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We have previously identified and purified multipotent mesenchymal stromal cell (MSC)-like cells in the highly
regenerative endometrial lining of the human uterus (eMSC) as CD140b"CD146 " cells. Due to ease of acces-
sibility with minimal morbidity via biopsy, we are proposing to use eMSC in cell-based therapies; however,
culture conditions compliant with Good Manufacturing Practice have not been established for eMSC. The aim of
this study was to optimize serum-free and xeno-free culture conditions for expansion of eMSC for potential
clinical use. Real-time cell assessment (Xcelligence) and MTS viability assays were used to measure attachment
and proliferation of freshly isolated, flow cytometry-sorted CD140b"CD146" eMSC cultured in several com-
mercially available and in-house serum-free and xeno-free media in combination with five attachment matrices
(fibronectin, collagen, gelatin, laminin, and Cell Start—XF®). Comparisons were made with a standard serum-
containing medium, DMEM/F-12/10% fetal bovine serum. Under all conditions examined, eMSC attachment
and proliferation was greatest using a fibronectin matrix, with Lonza TP-SF® and our in-house DMEM/SF/
FGF2/EGF serum-free xeno-product-containing medium similar to serum-containing medium. Hypoxia in-
creased eMSC proliferation in the DMEM/SF/FGF2 /EGF serum-free medium. Culture of eMSC for 7 days on a
fibronectin matrix in DMEM/SF/FGF2/EGF serum-free media in 5% O, maintained greater numbers of un-
differentiated eMSC expressing CD140b, CD146, and W5C5 compared to culture under similar conditions in
Lonza TP-SF medium. However, the percentage of cells expressing typical MSC phenotypic markers, CD29,
CD44, CD73, and CD105, were similar for both media. EMSC showed greater expansion in 2D compared to 3D
culture on fibronectin-coated microbeads using the optimized DMEM/SF/FGF2/EGF medium in 5% O,. In the
optimized 2D culture conditions, eMSC retained CFU activity, multipotency, and MSC surface phenotype,
representing the first steps in their preparation for potential clinical use.

Introduction MSC home to sites of tissue damage when infused intrave-
nously, and secrete bioactive molecules that promote tissue
MESENCHYMAL STEM CELLS, also known as multipotent  repair, with little evidence of engraf’rment.10 Transplanted MSC
stromal cells or mesenchymal stromal cells (MSC),' actin a paracrine manner secreting large quantities of angio-
were first discovered in the bone marrow as an adherent, genic, antifibrotic, antiapoptotic, immunosuppressive factors
clonogenic, nonhemopoietic cell population with capacity to  and other molecules inducing endogenous tissue-specific pro-
undergo extensive proliferation in culture and differentiate into ~ genitor cell mitosis to promote cellular replacement, angio-
multiple mesodermal lineages.> MSC have since been identi- ~genesis, and limit scarring, cell death, immunosurveillance,
fied in adipose tissue and multiple human organs, including and chronic inflammation—processes that collectively repair
the pancreas, skeletal muscle, endometrium,** and placenta,”” damaged tissue.” These important characteristics warrant
where they are postulated to generate connective tissue over ~MSC as a highly attractive cell source for regenerative medi-
the lifespan. Substantial evidence indicates that MSC are a  cine. Indeed, clinical trials using allogeneic bone marrow MSC
subset of pericytes that line the blood vessels”® and secrete  for treatment of spinal cord injury, heart disease, stroke, and
trophic and immunomodulatory factors in response to injury.”  cartilage repair have already commenced.'""'?
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SCALE-UP CULTURE OF HUMAN ENDOMETRIAL MSC

We have previously identified MSC-like cells in human
endometrium,*® a highly regenerative tissue undergoing
>400 cycles of growth, differentiation and shedding during a
woman’s reproductive years. We have demonstrated that a
large, single human endometrial stromal colony forming unit
(CFU) undergoes ~30 population doublings yielding
~6.1x10'? cells, can be subcloned or replated at clonal level
at least three times, and differentiates into mesodermal
lineages, smooth muscle, osteocytes, adipocytes, and chon-
drocytes in vitro*, indicating that endometrial stromal CFU
possess key adult stem cell properties of self-renewal, dif-
ferentiation, and high proliferative capacity. Endometrial
MSC (eMSC) can be prospectively isolated from hysterectomy®
and endometrial biopsy'* tissues as CD140b*CD146" cells,
which have similar phenotype, proliferative capacity, and
differentiation potential as other MSC. eMSC are enriched
10-fold in the CD140b*CD146" subpopulation over freshly
isolated endometrial stromal cells.® These eMSC are found
in a perivascular location, suggesting their role in endome-
trial repair and angiogenesis each menstrual cycle. Cultured
stromal cells derived from endometrial biopsies also ex-
pressed CD140b and CD146 and differentiated into func-
tional dopaminergic neurons'* and insulin-producing
pancreatic cells,'® demonstrating the broad potential of
eMSC for cell-based therapies.

Key advantages of using endometrial tissue as a source of
MSC for cell-based therapies are the ease of accessibility via
biopsy without the need for anesthetic, the lack of scar-
ring, and the minimal pain incurred during their harvest.
Therefore, we hypothesize that human eMSC are a readily
available source of autologous cells that may provide a
novel cell-based therapy for potential clinical applications.
As eMSC comprise approximately 1% of endometrial stro-
mal cells,* it will be necessary to first expand these cells in
culture to obtain sufficient numbers for clinical use. This
requires serum-free and xXeno-free (animal product-free)
culture conditions compliant with Good Manufacturing
Practice (GMP).'*"”

