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Abstract

The regenerative potential of mesenchymal stromal
cells (MSC) holds great promise in using them for
treatment of a wide range of debilitating diseases.
Several types of culture media and systems have
been used for large-scale expansion of MSCs in vi-
tro;, however, the majority of them rely heavily on
using foetal bovine serum (FBS)-supplement for
optimal cell proliferation. FBS-based cultures pose
the potential threat of spread of transmissible
spongiform encephalopathy and bovine spongiform
encephalopathy to MSCs and then to their recipi-
ents. A recent trend in cell culture is to change
from serum-use to serum-free media (SFM). In this
context, the current review focuses specifically on
employment of various SFM for MSCs and dis-
cusses existences of various options with which to
substitute FBS. In addition, we analyse MSC popu-
lation growth kinetic patterns using various SFM
for large-scale production of MSCs.

Introduction

Mesenchymal stromal cells (MSCs) compose an impor-
tant system of choice in regenerative biopharmaceuticals
due to their safety, ability to expand in multiple fold,
are hypo-immunogenic, have tri-lineage capacity, can
repair or regenerate tissues by paracrine or autocrine
functions, and help in treatment of a variety of human
diseases (1). MSCs can be characterized by a group of
surface markers; they are positive for CD105, CD73 and
CD90 but do not express CD45, CD34, CD14, CD11b,
CD79a, CD19 and HLA-DR, as set by the International
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Society for Cellular Therapy guidelines. Generally,
MSCs are cultured in foetal bovine serum (FBS)-con-
taining media to be used in clinical trials, but thus could
pose a threat to communication of transmissible spongi-
form encephalopathy and bovine spongiform encepha-
lopathy to recipient patients. Consequently, there is a
need for changing to FBS-free culture systems for pro-
duction of clinical grade MSCs, which are completely
safe.

Human MSCs (hMSCs) can be infused or injected
into the blood stream as a delivery vehicle in allogeneic
clinical settings, as they cannot be detected by the host’s
immune system (2,3). Large numbers of clinical trials
with them are in progress (www.clinicaltrials.gov) and
each requires large numbers of cells, in the range of 1-
5 million MSCs/kg body weight (4). To meet the huge
demand for expanded cells, efficient isolation and
expansion processes need to be in place. Cell bank and
relevant scalable processes have to be established to
cater for market demand subsequent to drug approval.
Robust MSC production systems with constant cell yield
per batch and consistent quality of cells are an essential
element for successful cell therapy clinical trials, even
for FBS-supplemented media for MSCs expansion (5,6).
Increased exploration of disease indications for cell ther-
apy-based clinical trials demands a large number of
doses for multiple indications, which further enhances
increased use of FBS for MSC production.

Recent MSC-based clinical trials did not suffer from
the misconception that proof of concept/mechanism of
action must be defined or produced before clinical test-
ing (7). Hence, culturing cells for the large numbers of
ongoing clinical trials has increased FBS consumption
annually in demonstration of safety and efficacy. In
2003, global market for FBS was about 0.5 million litres
but had increased to 0.8 million litres by 2008; growth
rate is estimated to accelerate by at least 10-15% annu-
ally (8). More than a million foetuses of pregnant cows
needed to be slaughtered to produce 0.5 million litres of
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FBS, which involves potential suffering while blood is
withdrawn via a needle inserted into the heart, without
the use of anaesthesia. In addition, seasonal and conti-
nental variations in serum composition lead to lot-by-lot
variation, which in turn causes changes in morphologi-
cal, phenotypic and population kinetic changes in MSCs
produced. Use of undefined animal serum products in
MSC culturing imposes numerous safety issues; 20—-50%
of commercial FBS is virus positive (9,10) and internal-
ized xenogeneic antigen during serum-supplemented cul-
ture cannot be eliminated, even after post-harvest
washing procedures of cell therapy products (11,12).
There are ethical, animal welfare and scientific issues for
the use of FBS in cell-based manufacturing systems and
we have listed some from available literature (Table 1).
Thus, type of cell culture medium used for producing
MSCs and safety and efficacy of derived MSCs may be
significantly influenced by media chosen and processing

Table 1. Disadvantages of FBS-supplemented media

S. no. Disadvantages/potential challenges References
1 Undefined media components, (16)
lot-to-lot variation
2 High risk of contamination (O]
— bacteria, virus and mycoplasma
3 High cost of serum 17
4 FBS protein internalized into stem (18)
cells and carries risk of transmitting
unknown infectious agent
5 FBS enhances various non-MSCs to (19,20)

attach and provide heterogeneous
population and proliferate after
isolation stage of primordial culture
5 FBS-grown cells raise T-cell response (21)
against transduced MSCs and trigger
FBS-specific immune reactions

6 Adventitious agent testing of raw material, (22)
intermediate product and final product
7 Not all lots of FBS are suitable for isolation (17)

and expansion of MSCs and selection
of suitable lot of FBS needs rigorous
FBS lot validation

8 FBS-supplemented cultures undergo (23)
replicative senescence with progressive
loss of differentiation capacity and without
any cellular transformation characteristics

9 Bovine protein attachment to the cells grown (24)
in FBS-containing medium triggers
xenogeneic immune response, which affects
the viability, safety and efficacy of
transplanted MSCs

10 FBS-containing cultures require
post-trypsinization downstream process
with extra washing step to remove
or decrease FBS content on cells

(19,25)

FBS, foetal bovine serum; MSC, mesenchymal stromal cells.
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steps (13). Due to increasing concerns of safety as well
as issues related to consistency and reproducibility, there
is increased need to improve stem-cell bioprocesses to
develop robust production process using media free of
animal components (12,14,15) (Fig. 1).

