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Using stem cell-conditioned medium (CM) might be a
viable alternative to stem cell transplantation, which is
often hampered by low grafting efficiency and poten-
tial tumorigenesis, but the concentrations of angio-
genic growth factors in CM are too low for therapeutic
use and some components of the medium are not for
human use. We used three-dimensional (3D) spheroid
culture of human adipose-derived stem cells (ADSCs)
with clinically relevant medium composed of amino
acids, vitamins, glucose, and human serum to produce
clinically relevant CM containing angiogenic and/or
antiapoptotic factors such as vascular endothelial cell
growth factor, fibroblast growth factor 2, hepatocyte
growth factor, and chemokine (C-X-C motif) ligand
12. The concentrations of these factors were 23- to
27-fold higher than that in CM produced by conven-
tional monolayer culture. Compared with injection of
either monolayer culture CM or human ADSC, injection
of spheroid culture CM to an ischemic region in mice
significantly enhanced endothelial cell growth, CD34%/
PTPRC™ (endothelial progenitor) cell mobilization from
bone marrow, and bone marrow cell homing to the
ischemic region, resulting in improved blood vessel
density, limb salvage, and blood perfusion in a mouse
hindlimb ischemia model. The stem cell CM developed
in this study will likely be an effective alternative to con-
ventional stem cell transplantation therapy.
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INTRODUCTION

Cell-based therapy using stem cells such as bone marrow-derived
stem cells, which contain subsets of cells such as hematopoietic
stem cells, mesenchymal stem cells, and endothelial progenitor
cells, is a promising option for treating ischemic diseases, includ-
ing ischemic heart diseases and chronic limb ischemia."* However,
poor engraftment of the transplanted cells undermines the thera-
peutic efficacy of the treatment and remains a major limitation of

cell-based therapy.** Additionally, studies have shown a potential
risk of developing cancer after hematopoietic stem cell transplanta-
tion,** raising safety concerns over the therapeutic use of stem cells.

One potential approach to overcome such limitations of cur-
rent cell-based therapy could be the use of stem cell-conditioned
medium (CM). For example, neovascularization, one of the most
well-known features of stem cell-based therapy, can be mediated by
the physical incorporation of transplanted cells into newly formed
vessels;” however, accumulating evidence indicates that the para-
crine signaling initiated by stem cells, which involves secretion of
various angiogenic growth factors and cytokines, is also responsible
for stem cell therapy-induced angiogenesis.** Thus, injection of
stem cell CM, containing various angiogenic factors secreted by stem
cells, is a promising alternative that can overcome the poor engraft-
ment of the transplanted stem cells and the potential risk of cancer
development. An additional benefit is that stem cell CM would be an
off-the-shelf material that could be used to treat patients promptly
without stem cell isolation from the patients and subsequent culture.

Although the benefits of stem cell CM therapy are clear, several
issues must be addressed before its clinical application. One prob-
lem concerns the components of the culture medium. Currently
available culture media for stem cells contain components that are
not intended for human use, such as 4-(2-hydroxyethyl)-1-piper-
azineethanesulfonic acid (HEPES), phenol red, and bovine serum,
necessitating the development of an alternative medium that is
safe for human clinical use.

A second problem is the low concentration of angiogenic
factors in the CM. For example, a recent study showed that the
concentration of vascular endothelial cell growth factor (VEGF)
in mesenchymal stem cell CM was 217 +97 pg/ml,'® whereas
the reported minimum effective VEGF concentration to induce
effective in vivo angiogenesis is ~5ng/ml.'"'? As such, the low
concentration of angiogenic factors in CM might undermine
the efficacy of the CM injection therapy. One potential solu-
tion to this problem was found in a previous study showing
that human adipose-derived stem cells (ADSCs) produced
angiogenic factors and chemokines.” In addition, we recently
reported that when human ADSCs were implanted as spheroids
into mouse ischemic hindlimbs, the secretion of angiogenic and
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antiapoptotic factors in vivo was enhanced, thereby improv-
ing the therapeutic potential of human ADSCs.!* Herein, we
showed that a novel clinically relevant medium (CRM), com-
posed of amino acids, vitamins, glucose, and human serum,
can be used for human ADSC culture, and that human ADSC
spheroid culture in a three-dimensional (3D) bioreactor using
CRM can produce CM that contains high concentrations of
angiogenic and antiapoptotic factors. In the present study, we
evaluated the ability of human ADSCs to secrete VEGE, fibro-
blast growth factor 2 (FGF2), hepatocyte growth factor (HGEF),
and chemokine (C-X-C motif) ligand 12 (CXCL12), which are
known to be critical cytokines for angiogenesis.”””** We used a
mouse hindlimb ischemia model to examine the mechanism
by which the CRM-based human ADSC spheroid culture CM
induces angiogenesis and compared its efficacy with that of
either human ADSC monolayer culture CM or human ADSC
implantation.
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RESULTS

3D spheroid culture system supports high-cell-density
culture

With serum supplementation, the 3D spheroid culture system
was able to support the growth of cells at a density approximately
four times higher than the density of the matching monolayer
culture (x10° cells/ml; 12.0+0.5 versus 3.1+0.3 in a-minimum
essential medium («MEM) and 11.9+0.7 versus 3.1 +0.5 in CRM;
Figure 1a). This increase in supported density did not depend on
the type of medium or serum used (Figure 1a). Even the spheroid
culture in CRM without serum supported culture at a significantly
higher maximal cell density compared with the monolayer culture
supplemented with serum (x10° cells/ml; 7.0+ 0.8 versus 3.1+0.5).