A potential autologous application for eMSC is pelvic
organ prolapse (POP), a major hidden disease burden
affecting millions of women.'® POP is the herniation of the
uterus, bladder, and/or bowel into the vagina, which can
result in externalization of one or more these organs.'” The
symptoms of POP include urinary and bowel incontinence
and sexual dysfunction; 25% of all women have one or
more symptoms of POP.?° The major risk factor for POP is
vaginal delivery due to pelvic floor tissue damage after
childbirth; however, aging, chronic constipation, chronic
asthma, and obesity increase the risk of POP develop-
ment."” Current treatment for POP is reconstructive sur-
gery, frequently involving augmentation with synthetic
mesh.?! Nineteen percent of women have POP surgery, and
of these, 15% will have further operations due to surgical
failure or complications associated with mesh usage.”
We are currently designing tissue engineering constructs
incorporating human eMSC into novel scaffolds as an
autologous cell-based therapy to regenerate the lost and
damaged fascia of the vaginal wall and provide support for
the pelvic organs.” In this study, we aim to optimize eMSC
culture under serum-free or xeno-free conditions and scale
up eMSC in 3D culture in preparation for potential clinical
use in POP surgery.
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Materials and Methods
Patient samples

Human endometrial tissue was collected from 38 pre-
menopausal women aged 23-47 (35.9 +1.2) years undergoing
Pipelle biopsy (n=29) or hysterectomy (n=9) for none-
ndometrial pathologies and who had not taken exogenous
hormones for 3 months before surgery. eMSC have been
purified and characterized in both hysterectomy® and biopsy '
tissues. Written informed consent was obtained from each
patient and human ethics approval was obtained from the
Southern Health and Monash University Human Research
Ethics committees. Tissues were collected via our depart-
mental tissue bank.

Endometrial stromal cell isolation

Endometrial tissue from hysterectomy tissue was scrap-
ped off from the underlying myometrial layer and dissoci-
ated to single cells using enzymatic and mechanical digestion
as previously described.** Biopsy tissue was similarly dis-
sociated. Briefly, endometrium was finely minced and dis-
sociated in Ca®*- and Mg”*-free DMEM/F-12/10% fetal
bovine serum (FBS) medium (Invitrogen) containing 0.5%
(wt/vol) collagenase type 1 (Worthington Biochemical Cor-
poration) and 40 pg/mL deoxyribonuclease type 1 (Roche
Diagnostics) in a rotating MacsMix (Miltenyi Biotech) at
37°C for 90 min. The cell suspension was then filtered using a
40-pum sterile sieve (Becton-Dickinson Labware) to separate
stromal cells from epithelial gland fragments and undigested
tissue. The stromal cells in the filtrate were resuspended in
HEPES-buffered DMEM/F-12/5% newborn calf serum
(Bench medium), erythrocytes removed by Ficoll-Paque
(Pharmacia Biotechnology) density gradient centrifugation,
and then washed to produce single cell suspensions of en-
dometrial stromal cells.

Muilticolor flow cytometry sorting to obtain eMSC

eMSC were obtained as previously described.® Briefly,
purified endometrial stromal cell suspensions (>5x10°
cells/mL) were labeled with CD146 antibody (CC9 clone,
IgG2a) supernatant® (gift from P. Simmons; previously Peter
MacCallum Cancer Centre), CD140b (PDGFR-$, 20 ug/mL,
clone PR72 112, IgG;, R&D Systems), or isotype-matched
negative control IgG,, and IgG; for 30min, followed
by washing and then fluorescein isothiocynanate (FITC)-
conjugated anti-mouse IgG2a (50 pg/mL) and phycoerythrin
(PE)-conjugated anti-mouse IgG; (10 pg/mL) (Becton Dick-
inson). Cells were then incubated with allophycocyanin
(APC)-conjugated anti-CD45 (10pug/mL; Caltag Labora-
tories), washed, and resuspended in 2% fetal calf serum/
phosphate buffered saline (FCS/PBS) containing 5uM Sy-
toxBlue cell viability marker (Invitrogen).

Flow cytometry cell sorting (FACS) was then performed to
isolate CD140b*CD146* eMSC on a MoFlo® XDP cell sorter
(Beckman Coulter) using established protocols for setting
ga’ces8 and Summit software (version 5.2; Cytomation, Inc.).
Flow cytometry-sorted eMSC cells were cultured in DMEM/
F-12/10%FBS medium containing 10ng/mL human fibro-
blast growth factor-2 (FGF2) (Millipore) in fibronectin-coated
flasks (10 pg/mL; Becton Dickinson Biosciences) for 2 pas-
sages to generate sufficient numbers for use in subsequent
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experiments as done previously.*” Cells subject to serum-free
and xeno-free conditions were weaned off serum by transfer
from 10%FBS to 5%FBS to 1%FBS-supplemented DMEM/
F-12 media for 24-48h each, and then serum-starved in
DMEM/0.5% bovine serum albumin, AlbuMAX I (derived
from BSE-free animals, Invitrogen) medium for 24 h before
experimental use.

Xcelligence real-time cell assessment

The Xcelligence Real-time Cell Assessment System (Roche
Diagnostics) dynamically monitors cell activity by measuring
changes in impedance, detected by the electrode sensor
surface of the wells.*® 96-well Xcelligence E-plates (ACEA
Biosciences, Roche Diagnostics) were coated with various
attachment matrices; 10pg/mL fibronectin (Becton Dick-
inson Biosciences), 0.05% gelatin in PBS (Sigma Aldrich),
collagen type-IV (1:100 dilution; Roche, gift from Dr. Ursula
Manuelpillai, Monash Institute of Medical Research,
Melbourne, Australia), Cell Start-XF® (1:50 dilution; xeno-
free matrix; Invitrogen), and laminin (1:50 dilution; Invitro-
gen gift from Dr. Terry Johns, Monash Institute of Medical
Research, Melbourne, Australia) for 1h at 37°C. Serum- and
xeno-free media were added in 50-uL. volumes to appropri-
ate wells and equilibrated at room temperature for 15min
before a background reading was taken on the Xcelligence
Real-Time Cell Assessment System. Media examined were
Lonza Therapeak chemically defined serum-free medium
containing human serum albumin (Lonza TP-SE®), DMEM/
SF/FGF2/EGF in-house serum-free xeno product-containing
medium with 10ng/mL FGF2, 10ng/mL epidermal
growth factor (EGF), 0.5% BSA (AlbuMAX I, Invitrogen), ITS
(10 pg/mL insulin, 5.5 pug/mL transferrin, 6.7 ng/mL sodium
selenite, 11pg/mL sodium pyruvate; Invitrogen), 50 pM
2-mercaptoethanol (Sigma-Aldrich), 100 uM L-ascorbic acid-2-
phosphate (Sigma-Aldrich), 100 pg/mL heparin (Sigma-
Aldrich), 10nM linoleic acid (Sigma-Aldrich), 2 mM glutamine,
and antibiotic-antimycotic solution as previously described),®
StemPro-XF® (xeno-free, Invitrogen), Mesencult-XF® (Stem-
Cell Technologies), and DMEM/F-12/10%FBS (Gibco In-
vitrogen) (standard serum medium containing 1% glutamine
and antibiotics). Endometrial stromal cells or eMSC cell
suspensions were seeded in triplicate for each condition into
E-plate wells at 1000 cells/well in a final volume of 100 pL.
Initial attachment and spreading was monitored continu-
ously by measuring real-time cell index (CI) every 5min for
the first 2h. Thereafter, CI was measured every 30 min for
7-10 days, with medium changes every 2-3 days. Rate of
attachment (CI/h) and CI doubling time for proliferating
cells (between second and third media change) were calcu-
lated using Xcelligence RTCA software (version 1.2; ACEA
Biosciences, Inc.).

