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Human mesenchymal stromal cells, whether from the bone marrow or adipose tissue (hASCs), are promising
cell therapy agents. However, generation of abundant cells for therapy remains to be a challenge, due to the
need of lengthy expansion and the risk of accumulating genomic defects during the process. We show that
hASCs can be easily induced to a reversible fast-proliferating phenotype (FP-ASCs) that allows rapid gener-
ation of a clinically useful quantity of cells in <2 weeks of culture. Expanded FP-ASCs retain their finite
expansion capacity and pluripotent properties. Despite the high proliferation rate, FP-ASCs show genomic
stability by array-comparative genomic hybridization, and did not generate tumors when implanted for a long
time in an SCID mouse model. Comparative analysis of gene expression patterns revealed a set of genes that
can be used to characterize FP-ASCs and distinguish them from hASCs. As potential candidate therapeutic
agents, FP-ASCs displayed high vasculogenic capacity in Matrigel assays. Moreover, application of hASCs and
FP-ASC:s in a fibrin scaffold over a myocardium infarct model in SCID mice showed that both cell types can
differentiate to endothelial and myocardium lineages, although FP-ASCs were more potent angiogenesis in-

ducers than hASCs, at promoting myocardium revascularization.

Introduction

MESENCHYMAL STROMAL CELLS (MSCs) are an auspi-
cious source of multipotent adult stem cells for therapy.
Compared with other stem cell sources, such as embryonic or
tissue-specific stem cells, MSCs have many advantages,
among which ease of isolation, ethical acceptance, low im-
munogenicity, possible autologous application, reasonable
oncological safety, and, in particular, their capacity to home
to injured tissues are most desirable. A growing number of
publications indicate that MSCs secret a variety of growth
factors and chemokines with paracrine effects, which could
be responsible of modulating the local environment and/or
activating endogenous progenitor cells. Some authors show
evidence that points to adipose-derived MSCs as vascular
stem cells [1,2].

Historically, bone marrow MSCs were one of the first cell
types used for therapy, and are still now the most frequently

investigated for such purpose. More recently, however, use
of human adipose-tissue-derived MSCs (hASCs) has gained
wide acceptance in regenerative clinical applications [3].
Besides their recognized similarity with bone marrow MSCs
[4,5], being more abundant, proliferative, and easy to isolate
with relatively little trauma and pain make hASCs the
choice candidate for some cell therapy applications. Evi-
dence from extensive research and clinical trials supports
the therapeutic use of hASCs for a wide range of conditions,
including myocardial infarcts, diabetes, or different types of
neurological disorders, among others [6—8]. However, if cell
therapy has to fulfill its promise as a medicine of the future,
then there are still important challenges to overcome. One of
the main obstacles for therapy is the generation of large
quantities of cells, in a reasonable time period. Thus, despite
the availability of large numbers of hASCs from adipose
tissue, in vitro expansion is still required to obtain thera-
peutically effective quantities, of the order of 1-5 million
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MSCs per kg body weight, and in some cases, multiple
inoculations are needed. The time required to produce such
cell quantities is an inverse function of doubling time, which
can oscillate between 2 and 6 days [9], and is closely linked
to the age of the culture and growth conditions. In standard
culture conditions, up to ~75 days may be required to
generate 10'° hASCs, a prohibitive delay for some appli-
cations and, in several clinical trials, it was not possible to
obtain quantities of 10° cells within a 4-week period [10,11].
In addition, ex vivo expansion capacity is limited and it
decreases over time; thus, optimization of culture conditions
for large-scale production of safe and functional hASCs is
crucial for therapeutic applications.

Numerous laboratories have focused their efforts toward
this objective and performed extensive searches on this
optimization. For translation into the clinic, hASCs require
the use of defined serum-free and xeno-free media (SF/XF)
to prevent undesirable immune reactions and contamination
by exogenous pathogens [12]. Miettinen and coworkers [13]
have also described a totally SF/SX media for hASCs that
while preserving differentiation potential and expression of
the majority of cell markers, with the exception of CD54,
induces faster cell proliferation, a convenient property for
clinical applications. Search for growth-promoting additives
is another important area in the field of hASC culture and
expansion [14-18]. However, analysis of contribution of
individual growth factors and other components in defined
medium has proven difficult due to synergistic effects re-
sulting from their interactions when used in combination
[19-24]. The use of specific media such as EGM-2 has al-
lowed groups like Marchal et al. [25] describe the purifi-
cation from hASC populations of an endothelial-like cell
type with potential application for myocardium repair. This
is a key issue in most clinical applications since establish-
ment of a vascular system is essential for tissue repair.

In the current work, we describe a simple method to
achieve clinically useful cell numbers. We show that hASCs
acquire a fast-proliferating phenotype (FP-ASCs) when
grown in EGM-2 (Cambrex) medium that allows the gen-
eration of up to 10" cells in a 20-day growth period, starting
from a single culture of 5% 10° cells and without sacrificing
their functional properties or safety. We also show a pro-
cedure for their characterization and compare their thera-
peutic capacity with that of hASCs in an acute myocardium
infarct mouse model.

Materials and Methods
Cell culture

hASCs were isolated from adipose tissue derived from
cosmetic subdermal liposuctions, as described previously
[26]. Liposuction samples were obtained from Dr. Josep
Roca, after informed written consent from anonymous do-
nors from ““System-Roca’ (Centro Medico Delfos). Work
with human samples was approved by the Bioethical Sub-
committee of Superior Council of Scientific Research. We
evaluated cells from four donors: patient 1: 44-year old,
female, body mass index (BMI) 28, 35; patient 2: 51-year
old, female, BMI 29, 59; patient 3: 49-year old, female, BMI
27, 47; and patient 4: 46-year old, female, BMI 29, 15.
Briefly, lipoaspirate was suspended in 1X collagenase type I
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(Invitrogen) solution and incubated at 37°C and inactivated by
addition of Dulbecco’s modified Eagle’s medium-high glucose
(DMEM-hg)+10% fetal bovine serum (FBS). hASCs were
isolated by plastic adherence. Cells were seeded at a density of
3,000 cells/cm?® and grown in two different media: in DMEM-
hg, 10% heat-inactivated FBS (Sigma), 2mM L-glutamine
(Sigma), and 50 U/mL penicillin/streptomycin (Sigma) to
grow hASCs in standard conditions and, in EGM™-2 Bullet-
kit™ (Lonza), 10% heat-inactivated FBS (Sigma) and plates
precoated with fibronectin (BD Biosciences) [10 pg/mL in
phosphate-buffered saline (PBS)] to culture FP-ASCs.