Antiapoptotic effect of 3D spheroid culture system
Onlythespheroid culture groups supplemented with serum showed
increased BCL2 messenger RNA (mRNA) expression, whereas the
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Figure 1 Three-dimensional (3D) spheroid culture supports high-density growth of human adipose-derived stem cells (ADSCs) with increased
antiapoptotic signals and enhanced angiogenic factor production. Human ADSCs were cultured in a conventional monolayer culture or a 3D
spheroid culture for 4 days by using two different media (o-minimum essential medium (MEM) and clinically relevant medium (CRM)) with or with-
out supplementary serum. (@) Maximal density of human ADSCs in culture. (b) Expression of apoptosis-related factors in human ADSCs cultured in
monolayer or spheroids with various media, as evaluated by western blot using anti-CASP3 antibodies (upper panel) or by reverse transcription—poly-
merase chain reaction (lower panel, BCL2 and TP53). (c) The amount of angiogenic factors (vascular endothelial cell growth factor (VEGF), fibroblast
growth factor 2 (FGF2), hepatocyte growth factor (HGF), and chemokine (C-X-C motif) ligand 12 (CXCL12)) expressed as the amount produced
by same number of cells (left) or ng/ml of conditioned medium (right). Quantitative data are mean + SD of at least three independent cultures per
group. *P < 0.05 compared with the CRM (serum+), spheroid group. $P < 0.05 compared with the CRM (serum+), spheroid group for all four angio-
genic factors. RT-PCR, reverse transcription—polymerase chain reaction.
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matching monolayer culture groups did not (Figure 1b). Serum
deprivation caused CASP3 pathway activation and increased TP53
mRNA expression, regardless of the type of medium or culture
system used. The results of CD177 and CASP3 staining on day 3
after injection of human ADSCs as single cells into mouse isch-
emic hindlimbs indicate that the activation of CASP3 was obvious
on day 3 (Supplementary Figure S1, upper panel). When human
ADSCs were transplanted into normal muscle tissue without any
treatment, the survival of human ADSCs was superior to that of
human ADSCs injected into an ischemic region (Supplementary
Figure S1, bottom panel).

Enhanced angiogenic factor production in 3D
spheroid culture system

The amount of angiogenic factors (VEGE, FGF2, HGE and
CXCL12) produced by the same number of cells (1x10° cells)
after 2 days in culture was significantly increased by 4- to 6-fold
in both the aMEM- and the CRM-based spheroid culture sys-
tems (Figure Ic, left). Regardless of the type of medium used, the
spheroid culture CM had a significantly higher concentration of
angiogenic factors than the monolayer culture CM did (Figure 1c,
right). The concentration of VEGE, FGF2, HGF, and CXCLI12
in the aMEM (serum+) spheroid culture CM was 14.4+0.4,
13.2+2.2, 13.3+2.3, and 16.6+2.9ng/ml, respectively. Although
we found no significant difference in the concentration of angio-
genic factors between the CRM (serum+) spheroid culture CM
and the aMEM (serum+) spheroid culture CM, the values from
the spheroid culture CM are 23-27 times higher than those from
the aMEM (serum+) monolayer culture CM.

Support of human endothelial cell growth by CRM-
based spheroid culture CM

Human umbilical vein endothelial cell (HUVEC) proliferation
was significantly increased in the spheroid culture CM groups
compared with the monolayer culture CM groups, and no signifi-
cant medium type-dependent differences were observed (Figure
2a). Regardless of the type of medium, HUVEC proliferation was
significantly inhibited by depletion of serum. Neutral Red assay
and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) assay indicated that the viability and the metabolic
activity of HUVECs were significantly increased in the spheroid
culture CM groups compared with the matching monolayer cul-
ture CM groups, as well as a commercially available endothelial
cell culture medium with serum (endothelial growth medium
(EGM2; Figure 2b,c). Additionally, mRNA expression of BCL2,
a key factor of the antiapoptotic signal pathway, increased in the
spheroid culture CM groups, whereas mRNA expression of the
proapoptotic signaling molecule TP53 increased in those groups
without serum (Figure 2d).