Various serum-free media (SFM) or humanized
media are being studied to develop commercial SFM as
an alternative to FBS for culturing of MSCs for clinical
applications. Collective reasons for transition to human-
ized media include safety, efficacy, consistency and
reproducibility (9-13,18,26). Furthermore, decisions
need to take into account variables such as basal media,
glucose concentration in basal media, stable glutamine,
Mononuclear cells (MNCs) plating density, MSC expan-
sion seeding density (SD), supplementation of growth
factors and cell culture plastic surface quality (27). In
this regard, several humanized media have been investi-
gated, including supplementation of autologous human
serum (auto-HS) or allogeneic HS (allo-HS), human
platelet lysates (HPL), thrombin-activated platelet rich
plasma and umbilical cord blood plasma (15,20,28,29).
Over the period of this transition, nevertheless, compari-
son of gold standard FBS supplementation with human-
ized alternatives should only be done with great care.
As most humanized media are of adult origin and differ-
ent altogether from the eponymous foetal origin FBS,
only the best humanized media can be selected for
expansion of MSCs for clinical applications.

Many commercially available SFM and disclosed
SFM formulations are available with further ones still
under development (30-35). Developing and selecting
suitable media, that is compatible with process variables
are critical for consistently generating hMSCs that main-
tain, retain and demonstrate their MSCs characteristics
without major deviation in the production process.

Up to now, it has not been possible to develop a
universal SFM for all MSCs from various sources. Even
when donor MSCs are selected from the same source,
they may differ in proliferation kinetics, even when
grown in the same culture media. Factors such as
donor-to-donor variation, age of donor, cell sources/
microenvironment of the source, may influence variabil-
ity in functional characteristics of MSCs such as growth
characteristics and differentiation potential (36). Hence,
there is a challenge to be able to select suitable media
that contribute to efficient isolation, minimization of pro-
cess fluctuation and retention of multipotency, in long-
term cultures. Thus, we focus from animal component-
free MSC culture media to commercially available SFM
or xeno-free media (XFM), that can be used for cell
isolation and expansion procedures for clinical trials or
pre-clinical studies. Isolation and proliferation Kkinetics
of MSCs of various SFM/XFM are compared to gold
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Figure 1. Diagrammatic overview of mesenchymal stromal cell bioprocessing shifting from open system of manual operation to closed con-
trollable system of automation to enhance good manufacturing practices processing and future requirements to enter clinical trails. IMP,

investigational medicinal product.

standard FBS-supplementation culture. The rapidly
evolving field of cell therapy from therapeutic and regu-
latory points of view, sets new standards for all related
aspects.

Classification of culture media

A large number of SFM are commercially available suit-
able to various cell types, and for various test applica-
tions. Use of culture media is increasing exponentially
and FBS alternatives are constantly being developed for
cell-based therapies. Alternative culture media, without
the use of FBS, confusingly use many different types of
terminology synonymous to SFM. Media manufacturers
promote such terminologies to appear in many articles
to attact more customers. As a result, many terminolo-
gies are in use which confuse customers following the
standard classification of media described by Jayme
et al. (16). Some terminologies include growth factor-
defined media, good manufacturing practices (GMP)-
compliant media, xenogenic-free medium and human-
ized medium, and ambiguity extends with titles of
articles stating clinical grade production, GMP-compli-
ant process (and more) used by many authors in their
published articles (5,37-41). Five classes of medium
defined by Jayme ef al. (16) include serum-containing
media (SCM), reduced serum media, SFM, protein-free
media (PFM) and chemically defined media (CDM).
Usually, SCM contain 10-20% serum, whereas reduced
SCM contain 1-5% serum fortified with insulin, trans-
ferrin and other nutrients to permit significant reduction
in serum. SFM contain a broad range of additive hor-
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mones, growth factors, proteins and polyamines, which
may themselves be derived from bovine or human
sources. Other variants of SFM include animal PFM
containing human serum (HS) albumin, human transfer-
rin and human insulin, but animal-derived lipid, whereas
XFM contain HS albumin (HSA), human transferrin,
human insulin and CD lipids. Recombinant XFM con-
tain either recombinant or synthetic compounds with CD
lipids. The basal component of CDM is protein-free and
well characterized, containing low molecular weight
compounds exclusively. A CDM is entirely free of ani-
mal derived components and represents the purest form,
where all components are well defined and character-
ized; a few critical components of CDM are recombi-
nant versions or synthetic chemicals of polymers. PFM
contain various peptide fragments only (not polypep-
tides) derived from enzymatic or acid hydrolysis of ani-
mal or plant source proteins. On the basis of degree of
chemical definition, Brunner et al. have classified media
into serum-free, animal-derived component-free or
chemically defined media for cell culture applications
(42). SEM do not contain serum, but otherwise is chem-
ically undefined, as many or few discrete protein frac-
tions are derived from animal tissue or plant extracts. In
contrast, the term ‘CDM’ has been used erroneously
instead of ‘SFM’ to capture the commercial market,
despite such media containing bovine serum albumin
(43,44). Thus, there is urgent necessity for global har-
monization of terminology used in cell culture applica-
tions, specially concerning types of media, for better
understanding and applicability in the context of regula-
tory and GMP compliance. Thus to avoid ambiguity, we
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have attempted to simplify classification of culture
media used to grow MSCs, based on whether they are
human or animal sourced. As a first category, if the
medium is supplemented with HPL, allogeneic or autol-
ogous pooled HS, or cord blood serum, it is defined and
categorized as humanized culture medium. The second
category is SFM; subclasses of SFM are (i) in-house
formulation of SFM, where some or many of the indi-
vidual components consist of bovine or human sourced
items and (ii) commercially available SFM.