Phenotypic analysis by flow cytometry

hASCs were trypsinized, washed, and resuspended in PBS
with 1% bovine serum albumin (Sigma). Cells were incubated
in the dark at room temperature for 1h with the following
monoclonal antibodies conjugated with phycoerythrin: CD49d,
CD54, CD106, CD73, CD90, CD144, CD13, CD44, CD29 (BD
Biosciences), CD31, C-Kit, CD34, CD105 (Abcam), VEGFR
(R&D Systems), and CD133 (Milteny). Unspecific binding
was assessed by isotype control mouse IgG2a-PE and mouse
IgG1x-PE (BD Bioscience). Cells were then washed in PBS
and analyzed by FACS in an EPICS XL™ Flow Cytometer.

Differentiation assays

For in vitro adipogenic and osteogenic differentiation,
cells were cultured in StemPro Adipogenesis and Osteo-
genesis Differentiation Kit, respectively (Gibco), during a
14-day period, following the manufacturer’s instructions.

Measurement of doubling time and total cell number

The average doubling time of cells was calculated during
the logarithmic growth phases, according to the following
formula: doubling time =time (days)/log, (N,/N;), where N,
is the first cell count and N, is the cell count at the end of
logarithmic growth phases. The total cell number after the
initiation of culture was also measured by seeding the cells
at a density of 3,000 cells/cm” and culturing the cells until
they reached the stationary phase.

Determination of cell senescence

The senescent state of the cells was determined using the
Senescence Cell Histochemical Staining Kit (Sigma). Both
cell types were stained in logarithmic and stationary growth
phases following the manufacturer’s instructions, incubating
at 37°C without CO, overnight.

Determination of tumorigenic capacity in vivo
by noninvasive bioluminescence imaging

Cells, 5x 10°, labeled with pRRL-PLuc-IRES-EGFP [27]
were inoculated intramuscularly in each thigh muscle. Adult
6-week-old SCID mice were purchased from Charles River
Laboratories and kept under pathogen-free conditions in
laminar flow boxes. Animal maintenance and experiments
were performed in accordance with established guidelines
from the Catalonian Government and protocol approved by
Direcciéo General del Medi Natural, Generalitat de Catalu-
nya. For in vivo bioluminescence imaging (BLI) of Photinus
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pyralis luciferase (PLuc) activity, anesthetized mice were in-
traperitoneally injected with 150 pLL of luciferin (16.7 mg/mL
in physiological serum; Caliper). The cells were followed by
noninvasive BLI during 160 days, using a high-efficiency
ORCA-2BT Imaging System (Hamamatsu Photonics).
Analysis of images was performed using the Wasabi soft-
ware (Hamamatsu Photonics).

Comparative genomic hybridization analysis

DNA was extracted from cells using FlexiGene DNA kit
(Qiagen), following the manufacturer’s instructions. Com-
parative genomic hybridization (CGH) analysis was per-
formed as described previously [28]. DNA for tests (hASCs
and FP-ASCs) was labeled with Spectrum Red-dUTP,
whereas reference DNA was labeled with Spectrum Green—
dUTP by nick translation using a commercial kit (Vysis).
After hybridization, the slides were washed according to
manufacturer’s instructions and were mounted in Vecta-
shield (Vector Laboratories) containing 4,6-diamidino-2-
phenylindole, resulting in a G band-like pattern that was used
for chromosome identification. An average of 10 metaphases
per hybridization were analyzed using the Metasystems Isis
V5.C software (Metasystems). The average red:green fluo-
rescent ratio for each chromosome was determined by the
CGH software. Deviations of the ratio <0.75 (the test DNA
is under-represented) or >1.25 (the test DNA is over-
represented) were scored as loss or gain of material in the
test sample, respectively.

Microarrays

Total RNA was extracted from cells, using the RNAeasy
mini kit (Qiagen) according to the manufacturer’s instruc-
tions. Microarrays were processed at Functional Genomics
Core of Institute for Research in Biomedicine. Briefly, 25 ng
of total RNA was amplified using the TransPlex® Complete
Whole Transcriptome Amplification kit (Sigma) and sub-
sequently labeled using GeneChip Mapping 10K Xba Assay
kit (Affymetrix), according to manufacturer’s instructions.
Affymetrix GeneChip Human Gene 1.0ST arrays were hy-
bridized with 8 ng of labeled, amplified dsDNA; washed;
stained; and scanned according to the protocol described in
Affymetrix GeneChip® Expression Analysis Manual (fluidics
protocol FS450_007). Scanning was done on an Affymetrix
GeneChip Scanner 7G. Normalized expression signals were
calculated from Affymetrix CEL files using RMA [29]. Afty-
metrix results were interpreted with the Partek Genomics Suite
(Partec, Inc.). P-values were corrected using a step-up false
discovery rate of 20% and the resulting list was filtered to include
only genes that demonstrated 1.5-fold, or larger, up- or down-
regulation in FP-ASCs relative to hASCs. We performed an
Ingenuity Knowledge Base search using the Ingenuity Pathway
Analysis (IPA) application to obtain a biological analysis.

Real-time polymerase chain reaction

Two micrograms of total RNA used in microarrays was
reverse transcribed using the Revertaid First Strand cDNA
Synthesis kit (Fermentas). cDNA was real-time polymerase
chain reaction (RT-PCR) amplified, using the ABI PRISM 7000
(Applied Biosystems). FAM-labeled primer/probes were pur-
chased from Applied Biosystems: CNR1 (Hs01038522_sl),
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EFNB2 (Hs00187950_m1), FKBP5 (Hs01561006_m1), HSD
11B1 (Hs01547870_ml), PTEGR2 (Hs00168754_m1), HGF
(Hs00300159_m1), AREG/AREGB,CPM (Hs01074151_m1),
MAOA (Hs00165140_m1), ZBTB16 (Hs00957433_ml),
ALOX15B (Hs00153988_m1), CCL20 (Hs01011368_m1),
and GAPDH (Hs99999905_m1). Data were collected and an-
alyzed on the ABI Prism 7000 Sequence Detection System
(ABI). Each sample was analyzed in duplicate. The A threshold
cycle (Ct) method was used to quantify relative expression for
each gene using GAPDH as endogenous reference.