In vivo antiapoptotic effect of CRM-based 3D
spheroid culture CM

To confirm the in vitro antiapoptotic effect of the spheroid culture
CM, the animals with ischemic hindlimbs were treated by either a
single injection of human ADSC suspension (200 pl, 2 x 10° cells)
or daily injection of 40 pl of the assigned media for 7 days into the
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Figure 2 Clinically relevant medium (CRM)-based spheroid culture
conditioned medium (CM) increases proliferation and antiapoptotic
signaling of human umbilical vein endothelial cells (HUVECS) in vitro.
(a) Growth of HUVECs cultured in different CM. The same number of
HUVECs was cultured in different CM for 4 days, and the HUVECs grew
fastest in the CM (CRM [serum+], spheroid) group (*P < 0.05 compared
withto the growth in the CM (CRM [serum+], spheroid) group. (b) Viable
cell number as evaluated by Neutral Red assay on day 4. *P < 0.05
compared with the CM (CRM [serum+], spheroid) group. Quantitative
data are mean * SD of at least three independent cultures per group.
(€) Metabolic activity evaluated by 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide (MTT) assay on day 4. (d) Messenger RNA
expression of apoptosis-related factors BCL2 and TP53, analyzed by
reverse transcription polymerase chain reaction on day 4.
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gracilis muscle following the induction of the ischemic hindlimb.
Theoretically, the total amount of CM used to treat each animal (40
ul x 7 days = 280 ul) would contain various factors secreted from
8.7x10* to 3.4x 10° cells depending on the culture type (mono-
layer or spheroid; from Figure la), and these cell numbers are
much smaller than the number of human ADSCs (2 x 10° cells) in
the human ADSC implantation group. Seven (Figure 3a,b) and 28
days (Supplementary Figure S3) after the initiation of treatment,
the ratio of CASP3-positive cells to 4,6-diamidino-2-phenylindole
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(DAPI)-positive cells in the ischemic region was calculated. The
ratios in both the CRM (serum+)-only and the «tMEM (serum+)-
only groups did not differ significantly from the ratio in the no-
treatment group. However, the ratio was significantly decreased in
the spheroid culture CM groups and the human ADSC implan-
tation group. In those groups with a decreased CASP3 ratio, the
expression of BCL2 was increased, whereas TP53 expression
was decreased at early time points (days 3 and 7, Figure 3c). In
agreement with the result in a previous study,'* human ADSCs
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Figure 3 Treatment of human adipose-derived stem cells (ADSCs) with conditioned medium (CM) from clinically relevant medium (CRM)-
based three-dimensional (3D) spheroid culture attenuated apoptosis and fibrosis in the ischemic region. (a) Apoptosis in the ischemic region
treated with various methods. a-Minimum essential medium (oMEM), CRM, aMEM-based CM, CRM-based CM (40 pl/day for 7 days), or human
ADSC suspension (1 x 107 cells/ml, 200 pl per mouse, single injection on day 0) was injected intramuscularly into the ischemic hindlimb. After 7 days,
ischemic tissue samples were stained with 4,6-diamidino-2-phenylindole (DAPI; nucleus: blue) and anti-CASP3 antibodies (purple). Bar = 100 pm.
(b) Quantification of both CASP3- and DAPI-positive cells in the ischemic regions (*P < 0.05 compared with the CM (CRM [serum+], spheroid)
group). Quantitative data are mean + SD of at least three animals per group). (c) Messenger RNA expression pattern of Bcl2 after treatment. Animals
from each group were sacrificed on days 3 and 7, and reverse transcription—-polymerase chain reaction was performed using the total RNA extracted
from the ischemic region. (d) Fibrosis in ischemic region and quantification. Tissues in the ischemic region were stained and quantified with Masson’s
trichrome staining 28 days after surgery (Bar = 25 pm, *P < 0.05 compared with the CM (CRM [serum+], spheroid) group).
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Figure 4 Injection of spheroid culture conditioned medium (CM) into ischemic hindlimbs enhanced endothelial cell growth in the ischemic
region, endothelial progenitor cell mobilization from bone marrow, and bone marrow cell homing to the ischemic region. (a) The density
of CD31 and BrdU double-positive cells and SM a-actin and BrdU double-positive cells in the ischemic region on day 28. BrdU was injected for
the last 3 days of the treatment period. *P < 0.05 compared with the CM (clinically relevant medium (CRM) [serum+], spheroid) group for CD31/
BrdU double-positive cells. *P < 0.05 compared with the CM (CRM [serum+], spheroid) group for SM o-actin and BrdU double-positive cells. (b)
Flow cytometry of peripheral blood and bone marrow on day 7 for CD34*"/PTPRC™ (endothelial progenitor) cells (quadrant enclosed with red line).
#P < 0.05 compared with the CM (CRM [serum+], spheroid) group for bone marrow. $P < 0.05 compared with the CM (CRM [serum+], spheroid)
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transplanted into ischemic area survived and remained active
until 28 days after transplantation based on the secretion of
human paracrine factors from the cells (Supplementary Figure
§2). Masson’s trichrome staining and fibrotic area quantification
based on color performed on the specimens retrieved 28 days
after treatment indicated that the fibrosis in the ischemic region
was less severe in the spheroid culture CM groups (Figure 3d).

Enhancement of endothelial cell growth, CD34%/
PTPRC™ cell mobilization, and homing of BMMNC by
spheroid culture CM

The number of proliferating vascular cells present in the isch-
emic region, which was judged by bromodeoxyuridine (BrdU)
incorporation, was increased in the spheroid culture CM groups
(Figure 4a). The CRM-based spheroid culture CM group showed
a significantly higher number of CD31 and BrdU double-positive
cells than did the other groups, except the aMEM-based spheroid
culture CM group. The CRM-based spheroid culture CM group
also showed a significantly higher number of SM a-actin and BrdU
double-positive cells than did the other groups, except the aMEM-
based spheroid culture CM group and the human ADSC implanta-
tion group. Flow cytometric analysis of peripheral blood and bone
marrow cells collected 7 days after treatment indicated that the
number of CD34/PTPRC™ cells was increased ~2.5- to 3.5-fold
in the spheroid culture CM injection groups (both the «MEM- and
the CRM-based) and the human ADSC implantation group com-
pared with the normal control (Figure 4b). PKH26-labeled cell
counting data showed that the number of cells recruited to the isch-
emic region after the intracardiac injection of PKH26-labeled bone
marrow mononuclear cells (BMMNCs) was significantly increased
in animals treated with spheroid culture CM (both aMEM- and
CRM-based) for 7 days before the injection of PKH26-labeled
BMMNCs compared with the rest of the groups (Figure 4c).