Humanized culture media

In the past few years, a number of in vitro studies have
been carried out for supplementation of auto-HS and
allo-HS, HPL for isolation, expansion, differentiation,
molecular analysis and evaluation of functional proper-
ties of MSCs, derived from various sources including
bone marrow (BM), adipose tissue (AT), synovial fluid
and Wharton’s jelly (WJ). A number of authors has per-
formed assessment of different concentrations of HS
including 2%, 5%, 10% and 20% with different basal
media (DMEM, a-DMEM, DMEM-LG, DMEM-HG
and DMEM-KO) and compared these with FBS
supplementation of 10% or 20% (18,20,26,29,45-53).
In addition, to enhance efficiency of proliferation,
some studies have reported use of basic fibroblast
growth factor (bFGF) (54), HSA or insulin/transferrin/
selenium supplementation (45). Table 2 summarizes var-
ious humanized media used, MSC source and culture
characteristics.

Human serum supplementation

Initial demonstration by Shahdadfar et al. indicated that
BM-MSCs cultured in allo-HS became growth arrested
and died (20). In contrast, Bieback et al. showed that
allo-HS extended proliferation of BM-MSCs (29); how-
ever, population doubling time (PDT) and population
doublings (PDs) were lower compared to BM-MSCs
cultured in FBS-supplemented media. Possible explana-
tions of these results may be differences; first, in use of
basal media DMEM-F12 (20) or DMEM-LG (29), sec-
ond, SD 5000 cells/cm® (20) and 200 cells/cm? (29),
and third, concentration of allo-HS at 20% (20) or 10%
(29). AT-MSCs cultured in allo-HS had higher PD (48),
and for WJ-MSCs, PDs were similar to FBS-supple-
mented cultures further supplemented with 2 ng/ml
bFGF (54). In a further study, synovial-derived MSC
PD was significantly higher than that of BM-MSCs.
PDT was lower in both cultures compared to MSCs sup-
plemented with FBS. This suggests that MSC have
source-dependent variation in PD and PDT. Ten per cent
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allo-HS was found to be optimum for proliferation
of UC-MSCs, further enhanced by supplementation
with  0.5% insulin/transferrin/selenium, 0.5% HSA,
0.5 ng/ml bFGF with reduced concentration of 2%
allo-HS (45).

Supplementation of auto-HS has also been investi-
gated for culture of MSCs. Regardless of source of the
MSCs and their concentration, auto-HS caused elevated
rate of proliferation compared to those in FBS-supple-
mented cultures (20,48,49). Auto-HS-derived MSCs had
donor-specific growth profiles in terms of PD and PDT,
although cumulative cell numbers varied between donor
MSCs cultured both in FBS and in auto-HS, individu-
ally (49,52). Tateishi et al. evaluated potency of auto-
HS and FBS for culturing human synovium MSCs, and
bovine synovial MSCs. Human-derived synovial MSCs
had greater potency for proliferation in auto-HS,
whereas bovine-derived MSCs were more proliferative
in FBS. This is an important consideration that MSCs
correspondingly mirror species-specific influence on pro-
liferation (46).