Lentiviral particle production and cell transduction

Lentiviral production was done as described previously [30].
Four lentiviral vector constructs were used to label cells. For
tumorigenic assay, cells were transduced using pRRL-PLuc-
IRES-EGFP-concentrated lentiviral stock (Multiplicity of In-
fection [MOI]=21) during 48 h; vector was a kind donation
from L. Alvarez-Vallina [27]. To monitor in vivo differen-
tiation, cells were transduced using CMV:hRLuc:RFP:ttk-
concentrated lentiviral stock (MOI=21) during 48h. The
highest 11% RFP-expressing cells were selected by FACS.
Sorted cells were transduced again with either concentrated
lentiviral Plox:hPECAM-1p:PLuc:EGFP or Plox:hcTnlp:
PLuc:EGFP stock (MOI=21) during 48 h to obtain double-
transduced cells: hPECAM-1p:PLuc:EGFP/CMV:RLuc:RFP:ttk
cells and hcTnlp:PLuc- EGFP/CMV:RLuc:RFP:ttk-cells, re-
spectively. CMV:hRLuc:RFP:ttk vector was a kind gift from
S.S. Gambhir (Dept. of Radiology, Stanford University),
Plox:hPECAM-1p:PLuc:EGFP and Plox:hcTnlp:PLuc:EGFP
vectors were constructed in our group [31].

Myocardial infarction model

The study was performed on 24 female SCID mice (15-
weeks old, 20-25 g; Charles River Laboratories). Animal
maintenance and experiments were performed in accordance
with established guidelines from the Catalonian Govern-
ment and protocol approved by Direccié General del Medi
Natural, Generalitat de Catalunya. Myocardial infarction
was created as previously described [32]. Briefly, the ani-
mals were intubated and anesthetized with a mixture of 0%/
isoflurane and mechanically ventilated. The heart was ex-
posed and the left anterior descending coronary artery was
permanently occluded with an intramural stitch (7-0 silk
suture). Mice were then randomly distributed into four ex-
perimental groups: control miocardial infarction (MI), control
MI with fibrin patch implantation, and MI with implantation
of cell-loaded fibrin patch (hASCs or FP-ASCs).

Development and delivery of fibrin patch

To produce the fibrin patch, the Tissucol duo Baxter fibrin
adhesive was used. Eight microliters of Tissucol solution
was mixed with 1.5x10° transduced cells or culture me-
dium. Then, 8 pL of thrombin solution was added for jelling.
Fibrin patches loaded with cells were cultured in their cor-
responding medium, DMEM or EGM-2, for 24h. Cell-
loaded and nonloaded fibrin patches were then implanted
after myocardial infarction induction using synthetic surgi-
cal glue (Glubran®2) in the healthy myocardium. After 3
weeks postimplantation, hearts were arrested in diastole
with arrest solution [32], excised, fixed, cryopreserved in
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30% sucrose in PBS, embedded in Tissue-Tek® Optimum
Cutting Temperature™ (OCT™) compound (Sakura), and
snapfrozen in liquid-nitrogen-cooled isopentane.

Noninvasive BLI of luciferase activity
from implanted fibrin patches

For in vivo BLI, anesthetized mice bearing fibrin patches
seeded with luciferase-reporter-expressing cells were intra-
peritoneally injected with 150 pL. of luciferin (16.7 mg/mL
in physiological serum; Caliper) to image PLuc activity.
Alternatively, mice were intravenously tail-vein injected
with 25 puL of benzyl coelenterazine (I mg/mL in 50/50
propileneglycol/ethanol; Nanolight Technology) diluted in
125 uL of water to image Renilla reniformis luciferase
(RLuc) activity. Imaging of PLuc and RLuc activities was
performed in consecutive days. Mice were monitored during
3-week periods at the indicated times. Quantification and
analysis of photons recorded in images was done using the
Wasabi image analysis software (Hamamatsu Photonics).

Immunohistochemistry

Mouse heart cryosections were incubated with primary
antibodies against CD31 (1:25; Abcam), cTnl (2 pg/mL;
Abcam), or phospho-histone3 (phospho-H3) (2 pg/mL; Cell
Signaling Technology). Sections were also incubated with
antibodies against RFP and GFP (Abcam) to enhance de-
tection of transduced cells. Secondary antibodies conjugated
with Cy2, DyLight 549, and Cy5 (1 pg/mL; Jackson Im-
munoResearch) were used for detection. Nuclei were
counterstained with Hoechst 33342 and results were ana-
lyzed using a Leica TCS SP2 laser confocal microscope.

Vessel density

To determine vessel density at border and distal zones
from the infarction, mouse heart sections were stained with
biotinylated GSLI B4 isolectin (Vector Laboratories) and
alexa fluor 647-conjugated streptavidin was used as a de-
tection system. Images were taken in at least 10 randomly
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selected fields (five border areas + five distal areas) and an-
alyzed using image analysis software (Imagel; NIH). The
results were expressed as percentage of mean isolectin-
positive staining area per tissue surface.

Matrigel assay

hASCs and FP-ASCs were seeded in a 96-well plate
precoated with 50 pL. Matrigel™ (BD Biosciences) accord-
ing to the manufacturer’s instructions at a density of 10*
cells/well in 100mL EGM-2, six wells per patient, and
culture condition was monitored every hour, during an 8-h
period. Completely closed circle structures were quantified
to evaluate vasculogenic capacity (circles/mm?).

Statistical analysis

Statistical analysis was performed using a two-tailed
Student’s #-test. Values are presented as mean * standard
deviation. Descriptive statistics were performed with SPSS
Statistics (15.0.1 version; SPSS, Inc.). Statistical tests were
considered significant when P <0.05.