MTS proliferation assay

The MTS-based colorimetric assay measuring cell viability
was used to assess cell proliferation as described previous-
ly.”” Endometrial stromal cells or eMSC cell suspensions
were seeded into wells of a 96-well culture plate at 1000
cells/well in 100-pL volumes in triplicate for each condition
and incubated in normoxia (20% O,, 5% CO,, 37°C) or
hypoxia (5% Oy, 5% CO,, 37°C) (Thermo Scientific Australia,
Trigas incubator), MTS reagent (Cell Titer 96 Aqueous One
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Solution; Promega) was added 2h after seeding (time 0) and
then after 4, 7, and 10 days of culture, and incubated for 2 h.
Absorbance (490 nm) was measured on a microplate reader
(SpectraMax Plus384; Molecular Devices) using SoftMax Pro
software (version 4.8; Molecular Devices). Regular medium
changes were every 2-3 days.

Evaluation of eMSC phenotype cultured in optimized
serum-free medium

Paired cultures of passage 3 eMSC were cultured in
Lonza-TP-SF and our in-house DMEM/SF/FGF2/EGF
serum-free xeno-product containing medium for 7 days until
80% confluency and lifted with TrypLE"™ Express. The sur-
face phenotype for typical MSC markers was examined by
flow cytometry as described previously.® Briefly, cells were
incubated with antibodies against CD29 (1pg/mL, clone
mAb 13, rat IgG2a; Becton Dickinson), CD44 (1 ug/mL, clone
G44-26, mouse IgG2b; Becton Dickinson), CD73 (20 ug/mL,
clone AD2, mouse IgG1; Becton Dickinson), CD105 (10 pg/
mL, clone 266, mouse IgG1; Becton Dickinson), CD146 (CC9
supernatant), and their respective isotype IgGs at the same
concentration and followed by either Alexa Fluor 488-
conjugated anti-rat IgG (10 pg/mL; Molecular Probes), anti-
mouse FITC conjugated IgG,, (Dako), or PE-conjugated
anti-mouse Ig F(ab’)2 fragment (10pL/mL; Chemicon
Australia). Some cells were incubated directly with PE-Cy5.5-
conjugated anti-CD34 (50 puL/mL, clone 581, mouse IgGl;
Southern Biotech), APC-conjugated anti-CD45 (as above),
FITC-conjugated anti-CD90 (1 ug/mL, clone 5E10, mouse IgG1;
Becton Dickinson), PE-CD140b (20 pg/mL, clone PR72112,
IgG;, R&D Systems), or PE-anti-human W5C5 (BioLegend).
Conjugated isotype-matched controls were included for each
antibody. Cells were then incubated with 5pM Flow SYTOX
Blue and viable cells were analyzed on a MoFlo cytometer as
described above.®

Evaluation of eMSC properties in optimized DMEM/SF/
FGF2/EGF serum-free medium

To assess CFU activity, passage 3 eMSC were cultured in
DMEM/SF/FGF2/EGF serum-free xeno-product containing
medium for 7 days until 80% confluency and were lifted with
TrypLE Express. About 2000 cells were seeded at 100 cells/
cm? in fibronectin-coated 6-cm culture dishes for 15 days,
and cloning efficiency was calculated from formalin-fixed,
hematoxylin-stained plates as reported previously.® To as-
sess differentiation capacity, the remaining cells were cul-
tured in standard adipogenic, myogenic, and osteogenic
induction media and control medium (1% serum) on 13-mm
coverslips for 3 weeks as described previously® and were
assessed by Oil Red O or 1% Alizarin Red (pH 4.1) staining
or immunostained using an alkaline phosphatase kit (Sigma-
Aldrich) or o smooth muscle actin (¢ SMA; 3.6 pg/mL, clone
1A4; Dako) for adipogenic, osteogenic, and myogenic dif-
ferentiation, respectively. Stained cells were examined under
an Olympus microscope (Olympus Corporation) and images
were captured using a digital video camera (Fujix; Fuji).

3D culture of human eMSC

Human eMSC were cultured on CultiSpher-S gelatin
beads (Percell Biolytica, Sweden)® with and without
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fibronectin (50 pg/mL) coating in DMEM/SF/FGF2/EGF
serum-free xeno product-containing medium and DMEM/
F-12/10%FBS media. Cells were seeded at 500,000 cells/
0.45mL hydrated settled CultiSpher-S beads (75 mg dry) as
described previously®”? in 125-mL spinner flasks with a
fluid level of 50 mL with intermittent stirring, 25rpm for
2min every 30min for the first 21h, and then stirred con-
tinuously at 25 rpm thereafter. Cell viability was assessed
at various time points from 2 to 21 days using the Live/
Dead® cell viability assay (Molecular Probes). Bead/cell
suspensions were washed in warm PBS and incubated in
the Live/Dead stain (2puM calcein and 4pM ethidium
homodimer-1) for 15min at 37°C. Live cells were stained
green by Calcein-AM and dead cells red by ethidium
homodimer-1. Viability was assessed using Nikon TE-
2000U inverted fluorescence microscope. Cell production
was determined by counting eMSC cultured for 6 and 12
days and harvested by Pronase (5 mg/mL, 6 min) (Calbio-
chem; EMD Biosciences) and counted by hemocytometer.
For phenotyping, cells were harvested using xeno-free
TrypLE Express (Gibco, Life Technologies) and then ex-
amined by flow cytometry.