Specificity of HS produces considerable effects on
MSC phenotype marker expression; Those derived from
synovium, BM and WJ-derived MSCs are positive for
CD13, CD29, CD44, CD54, CD73, CD90, CDI105,
CD106, CD140b, CD146, CD147, CD166 and HLA-I,
and do not express CD3, CD14, CD19, CD31, CD33,
CD34, CD40, CD45, CD80, CD86, CD117, CD144,
CD235a and HLA-DR (29,45,46,50). In contrast, AT-
MSCs cultured in allo-HS have been shown to have a
marked subpopulation of CD45~ and CDI14~ cells at
passage 3 (P3). MSCs in FBS-supplemented cultures at
P3 expressed HLA-II (1.2 £ 0.6), CD45 (11.6 £ 11.9),
CD14 (9.5 £ 12.1), and MSCs grown in HS-supple-
mented cultures expressed HLA-II (0.7 & 0.4), CD45
(61.0 £ 2.1), CD14 (56.2 = 9.9). Subsequent sequential
passaging up to P7 in FBS and HS-supplemented culture
showed a remarkable reduction in CDI14 expression
from 9.5% and 56.2% to 2.8% and 12.4%, respectively,
and in CD45 from 11.6% and 61% to 3% and 5%,
respectively. At P7 FBS MSC marker, HLA-II
(0.9 £ 0.7), CD45 (3.0 £ 1.3), CD14 (2.8 & 3.6) levels
were different compared to P7 HS MSC markers HLA-
II (0.1 £ 0.0), CD45 (5.0 £ 4.1), CD14 (12.4 £+ 15.1)
(48). This clearly signifies that subsequent passaging of
MSC:s significantly reduced the subpopulations between
P3 and P7. However, presence of CD14 and CD45 het-
erogeneous populations even at P7, clearly do not meet
the criteria set by International Society for Cellular
Therapy for MSC definition. In addition, synovial MSCs
cultured in auto-HS were dim positive for CD105 and
CD106 (46), yet in a further study, synovial MSCs were
strongly positive (50). These evidence suggest that
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variation in production processes of HS influence its
quality and phenotype marker expression of MSCs.

Genome-wide array analysis has revealed that MSCs
retain stable transcripts and consistent display of normal
DNA copy numbers in late passage cultures with auto-
HS (20,49). Furthermore, no significant chromosomal
aberrations have been observed in Comparative genomic
hybridization (CGH) analysis (49). Auto-HS-derived
MSCs tend to maintain an unmethylated state similar to
that of uncultured MSCs (49). Ratios of MSCs cultured
in FBS and auto-HS are 20% and 4% in S phase cells
respectively. Thus, it is suggested that MSCs grown in
FBS rapidly transit through G1 phase, for instance, not
yet ready for DNA replication, which may be the reason
why MSCs accumulate in S. These MSCs traverse other
phases of cell cycle more rapidly (52).

Human platelet lysate

Many studies have evaluated auto-HPL with different
basal growth media — DMEM, o-DMEM, DMEM-LG,
DMEM-HG or DMEM-KO and compared it to with
FBS supplementation at 1%, 2.5%, 5%, 10% and 20%
(15,29,55-63,65). Sources of MSCs used for evaluation
were BM, AT, umbilical cord blood (UCB) and WIJ.
Similarly, studies on isolation of MSC with either HPL
or FCS resulted in similar CFU-F frequency; both FBS
and HPL supported similar CFU at PO (29,55-
57,59,60,60) irrespective of source of the MSCs. Differ-
ences were observed in HPL-derived MNCs where colo-
nies appeared larger and were formed of small, densely
packed, spindle-shaped cells.

Many reports have been made clearly demonstrating
supplementation of auto-HPL or allo-HPL with various
basal media result in higher rates of MSC proliferation
(15,29,55-61,65) compared to FBS-supplemented con-
trols. Ben Azouna er al. have shown that combination
of auto-HPL and FBS with basal media did not result in
changed PDT compared to FBS cultures supplemented
with 1 ng/ml bFGF (62). However, combination of allo-
HPL and FBS increased PDT of MSCs compared to
FBS cultures supplemented with 1 ng/ml bFGF (55).
These studies suggested that 5% HPL can be replaced
by bFGF, which was further evident with reduced PDT
and increased PD compared to bFGF-supplemented cul-
tures (55,62). Furthermore, 5% HPL either as auto-HPL
or allo-HPL can be better than a 10% HPL supplement,
which is also evident in their reduced PDT (55,57,58).
Among basal media, combination of DMEM-LG with
HPL has resulted in reduced PDT compared to others
(15,56,57). Further evidence suggests that DMEM-LG
with HPL might be support proliferation of of AT-
derived MSCs (58).

© 2013 John Wiley & Sons Ltd

In a large-scale expansion study, using 4 cell facto-
ries (Nunc) un-manipulated (PO) BM MSCs supple-
mented with 10% HPL, expanded in a single passage,
yielded 7.8 + 1.5 x 10® MSCs in 11-16 days (60). In
a further study on large-scale expansion, carried out at
P2 using UCB-MSCs supplemented with 10% HPL, cell
yield was 2.7 &+ 1.84 x 10®° MSCs with 10% HPL
whereas yield was 0.66 + 0.16 x 10° MSCs with 10%
FBS (59). Differences in yield between studies could be
due to different sources of MSCs, BM or UCB, differ-
ences in seeding densities 30 cells/cm®  and
17 696 + 2364 cell/cm?, or passage number. Schallmo-
ser et al. (60), carried out isolation and expansion to P1
using pooled allo-HPL. Considering the above two stud-
ies, MSCs can be isolated and expanded in HPL for
large-scale clinical applications of autologous therapy,
where total duration of MSC availability to the patients
is minimal and further improvements can be made dur-
ing scale-up studies for clinical application in autologous
settings. While conducting scale-up studies, it is essen-
tial to consider four factors: (i) age of HPL donor —
MSCs cultured in HPL from a young person (<25 years)
have more cumulative population doublings (CPD) than
that from older people (>45 years) (63); (ii) multiple
donor pool of allo-HPL — allo-HPL pooled from multi-
ple donors has shown significantly higher yield of MSCs
than with allo-HPL from a single donor (66); (iii) virally
inactivated HPL (67) that can be processed under GMP
conditions (15,58,65) to comply with regulations and
safety in MSC therapy protocols; (iv) employing HPL
matrix to enhance MSC culture expansion (64). HPL
matrix has supported MSCs to grow in a multilayer
manner at the interface between HPL-gel and HPL med-
ium; this technique provides non-enzymatic passaging
procedures for culture expansion (64).

