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Abstract

In the last decade, human mesenchymal stem cells (nMSCs)
have generated increasing interest in the scientific world.
Many fetal and adult tissues harbor potential multipotent
MSCs, which hold a long-term in vitro culturing capacity
across several passages without losing their essential
characteristics. Prior to their use as a powerful tool for
research applications, hMSCs must be expanded in order
to reach an adequate number of cells without losing ST
their homing ability, multi-lineage potential, secretion

e ) /
of anti-inflammatory molecules and immunoregulatory ' l I /|

effects. Experiments require stable and completely de- @ >
fined hMSC culture systems consisting of growth surface < =
eppendorf

and culture medium.

The novel Eppendorf CCCadvanced™ FN1 motifs surface
represents a completely synthetic cell adhesion-pro-
moting growth surface for the long-term cultivation of

hMSCs in xeno-free and restrictive culture conditions, With its unique properties, the FN1 motifs surface
providing a defined culture system without any animal combines convenience with reliable hMSC cultivation:
and human components. This ready-to-use surface is the ready-to-use consumable significantly reduces
made up of fibronectin-derived motifs to support cell labor time and effort for scientists while offering a fully
attachment in various serum-free media by mimicking synthetic growth surface with a high level of consistency
native extra-cellular matrix proteins without additional during long-term hMSC expansion.

preparation of the surface.
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Introduction

First described in the 1970s by Friedenstein as bone
marrow-derived fibroblast-like precursors, hMSCs, also
known as human mesenchymal stromal cells, consist of a
heterogeneous population of multipotent cells which can
be easily isolated from various tissues, such as adult bone
marrow, adult adipose tissue, dental pulp, fetal and neonatal
tissues [1-4]. hMSC isolation and identification rely exclu-
sively on in vitro expanded cell properties. According to the
criteria defined by the Mesenchymal and Tissue Stem Cell
Committee of the International Society for Cellular Therapy,
hMSCs must present ex-vivo plastic-adherent growth abili-
ties under standard culture conditions and must express

a specific set of cell surface antigens such as CD73, CD90
and CD105, while lacking expression of CD11b, CD19, CD34,
CD45 and HLA-DR [5]. Moreover, to conform to minimal
hMSC definition criteria, cells must also be able to differen-
tiate in vitro into osteogenic, chondrogenic and adipogenic
lineages [6].

Besides their characteristic mesodermal differ- entiation
potential, it has also been reported that these cells are able
to transdifferentiate into additional non-mesodermal cell
types including hepatocytes, cardiomyocytes, neuron-like
cells and pancreatic-like cells [7]. Very interestingly, these
cells present low immunogenicity and possess the ability to
secrete soluble bioactive factors that can modulate the im-
mune system and inflammation process and promote tissue
repair [8, 91. This unique combination of properties makes
hMSCs a promising stem cell population in various cell ap-
plications.

hMSC culture conditions

Present at relatively low abundance in their tissue of ori-
gin, hMSCs require a robust in vitro cell culture expansion
process in order to reach sufficient numbers of high-quality
cells. Traditionally, h(MSC in vitro expansion occurs in a
serum-containing culture system. In the presence of serum-
associated proteins, hMSC culture can be performed on tis-
sue culture (TC) treated plastic vessels without any specific
coating.

Nevertheless, the common use of animal-derived materi-
als, such as serum, represents a non-defined composition,
accompanied by variable lot-to-lot quality and purity as well
as potential contamination risk, which could be problematic
in a wide range of basic and applied research applications
[10, 111. For the past several years, a growing section of
the academic and industrial scientific community has been
leaning increasingly towards the use of well-defined, serum-
free, xeno-free (XF) or animal-component-free (ACF) hMSC
culture systems.
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More consistent and defined culture conditions are also of
great interest to those working with hMSC cultures in con-
junction with biopharmaceutical production, drug screen-
ing or disease modeling, as these fields require robust cell
performances with a high level of consistency and repro-
ducibility. In the absence of serum proteins, hMSCs expand-
ed in serum-free culture systems necessitate additional cell
adhesion-promoting coating on the culture surface. To ensure
the defined nature of the culture system, coatings of biologi-
cal origin should be excluded.