Results

hASCs grown in EGM-2 display
a fast-replicating phenotype

Generation of large numbers (typically 10°-10'%) of cells for
implantation is an important goal in the cell therapy field. Al-
though hASCs have shown desirable properties for cell ther-
apy, the time required for expansion, with the corresponding
risk of genomic damage, is critical for some applications.

While evaluating procedures to optimize hASC expan-
sion, it became apparent that exposure of hASCs to EGM-2
medium resulted in an FP-ASC with potential application in
cell therapy.

hASCs from three different patients were grown in EGM-
2 and DMEM (standard hASC growth media) as a control.
As shown in Fig. 1A, during the exponential growth phase,
duplication periods for EGM-2-grown hASCs (FP-ASCs)
were on average 1.5 days, significantly shorter than those for

FIG. 1. Proliferation rate of

) hASCs is growth medium
Iy dependent. (A) The graph de-
scribes the proliferation capac-
ity of hASCs in Dulbecco’s
modified Eagle’s medium
(DMEM) (open symbols) and
in EGM-2 medium (closed
symbols) [n=3 for each condi-
tion; error bars, standard devi-
ation (SD)]. The red horizontal
line marks the 10'° cell level.

Roman numerals (arrows) in-
dicate the times at which -
galactosidase expression was
assayed. (B) P-Galactosidase

FP-MSCs

N III

S| AT staining (blue), a senescence
) \ marker, shows entry of cells in
the stationary growth phase.
* N hASCs, human adipose-tissue-
: derived MSCs. Color images
available online at
Jiebertpub.com/scd
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cells grown in DMEM, 5.1 days. Thus, average growth
periods of 11.1 and 38.9 days were required to produce a
total of 10® cells in each of these two media, respectively.
Although FP-ASCs grew 3.5 times faster in EGM-2 than in
DMEM, they reached the stationary phase earlier than those
grown in DMEM. Moreover, regardless of their different
replication rates, cells grown in EGM-2 and DMEM had
similar maximum population doubling (PD) capacities, 19.5
and 24.4, respectively, following which, indications of cell
senescence could be detected by [B-galactosidase staining
(Fig. 1B), indicative of their finite expansion capacity.

hASCs and FP-ASCs display equivalent
multipotency and immunophenotypes

Since induction of a fast-replicating phenotype in hASCs
by culture in EGM-2 medium could be accompanied by
significant phenotypic changes, we analyzed hASC charac-
teristics in FP-ASCs.

Conventional microscope observation indicated that FP-
ASCs had MSC-like morphology, with slightly more pro-
nounced spindle-like and fibroblastic appearance than native
DMEM-grown hASCs. Multipotency was equivalent to that
of hASCs and, under the appropriate conditions, FP-ASCs
could be induced to differentiate to the osteogenic and
adipogenic lineages (Fig. 2A).

We also compared the expression of CD34, CD13, CD29,
CD44, CD90, CD105, CD73, and CD106 (MSC mark-
ers); CD49d and CD54 (specific hASC markers); CD31,
VEGFR2, and CD144 (endothelial markers); and CD133
and c-Kit (stem cell markers) surface markers in early
(average PD=8.8) and late (average PD=18.2) FP-ASCs,

FIG. 2. hASCs and FP-ASCs dis-
play similar multipotency and im-
munophenotypes. (A) Panels show
microphotographs of FP-ASC and
hASC cultures, and their staining with
alizarin S and oil red O, following
induction to the osteogenic and adi-
pogenic lineages, respectively. (B)
The histogram compares the fraction
of cells that express the indicated cell
surface markers in hASCs (PD 10)
from three different patients, with the
corresponding early (PD 9) and late
(PD 18) passage FP-ASCs. For analy-
sis, CD markers were labeled using the
corresponding fluorescence-conjugated
antibodies and detected by FACS
(n=3, t-Student compared w1th hASCs
for each marker: *P<0.05; "P<0.01;
error bars, SD). FP-ASCs, fast-prohf—
erating phenotype; PD, population
doubling. Color images available online
at www.liebertpub.com/scd
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with those of the corresponding hASCs (average PD=9.7)
from three different patients (Supplementary Table S1;
Supplementary Data are available online at www.liebertpub
.com/scd).

Immunophenotyping results (Fig. 2B) showed an overall
similarity in the surface marker expression pattern However,
there were significant differences (*P<0.05; TP<0.01) in the
proportion of cells expressing some of the markers, namely,
CD49d, CD13, CD44, CD90, CD73, CD105, and CD133.
In the case of CD105 and CD133, there were significant
differences with early passage FP-ASCs. Except for CD106,
CD133, and CD49d that were significantly more frequently
expressed in FP-ASCs, the remaining ‘‘significantly dif-
ferent”” makers were less-frequently expressed in FP-ASCs
than in hASCs. In addition, the three MSC markers CD90,
CD73, and CDI105 were expressed in a lower proportion
of the cells, and none of the endothelial markers were
expressed.

FP-ASC safety

Due to the potential for therapeutic application of FP-
ASCs, we assessed their oncologic safety. Exponential-
growth (average PD=8.8) and stationary-phase (average
PD=18.2) FP-ASCs, as well as the original hASCs (aver-
age PD=09.7), from three different patients, were perma-
nently transduced with a lentiviral vector for the expression
of PLuc and implanted in the thigh muscle of SCID mice.
Regular BLI monitoring of the cell-implanted mice showed
that only a fraction of the implanted cells survive at the
implantation sites, past day-25 postimplantation, and no
indication of excessive cell proliferation or tumor

Oil Red O

Alizarin §

m hAMSC
B8 FP-MSC early passages
O FP-MSC late passages

©
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FIG. 3. Safety of FP-ASCs. Luciferase-
expressing, early (PD 9) and late (PD 18),
FP-ASCs were i.m. implanted in SCID
mice and monitored regularly by BLI over
a 160-day period. Normal hASCs (PD 10)
were also implanted for comparison. (A)
The graph represents the luciferase activity
recorded from the BLI images of the im-
plantation sites at the indicated days. Data
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generation was detected even after a 160-day period of
regular monitoring (Fig. 3A).

Moreover, we also used CGH to evaluate genetic stability
and detect possible gross genomic anomalies in exponen-
tially growing (average PD=8.8) and stationary (average
PD=18.2) FP-ASCs as well as in the original hASCs from
the three patients (Fig. 3B).