Mesenchymal stromal cells cultured in HPL express
MSC-positive markers CD13, CD29, CD44, CD73,
CD90, CD105, CD166, HLA-ABC, and do not express
MSC-negative markers CD14, CD15, CD19, CD33,
CD34, CD45, CD80, CD235a, CD117, CD144, HLA-
DR (56,58-61,67). In all studies reported, MSCs cul-
tured in HPL express higher level of positive markers
and high geometric mean fluorescence intensity level
compared to FBS cultures, irrespective of MSC source.
There could be variable marker expression and presence
of heterogeneous populations in both HPL- and FBS-
supplemented cultures (47). MSCs cultured in HPL have
been shown to express fibroblast-associated protein and
CD49d and avb3 (CD51/61). These surface molecules
play an important role in cell interactions and homing
capabilities. Furthermore, HPL-cultured MSCs express
lower levels of DNAM-1 ligand poliovirus receptor
and Nectin-2, and NKG2D ligand UPLBP3 (68).
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Consequently, MSCs cultured in HPL have been shown
to be resistant to NK cell-mediated lysis.

Mesenchymal stromal cells expanded in HPL display
strong inhibitory effects on T cells and their subsets
CD3*, CD3*CD4*, CD3*CD8" and CDI19" (B cells)
(15,29,59,68), although wvariable effects of inhibitory
results have been with CD3-CD56" (NK cells) (68,69).
This immunomodulation on alloantigen induced lympho-
cyte proliferation aided by secretion of anti-inflamma-
tory cytokines RANTES, IL-6 and IL-8 at higher levels,
or by reduced secretion of pro-inflammatory cytokines
IFN-y, TNF-o, IL-10 levels in HPL-cultured MSCs
(55,68,69). Further indoleamine 2,3-dioxygenase (IDO)
levels remain low in HPL-cultured MSCs (61,68). In
contrast, Abdelrazik er al. have shown reduced inhibi-
tory capacity of MSCs cultured in HPL on T- and NK-
cell proliferation and function compared to those cul-
tured in SFM, which showed enhanced immunomodula-
tory properties (68).

CGH array analysis have shown MSCs cultured in
HPL did not have any unbalanced chromosomal abnorm-
alities (60,61). However, MSCs cultured in FBS evaluated
at late passage (passage 12) demonstrated cell transforma-
tion with clonal aberrations. This included (1:15) translo-
cation found in 1 patient and gain in chromosome 21 with
loss of the X chromosome in a another patient. Interest-
ingly, no chromosomal aberrations were observed in the
same patients’ MSCs cultured in HPL (58). Furthermore,
telomerase activity was not detected in MSCs cultured in
HPL even at late passages (29,61). In further work, HPL-
cultured MSCs did not express differentiation markers
and were able to differentiate on induction (62). Hence,
MSCs cultured in HPL seemed to retain multipotency
without losing self-renewal properties. Differences in
methodology of HPL protocols, however, may have con-
tributed to varied differentiation potentials (70).

Serum-free media

Challenges in use of humanized or FBS-supplemented
culture media have led to progress in development of
SEM, but efforts in making GMP-compliant SFM have
not witnessed significant progress over most recent
years. SFM not only address challenges to serum-based
formulations but also lead to enhanced consistency in
raw materials as well as in the final yield. Furthermore,
SFM improve reproducibility of production processes
with less probability of culture contamination by bacte-
ria, virus or mycoplasma. SFM for MSCs do not require
stringent washes before filling of cryobags and hence
contribute to retaining high post-thaw viability and shelf
life (38). Development of GMP-compliant SFM for cul-
turing MSCs will overcome regulatory hurdles and
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increase performance of production systems in terms of
reproducibility and consistent cell quality.