Synthetic FN1 motifs surface

Based on a proprietary coating technology, the Eppendorf
CCCadvanced FN1 motifs surface consists of synthetic
fibronectin-derived motifs (including RGD), specifically
designed to mimic the cell attachment site of native extra-
cellular matrix (ECM) proteins. Used in combination with
synthetic culture medium and dissociation solution, this
surface represents an effective animal- and human-compo-
nent—free alternative to other biological coating-dependent
culture systems.

Being ready-to-use, it constitutes a real improvement for
stem cell researchers, significantly reducing labor time and
effort while offering lot-to-lot consistency and more reliable
performance in comparison with self-coating solutions. The
FN1T motifs surface is suitable for the long-term expansion
of bone marrow-derived hMSCs (hMSC-BM), and it is com-
patible with various commercial xeno-free media.

Cultured on this novel synthetic surface, hMSC-BM main-
tain their characteristic cell morphology, as well as linear
cumulative population doubling, without the appearance of
replicative senescence-associated signs, across 10 succes-
sive passages. Following successive passages in a completely
defined animal-component-free culture system, cells which
were expanded on the FN1 motifs surface maintain a typical
hMSC surface antigen marker expression profile and the
ability to differentiate in vitro into osteoblasts, adipocytes
and chondrocytes, representing the three mesoderm lineages.
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Materials and Methods

Short-term cell growth evaluation

Lonza™ Poietics™ human mesenchymal stem cells
(hMSC-BM, PT-2501, Lonza) derived from normal adult
bone marrow were thawed at passage 2 and pre-cultivated
as recommended by the supplier. In order to evaluate the
ability of the Eppendorf CCCadvanced FN1 motifs surface
to efficiently support hMSC-BM short-term expansion under
different xeno-free (XF) culture conditions, hMSC-BM (P3)
were plated at the initial cell density of 3,500 cells/cm?,
either on a TC treated culture surface or on the ready-to-use
FN1 motifs surface in the presence of 3 different XF culture
media: StemPro® MSC SFM XenoFree medium (A1067501,
ThermoFisher Scientific®), MesenCult™ ACF Medium
(05449, STEMCELL™ Technologies) and Corning® stemgro®
hMSC Medium (40-410-KIT, Corning). In parallel, cells were
similarly plated on both surfaces in a serum-containing
medium (MSCGM™, PT-3001, Lonza). After seeding in the
appropriate culture medium, hMSCs were incubated under
standard cell culture conditions (37 °C, 5% CO,, humidified
atmosphere) and fed every 3 days by refreshment of the
entire volume of culture medium. At day 4 and day 7 post-
seeding, after microscope analysis, cells were harvested
with 0.25% Trypsin/EDTA according to manufacturer’s
recommendations. After centrifugation, three independent
cell counts were performed on each cell suspension using
the Vi-CELL™ automated cell counting device (Beckman
Coulter®, USA). The average viable cell density was then
used to evaluate the viable cell number/cm? in each of the
growth conditions.

Long-term cell growth evaluation

A unique pool of human bone marrow-derived mesenchymal
stem cells (hMSC-BM, PT-2501, Lonza) was thawed at pas-
sage 2 and seeded directly at the initial cell density of
3,500 cells/cm?, either on the FN1 motifs surface or on two
other synthetic culture surfaces, the ready-to-use surface
by Competitor A and the surface by Competitor B which
offers a self-coating solution. In order to ensure a com-
pletely defined animal-component-free (ACF) culture system
during the entire expansion process, cells were expanded
in StemPro MSC SFM XenoFree medium and harvested for
subculture using TrypLE™ Select 10x (A12177-01, Thermo-
Fisher Scientific). As a reference, hMSC-BM were expanded
in parallel in a traditional culture system consisting of a TC
treated surface, 10% FBS-containing culture medium and
0.25% Trypsin/EDTA as detachment solution. After seeding
in the appropriate culture medium, hMSC-BM were incubat-
ed under standard cell culture conditions (37 °C, 5% CO,,
humidified atmosphere) and fed every 3 days by refresh-
ment of the entire culture medium volume until a confluence
level of 70-80% was reached.
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For each experimental condition, cells were cultured for
10 successive passages (from P3 to P12). At each passage,
cell morphology was examined with the EVOS® FL Cell Im-
aging System (Thermo Fisher Scientific, USA). Cell growth
and viability were assessed on 3 independent T75 flasks
per experimental condition. After complete cell detach-
ment, a cell count was performed on each homogenized
cell suspension using the Vi-CELL automated cell counting
device (Beckman Coulter, USA). Population doubling (PD)
and doubling time (DT) were calculated using the respective
formula:

PD = (log10(NH)-log10(Ni))/log10(2)

DT =time in culture (hours) x (LN(2)/ LN(NH/Ni))
NH = total number of harvested viable cells

Ni = initial number of seeded cells

For the purpose of evaluating statistical significance, a Student
t-test was performed on normalized doubling time data ob-
tained during 10 successive passages.

B-galactosidase staining

At every two passages within the expansion process, the
senescence-associated B-galactosidase (SA-B-gal) activity
was evaluated on expanded hMSC-BM using the Senes-
cence Cells Histochemical Staining Kit (CS0030, Sigma) in
accordance with the manufacturer’s instructions.

hMSC-BM surface marker expression analysis by

flow cytometry

The preservation of the hMSC-specific immunophenotype
was assessed on the initial cell population (input cells) and
at the end of the long-term expansion process for each
experimental condition. The positive and negative expres-
sion levels of several key surface markers (positive markers:
CD44, CD73, CD90 and CD105; negative markers: CD11b,
CD19, CD34, CD45, and HLA-DR) were evaluated through
flow cytometry analyses using the BD Stemflow™ Human
MSC Analysis Kit (562245, BD Biosciences). Briefly, viable
cell density was determined from a single-cell suspension
via cell count, and the appropriate number of cells (input
cells: 10,000) was prepared for FACS analyses according
to the procedure recommended by the antibody kit manu-
facturer. For each cell type analyzed, a sample of unstained
cells, as well as an isotype control, were prepared in order
to measure auto-fluorescence and non-specific staining,
respectively. Cells were analyzed with a BD FACSVerse
flow cytometer (BD Biosciences, USA), and data analysis
was performed using the BD FACSUITE™ SOFTWARE
(BD Biosciences, USA).
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hMSC-BM multi-lineage differentiation potential
Preservation of the multipotent differentiation potential
was evaluated on hMSC-BM expanded for 5 passages on
the FN1 motifs surface in an ACF culture system. Osteo-
genic, adipogenic and chondrogenic differentiation was
induced by using the MesenCult™ Osteogenic Stimulatory
Kit (Human) (05434, STEMCELL Technologies), the hMSC
Adipogenic Differentiation Bulletkit™ (PT-3004, Lonza)
or the hMSC Chondrogenic Differentiation Bulletkit
(PT-3003, Lonza), respectively, according to the manu-
facturer’s instructions.

Results and Discussion

The Eppendorf CCCadvanced™ FN1 motifs surface
supports an efficient short-term expansion of hMSC-BM
in various xeno-free culture media

The ready-to-use FN1 motifs surface supports efficient
hMSC-BM growth in combination with different serum-free
and xeno-free culture media.

The morphology and proliferation of hMSCs were evaluated
7 days post-seeding on the FN1 motifs surface and on a
TC treated surface, in different commercial culture media,
respectively (Figure 1 and 2). In traditional serum-contain-
ing culture systems, hMSC-BM adhered and pro-liferated
similarly on the FN1 motifs and the TC treated surface. On
both surfaces, cells exhibited their typical fibroblast-like
morphology after short-term expansion. In the absence of
serum in the culture medium, hMSCs had difficulty adher-
ing and proliferating on the TC treated surface, suggesting
the need for additional cell adhesion-promoting coating.
By contrast, regardless which of the XF media were tested,
the FN1 motifs surface efficiently supported hMSC-BM
attachment and growth.