In vivo angiogenic effect of CRM-based spheroid CM
The density of SM a-actin-stained microvessels significantly
increased in the spheroid culture CM groups (both aMEM- and
CRM-based) and the human ADSC implantation group com-
pared with all the other groups (Figure 5a, upper panel) in the
ischemic region after 28 days of treatment. The spheroid culture
CM groups (both aMEM- and CRM-based) showed a signifi-
cantly higher number of CD31-positive capillaries than did all
the other groups (Figure 5a, bottom panel). Additionally, reverse
transcription—polymerase chain reaction analysis of the ischemic
tissue samples showed that the mRNA expression of SM a-actin
and CD31 was significantly increased in the spheroid culture CM
groups (Supplementary Figure S4).

Improved ischemic limb salvage by spheroid culture
™M

The therapeutic potential of the spheroid culture CM was evalu-
ated by monitoring the ischemic limbs for 28 days (Figure 5b

Stem cell-Conditioned Medium for Angiogenesis

and see Supplementary Figure S5 for a full set of follow-up
images). In the no-treatment, the CRM (serum+), and the aMEM
(serum+) groups, no limb salvage was observed with 10-20% of
foot necrosis and 80-90% limb loss, whereas the spheroid culture
CM groups and the human ADSC implantation group showed
20-50% of limb salvage with 30-50% of foot necrosis and 10-50%
limb loss. Among the groups showing limb salvage, the CRM-
based spheroid culture CM group had the highest limb salvage
rate of 50%, and the aMEM-based monolayer culture CM group
and the human ADSC implantation group had the lowest limb sal-
vage rate of 20%. Fisher’s exact test indicated that there was a cor-
relation between the type of treatment and the status of hindlimb
salvage (P = 0.0002827).

Improvement of blood perfusion in the ischemic
limbs by spheroid culture CM

Laser Doppler perfusion imaging analysis (Figure 5c and see
Supplementary Figure S6 for a full set of images) indicated that
blood perfusion in the ischemic limbs was significantly improved
in the CRM-based spheroid culture CM group (69.7+8.6% of
normal healthy control) and the aMEM-based spheroid cul-
ture CM group (66.7+8.6%) compared with the other groups.
Although the perfusion rate of the human ADSC implantation
group (45.3+£4.7%) was also significantly higher than that of
the no-treatment group (9.7+2.1%), the CRM (serum+) group
(14.3£2.5%), or the aMEM (serum+) group (16.7% =+ 5.1%), it
was still significantly lower than the perfusion rate of the spheroid
culture CM groups.

DISCUSSION

The self-renewal and differentiation potential of stem cells is the
driving force behind their use for cell therapy in regenerative
medicine. However, these same characteristics can pose a risk of
developing into cancer. Although no clear and direct evidence has
been reported, observations such as the outgrowth of transformed
cells in human mesenchymal stem cell culture and the similarities
between stem cells and cancer stem cells suggest that stem cells
within normal tissues could be involved in tumorigenesis.?*? A
further hindrance to the therapeutic efficacy of stem cell trans-
plantation therapy is the low grafting efficiency of implanted
stem cells.>* Consequently, development of an alternative to the
direct transplantation of stem cells might be necessary to ensure
the safety and therapeutic efficacy of stem cell-based regenera-
tive therapies. In the current study, we cultured human ADSCs in
spheroids in 3D bioreactors (Table 1) using a mixture of amino
acid solution, vitamin solution, glucose solution, and human
serum to demonstrate the development of therapeutically effica-
cious and clinically relevant stem cell CM that contains a high
concentration of angiogenic factors and does not contain compo-
nents inappropriate for human use. Because we aimed to develop
CM for a clinical application and focused on enhancing the thera-
peutic effect of CM derived directly from stem cells, comparing

group for peripheral blood. (c) Bone marrow cell homing to ischemic region. PKH26-labeled mouse bone marrow mononuclear cells (indicated in
red) were introduced into the treated mice via intracardiac injection on day 7. One day later, animals were sacrificed, and the number of PKH26-
positive cells (white arrows) in the ischemic hindlimb tissues was determined. Cells were counterstained with 4,6-diamidino-2-phenylindole (DAPI:
blue). Scale bars = 100 pm. *P < 0.05 compared with the CM (CRM [serum+], spheroid) group. Quantitative data are mean + SD of at least three
independent animals per group. oMEM, a-Minimum essential medium; ADSC, adipose-derived stem cell.
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Figure 5 Injection of spheroid culture conditioned medium (CM) enhanced angiogenesis, limb salvage, and blood perfusion in a mouse
hindlimb ischemia model. (a) SM o-actin-positive microvessels (upper left panel) and CD31-positive microvessels (lower left panel) in the ischemic
region after 28 days of treatment were stained with mouse SM a-actin antibody (light green) and CD31 antibody (light green), respectively. Bar =
100 pm. Blue indicates nuclei stained with 4,6-diamidino-2-phenylindole (DAPI). Right panel: the density of SM a-actin—stained microvessels and
CD31-stained microvessels in the ischemic region was determined. *P < 0.05 compared with the CM (clinically relevant medium (CRM) [serum+],
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with the control groups in the present study would be adequate to
show the therapeutic effect of our new CM.