Statistical analysis

Rate of stromal cell and eMSC attachment and CI dou-
bling time (real-time Xcelligence data obtained using RTCA
software) and MTS cell proliferation data were analyzed
using GraphPad Prism software (version 5; GraphPad Soft-
ware, Inc.). As data were not normally distributed by
D’Agostino-Pearson test, nonparametric Friedman analysis
and Dunn’s post-hoc test were used to determine significant
differences (p<0.05). Data are reported as means+SEM of
n=3 experiments from three different patients” stromal cells
or eMSC.

Results

Optimal serum-free and xeno-free culture conditions
for human endometrial stromal cells

Unsorted endometrial stromal cells were initially cul-
tured on five different matrices and uncoated plastic in six
different culture media in a checkerboard manner using the
Xcelligence system in order to identify key culture condi-
tions for subsequent testing on eMSC. Our initial experi-
ments focused on testing in-house serum-free medium
previously used for eMSC clonal culture® and several
commercially available serum-free and xeno-free media
produced under GMP conditions and designed for bone
marrow MSC culture. The serum-containing medium® was
used as a comparator. Given that serum contains factors
promoting cell attachment, it was necessary to identify the
optimal matrix for cell attachment for use with serum-free
and xeno-free media. Initial Xcelligence real-time experi-
ments revealed that endometrial stromal cell attachment
was most rapid for fibronectin-coated surfaces when cul-
tured in each of the media examined, although this was
only significant between the other surfaces for Lonza TP-SF
and serum-containing medium (Supplementary Fig. S1A-a,
b; Supplementary Data are available online at www
Jliebertpub.com/tec). Similar rates of stromal cell attach-
ment and spreading on fibronectin were observed between
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StemPro-XF, Lonza TP-SF, and our in-house DMEM/SE/
FGF2/EGF (Supplementary Fig. S1A-f). Stromal cells cul-
tured in the xeno-free medium StemPro-XF showed a sim-
ilar rapid attachment on the xeno-free matrix Cell Start XF
as on fibronectin and gelatin (Supplementary Fig. SIA-c).
Stromal cells showed poor rates of attachment to all
matrices in Mesencult-XF medium (Supplementary Fig.
S1A-d), and in general attached more rapidly on collagen
than gelatin or laminin matrices and least on uncoated
plastic in the various media, although these were not sig-
nificantly different (Supplementary Fig. S1A).

We next investigated stromal cell proliferation in the
various media. Xcelligence real-time cell assessment was
used to measure proliferation as the CI doubling time,
where the shortest doubling times indicate the most rapid
cell proliferation, observed as the lowest positive value. In
conditions where cells survived but did not proliferate or
eventually detached and died, the CI doubling time was
reported as zero.”> As expected, endometrial stromal CI
doubling times were lowest (~25h) in serum-containing
DMEM/F-12/10%FBS irrespective of matrix, indicating
that rapid proliferation was promoted by the serum con-
tent of the medium (Supplementary Fig. S1B-a). Similar
short CI doubling times were also observed on fibronectin
coating for Lonza TP-SF (16.3£6.8h) and in-house
DMEM/SF/FGF2/EGF (28.4+12.4h) media (Supplemen-
tary Fig. S1B-b, d), superior to all other matrix/media
combinations (Supplementary Fig. S1B-e). In Lonza TP-SF
medium, doubling times were considerably longer for
collagen (119+11.2h), gelatin (106+13.2), and laminin
(109 +£1.4h), but only significantly different from uncoated
surfaces for gelatin (p <0.05). StemPro-XF only supported
stromal cell proliferation on gelatin-coated (62.1+5.0h)
and collagen-coated (52.5+16.2 h) surfaces, but not on its
partner matrix Cell Start-XF (Supplementary Fig. S1B-c).
The CI doubling times for Mesencult XF were zero for
all matrices (data not shown), indicating cell death and
its failure to support longterm growth of endometrial
stromal cells.

The MTS viability (endpoint) assay was used to verify the
proliferation rates of freshly isolated human endometrial
stromal cells in the same media and matrix combinations as
for Xcelligence over a similar 7-day period. As shown in
Supplementary Figure S1C, cells cultured in-house DMEM/
SF/FGF2/EGF medium (Fig. 1C-e) and commercially avail-
able Lonza TP-SF medium (Fig. 1C-b) showed similar pro-
liferation rates as serum-containing medium (DMEM/F-12/
10%FBS) (Fig. 1C-a) on fibronectin coating (p>0.05). How-
ever, cells showed greater proliferation in the in-house
DMEM/SE/FGF2/EGF medium on fibronectin (As9pnm day
7,2.940.6) compared with the uncoated surface (1.93+0.3)
(p<0.05) (Supplementary Fig. S1C-e). Similar proliferation
rates were also observed for endometrial stromal cells cul-
tured in the Lonza TP-SF medium on Cell Start-XF, collagen,
gelatin, and laminin matrices (p >0.05), and slightly lower on
an uncoated surface, although this was not significant
(Supplementary Fig. S1C-b). Low proliferation rates were
observed for xeno-free StemPro-XF (p<0.05) (Supplemen-
tary Fig. S1C-c) and Mesencult-XF (p <0.05) (Supplementary
Fig. S1C-d) on all matrices compared with serum-containing
and serum-free Lonza TP-SF and in house DMEM/SF/
FGF2/EGF media on their respective matrices.
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FIG. 1. Flow cytometry sorting of human endometrial mesenchymal stromal cells (MSC). (A) Scatterplot of human en-
dometrial cells. (B) Electronic gating used to obtain viable (Sytox Blue"*8) and exclude CD45" leukocytes. Region R6 was then
analyzed for (C) coexpression of CD140 and CD146. Double-stained CD140b *CD146 " cells in R2 gate were then sorted.