eppendorf

As negative controls, uninduced cells were maintained

in parallel in their initial culture medium. Respective
differentiation efficiencies were assessed by specific
stainings. The osteogenic differentiation and mineralized
matrix accumulation were highlighted by Alizarin Red
staining performed 21 days post-induction. The intracellular
lipid droplet accumulation associated to the adipogenic
differentiation was confirmed by Oil Red O staining per-
formed 21 days post-induction and the glycosaminoglycans
secreted by chondrocytes were observed through Alcian
blue specific staining performed 14 days post-induction.

As previously described in the literature and by media sup-
pliers, cells expanded under xeno-free culture conditions
exhibited more elongated spindle-shaped cell morphology
as compared to cells expanded in the presence of serum and
were associated with more compact mono-layers and higher
cell densities [12, 13]. Starting from a comparable initial cell
density, h(MSC-BM yields obtained 7 days post-seeding on
the FN1 motifs surface in the three tested XF culture media
indicate efficient and similar cell expansion. These results
confirm the suitability of the FN1 motifs surface for xeno-
free expansion of h(MSC-BM in combination with various
commercial media.
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Figure 1: h(MSC-BM morphology after short-term expansion on Eppendorf CCCadvanced FN1 motifs surface in different

culture media

hMSCs cultured in traditional serum-containing medium display their characteristic fibroblast-like morphology after short-term
expansion on both the FN1 motifs surface and a TC treated surface. In contrast to the TC treated surface, the FN1 motifs surface

also efficiently supports hMSC-BM attachment and growth in various serum-free culture systems, showing a more elongated spindle-
shaped cell morphology, more compact monolayers and higher cell densities. The images show representative areas at 7 days

post-seeding. Scale bar indicates 100 pm.
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Figure 2: hMSC-BM proliferation after short-term expansion
on Eppendorf CCCadvanced FN1 motifs surface in different
culture media
Seeded at comparable cell densities in different commercial serum-
free media, the FN1 motifs surface efficiently supports xeno-free

hMSC expansion with high viable cell numbers 7 days post-seeding.

Results are expressed in viable cell number per cm? and represent a
mean of three independent cell counts performed 7 days post-seed-
ing. The dotted line indicates the initial cell seeding density (3,500
cells/ cm?). Average fold inductions are noted above columns.

The Eppendorf CCCadvanced™ FN1 motifs surface sup-
ports an efficient long-term expansion of h(MSC-BM in a
completely defined, animal-component-free culture system
hMSCs were maintained for 10 successive passages on the
FN1 motifs surface in order to confirm that this synthetic
culture surface supports long-term hMSC-BM expansion

in a completely defined, animal-component-free culture
system without impacting cell quality. In parallel, hMSC-BM
were maintained in an identical ACF culture system on two
competitor surfaces, the ready-to-use surface by Competitor
A and the self-coated surface by Competitor B. Moreover,
cells expanded in a traditional culture system (TC treated
surface, serum-containing culture medium and Trypsin/
EDTA as detachment solution) were used as a reference.
The morphology of the hMSC-BM was monitored at each
passage, under each experimental condition, during the
entire expansion process of 10 successive passages, and

it was recorded at P4 and P12, respectively, after 2 and 10
successive passages on the different cell culture surfaces
(Figure 3).
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Figure 3: h(MSC-BM morphology after long-term expansion on Eppendorf CCCadvanced FN1 motifs surface and competitor

surfaces in animal-component-free conditions

hMSC-BM were expanded for 10 successive passages on the FN1 motifs surface, a ready-to-use surface by Competitor A and a
self-coated surface by Competitor B, each showing elongated cells characteristic of hMSC expansion under ACF culture conditions.
However, long-term expansion on the surface by Competitor A promoted the formation of large hMSCs such as those observed in a
traditional culture system (TC treated surface — serum-containing medium — Trypsin/EDTA), whereas the FN1 motifs surface preserve
the characteristic hMSC morphology in restrictive culture conditions during the successive 10 passages. The images show representative

areas at the respective passages. Scale bar indicates 400 um.