We were able to produce a CM containing a high concentra-
tion (>10ng/ml) of angiogenic factors, sufficient to induce in vivo
angiogenesis.'"'? The enhanced angiogenic factor secretion in the
spheroid culture (Figure 1c) seems to be due to a mild hypoxic
condition established in the core of the spheroids.”® We observed
upregulated hypoxia-induced factor 1, alpha subunit (HIF-1A)
mRNA expression in the spheroid culture regardless of the type
of medium used (Supplementary Figure S7). Hypoxia-induced
expression of angiogenic factors such as VEGF** and FGF2*
has been reported, explaining the enhanced angiogenic factor
production in the spheroid culture observed in the present study.
Another factor that increased the concentration of angiogenic fac-
tors in the spheroid culture CM is the use of 3D bioreactors. These
vessels supported maximal cell density four times higher than the
conventional monolayer culture (Figure 1a), partially contribut-
ing to the 23- to 27-fold increase in the concentration of angio-
genic factors in spheroid CM.

The CRM did not show any difference in its ability to support
cell growth compared with the conventional aMEM (Figure 1a),
suggesting that our in-house-prepared CRM is as compatible with
human cell culture as aMEM. Because all the components of the
CRM are being used clinically and are eligible for use in humans,
we do not expect any significant adverse effects from the CRM in
a clinical setting; however, clinical studies are necessary to validate
this hypothesis.

Injection of the CM from spheroid culture (both aMEM-and
CRM-based) significantly increased angiogenesis compared with
injection of the CM from monolayer culture (Figure 5). This
enhanced angiogenesis may be attributed to endothelial cell pro-
liferation, CD34*/PTPRC™ (endothelial progenitor) cell mobili-
zation from bone marrow, and bone marrow cell homing to the
ischemic region, all of which were enhanced by injection of the
spheroid culture CM. A previous study intramuscularly injected
recombinant angiopoietin-1, which resulted in recruitment of
bone marrow-derived progenitor cells in the muscle.”” Our result
has shown that the amount of angiopoietin-1 produced from
spheroids was similar to that in a previous study (Supplementary
Figure S8). Thus, we used intramuscular CM injection for progen-
itor cell mobilization. Our data showed increased CD31-positive
cell proliferation in the ischemic region (Figure 4a) and mobi-
lization of CD341/PTPRC™ cells?® (Figure 4b) by the injection
of the spheroid culture CM compared with the results of injec-
tion of the monolayer culture CM. Furthermore, the spheroid
culture CM induced homing of a higher number of the injected
PKH26-labeled BMMNC:s to the ischemic region (Figure 4c).
The enhanced mobilization of endothelial progenitor cells and
the homing of BMMNC:s to the ischemic region were probably
facilitated by the higher concentration of CXCL12 contained in
the spheroid CM, which has been reported to play an important
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role in the recruitment and homing of various stem/progenitor
cells.” Although the results, especially the limb salvage ratio, in
this manuscript may not be nearly as good as that in our previ-
ous study," the results were significantly enhanced as compared
with the conventional CM injection method. Because we did not
use any additional treatment to human ADSCs, such as genes or
cytokines, to enhance the angiogenic efficacy, we expect that bet-
ter results might be possible in future studies using CM based on
our method.

In addition to the observed angiogenic effect, the spheroid
culture CM upregulated antiapoptotic signals, while suppressing
proapoptotic signals (Figure 3 and Supplementary Figure S3).
Considering that the majority of human ADSCs transplanted into
the ischemic region undergo massive apoptosis a few days after
transplantation (Supplementary Figure S1), the use of CM seems
to be more effective in preventing apoptosis in the ischemic region
than is direct injection of stem cells. The antiapoptotic effect of the
spheroid culture CM could be attributed to the increased amount
of VEGF because evidence indicates the presence of cross talk
between VEGF and BCL2.%**! Additionally, the spheroid CM con-
tains an increased amount of HGE which has been reported to
inhibit fibrosis in myocardial ischemia,’>** and this may also be
responsible for the decreased fibrosis.

In the present study, we demonstrated that human ADSC
spheroid culture CM enhanced therapeutic angiogenesis in a
mouse model of ischemic hindlimb. Such improved angiogenesis
could have contributed to increased production of angiogenic
and/or antiapoptotic factors. Furthermore, increased mobilization
and homing of bone marrow-derived angiogenic cells to the isch-
emic region is likely a major mechanism underlying the improved
angiogenesis. However, further study is necessary to investigate
whether a simple combination of these four factors is sufficient to
produce the angiogenic effects observed with CM, or if there are
other unknown factors in the CM that are required. Furthermore,
additional animal studies using large animals to detect any pos-
sible adverse effects are warranted before the CRM-based stem
cell CM for therapeutic angiogenesis can be tested for human use.

In conclusion, in conjunction with a 3D spheroid culture sys-
tem, the CRM-based stem cell CM system may represent a thera-
peutically efficacious and clinically relevant stem cell CM.