Human eMSC attachment and spreading
on various matrices

Having identified key culture conditions on unsorted stromal
cells that contain a small population of eMSC, we then examined
flow cytometry-sorted endometrial cells to obtain purified eMSC
as previously published.® Isolated stromal cells were first gated
on size on the scatterplot (Fig. 1A), dead cells and CD45" leu-
kocytes then were excluded (Fig. 1B), and the CD140b *CD146 ™"
double-positive eMSC (1%-1.5%) were sorted from each patient
(n=12) (Fig. 1C) and expanded in culture. eMSC attachment and
spreading was determined by Xcelligence real-time cell assess-
ment. Figure 2A shows a representative real-time CI curve for the
initial 2h of culturing CD140b*CD146" eMSC in the serum-
containing medium (DMEM/10% FBS). The rate of eMSC
attachment (CI/h) was significantly increased on fibronectin
matrix (black bars) compared with culture on uncoated surfaces
for in-house serum-free DMEM/SF/FGF2/EGF (fibronectin
0.23+0.07 vs. uncoated 0.042+0.006 p<0.05, n=3) and Lonza
TP-SF serum-free media (fibronectin 0.19+0.07 vs. uncoated
0.036+0.003, p<0.05, n=3), and for StemPro-XF xeno-free me-
dium (fibronectin 0.26+0.02 vs. uncoated 0.063£0.003, p<0.05,
n=3) (Fig. 2B). There was a trend for a higher rate of eMSC
attachment in the serum medium on uncoated surfaces (white
bars) compared to serum-free and xeno-free media, likely due to
fibronectin present in serum, but this was not significant (p > 0.05)
(Fig. 2B). Although eMSC consistently showed an apparentlower
rate of attachment on gelatin-coated wells compared to fibro-
nectin and appeared greater than uncoated surfaces, these dif-
ferences were not significant (p >0.05) (Fig. 2B). However, eMSC
attachment to fibronectin was significantly greater than to the
xeno-free matrix, Cell Start-XF in all culture media examined
(p<0.05) except for xeno-free medium, StemPro-XF. In fact,
eMSC cultured in StemPro-XF showed similar rates of attach-
ment on Cell start-XF as on fibronectin, and was significantly
increased compared with no coating (Cell Start-XF 0.19+0.12 vs.
uncoated 0.06+0.003) (p<0.05, n=3 separate isolates) (Fig. 2B).

Human eMSC proliferation on several matrixes
in various media

Having established that fibronectin was the best at-
tachment factor for CD140b"CD146% eMSC, we then
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FIG. 2. Attachment of human endometrial MSC to various
matrices when cultured in serum-containing, and serum-
and xeno-free media measured using Xcelligence. (A) Re-
presentative real-time traces of CI in DMEM/10% FCS on
four different matrices. (B) Rate of endometrial MSC (eMSC)
attachment (CI/h). Data are mean+SEM (n=3 samples from
three different patients). *p<0.05. CI, cell index; FCS, fetal
calf serum; SF, serum-free, XF, xeno-free; FGF2, fibroblast
growth factor 2; EGF, epidermal growth factor.
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investigated eMSC proliferation by determining the CI
doubling times using Xcelligence real-time cell assessment.
Figure 3A shows representative real-time CI traces over 7
days with repeated measurements every 30 min. Figure 3B
shows that eMSC cultured in in-house DMEM/SF/FGF2/
EGF (fibronectin 32.5+6.7h vs. uncoated Oh) and in
Lonza TP-SF serum-free media (fibronectin 51.4+17.1h vs.
uncoated 0h) proliferated significantly more on fibronectin
compared with no coating (p <0.05, n=23) as indicated by the
lowest positive CI doubling times. However, on gelatin and
Cell Start-XF matrices, neither medium supported eMSC
proliferation, nor did the StemPro-XF medium as indicated
the zero CI doubling times, suggesting that under these
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FIG. 3. Growth rate of human endometrial MSC cultured
on various matrices in serum-containing, and serum- and
xeno-free media measured using Xcelligence. (A) Real-time
CI traces of a single representative sample of eMSC cultured
in DMEM/10%FCS for over 200h. Second and third media
changes are observed by the interruption in the traces. (B) CI
doubling time was calculated for the period between the
second and third media change as shown by the arrow for
DMEM/10%FCS, DMEM/SF/FGF2/EGF/Stem Pro-XF®,
and Lonza TP-SF®. Lowest positive value is the most rapid
doubling time. Zeros indicate loss of cell viability. Data are
mean*SEM (n=3 samples from three different patients).
*p<0.05.
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conditions, there was a loss of cell viability as cells lifted
off the surfaces (Fig. 3B). This was prevented in serum-
containing medium (DMEM/F-12/10%FBS), which showed
positive CI doubling times for eMSC on uncoated plastic,
gelatin, and Cell Start-XF (Fig. 3B), suggesting that fibro-
nectin in the serum contributed to this growth-enhancing
effect.

eMSC proliferation in SF medium is enhanced
under hypoxic culture conditions

Xcelligence CI doubling time data for eMSC were next
verified using MTS proliferation assays. The effect of hypoxia
(5% 0O,) was also examined. Figure 4B shows that when
CD140b*CD146 " eMSC were cultured in in-house DMEM/
SF/FGF2/EGF serum-free medium in hypoxia, they grew
more rapidly compared to typical normoxic (atmospheric)
conditions (Fig. 4A). CD140b"CD146" eMSC cultured for
7 days in the four media on three different matrices and
uncoated surfaces showed significantly increased prolifera-
tion in the in-house DMEM/SF/FGF2/EGF SF medium on
fibronectin in hypoxia compared with normoxia (hypoxia
2.72+0.19 vs. normoxia 2.17+0.26) (p<0.05, n=3 separate
isolates) (Fig. 4C). eMSC proliferation also increased sig-
nificantly in Lonza TP-SF and StemPro-XF media when
cultured on fibronectin compared with uncoated surfaces in
normoxia (p<0.05, n=3), although significance for these
media was not observed when cultured under hypoxic
conditions (Fig. 4C).

eMSC retain MSC properties and phenotype
after culture expansion in optimized serum-free medium