Disclosed in-house serum-free formulations

In-house serum-free formulations for MSCs have several
advantages over commercially available SFM. These for-
mulations help to design and optimize nutritional require-
ments specific to the in-house donor MSCs. These
disclosed formulations further contribute to simplification
of post-harvest bioprocessing with better access to trou-
ble-shooting and control over the processes. In addition,
this also enables higher cell yield and higher potency of
donor-specific MSCs with increased control over physio-
logical culture conditions. It increases robustness, consis-
tency of processes and are free from vendor-related cost
fluctuations, market withdrawal and non-availability. In-
house preparation of SFM can be significantly cheaper
and lead to better control over complete media stability,
as they are prepared and used afresh for each occasion, in
production settings. Moreover, such systems do not
require storage of bulk media in cold rooms and reduce
repeat quality control testing, storage space and cost.
Additional time required for repeated preparation of in-
house SFM for each production batch can be compensated
by the many other advantages. Initial time investment to
optimize cell culture medium may result in higher produc-
tivity and reduced cost, with better biological function
and process control (71). It enhances simultaneous reshuf-
fling of multiple medium components in developing seed
media, production and feeding media depending on
growth and nutritional requirements (72). At present,
there are several serum-free formulations published that
allow culture of MSCs in SFM and several media have
been developed and optimized to support in-house donor
MSC expansion requirements (11,32-35,37,73-77). A
concise list of all disclosed SFM formulations for MSCs
is tabulated in Table S1.

The first disclosed serum-free formulation was devel-
oped in 1995 by Lennon ef al. for rat BM-MSCs
(RDMF) using insulin, BSA, PDGF-$ and bFGF, in
60% DMEM-LG and 40% MCBD-201 basal medium
(74). Chemically defined RDMF SFM was tested and
cells grown in subsequent passages on pre-isolated
MSCs, for culture age of day 10; cells were large and
spread-out and with irregular projections. Only an osteo-
chondral assay was performed, in porous ceramic cubes,
to display of culture characteristics. In contrast, Gron-
thos et al. isolated STRO-1-positive BM precursor cells
using magnetic-activated cell sorting; cells were further
grown in SFM containing o-MEM, insulin, transferrin,
BSA, and human LDL, and cultured on fibronectin-
coated plates in the absence of serum (78). The group
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extensively studied colony growth characteristics and
contributions of EGF, PDGF, IGF-1 and bFGF to
expansion. Marshak et al. in 1999 patented CD medium
for BM MSCs expanded from P1 to P3 using CDM for
proliferating pre-isolated MSCs (79). Rayes et al. in
2002 isolated multipotent adult progenitor cells from
human BM, by using micro magnetic beads (76). Cells
were subcultured at SD of 2000 (2K) and 8K in fibro-
nectin-coated culture vessel for more than 20 PDs; low
serum formulation with 2% FBS gave equivalent results
to 20% FBS controls. Identical formulation as SFM was
used by Sorensen et al. in 2007 as one of 4 culture
media with no serum. Isolation and expansion were also
studied in various SFM (73). Further heterogeneous
populations of MSCs were selected by plastic adherence,
which resulted in less than 70% of cells expressing posi-
tive markers, although it’s possible there was other non-
MSC cell contamination. However, these cells had low
PDT compared to the other 3 tested culture media. In
2006, Lui et al. used the statistical method of fractional
factorial design and combined it with a steepest ascent
approach to optimize multicomponent media for cord
blood MSC expansion (CB-MSCs) (80). This was the
first published article on factorial design of statistical
methods of media optimization for MSC and was per-
formed using pre-isolated CB-MSCs. Optimized SFM
supported cell proliferation under high SD with average
PDs per passage of 1.07 and PDT of 74.1 h. On the
other hand, Wu ef al. in 2009 designed a CD-SFM for
population growth of rabbit BM MSCs, which resulted
in 50-fold increase in cell number in 10 days (77). Par-
ker et al. in 2010 optimized serum-free formulation
using previously isolated MSCs from adipose tissue
(ASC) subcultured for 2 passages at SD of 2 K/cm?.
Growth kinetics, phenotype marker profile and differen-
tiation potential were studied. Rajala er al., Hudson
et al. and Mimura et al. disclosed formulations that sup-
ported cell expansion for only a single or two passages
at higher SD and with low growth rate (32,37,75).
Table 3 summarizes various disclosed SFM used, MSC
source and culture characteristic.