At an early passage following seeding (P4), cells displayed
the expected hMSC-BM morphology corresponding to a
fibroblast-like, spindle-shaped morphology on each tested
synthetic surface. As previously described, cells expanded

in a serum-containing culture system presented a wider spin-
dle-shape as compared to the more elongated cells expanded
in serum-free conditions. On the FN1 motifs surface, this mor-
phology remained stable across passages. By contrast, cells
expanded in the traditional culture system or on the competi-
tor A surface exhibited a higher proportion of very large cells
at P12, suggesting the emergence of replicative senescence
signs [14].

The altered cell morphology was indeed associated

with a progressive increase of senescence-associated
B-galactosidase positive cells as well as with a decreased
proliferation potential during progressive hMSC expansion
on a TC treated surface in the serum-containing culture
system, especially after passage 8 (Figure 4).

By contrast, hMSCs expanded in ACF culture conditions on
the FN1 motifs surface maintained a stable doubling time
across passages with no significant B-galactosidase activity.
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Figure 4: hMSC replicative senescence characterization during long-term expansion on Eppendorf CCCadvanced FN1 motifs
surface

(A/B) While B-galactosidase staining revealed an increasing number of positive hMSCs in a traditional culture system (TC treated
surface — serum-containing medium — Trypsin/EDTA), indicating a permanent cell-cycle arrest from passage 8, hMSCs expanded

on the FN1 motifs surface in animal-component-free medium exhibited no senescent phenotype at the same stage. The images
show representative areas after B-galactosidase staining of h(MSCs, and arrows indicate B-galactosidase positive cells.

(C) Expansion on the FN1 motifs surface prevented senescence as characterized by the absence of significant -galactosidase
activity and a stable doubling time across passages. Solid lines illustrate doubling times calculated from the proliferation assay.
Dotted lines illustrate the percentage of B-galactosidase positive cells. Results represent a mean of three independent cell counts (n=3).

The FN1 motifs surface supported robust and stable hMSC ed on FN1 motifs surface achieved a significantly faster pro-
proliferation during the entire culture period of 10 successive liferation rate, as shown by a short doubling time and high
passages (Figure 5). Compared with results obtained on population doubling number. These results demonstrate that
other growth surfaces used in combination with animal- the FN1 motifs surface is a ready-to-use synthetic surface

component-free conditions, the culture of h(MSC-BM expand- for efficient hMSC expansion in ACF culture conditions.
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Figure 5: hMSC proliferation rate during long-term expansion in different animal-component-free culture systems

hMSC expansion on the FN1 motifs surface ensured a significantly faster proliferation rate with a short doubling time and high popu-
lation doubling number in animal-component-free conditions. Results are expressed as cumulative cell population doubling numbers
over 10 successive passages on the FN1 motifs surface and two competitor surfaces in an ACF culture system. Cells expanded on a TC
treated surface in a traditional serum-containing culture system served as a reference. Results represent a mean of three independent
cell counts (n=3). For each experimental condition, the mean cell population doubling time and the mean population doubling number
per passage are indicated.

Even after long-term expansion on the FN1 motifs surface, MSC identification recommended by the Mesenchymal and
hMSC-BM maintained their specific immunophenotype and Tissue Stem Cell Committee of the International Society for
continued to express high levels of mesenchymal markers Cellular Therapy (Figure 6) [5]. The hMSC marker expression
such as CD105, CD73, CD90 and CD44, while lacking the profile obtained on the FN1 motifs surface is comparable to
expression of hematopoietic lineage markers (< 1% CD11b, other animal-component-free culture systems as well as a
CD34, CD45, CD79 a, and HLA-DR positive hMSCs in the traditional serum-containing culture system (Table 1).

entire cell population) according to the standard criteria for
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Table 1: Comparison of hMSC-specific cell surface antigen expression profile after long-term expansion in different culture systems.