MATERIALS AND METHODS

Preparation of CRM. Amino acid solution (Youvasol, Choongwae
Pharmaceutical Company, Seoul, Korea), vitamin solution (M.V.L
Injection, Samsung Pharmaceutical Industrial Company, Seoul, Korea),
and glucose solution (Dextrose, Choongwae Pharmaceutical Company),
which are used clinically, were mixed at the volume ratio of 69:1:20, and
ascorbic acid (Sigma, St Louis, MO) was added to the mixture. Detailed
components of the CRM are listed in Supplementary Table S1. For human
serum supplement, human blood was collected from healthy donors in an
ethylene diamine tetraacetic acid (EDTA)-coated container (Vacutainer,
BD, Franklin Lakes, NJ). The donors did not take any medications for at

spheroid) group. (b) Representative pictures of ischemic limbs 28 days after treatment. Red eclipse indicates the ischemic limb. Limb salvage, limb
loss, and foot necrosis of each group were evaluated (n = 10 animals per group). (c) Representative laser Doppler images showing blood perfusion in
the ischemic limb on day 28. Perforated eclipse indicates the ischemic limb. Blood perfusion of the ischemic limb was monitored for 28 days. Group
6 (CM [CRM (serum+), spheroid]) was significantly different from groups 1-4 on day 3. From day 7 and on, group 6 was significantly different from
groups 1-4 and group 7. Quantitative data are mean + SD of 10 independent animals per group. *P < 0.05 compared with the CM (CRM [serum+],
spheroid) group. aMEM, a-Minimum essential medium; ADSC, adipose-derived stem cell.

Molecular Therapy vol. 22 no. 4 apr. 2014

869



Stem cell-Conditioned Medium for Angiogenesis

© The American Society of Gene & Cell Therapy

Table 1 Comparisons of stem cell-conditioned media prepared by conventional monolayer culture versus 3D spheroid culture

Conventional monolayer

CcM culture CM (monolayer CM)

3D spheroid culture CM (Spheroid CM)

Preparation method for CM

=

Monolayer culture

DAPI-stained spheroids

Bar = 100 pm
3D spheroid, spinner culture
Density of cells in medium (A)* Lower Higher
Amounts of angiogenic factors secreted per cell (B)® Smaller Larger
Concentrations of angiogenic factors in medium (A x B)¢ Much lower Much higher

3D, three-dimensional; CM, Conditioned medium; DAPI, 4,6-diamidino-2-phenylindole.

*Refer Figure 1a. °Refer Figure 1c (left). Refer Figure 1c (right).

least 14 days. The blood was centrifuged at 2,400rpm for 10 minutes at
room temperature, and the upper layer was collected as serum.

Isolation and culture of human ADSCs. Human ADSCs were isolated
from lipoaspirates collected from patients giving informed consent and
these ADSCs were cultured as previously described.' Human ADSCs were
maintained in aMEM (Gibco BRL, Gaithersburg, MD) supplemented
with 10% (v/v) fetal bovine serum (Gibco BRL), 100 units/ml of penicil-
lin (Gibco BRL), and 100 pg/ml of streptomycin (Gibco BRL). Up to five
passages were used for the experiments. For monolayer cultures, human
ADSCs (2.5%10° cells/ml) were cultured in a 150-cm tissue culture plate
(Corning, Corning, NY) containing 24ml of aMEM or CRM with or
without supplementary serum (fetal bovine serum for tMEM and human
serum for CRM). To generate hypoxic culture conditions, cells were cul-
tured in hypoxic chamber (MCO-18 M, Sanyo, Japan) containing 1% oxy-
gen and 5% CO, at 37 °C.

Culture of human ADSC spheroids. To generate spheroids, 30 pl drops of
human ADSC suspension (1x 10° cells/ml) were applied onto the inside of
thelid of a Petri dish containing phosphate-buffered saline to prevent dry out.
After 24 hours of incubation in a 37 °C incubator, spheroids were retrieved
using a Pasteur pipette. For 3D bioreactor culture, human ADSC spheroids
(6x10° cells/ml) were cultured in a spinner flask (Bellco, Vineland, NJ) con-
taining 70 ml of either tMEM or CRM with stirring at 45rpm.

Preparation of CM. Human ADSCs were cultured in monolayer or as
spheroids in 3D bioreactors in aMEM or CRM with or without serum
supplement for 2 days, and then, the CM was collected and centrifuged.
The maximal cell densities were 3 x 10° cells/ml for monolayer culture and
1.2x 106 cells/ml for spheroid culture (Figure 1A). We used three different
batches to collect the CM for our experiments. At least three independent
cell cultures were performed to collect the CM.

Reverse transcription polymerase chain reaction. Cells or tissue samples
were homogenized and lysed in TRIzol reagent (Invitrogen, Carlsbad,
CA). Reverse transcription was performed using 5 ug of pure total RNA
and SuperScriptTM II reverse transcriptase (Invitrogen), followed by
polymerase chain reaction using primers listed in Supplementary Table
§2. Target mRNA expressions were normalized to Actb (mouse) or ACTB
(human) expression.