In agreement with the animal studies, all of the samples
(n=9), except one that presented a 21 chromosome trisomy,
had a normal karyotype and no genomic anomalies. Further
revision of the trisomic patient showed that the trisomy
was already pre-existent in the original hASCs, previous to
expansion.

FP-ASCs display a characteristic
gene expression pattern

To further characterize FP-ASCs we compared their gene
expression patterns with those of their matching original
hASCs.

mRNA from exponentially growing FP-ASCs and hASCs
(average PD=11.6 and 10.8, respectively) was analyzed
using the Human Gene 1.0 ST array from Affymetrix, and
interpreted with the Partek Genomics Suite (Partek, Inc.).
The recovered P-values were then corrected using a step-up
false discovery rate of 20% and the resulting list of signif-
icantly differently expressed genes was filtered to include
only genes that demonstrated 1.5-fold, or larger, up- or

LR THEN ]

Co2(13)

points represent average values £ SD (bars)
(n=06 for each of the patient-derived cells).
(B) Representative image showing a CGH
profile from a late-passage FP-ASC patient
sample. Shaded areas corresponding to
centromeres and constitutive heterochro-
’ matin are not considered. The vertical
i lines, left and right of the CGH profile,
I represent fluorescence ratio limit values of
| 0.5-0.75 (red) and 1.0-1.25 (green). CGH
503 ratio values between 1.25 and 0.75 indicate
no significant gain or loss of cell DNA
- relative to control DNA and are considered
[ normal. The actual ratio (black line) be-
tween test DNA and control DNA shows
no gain or loss of DNA by the chromo-
somes. Numbers under each diagram indi-
1l cate chromosome number and the number
of chromosomes tested (parenthesis), re-
spectively. SCID, severe-combined immu-
nodeficient mouse; BLI, bioluminescent
imaging; CGH, comparative genome hy-
bridization. Color images available online
at www.liebertpub.com/scd
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downregulation in FP-ASCs relative to hASCs (Supple-
mentary Fig. S1). Finally, to obtain further insight on po-
tential biological processes involving the differentially
expressed genes, we performed an Ingenuity Knowledge
Base search using the IPA application.

The top-scoring networks identified were ‘‘Cellular
Growth and Proliferation, Cell Morphology, Cell Death”
(score 82) (Fig. S1A) and ““Cellular Movement, Cell-to-Cell
Signalling and Interaction, Cellular Development” (score
34) (Fig. S1B). In both the networks, upregulated FP-ASC
genes predominate over the downregulated ones. From these
two networks, a list of 12 genes was selected according to
highest fold change (FC) and function annotation (‘‘Cellular
Growth and Proliferation” P-value <0.05 and/or *‘Cellular
Movement” P-value <0.05) (Fig. S1C) and then validated
by RT-PCR in all the cell types and in an extra FP-ASC and
hASC pair, as a control from an additionally different pa-
tient, patient 4. The FC values obtained by RT-PCR for this
subset of genes expressed in FP-ASCs from the four patients,
relative to the corresponding hASCs of origin, are summa-
rized in Table 1 (columns 4-7), and compared using a t-
Student paired test (Table 1, column 8; *P <0.05; TP<0.1).
RT-PCR values confirmed that all of the genes in the sub-
set are upregulated in all FP-ASCs studied and for most
of the genes the FC in expression are significant ("P<0.1;
*P<0.05). Thus, with this procedure we defined a gene
expression profile induced in hASCs grown in EGM-2 that
aids in the characterization of the FP-ASC phenotype.
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TABLE 1. CHANGES IN GENE EXPRESSION OF FP-ASCs VERsus hASCs

FC clones (t-test
patients vs clones)

Clone
M27

Clone
MO5 MI17

Average FC  Clone

(t-test paired)

Patient Patient Patient
2 3 4
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1
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Genes
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Induction of the FP-ASC phenotype

To verify that the FP-ASC phenotype is a reproducibly
inducible trait of individual hASCs when grown in EGM-2,
we devised the following subcloning strategy. hASCs from
patient 4 were plated at 1 cell per well limiting dilution, in
five 96-well plates in DMEM. Of these, ~6.7% of the wells
(32 wells) generated single colonies from one cell. Fol-
lowing expansion in DMEM, single colonies were divided
into two; one of which was maintained in DMEM and the
other was changed to EGM-2 medium (FP-ASC conditions).
Of all the colonies obtained, 30% were grown in both cul-
ture conditions and expanded for >15 PDs. Again, dupli-
cation time for the different clones in both media was
significantly different [1.79 days in EGM-2 vs. 3.74 days in
DMEM (p<1x10%] in agreement with previous data ob-
tained from the different patients.

Total RNA extracted from three pairs of sister clones from
each condition, which had reached 30,000 cells (~15 PD),
was analyzed by RT-PCR for the expression of the 12 upre-
gulated genes that characterize the FP-ASC phenotype. FC in
gene expression for each FP-ASC-hASC pair of sister clones
are summarized in Table 1 (columns 9-11).

A t-Student paired test comparison of the FC values for
each of the 12 FP-ASC signature genes, from the group of
three clones, with the FC values for the same genes from the
four patients resulted in a P>0.05 (Table 1, column 12).
This result indicates that the difference in expression level
of the signature genes between FP-ASCs and hASCs grown
in the two conditions was not significative. In other words,
whether we compared sister colonies grown in DMEM and
EGM-2, or whole cell populations derived from the four
different patients, also grown in DMEM and EGM-2, we
obtained a similar pattern of changes in gene expression.
This result shows that EGM-2 induces the observed FP-
ASC phenotype in individual cell clones; thus, the FP-ASC
phenotype is a general, EGM-2-inducible characteristic of
hASCs.

