities of apcs to achieve vegf-a165 ed50 for human Umbilical vein endothelial cell (huvec) stimulation.
Correlation is specific to Current Good Manufacturing Practice recombinant VEGF-A165 (Cat# 293GMP, R&D Systems, Minneapolis, MN) and secreted VEGF-A165 levels are reflective of maximum sampling lots (day 14 for APCs and day 21 for undifferentiated ACSs).

Central Illustration: In this photomicrograph, this osteogenic progenitor cell sphere has been stained for both calcium (confirming osteogenic function) as well as VEGF, confirming that the osteogenic progenitor cells are indeed producing both
calcium and VEGF.
JScholar Publishers
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secreted greater quantities of VEGF-A165 than either adipogenic
or chondrogenic APCs. This pattern of VEGF in vitro secretion
may reflect the dual hematopoietic and structural properties of
bone. VEGF-A is a key regulator of perichondrial angiogenesis and osteoblast survival [43,44] but, not osteoblast differentiation[45]. The latter finding suggests that enhanced VEGF-A
secretion is not a sufficient determinant of bone formation by
osteogenic APCs. In this current study, it may be intuitive to
assume that a homogenous population of ASCs treated with an
osteogenic differentiation medium may become VEGF-A165 secreting osteogenic progenitor cells; indeed, the VEGF-A165-DAB
immunostain in combination with the calcium-Alizarin Red
stain proved this assumption correct.
The potency of APCs with respect to VEGF-A production may be compared to the known enzymatic activity of
rVEGF165. The cell proliferation assay against which rVEGF activity is measured includes HUVEC stimulation [46] The median
effective dose (ED50) for this effect of Current Good Manufacturing Grade quality rVEGFis 1-6 ng/mL with a specific activity
of approximately 1.7 x 103 U/µg (Cat# 293GMP, R&D Systems,
Minneapolis, MN). As a comparative measure, 1.93 x 105 osteogenic APCs would be needed to achieve an ED50 for HUVEC
stimulation based on known activity of rVEGF165.In vivo modeling for the efficacy of cardiac performance of with secreted
VEGF-A165, as elaborated by infused ASCs, will need to be compared against rVEGF-A165 infusion in a head-to-head study.

Therapeutic in vivo tissue regeneration will require the
classical components that ex vivo tissue engineering requires:
matrix scaffolds, cells, and signaling molecules. However, a stark
difference between in vivo and ex vivo tissue engineering will be
the inherent more complex dynamics between these three entities as appreciated vivo. While the complete characterization
of ASCs, much fewer APCs, is currently unknown, designing
regenerative therapies that will leverage the original biological
characteristics of these therapeutic cells will be mandatory. As
can be seen from the three cell lines, each cell line produced differing quantities of VEGF-A165 though each cell line was cultured
in ostensibly same culture conditions. A limitation of this study is
the small sample size (three cell lines) and certainly, further studies instituting a greater cell line quantity will be needed to better
assess these current findings. Finally, while speculative, including ASCs as cellular constituents to the tissue-building process,
may afford unintended benefits; for example, they may differ to
fibroblasts to produce matrix proteins (such as collagen), they
may differentiate to cells to stabilize the micro-milieu (such as
in their anti-inflammatory abilities), and they may differ to cells

JScholar Publishers

11
to produce signaling cytokines (such as VEGF). However, what
is not speculative is that we cannot live without them. Matching
their original biological characteristics to targeted therapies will
be essential in establishing much-needed healthcare solutions.

Conclusions
Culture-expanded osteogenic APCssecreteVEGF-A165
in greater quantities than adipogenic and chondrogenic APCs or
from undifferentiated ASCs. Osteogenic APCs secrete the ED50
of a Current Good Manufacturing Grade rVEGF at culture day
14, with 193,000 cells needed respectively. By secreting clinically
useful quantities of VEGF-A165, osteogenic APCs may be a cellbased option for the treatment of ischemic diseases.

Tweet
Human osteogenic adipose-derived progenitor cells as
a source of vascular endothelial growth factor for the treatment
of cardiovascular disease
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