Several studies using in-house SFM have shown
lower expression of positive markers, for example
88.2% CD105 (37), almost 65-68% of all three markers
CD90, CD73 and CDI13 (76), 75% CDI105 (75).
Table S2 shows phenotype marker expression profile of
MSCs during culture optimization processes of various
disclosed SFM. Media supporting attachment, self-
renewal and growth, during either isolation by plastic
adherence or expansion of pure populations, and subse-
quently passaged cells under SFM affect phenotype
marker expression levels. Yet, these changes in pheno-
type marker expression have been due to attempts at
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modifying existing xeno-free human embryonic stem-
cell medium such as RegES and mTeSR (Stem Cell
Technologies, St. Katharinen, Germany, http://www.
stemcell.com) for culturing hMSCs (37,75). mTeSR
media were used to grow and expand a specific geneti-
cally immortalized hMSC line. Changes of slow growth,
lower positive expression of marker phenotype may be
due to sudden shift from serum to serum-free conditions
for cells previously grown in serum-positive conditions.
Hence, it is necessary to check the phenotype marker
profile of primordial harvested cultures, when newer
SFM are developed for isolation and expansion of
MSCs. In 2010, Tarle et al. developed a SFM, K-M,
for expansion of human periodontal ligament stem cells
(PDLSCs) and human stem cells from exfoliated decid-
uous teeth (SHEDs) (81). Results of comparison of K-
M media with other 4 media showed equivalent prolif-
eration with that of Lonza Therapeak and K-M media,
whereas in PDLSCs and SHEDs, proliferation rate was
higher than of cells cultured in FBS-supplemented
media. It should be noted that culturing cells for short
periods of time, 7 days or one or two passages, is not
sufficient to declare that a SFM is robust, as stem cells
themselves have proliferative capacity in basal culture
media. Multipassage expansion of MSCs has been suc-
cessfully performed from isolation to P10 showing
strength of optimized media of Pharmaceutical Produc-
tion Research Facility (PPRF). Recently, Jung et al.
published a series of studies on PPRF msc6 media and
developed serum-free formulation that supports isolation
and expansion of MSCs (33-35). Cultures were fully
characterized in terms of PD, morphology, phenotype
and multipotency. Recently, PPRF msc6 were the first
successfully disclosed defined media, showing superior
isolation and cell expansion profiles, over controls in
FBS culture media. Population doubling per passage
(PDP) of PPRF msc6 was 6.2 from P1 onwards thus
competing with commercial SFM/XFM. Jung et al. ini-
tiated a comparative study involving other commercially
available media such as Mesencult-XF (MSX; Stem
Cell Technologies), StemPro MSC-XF (Invitrogen, Life
Technologies, Grand Island, NY, USA), MSCGM-CD
(Lonza) along with PPRF msc6 and FBS-supplemented
media as controls. None of the commercially available
media supported better cell population growth or prolif-
eration than PPRF msc6 (33). Recently, Rajaraman
et al. showed PDP of 6.4 using endometrial MSCs
grown on fibronectin-coated surfaces of DMEM/SF/
FGF/EGF formulations and have derived comparable
results with those of Lonza Therapeak on fibronectin-
coated surfaces (82). Probable reasons for higher PDP
in DMEM/SF/FGF/EGF formulations might be using
naive MSCs of endometrial origin and also using lower
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SD (2000 cells per cm® compared to 5000 cells per
cm?) of PPRF media. These significantly higher PDPs
are uncommon even for gold standard FBS-supple-
mented cultures with high SD (15). Further, careful,
thorough and in-depth molecular (proteomics and ge-
nomics) and cell-based immune assays are needed for
selecting appropriate media for clinical scale production
of MSCs. PPRF msc6 medium can be taken as a base
line to further develop suitable in-house media for
donor MSCs.

Commercially available serum-free formulations

Commercially available CD-SFM support higher cell
population growth rates and are most commonly used
by many customers. They have proven safety and regu-
latory compliance. Many stem cell manufacturers use
commercially available CD-SFM in process develop-
ment without modifications. However, demand for
making target-specific MSCs and with special in-pro-
cess steps requires the industry to develop customized
media as well. An advanced statistical tool, Design of
Experiments combined with high throughput screening
has been used to develop a feeding regime and appro-
priate nutrients, and is more relevant for CD-SFM in
further reducing development cycle time (83-86).
These new approaches for cell-based manufacturing
require support to develop production media, and com-

Table 4. Various commercially available serum-free media

mercially available CD-SFM form a baseline for cus-
tomizing culture media for large-scale application.
Commercially pre-formulated CD-SFM reduce and
eliminate qualification costs for each material or ingre-
dient, thereby reducing expense in corrective and pre-
ventive actions throughout a component’s life cycle.
Other advantages of CD-SFM include consistency and
high-quality media with support from vendors and ini-
tiative for process analytical technology, and increase
operational excellence. Commercially pre-formulated
CD-SFM reduce and eliminate mixing tanks, pH,
osmolality adjustments, raw material quality control
testing and documentation; improve inventory manage-
ment with reduced number of material components;
decrease media preparation space suites and manpower
and reduce technical training and documentation. More-
over, commercially pre-formulated CD-SFM overcomes
the issues and risk posed by in-house SFM preparation.
These issues are lot-to-lot variability in raw materials,
challenges in consistency of media preparation, mixing,
and media hold stability studies (87).

Ability to support efficient isolation, multipassage
expansion with maintaining multipotency, and accepta-
ble phenotype characteristics has been the main factor of
choice for selection between several commercially avail-
able SFM that have been introduced for expansion of
MSCs. Table 4 summarizes various commercially avail-
able appropriate SFM.