FP-ASC phenotype reversibility

To determine whether the induction of the FP-ASC phe-
notype is a reversible process, we reversed the culture
conditions of cells from patient 4 and clone M27. Thus, FP-
ASCs were changed to DMEM and, conversely, hASCs
were changed to EGM-2. Total RNA was extracted after 1
and 2 weeks in the new culture conditions, and analyzed by
RT-PCR for expression of the 12 upregulated signature
genes that characterize the FP-ASC phenotype (Supple-
mentary Fig. S2A). FP-ASCs from patient 4 that were
changed to DMEM lost their fast-proliferating phenotype
and the FC of the analyzed genes fell drastically in just 1
week, with the expression levels of these 12 genes ap-
proaching those of hASCs grown in DMEM (Supplementary
Fig. S2B). For clone M27 grown in EGM-2 (M27-E) the
change to DMEM resulted in a reduction of its replication
rate as well as in a reduction of the FC of the analyzed
genes, as compared with the FC of the control clone, which
was maintained in EGM-2. Although the expression level of
the analyzed genes dropped over time, it did not reach the
same baseline levels during the experiment (Supplementary
Fig. S2B). Thus, FP-ASCs, a phenotype intimately linked to
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growth in EGM-2 medium, are a reversible property of both,
cell populations and individual clones.

Angiogenesis in vitro

The capacity of hASCs for endothelial lineage differ-
entiation is well documented. We performed in vitro assays
to compare the vasculogenic capacity of FP-ASCs and
hASCs in Matrigel. Our results show (Fig. 4) that FP-ASCs
are not only vasculogenic in this assay, but also generate
significantly more abundant, better organized, and longer
lasting vascular-like structures than those generated from
hASCs.

Noninvasive BLI monitoring of FP-ASC and hASC
differentiation to cardiac and endothelial lineages
in a mouse model of myocardium infarct

To evaluate the potential of FP-ASCs for cell therapy, we
used a mouse model of myocardium infarct in which we
implanted FP-ASCs and hASCs expressing luciferase re-
porters, a strategy that allows in vivo monitoring of changes
in the expression of specific genes. To do this, FP-ASCs and
hASCs were each first labeled with a RLuc-RFP chimerical
reporter regulated by the constitutively active cytomegalo-
virus promoter useful to evaluate cell number. Positively
labeled cells expressing RFP were selected by FACS and
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labeled a second time with a different firefly luciferase-
eGFP chimerical construct, this time regulated by either the
inducible promoters of the PECAM-1 or the Troponin-I
genes, as reporters of endothelial or cardiomyocytic lineage
differentiation, respectively (PECAM-1p:Pluc:eGFP and
hcTnPIp:Pluc:eGFP). The transduced cells were then seeded
in a fibrin patch and implanted over the wound area of a
myocardium infarct model in SCID mice. The proliferative
and differentiation behavior of the implanted cells was
noninvasively monitored by BLI during a 3-week period
(Supplementary Fig. S3). Quantification of photon counts
from both cell types showed a time-dependent increase in
the ratio “‘Pluc/Rluc,” a magnitude that evaluates the pro-
portion of light generated by the inducible promoter (PE-
CAM-1 or Troponin-I)-regulated luciferase relative to that
generated by the constitutively active CMV promoter. With
this procedure potential artifacts due to changes in the
number of light-emitting cells are taken into consideration.

The experiment results (Fig. 5A) indicate that, relative
to the time of implantation, there were detectably in-
creasing changes in the activity of the promoters regulat-
ing the expression of genes involved in the differentiation
to cardiac and endothelial lineages for both FP-ASCs and
hASCs. By the end of the experiment, there was a net
increase in the activity of the PECAM-1 and Troponin-I
promoters relative to week 0, although no significant dif-
ference could be detected between FP-ASCs and hASCs in
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FIG. 4. Vascular capacity of hASCs
and FP-ASCs. (A) Representative mi-
B crophotographs showing tubular struc-
—AMSC tures induced by Matrigel in cultures of
191 =Fp.msc * *k hASCs and FP-ASCs, at the indicated
times. (B) The histogram represents the
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FIG. 5. Invivo differentiation capacity of heart-implanted hASCs and FP-ASCs. hASCs and FP-ASCs were doubly labeled with
either Troponin-1 or PECAM-1 inducible promoter—regulated PLuc-EGFP, and constitutive CMV promoter—regulated RLuc-RFP
constructs and seeded in a fibrin patch. The fibrin matrix was then implanted over the ventricular area of myocardium infarct model
in mice and imaged by BLI regularly. The ratio of PLuc to RLuc photons (PLuc/RLuc), recorded in the BLI images, was used to
evaluate the changes in inducible promoter activity. (A) The histogram represents the change in PLuc/RLuc ratio relative to
implantation day (week 0) for each cell type and reporter, n=4. (B) Heart excised after the BLI experiment showing epifluorescent
and bioluminescent signals from stem cells seeded in the fibrin patch. (C) Fluorescence confocal microscope images of myocardial
sections 3 weeks p.i. showing from left to right: RFP constitutively expressed in all the implanted hASCs and FP-ASCs; EGFP
expressed in hASCs and FP-ASC:s that differentiated to either the endothelial lineage (PECAM-1 promoter, top panel) or to the
cardiomyocytic lineage (Troponin-I promoter, bottom panel); protein antigens, Troponin-I and PECAM-1, detected using the
corresponding anti-Troponin-I and anti-PECAM-1 antibodies, shown in gray (top and bottom panels, respectively); overlay of the
previous images plus Hoechst staining of nuclei. In each panel, the top row shows FP-ASCs while the bottom row shows hASCs.
PLuc, Photinus pyralis luciferase; RLuc, Renilla reniformis luciferase. Color images available online at www.liebertpub.com/scd

either case. However, activity of the Troponin-I promoter
was significantly higher than that of PECAM-1, in both
hASCs and FP-ASCs, relative to WO (¥*P <0.05, "P<0.1).
Although only the bioluminescence signal from the re-
porters could be detected noninvasively, we could easily

identify the epifluorescent and bioluminescent signals of
the implanted cells in the excised hearts (Fig. 5B).