Enzyme-linked immunosorbent assay. The level of angiogenic factors in
the CM was determined using enzyme-linked immunosorbent assay kits
(R&D Systems, Minneapolis, MN) specific for human VEGE, HGF, FGF2,
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CXCL12, and angiopoietin 1 according to the manufacturer’s instructions.
Moreover, the level of angiogenic factors in the ischemic hindlimbs after
cell transplantation was determined using enzyme-linked immunosorbent
assay kits (R&D Systems) specific for human VEGE, HGF, and FGF2. The
amount of growth factors was calculated as mass per cell, mass per mil-
liliter of medium, or mass per milligram of tissue.

HUVEC culture with CMs. HUVECs were plated at a density of 5x10*
cells per well in a six-well plate containing aMEM with 5% (v/v) fetal
bovine serum. After 24 hours, the medium was replaced with either EGM2
(Lonza, Allendale, NJ), aMEM-based CM, or CRM-based CM. Cells were
grown for an additional 4 days for determination of cell growth, viability,
and metabolic activity.

Assays for cell viability and metabolic activity. The viability of cells was
evaluated using a colorimetric Neutral Red (3-amino-7-dimethylamino-
2-methylphenazine hydrochloride, Sigma) assay. The viability of HUVECs
cultured in different CMs was expressed as a percentage of the viability of
cells cultured in EGM2, a commercial medium for endothelial cell culture.
The mitochondrial metabolic activity of the cells was determined using
the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT,
Sigma) assay. Metabolic activity was expressed as a percentage of the meta-
bolic activity of cells cultured in EGM2.

Mouse hindlimb ischemia model. Four-week-old female athymic mice
(20-25 g body weight, Orient, Seoul, Korea) were anesthetized with xyla-
zine (10mg/kg) and ketamine (100mg/kg). The femoral artery and its
branches were ligated using a 6-0 silk suture (Ethicon, Somerville, NJ).
The external iliac artery and all of the upstream arteries were then ligated.
The femoral artery was excised from its proximal origin as a branch of the
external iliac artery to the distal point from where it bifurcates into the
saphenous and popliteal arteries. All animal treatments and experimen-
tal procedures were approved by the Institutional Animal Care and Use
Committee of Seoul National University (No. SNU-100203-3).

Treatment of hindlimb ischemia. Immediately after arterial dissection,
the mice were randomly divided into seven groups (n = 14 per group):
no-treatment, CRM (serum+), aMEM (serum+), CM (aMEM [serum+],
monolayer), CM (aMEM [serum+], spheroid), CM (CRM [serum+],
spheroid), and human ADSC. Untreated mice (no-treatment group)
served as negative controls. The human ADSC group received a single
injection of human ADSC suspension (200 pl, 2 x 10° cells) into the gracilis
muscle in the medial thigh on day 0. The other groups received a daily
injection of 40 pl of the assigned medium for 7 days. The site of injection
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for all types of media and human ADSCs was the same (gracilis muscle).
A previous study intramuscularly injected recombinant angiopoietin-1,
which resulted in recruitment of bone marrow-derived progenitor cells in
the muscle.” Thus, we adopted intramuscular CM injection for progenitor
cell mobilization.

Immunohistochemistry. Ischemic limb muscles were embedded in opti-
mal cutting temperature compound (O.C.T. compound, Tissue-Tek 4583,
Sakura Finetek USA, Torrance, CA), frozen, and cut into 10-pm-thick
sections at —22 °C. For the quantification of apoptotic activity, samples
were collected on days 7 and 28. The sectioned samples were stained
with anti-CASP3 antibodies (Abcam, Cambridge, UK) and DAPI (Vector
Laboratories, Burlingame, CA). For the quantification of microvessels in
ischemic regions, sections were subjected to immunofluorescent staining
with anti-CD31 antibodies (Santa Cruz Biotechnology, Santa Cruz, CA)
and anti-SM a-actin antibodies (Abcam). Fluorescein isothiocyanate—con-
jugated secondary antibodies (Jackson ImmunoResearch Laboratories,
West Grove, PA) were used to visualize the signals. The sections were
counterstained with DAPI and examined using a fluorescence micro-
scope (Nikon TE2000, Tokyo, Japan). BrdU antibodies were used to detect
actively forming microvessels. For the evaluation of human ADSC apop-
tosis after transplantation, slides were stained with anti-CASP3 antibodies,
anti-CD177 antibodies (Abcam), and DAPI. Total number of vessels in
the hindlimb was investigated with CD31 and anti-SM a-actin antibod-
ies from thigh muscle region. We observed the angiogenesis in the thigh
muscle because mice in some groups, including the no-treatment group,
lost their hindlimb at 28 days after treatment. Therefore, we were not able
to compare the angiogenesis or arteriogenesis results from the hindlimbs
in each group.

Histological examination. Samples were collected from thigh muscles of
the mice because mice in some groups, such as in the no-treatment group,
lost their feet and calves at 28 days after treatment. Ischemic limb muscle
samples were fixed in formaldehyde, dehydrated with a graded ethanol
series, and embedded in paraffin. Specimens were sliced into 4-pm-thick
sections and stained with Masson’s trichrome staining method to assess
tissue fibrosis in the ischemic regions. All samples (n = 5 per group) were
completely sectioned, and six slides were selected from the beginning,
middle, and end part of each sample for fibrosis quantification. The fibrotic
area quantification was performed by separating for the blue color with
image analysis software (e.g., Image Pro Plus, Photoshop).