Having identified optimal conditions for serum-free cul-
ture of eMSC, we next investigated the phenotype of passage
3 eMSC following 7 days culture in both Lonza TP-SF and
our in house serum-free xeno-containing DMEM/SF/FGF2/
EGF media on fibronectin-coated flasks in 5% O,. Figure 5A
shows that the percentage of cells expressing the surface
markers used for isolating eMSC from endometrial tissues,
CD140b, CD146%, or W5C5%°, was consistently higher in the
DMEM/SF/FGF2/EGF medium than in the Lonza TP-SF
medium, indicating less spontaneous differentiation in the
former. However, the MSC phenotype (CD29", CD44",
CD73*, CD105%, CD34~, and CD457) was similar for both
serum-free media (Fig. 5A). Further evaluation of eMSC
function was undertaken on eMSC cultured in the DMEM/
SF/FGF2/EGF medium. The cloning efficiency of passage 3
eMSC was 1.32%+0.65% (n=5), which is similar to our
previously published 1.25% for freshly isolated endometrial
stromal cells cultured in serum-containing medium.? Passage
3 eMSC previously cultured in serum-free DMEM/SEF/
FGF2/EGF medium for 7 days before differentiation induc-
tion media, retained capacity to differentiate into (Fig. 5B-a)
adipocytes stained with the fat soluble dye, Oil Red O, (Fig.
5B-b) aSMA-expressing smooth muscle cells, and (Fig. 5B-c)
alkaline phosphatase-expressing osteocytes, which generated
mineral calcium as detected by Alizarin Red (Fig. 5B-d).

eMSC 3D culture for scale-up cell production

Culture expansion of cells in a 3D environment promotes
cell—cell interactions resulting in rapid proliferation and cell



FIG. 4. Effect of hypoxia on
endometrial MSC
proliferation in serum-free
media. Endometrial MSC
cultured in DMEM/SF/
FGF2/EGEF on fibronectin in
(A) normoxia (20% O,) and
(B) hypoxia (5% O,). (C)
Proliferation of endometrial
MSC cultured in serum-
containing, serum-free, and
xeno-free media on various
matrices in hypoxia (gray
bars) or normoxia (black bars)
as measured by MTS viability
assay on day 7. Data are
mean*SEM (n=3 samples
from three different patients).
Values for each condition for
each patient sample were
means of triplicate wells.
*p<0.05.

o

* O Uncoated

 — 4 W Fibronectin
= 301 & elatin

-4 B Cell Start XF

Absorbance

DMEM/10%FCS DMEM/SF/FGF2/EGF STEM PRO-XF LONZA TP-SF

A DMEM/SF/ DMEM/SF/

FIG. 5. Phenotype and LONZA -TP-SF FGF2/EGF LONZA -TP-SF FGF2/EGF

differentiation of eMSC
cultured in serum-free
medium. Passage 3 eMSC
(n=2 separate samples) were
each cultured in Lonza TP-SF 3
and DMEM/SF/FGF2/EGF
media on fibronectin-coated
flasks in 5% O, for 7 days and
then (A) examined for surface
phenotype by single-color
flow cytometry for multiple
MSC markers (green

(® "791% |, "81.1%

histograms are positive cells; . . g ik 4 .
black histograms are isotype i o i ) al [ B o
controls), and (B) for il iy s A, O - B T g ol

differentiation potential by S bW a3 St S e % % w_® ¥ =
culture in (a) adipogenic, (b)
myogenic, and (c) osteogenic
media (controls were in 1%
serum-containing medium) o At A
for 3 weeks. (a) Oil Red O NI S R YW N R S -
was used to visualize fat
droplets after adipogenic
induction, 1, adipocyte
(b) sSMA
immunohistochemistry for .
myogenic induction and (c) s
alkaline phosphatase and (d)
Alizarin Red for osteogenic
induction. Controls cultures
shown as insets were ; cnich
similarly treated. Results are - |I red O . o S Alk phosphatase Alizarin red
from a single-experiment Cc '
representative of two
independent experiments on
two separate patient eMSC
samples. Scale bars 100 um.
Color images available online
at www liebertpub.com/tec

=

.-.:95. 1%

CD140b

CD146

[ £ - L e
oy " nnel” =

W5C5

D34
==
Q
X
T
=
2
2
CD105
3 8
=
7
32
—

CD45

Aipogenic : Myogeic Ostedgenic

86



SCALE-UP CULTURE OF HUMAN ENDOMETRIAL MSC

production of a more physiological extracellular matrix
(ECM).?® We therefore assessed the 3D culture of eMSC on
matrix-coated microbeads. Given that eMSC culture was
superior on fibronectin-coated surfaces, CD140b*CD146*
eMSC were attached onto Cultispher-S gelatin beads with
and without fibronectin coating and cultured in serum-
containing DMEM/F-12/10%FBS (Fig. 6A-a, ¢, e, g) and
serum-free DMEM/SF/FGF2/EGF media (Fig. 6A-b, d, f,
h). Fibronectin coating was confirmed by antifibronectin
immunohistochemistry (Fig. 6B-i, j). Live/Dead staining
2 days after seeding showed increased eMSC attach-
ment and spreading on fibronectin-coated beads in both
serum and serum-free media (Fig. 6A-c, d) compared
with gelatin beads (Fig. 6A-a, b). Live/Dead stain on day
15 showed that eMSC underwent greater proliferation
on fibronectin-coated than gelatin beads in DMEM/
SF/FGF2/EGF medium (Fig. 6A-f, h). In DMEM/F-12/
10%FBS, there was even greater eMSC proliferation on
fibronectin (Fig. 6A-e, g).

We next compared 2D and 3D culture of eMSC in our in
house DMEM/SF/FGF2/EGF medium using passage 3
eMSC seeded onto fibronectin-coated flasks and Cultispher
microbeads at similar seeding densities (2000 cells/ cm?) and
cultured for 12 days under hypoxic conditions (5% O,). Cells
in the culture flasks were passaged once on day 6 when 80%
confluent. The eMSC cultured in 2D underwent 6.4 PD
(mean, n=2 samples) generating 27.3x10° (mean, n=2
samples) from an initial 0.32x10° cells. In comparison,
paired cultures of eMSC cultured for the same time at the
same initial seeding density (2000 cells/cm?) underwent of
22 PD (mean, n=2 samples) on fibronectin coated mi-
crobeads generating 3.53x 10° (mean, 1=2 samples) from an
initial 0.5x10° cells, indicating a trend to greater expansion
on 2D compared to 3D surfaces. While the phenotype of the
eMSC cultured on the microbeads retained typical MSC
markers, there was a reduction in the percentages of CD146*
cells (Fig. 6C) compared with 2D culture (Fig. 5A center
left panels), suggesting that 3D culture promoted fibroblast
differentiation.