Laser confocal microscopy was used to analyze tissue
slices from the injury site, including the fibrin scaffold, 3
weeks p.i. In all cases, we were able to confirm the presence
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FIG. 6. Vasculogenic effect of therapeutic cells. The
histogram shows the fraction (%) of myocardial-vessel area
subjacent to the infarct in the MI model subjected to treat-
ment with the fibrin patch, or the fibrin patch plus thera-
peutic cells. Vascular area was estimated using lectin
staining. Values represent the average+SD (*P<0.05;
TP<0.005, relative to the MI control).

of cells expressing RFP within the fibrin scaffold. However,
only occasional red FP-ASCs were detected within the
myocardium zone (data not shown). In the case of mice
implanted with either FP-ASCs or hASCs labeled with the
PECAM-1-regulated reporter, confocal microscope images
revealed (Fig. 5C, top panel) the presence of red fluorescent
cells that were also green fluorescent and expressed the
PECAM-1 protein, as revealed by an antthuman PECAM-1-
specific antibody (far-red fluorescent signal). In the case of
mice implanted with either FP-ASCs or hASCs labeled with
the Troponin-I-regulated reporters, confocal images re-
vealed (Fig. 5C, bottom panel) the existence, within the
fibrin patches, of frequent red fluorescent cells that were
also green fluorescent and expressed the Troponin-I protein,
as revealed using an antihuman Troponin-I-specific mono-
clonal antibody (far-red fluorescent signal). Thus, our results
indicate that both FP-ASCs and hASCs are capable of dif-
ferentiating to myocardial and endothelial phenotypes when
implanted in fibrin scaffolds over the injured tissue, further
supporting the in-vivo-generated BLI data.

Measurement of the fraction of vessel area in the myocar-
dium adjacent to the infarct showed (Fig. 6) that while treat-
ment with fibrin alone resulted in an improvement in
vascularization (76.4% vs. 40.1% in control group, *P <0.05),
the inclusion of hASCs or FP-ASCs in the fibrin patch had an
even more profound and significant vascular-inducing effect
(137.7% and 159.1%, respectively, TP<0.005), been FP-ASCs
the most effective cell type.

Discussion

Cell therapy using stem cells is a promising therapeutic
strategy for many conditions requiring tissue replacement, in
particular, when there is a scarcity of organs for transplan-
tation or the danger of contamination by foreign organisms.

An important hurdle for cell therapy is the requirement
for large numbers of cells; clinical treatments frequently
require more than 1.5x10® therapeutic cells (2x 10%kgx
75kg). The expansion time required for procurement of suf-
ficient cells is strongly dependent on the initial number of cells
available and, when this is low, extended culture times are
required. Since the ex-vivo-expansion rate is not only limited,
but also decreases over time, long propagation times may
result in accumulation of genetic damage and loss of multi-
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potentiality, together with phenotypic and functional changes
related to cell senescence. Nevertheless, reports on the like-
lihood of oncologic transformation have not been substanti-
ated [33,34] and no tumors have been reported after transplant
of MSCs without and with genetic defects during 8 weeks
(mice) and 2 years (allogeneic, human) [35], respectively.

The growth of hASCs in EGM-2, an endothelial cell me-
dium, which also promotes endothelial differentiation, was
previously described by Yoshimura’s lab in 2007 [36], and it
has also been used with other cell types, such as dendritic cells
[37] or smooth muscle progenitor cells [38,39].

In the current work, we analyze changes taking place in
hASCs grown in EGM-2 medium that lead to a phenotype
that while preserving a developmental potential equivalent
to that of DMEM-grown hASCs is endowed with the advan-
tage of been fast-proliferating, self-limiting, and safe, thus,
providing a potentially useful resource of cells for therapy.

We show that hASCs grown in EGM-2 medium, referred
to as FP-ASCs, suffer fibroblastic-like morphologic changes
and proliferate up to 3.5 times faster than hASCs grown in
standard DMEM. This latter feature allows the generation of
10'° cells in close to 3 weeks, while it took others ~75 days
to achieve the same number of cells, a prohibitive delay, for
some therapeutic applications.

The contribution of growth factors in EGM-2 to ASC
proliferation has been the subject of previous research.
Some studies have shown increases in the proliferation rate
of hASCs grown in defined SF/SX media StemPro (Gibco);
however, these tended to be lower than those in EGM-2
reported here [13,40]. The effects of growth factors insulin
growth factor (IGF)-1, epidermal growth factor (EGF), and
vascular endothelial growth factor (VEGF) on cell prolif-
eration have been explored by several authors and found to
have some, but not significant, cell-proliferation-promoting
capacity when tested individually [20-22], although others
[41] report that prolonged exposure of hASCs to EGF results
in a significant increase in cell proliferation and inhibition of
adipose differentiation. It has also been reported that PDGF
and EGF may have a reducing effect in cell proliferation and
adipogenic differentiation [20]. Only FGF-2 by itself has
shown a statistically significant capacity to promote cell
growth [19,20,23,24]. However, the effect of FGF-2 was not
enough to explain the cell-proliferation-promoting effects of
EGM-2. Thus, it would appear that the capacity of EGM-2
to induce cell proliferation seems to result from a synergistic
effect of growth factors, including those in FBS.

March and coworkers [42] describe the production of he-
patocyte growth factor (HGF), VEGF, granulocyte-macrophage
colony stimulating factor (GM-CSF), transforming growth
factor-beta (TGF-f3), and FGF-2 by hASCs grown in EBM-2.
Interestingly, VEGF, TGF-p, and FGF-2 are also constituents
of the growth factor supplement added to defined media EBM-
2 to produce EGM-2; IGF is likely provided by FBS. These
results suggest that hASC-secreted growth factors may have
autocrine roles regulating endothelial differentiation, prolifer-
ation, and survival in this defined media. Our microarray
analysis results show that only HGF is overexpressed in FP-
ASCs relative to hASCs, while VEGF, GM-CSF, and TGF-3
are expressed at the same level.

FP-ASCs and hASCs share the majority of surface markers,
and equivalent (osteogenic and adipogenic) in vitro differ-
entiation potential. However, we also found some significant
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differences between both cell types. FP-ASCs maintained the
expression pattern of markers that define the MSCs (CD105 ™,
CD73" y CD90*, and CD347) but in a significantly lower
fraction of the cells. CD105~ subpopulation cells could have
some protherapeutic properties, promoting differentiation and
regulating T cells [43]. Among other differences, CD106
(Vascular cell adhesion molecule), absent in hASCs, and
CD49d (Very-late antigen 4) that interact with each other play
roles in stabilizing lymphocyte adhesion to endothelial cells
and stimulation of T cells [44] and are more often expressed
in FP-ASCs. However, FP-ASCs did not express any of
CD31, VEGFR2, and CD144, characteristic endothelial line-
age markers that were analyzed.