Flow cytometry. To evaluate endothelial progenitor cell (EPC) mobiliza-
tion, we used flow cytometry to determine the portion of CD34/PTPRC™
cells in the bone marrow and the peripheral blood collected 7 days after
surgery (n = 8). Peripheral blood was obtained by heart puncture from
mice under deep anesthesia using xylazine (10mg/kg) and ketamine
(100mg/kg) and was collected in heparin-treated tubes. Mice were also
sacrificed to collect bone marrow cells. Immediately following isolation,
mononuclear cells from bone marrow and peripheral blood were pro-
cessed for flow cytometry analysis. The expressions of surface markers
CD34 (Santa Cruz Biotechnology) and PTPRC (Abcam) were analyzed
with a fluorescence-activated cell sorter (BD Biosciences, San Jose, CA).

Western blot analysis. The cell and mice tissue samples were lysed using a
Dounce homogenizer (50 strokes, 4 °C) in ice-cold lysis buffer (15 mmol/l
Tris-HCI (pH 8.0), 0.25 mol/l sucrose, 15 mmol/l NaCl, 1.5 mmol/l MgCl,,
2.5 mmol/l ethylenediaminetetraacetic acid, 1 mmol/l ethylene glycol tet-
raacetic acid, 1 mmol/l dithiothreitol, 2 mmol/l sodium pyrophosphate,
1 ug/ml pepstatin A, 2.5 pug/ml aprotinin, 5 pug/ml leupeptin, 0.5 mmol/l
phenylmethylsulfonyl fluoride, 0.125 mmol/l Na,VO,, 25 mmol/l NaF
and 10 pmol/l lactacystin). Protein concentration was determined using
a bicinchoninic acid protein assay (Pierce Biotechnology, Rockford, IL).
Equal protein concentrations from each sample were mixed with sample
buffer, loaded, and separated by sodium dodecyl sulfate—polyacrylamide
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gel electrophoresis (SDS-PAGE) on a 10% (v/v) resolving gel. Proteins
were separated by SDS-PAGE and were transferred to an Immobilon-P
membrane (Millipore, Billerica, MA) and then probed with antibody
against human nucleus antigen (Chemicon, Temecula, CA), human-
specific caspase-3, VEGE, FGF2, and HGF (all from Abcam) for 1 hour at
room temperature. The membranes were incubated with horseradish per-
oxidase-conjugated secondary antibody (Santa Cruz Biotechnology) for 1
hour at room temperature. The blots were developed using an enhanced
chemiluminescence detection system (Amersham Bioscience, Piscataway,
NJ). Luminescence was recorded on X-ray film (Fuji super RX, Fujifilm
Medical Systems, Tokyo, Japan), and bands were imaged and quantified
with an Imaging Densitometer (Bio-Rad, Hercules, CA).

Transplantation of PKH26-labeled BMMNCs. To evaluate the effect of
various CM treatments on cell homing, BMMNCs from mice obtained
from the Institute of Cancer Research were labeled with PKH26 (Sigma),
and the labeled cells (1x10° cells in 100 pl of phosphate-buffered saline
per animal) were injected into mice by intracardiac injection 7 days after
the various CM treatments, following the induction of hindlimb ischemia.
The animals were sacrificed on the next day, and the PKH26-positive cells
in hindlimb muscle were directly counted to quantify the homing of bone
marrow cells to the ischemic area.

Laser Doppler imaging analysis. Laser Doppler imaging analysis was per-
formed with a laser Doppler perfusion imager (Moor Instruments, Devon,
UK) for serial noninvasive physiological evaluation of neovascularization.
Mice were monitored by serial scanning of surface blood flow in hindlimbs
on days 0, 3, 7, 14, 21, and 28 after treatment. Digital color-coded images
were analyzed to quantify blood flow in the region from the knee joint to
the toe, and the mean values of perfusion were subsequently calculated (n
=10 per group).

Statistical analysis. Quantitative data were expressed as mean * SD.
For the statistical analysis, the one-way analysis of variance test with
Bonferroni correction was performed using OriginPro 8 SR4 software
(version 8.0951; OriginLab, Northampton, MA). For the hindlimb salvage,
nonparametric Fisher’s exact test was performed using SAS/STAT software
(SAS Institute, Cary, NC). A P value less than 0.05 was considered to be
statistically significant.

SUPPLEMENTARY MATERIAL

Figure $1. Apoptosis of hADSCs following injection into the ischemic
hindlimb or normal hindlimb.

Figure $2. hADSCs survival and activity in the ischemic tissues 28 days
after transplantation.

Figure $3. Treatment of hADSCs with CM from CRM-based 3D spher-
oid culture attenuated apoptosis and fibrosis in the ischemic region.
Figure $4. Estimation of SM a-actin- and CD31-positive microvessels
in the ischemic tissues after 28 days by quantifying the mRNA expres-
sion of SM o-actin and CD31, respectively.

Figure $5. Morphological changes of the ischemic right limb were
monitored for 28 days after various treatments as denoted.

Figure $6. Laser Doppler images of the ischemic limb treated with
various therapies.

Figure $7. mRNA expression of HIF1A in human ADSCs increased un-
der hypoxic culture condition as well as in the 3D spheroid culture.
Figure $8. 3D spheroid culture supports high-density growth of hAD-
SCs with increased angiopoietin 1 (ANGP 1) production.

Table $1. Composition of clinically relevant medium (CRM).

Table $2. Primers used for RT-PCR.
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