Discussion

Published guidelines® recommend that stem cells for re-
generative medicine applications should meet the following
criteria: (1) harvested by minimally invasive procedures, (2)
differentiated along multiple cell lineage pathways in a
regulatable and reproducible manner, and (3) manufactured
in accordance with current GMP guidelines (using serum-
free and xeno-free (animal product-free) reagents). In
compliance with these guidelines, eMSC are an attractive
candidate for regenerative medicine applications. In this
study we investigated the scale-up culture of eMSC in
serum-free and xeno-free culture conditions on various ma-
trices using high-throughput real-time Xcelligence screening
of cellular function as a first step in defining GMP conditions
for this novel and readily available source of MSC. We
identified two serum-free conditions that promoted the most
rapid adhesion and proliferation of eMSC, notably our in-
house DMEM/SF/FGF2/EGF and commercially available
Lonza TP-SF media when using a fibronectin matrix. Culture
expansion of eMSC in serum-free media in physiological
oxygen concentration was also identified as an important
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condition for optimal eMSC growth in the DMEM/SE/
FGF2/EGF medium. Our studies identified fibronectin as the
superior matrix and highly important for eMSC attachment
and growth in both 2D and 3D culture expansion protocols.
The commercially available Cell Start-XF matrix is unlikely
to contain fibronectin as it failed to support eMSC attach-
ment or growth in the range of media and matrices tested.
Enhanced cell attachment through the use of attachment
factors is particularly important in tissue engineering appli-
cations using biological or synthetic scaffolds aiming to
incorporate and grow MSC for cell delivery to damaged
tissues.

Importantly, we demonstrated that culture of CD140"
CD146* eMSC® in our optimized serum-free xeno-product
containing DMEM/SF/FGF2/EGF medium on fibronectin
matrix in relative hypoxia (5% O,) retained their relative
numbers, phenotype, cloning efficiency, and multilineage
differentiation capacity. Expansion of eMSC was superior on
2D surfaces in culture flasks compared to 3D on microbeads,
which appeared to promote eMSC fibroblast differentiation.
Thus, we have now identified the first set of serum-free
conditions enabling the culture expansion of human eMSC
for use in tissue engineering applications.

Fibronectin is an important ECM protein that interacts
with MSC integrins in their microenvironmental niche to
regulate attachment, migration, proliferation, and differen-
tiation.** Fibronectin has key roles during development and
in mediating wound repair. Interestingly, fibronectin and its
major ligand osp; integrin are upregulated during monthly
endometrial remodeling and repair,35 a process likely me-
diated by PDGFR-B activation.*® eMSC express high levels of
PDGFR-B® (this study) and are likely key cells mediating
endometrial repair. It was therefore not surprising that fi-
bronectin was identified as a critical factor in promoting
eMSC attachment and proliferation in our in vitro culture
protocols. Our data are consistent with a recent report on
enhanced growth of human endometrial stromal cells en-
capsulated in alginate microbeads functionalized with mul-
timeric fibronectin.*”

As for all MSC, establishment of optimal ex vivo growth
conditions for eMSC is an important prerequisite for their
potential use in cell-based therapies, since low numbers re-
trieved from endometrium necessitates substantial ex vivo
expansion. We have previously identified four growth fac-
tors, FGF2, EGF, TGFo, and PDGE-BB, that individually
supported CFU activity of freshly isolated human endome-
trial stromal cells in serum-free media.>! However, CFU ac-
tivity in these single growth factor media formulations was
less than in the serum medium. In this study we therefore
combined both EGF and FGF2 in our in-house DMEM/SEF/
FGF2/EFG serum-free medium and showed similar prolif-
erative activity of endometrial stromal cells and flow cy-
tometry sorted CD140b"CD146" eMSC populations.
However, endometrial stromal cells and eMSC proliferated
poorly if at all in the two commercially available xeno-free
media formulated for bone marrow MSC. Similarly umbilical
cord MSC only proliferated in the Stem Pro XF® medium
when 2% human serum was included, although the
Mesencult-XF medium supported their growth.*® This indi-
cates the importance in defining optimal media/matrix
combinations compliant with GMP for ex vivo culture ex-
pansion of each MSC source.
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FIG. 6. 3D culture of endometrial MSC on (A) gelatin- and fibronectin-coated microbeads in serum-containing (DMEM/
10%FCS) (left panel) or serum-free (DMEM/SF/FGF2/EGF) (right panel) media. Endometrial MSC cultured for (a—d) 2 days
on (a, b) gelatin or (c, d) fibronectin-coated microbeads, (e-h) 15 days on (e, f) gelatin or (g, h) fibronectin-coated microbeads.
Cells are stained with Live/Dead® stain (2 pM calcein and 4 uM ethidium homodimer-1) to detect viable (green) and dead
(red) cells. (B) Immunostained fibronectin-coated microbeads (i) with anti-fibronectin antibody (FITC) and (j) negative
control IgG. Scale bars 100 pm. (C) After 12 days in culture, cells were recovered from the microbeads and examined for
surface phenotype by single color flow cytometry for multiple markers (green histograms are positive cells, black histograms
are isotype controls). Color images available online at www.liebertpub.com/tec
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Hypoxia is another important condition influencing
ex vivo expansion of bone marrow-derived MSC. Similarly,
we showed that in serum-free conditions (DMEM/SF/
FGF2/EGF on fibronectin) eMSC proliferation and long-term
viability in vitro was significantly enhanced under low oxy-
gen (5% O,) compared with normoxia (20% O). Similar
findings were observed for human endometrial stromal side
population cells, likely closely related to the eMSC popula-
tion, which showed greater proliferation when cultured in
hypoxia compared to normoxia.*’ These findings are con-
sistent with previous studies showing increased efficiency in
bone marrow MSC expansion in hypoxic compared with
normoxic conditions.**** Culture expansion of bone marrow
MSC under hypoxic conditions mimicking in vivo tissue O,
tension promotes proliferation through alteration of cellular
metabolism, maintaining CFU activity, self-renewal, and
undifferentiated phenotypes, and prolonging MSC life-
span.*®*#3 The effect of hypoxia in preserving the progeni-
tor phenotype and function of MSC is more pronounced in
serum-free conditions compared to serum medium?® (this
study). In conditions of low O, tension, bone marrow MSC
synthesize more fibronectin in both 2D and 3D culture** as
well as angiogenic and growth promoting growth factors
(VEGF, FGF2, HGF, and IGF-1). It is possible that hypoxia
induces similar beneficial effects on eMSC. Thus, culture of
eMSC in hypoxia will be an important consideration for
minimizing ex vivo expansion times and generating sufficient
numbers of cells for clinical use.