Our assays indicated that FP-ASCs are safe. While rep-
licating faster than hASCs, the total proliferation potential
of FP-ASCs was similar to that of hASCs, and both cell
types entered senescence, considered a safeguard against
neoplasic transformation [45], after a similar number of
replication rounds. By CGH tests, we were able to show that
no gross chromosomal anomalies could be found in FP-
ASCs grown in EGM-2 after 9 and 18 PDs (exponential and
stationary growth phases, respectively). Moreover, in vivo
BLI imaging studies showed that following implantation in
mice, cells were also functionally safe and no excessive cell
proliferation or tumor generation was detectable even after a
160-day period of regular monitoring.

Growth in EGM-2 induced in FP-ASCs a characteristic
pattern of changes in gene expression. According to the
analysis of gene expression array results by an Ingenuity
Knowledge Base search using the IPA application, FP-ASCs
overexpressed genes associated with *‘Cellular Growth and
Proliferation, Cell Morphology, Cell Death” (score 82) and
“Cellular Movement, Cell-to-Cell Signalling and Interac-
tion, Cellular Development’ (score 34). Based on this
analysis we selected a list of 12 genes with the highest FC,
functionally annotated as ‘‘Cellular Growth and Proliferation™
(P<0.05) and/or ““‘Cellular Movement™ (P <0.05). This gene
set was validated using RT-PCR and used to characterize
FP-ASCs.

The FP-ASC phenotype is robust, and can be repro-
ducibly induced in both, the general hASC population
from patients with different genetic backgrounds, and in
clones derived from single hASCs. Using the 12-gene-list
expression pattern described as an FP-ASC profile, we
showed that hASC clones derived from a single cell could
be induced by EGM-2 to a phenotype not significantly
different than that induced by EGM-2 in the general
hASCs population, and that such FP-ASC clones had an
average duplication rate (1.79 days) significantly shorter
than that of sister cells in DMEM (3.74 days). Moreover,
reversing culture conditions, for growth in DMEM, re-
sulted also in the reversal to the hASC-like expression
phenotype and slower growth rate.

As shown by previous reports [46] and also our current
results, cell growth conditions during expansion in culture
and storage can significantly affect growth rate, gene ex-
pression, senescence, and differentiation capacity and can
ultimately impact on therapeutic efficacy. Thus, in support of
a recent FDA perspective on MSC product characterization
for clinical trials [47], gene expression profiles, in particular
those relative to cell surface markers, growth factors, and
cytokines could be valuable parameters to consider when
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evaluating the potential hASCs and derivatives generated
under a variety of conditions for clinical applications.

Marchal et al. [25] have provided credible data in support
of an endothelial-like cell type [multipotent endothelial-like
cells (ME-LC)] with endothelial and cardiomyocytic dif-
ferentiation potential that can be selected from hASC pop-
ulations through an elaborate process including growth in
EGM-2. However, while ME-LC and FP-ASC types share
endothelial and cardiomyocyte differentiation potential and
express common endothelial hematopoietic marker VEGFR
(KDR) and EPC marker CD133, contrary to ME-LCs, FP-
ASCs do not express CD34 or CD45. There are other im-
portant differences between both cell types. While ME-LC
production requires lengthy (2 months) process, the FP-ASC
phenotype is easily produced by change of growth medium
from DMEM to EGM-2. Moreover, we also show that
cloned hASCs can be induced to the FP-ASC phenotype,
cloned again, and induced back to the ASC phenotype.
Thus, FP-ASCs do not derive, as claimed for ME-LCs, from
endothelial-like precursor preexistent in the hASC popula-
tion, but they result from growth factor induction of hASCs.

FP-ASCs could have angiogenesis-related therapeutic
applications. FP-ASCs were more effective at inducing the
formation of larger and longer-lasting vascular structures in
in vitro matrigel assays than hASCs. Moreover, FP-ASCs
had also a more potent angiogenic-inducing effect when
implanted in a fibrin patch over an MI injury model in mice.
Since implanted cells were limited to the fibrin scaffolds,
not migrating to adjacent myocardium, a likely explanation
of these results could be the paracrine effects of differential
expression of molecules related to secretion of growth fac-
tors and cytokines [5]. From our gene expression analysis we
find that several growth factors—AREG/AREGB, HGF, and
GDF5 (growth differentiation factor 5)—and cytokines—
Tnfsf4, CXCLS5, CCL20, CMTMS8, and NAMPT—are sig-
nificantly upregulated in FP-ASCs relative to ASCs, while
INHBA, NGF, NOV, and NTF3 are downregulated relative
to ASCs in support of the concept of ASCs as growth factor
factories.

In vivo BLI monitoring of bioluminescent FP-ASCs and
hASCs implanted in a mouse MI model using the fibrin
scaffold showed that FP-ASCs and hASCs had a similar ca-
pacity to differentiate to the endothelial lineage. However, FP-
ASCs were more effective at myocardial differentiation.
These results were validated by histological analysis that
demonstrated the presence of red fluorescent cells also ex-
pressing green fluorescent protein as a result of PECAM-1
or Troponin-I promoter activation, and the corresponding
PECAM-1 and Troponin-1 proteins, revealed by the specific
antibodies.

Conclusions

Growth of hASCs in EGM-2 medium induces a fast-
proliferating phenotype (FP-ASCs) that reduces by a fac-
tor of 3.5 the time required to produce sufficient cells for
therapy; it is genetically stable, generates no tumors in
mice, and has differentiation potential equivalent to that of
hASCs.

The FP-ASC phenotype is a reversible phenomenon that
can be characterized by changes in the expression of 12
different genes.
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Gene expression profiling could be a useful tool to eval-
uate therapeutic potential of hASCs for clinical trials.

FP-ASCs generate larger and more stable vascular struc-
tures in Matrigel, are better paracrine inducers of angiogene-
sis, and differentiate better to the cardiomyogenic lineage than
hASCs in a live animal model.

Due to the ease with which FP-ASCs can be generated,
these cells could be a promising resource for therapy.
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