Culture system Culture surface Neg cocktail CD90 CD73 CD105 CD44
Serum-containing TC treated surface 4.33 98.68 98.91 99.44 99.09
FN1 motifs 0.43 99.69 99.62 96.11 99.9
. Competitor A 0.86 99.68 99.53 99.01 99.77
Animal-
ready-to-use
component-free
Competitor B 0.65 99.78 99.49 95.95 99.95
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Figure 6: Flow cytometry analysis of hMSC markers after long-term expansion on Eppendorf CCCadvanced FN1 motifs surface

in an animal-component-free environment

After long-term expansion across 10 successive passages on the FN1 motifs surface in animal-component-free medium, hMSCs showed
a typical expression profile of characteristic surface markers as evaluated by flow cytometry analysis: more than 95% of cells of the
total cell population expressed the mesenchymal markers CD90, CD73, CD105 and CD44, while lacking the expression of hematopoietic
surface markers CD45, CD34, CD11b, CD19 and HLA-DR. Unstained cells and isotype controls were prepared in order to validate stain-
ing specificity. Isotype controls (in black) were used to determine the percentage of positive cells for each of the markers of interest.
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The functional multipotency of hMSCs after long-term ex- cells of three mesoderm lineages, the osteogenic, adipogenic
pansion on the FN1 motifs surface in an ACF culture system and chondrogenic lineages (Figure 7).
was ultimately confirmed by their in vitro differentiation into

Osteogenic Adipogenic

induced induced

Figure 7: Multi-lineage differentiation potential of h(MSC-BM after long-term expansion on the Eppendorf CCCadvanced FN1
motifs surface in an animal-component-free environment

After 5 successive passages on the FN1 motifs surface under animal-component-free conditions, hMSCs maintained their multi-lineage
differentiation potential as examined by specific fluorescent staining of three specific mesoderm lineages, respectively:

hMSCs successfully differentiated into osteogenic (Alizarin Red staining — 21 days post-induction), adipogenic (Oil Red O staining —

21 days post-induction) and chondrogenic (Alcian blue staining — 14 days post-induction) lineages. Scale bar indicates 100 um.
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Conclusion

The ready-to-use Eppendorf CCCadvanced FN1 motifs sur-
face efficiently supports long-term hMSC-BM expansion in

a completely defined, animal-component-free culture system.

During the expansion process across 10 successive passages
hMSCs maintain a stable and robust proliferation rate with
their characteristic morphology without signs of replicative

eppendorf

marker expression profile as well as their multi-lineage
mesodermal differentiation potential. The suitability of
the FN1 motifs surface to support efficient n(MSC-BM
proliferation in different commercial xeno-free culture media
facilitates the establishment of an animal-component-free
environment for hMSC cultivation.

senescence. The undifferentiated hMSCs retain their typical
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Ordering information
Description Order no. International Order no. North America
Eppendorf CCCadvanced™ FN1 motifs Cell Culture Flasks T-175 0038 120.030 0038120030

with filter cap, sterile, free of detectable pyrogens, RNase and DNase, DNA.
Non-cytotoxic. 5 flasks, individually wrapped

Eppendorf CCCadvanced™ FN1 motifs Cell Culture Flasks, T-75 0038 120.020 0038120020
with filter cap, sterile, free of detectable pyrogens, RNase and DNase, DNA.
Non-cytotoxic. 5 flasks, individually wrapped

Eppendorf CCCadvanced™ FN1 motifs Cell Culture Plates, 6-well 0038 110.010 0038110010
with lid, flat bottom, sterile, free of detectable pyrogens, RNase and DNase, DNA.
Non-cytotoxic. 5 plates, individually wrapped

Eppendorf CCCadvanced™ FN1 motifs Cell Culture Plates, 24-well 0038 110.030 0038110030
with lid, flat bottom, sterile, free of detectable pyrogens, RNase and DNase, DNA.
Non-cytotoxic. 5 plates, individually wrapped

Your local distributor: www.eppendorf.com/contact
Eppendorf AG - Barkhausenweg 1 - 22339 Hamburg - Germany
eppendorf@eppendorf.com - www.eppendorf.com
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