This study also showed that eMSC can be scaled up in 3D
culture in serum-free medium on fibronectin-coated beads
consistent with 2D culture results. Culture expansion of MSC
in 3D using matrix-coated beads is a well-established meth-
od for tissue engineering applications as it provides a bio-
chemical and physiological microenvironment more similar
to in vivo conditions than 2D monolayer culture.*****> In
particular, 3D culturing allows MSC to adopt their native
morphology by facilitating cell-cell and cell-ECM interac-
tions. Cell size decreases,* cell signaling Changes,44 and MSC
surface antigen expression alters in a reversible manner™*
and subsequent differentiation capacity of MSC is en-
hanced.*+4¢ Collectively, our data suggest that 2D culture
expansion protocols in serum-free medium on fibronectin
matrix under hypoxic conditions promotes eMSC viability,
proliferation, and maintains the eMSC phenotype to a
greater extent than 3D culture, pointing to some differences
in MSC growth characteristics between bone marrow and
eMSC in vitro.

MSC are increasingly being used as a cell-based therapy in
a number of clinical applications for treating a range of de-
generative and inflammatory diseases.'’'*'** MSC have
been reported in preclinical studies to improve disease out-
comes, including enhanced myocardial function after in-
farction, in repairing liver damage and lung damage.**°
Bone marrow MSC are currently the most common source
for clinical use.''”! Extensive studies of bone marrow-
derived MSC have proven their multipotent differentiation
potential and powerful immunosuppressive qualities. How-
ever, the collection of bone marrow is an invasive procedure
requiring anesthesia. It involves significant discomfort to the
donor and often results in low MSC yields, although bone
marrow may also be harvested during orthopedic surgery.>>
The quality of these cells is also variable with respect to both
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expansion, differentiation potential, and age of donor.>%

Similarly, adipose tissue MSC are obtained from an invasive
liposuction procedure also requiring anaesthia.® In contrast
eMSC can be obtained from endometrial biopsy, a minimally
invasive office-based procedure without anesthetic.”® Others
have obtained eMSC from menstrual blood”” ™ and dem-
onstrated their potential in tissue engineering applications in
repairing ischemic heart and skeletal muscle in animal
models.”””® eMSC have been purified and characterized in
both hysterectomy®* and biopsy'*>*¢*¢! tissues. CD140b*
CD146" cells purified from both hysterectomy® and biop-
sy"® have similar MSC properties and their perivascular
location spans both functionalis and basalis layers; these in-
dicate that eMSC derived from these sources are indeed the
same subpopulation. Thus, the highly regenerative human
endometrium provides a novel, readily available source of
MSC, obtainable with minimal morbidity for future cell-
based therapies.*®

The poor ability of eMSC to grow in several commercially
available xeno-free media designed for bone marrow MSC
culture (Mesencult-XF and Stem Pro-XF) suggests some
differences between these two sources of MSC, possible re-
lated to key nutritional requirements. However, these may
be relatively minor because eMSC grew well in the Lonza
Therapeak SF® medium also formulated for bone marrow
MSC, perhaps indicating eMSC may be more sensitive to
xeno-free conditions. Nevertheless, eMSC show similar fea-
tures to bone marrow-derived MSC for the minimal defining
characteristics of MSC.?* Tt is possible that eMSC originate
from bone-marrow derived MSC as these cells circulate in
low numbers and there is some evidence that bone marrow
MSC incorporate into damaged human endometrium.®®
Bone marrow MSC can partially differentiate into endome-
trial decidual cells in vitro.®* Thus, differences in culture re-
quirements between bone marrow and eMSC may be related
to their respective microenvironments and their relative
turnover in vivo. eMSC are recruited to replace 5-10 mm of
endometrial stroma each month, while bone marrow MSC
would be a relatively stable population.

Findings from this study indicate that our in-house
DMEM/SE/FGF2/EGF serum-free xeno product-containing
medium provided optimal conditions for expansion of
eMSC in culture, although the commercially available, GMP-
compliant Lonza TP-SF serum-free medium also supported
expansion of eMSC. Interestingly, several of the commer-
cially available xeno-free GMP-compliant MSC media used
to expand bone marrow-derived MSC, failed to support
eMSC attachment and growth. Therefore, one of the next
steps is to develop our DMEM/SF/FGF2/EGF medium
under GMP-compliant conditions in preparation for clinical
use. To this end we will modify our isolation procedure by
replacing reagents containing animal products with GMP-
compliant reagents. We also plan to simplify the purification
of eMSC using our recently discovered single marker,
W5C5%, and magnetic beads rather than flow cytometry
sorting. We will then expand our selected eMSC population
in our in house serum-free xeno-product containing DMEM /
SF/FGF2/EGF medium in 2D on fibronectin-coated culture
flasks in 5% O, for at least four passages. In conclusion, this
study represents the first steps in preparing eMSC for po-
tential clinical use. Collectively, the findings warrant further
investigation of eMSC and substantiate the potential clinical
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use of these cells in regenerative medicine applications for
clinical unmet needs. In particular, autologous or allogeneic
eMSC may be a novel cell source for tissue engineering ap-
plications for the treatment of common conditions affecting
large numbers of women such as pelvic organ proplapse.”*°
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