S. no. Serum-free media/product name Cat no. Company Media type References cited
1 BD Mosaictm hMSC serum-free medium (kit) 355701 BD Biosciences CD, SF 25)

2 CellGro™ 24803-0500 CellGenix SF, PE (38)

3 HEScGRO SCMO020 Merck Millipore CD, SF, ACF (88)

4 Mesenchymal stem cell growth medium DXF C-28019 PromoCell CD, SF, XF Not cited

5 MesenCult-XF (culture kit) 5429 Stem Cell Technologies CD, SF, ACF (82,89-95)

6 MesenGro ZRD-MGro-500 StemRD CDM (38)

7 MSC Qualified PLus™ PLS2 Compass Biomedical XF Not cited

8 MSC-Gro™ (SF, complete) SCO0B3 Vitro Biopharma SF, CG (38)

9 MSCGS-ACF (MSC supplements) 7572 ScienCell Research SF (38)

10 mTeSR 5850 Stem Cell Technologies SF 32)

11 PRIME-XV™ MSC Expansion SFM 31000 Irvine Scientific SF Not cited

12 RS-Novo™ and GEM-Novo N/App Kerry Bio-Sciences CD, SF, ACF Not cited

13 SPE-IV SPE-IV-EBM/500 Abecell-Bio SF (38)

14 Stemline MSC expansion medium S1569 Sigma Alderich CD, SF, AF (96,97)

15 StemPro MSC SFM (media kit) A10332-01 Life Technologies CD, SF, (30,81,98,99)
16 StemPro MSC SFM-XF (media kit) A10675-01 Life Technologies CD, SF, AF (31,82,100-102)
17 StemXVivo™ CCMO014 R&D Systems, Inc. SFM (38)

18 STK2 N/App Two Cells Co., Ltd. CD, SF, AF (103,104)

19 TheraPEAK™ MSCGM-CD™ (Bullet kit) 190632 Lonza CD, SF, AF (33,82,103,104)
20 Ultrasor G (lyophilized) 15950-017 Pall Biosepra SF (105)

AF, animal component-free; Cat no., catalogue number; CD, chemically defined; CG, clinical grade (especially for MSC clinical trials); PE, preclin-

ical ex vivo use only; PF, protein-free; SF, serum-free; XF, xeno-free.
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However, a number of other novel commercially
available SFM have arrived on the market with claims
of increased efficiency and productivity as well as new
clinical grade materials. Some offer many advantages
such as enhanced cell proliferation, higher capacity for
multilineage differentiation and preservation of better
stemness than FBS-based cultured MSCs, apart from
regulatory and clinical grade benefits. These new prod-
ucts of SFM media and supplements need to support
and attain higher expansion and culture densities equiva-
lent to or higher than traditional FBS cultures.

Commercial MSCGM medium (MSCGM Bullet
Kit™; CellSystems, St. Katharinen, Germany, http://
www.cellsystems.de), was initially used by Bieback
et al. and soon after, MesenCult (Stem Cell Technolo-
gies) was commercially available as growth-promoting
medium for isolation of MSCs from umbilical cord
blood (106). These two known MSC-specific commer-
cially available SCM were tested for isolation and prop-
agation of MSCs; a DMEM-based MSCGM supported
cell isolation, whereas McCoys-based MesenCult was
used successfully in only isolating MSCs from BM
(106). This demonstrates that choice of basal medium is
equally important and should have synergetic relation-
ship with MSC isolation. Stemline media — commer-
cially available serum supplement media known to
promote MSC growth was also used for ex vivo expan-
sion of UC-MSCs (96).

As per our knowledge, the first commercially avail-
able serum-free formulations for culturing of MSCs
were developed by using a serum substitute Ultroser G,
by Meuleman et al. (105). Isolation and expansion of
BM MSCs using Ultroser G were performed at the
lowest possible lower density of 86 000 at PO and
1000 cells per cm” at P1 and showed superior isolation
and expansion over those of SCM controls. MSCs iso-
lated in both media were phenotypically and morpho-
logically similar, preserved multipotency and might be
the first optimal SFM for BM-MSCs. In contrast, Ultra-
ser G did not support cell population growth beyond
two passages. On the other hand, Battula ef al. also
used commercially available serum replacement of
Knockout Serum replacement (KO-SR — Invitrogen) to
DMEM-KO for isolating and expanding MSCs from
BM and non-amniotic placenta, in serum-free condi-
tions with bFGF supplementation (107). These studies
demonstrated satisfactory proliferation of MSCs on gel-
atin-coated plates while using SFM, and showed
increased expression of SSEA-4, frizzled-9 (FZD-9),
Oct 4 and nestin, by using KO-SR and DMEM-KO, as
they are ESC media. PO SD was 0.13 million per cm?
but mutlipassage expansion and SD used were not
mentioned.
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StemPro MSC-SFM from Invitrogen (Gibco, Life
Technologies) represents MSC-specific commercially
available media and a series of articles have been pub-
lished on isolation and expansion of MSCs
(30,98,99,108). Probably, Stempro is the first commer-
cially available SFM and Ng e al. demonstrated isola-
tion and multipassage (P0O-P9) of MSCs at SD of
10 000 cells per cm? using this medium (108). How-
ever, when the donor pool was used at high SD, it led
to increased osteogenic lineage differentiation compared
to serum controls. Although comparison was made
between serum and serum-free MSC cultures and exten-
sive transcriptional profiling was made to discover
important signalling pathways in differentiation, discrep-
ancy in SD with serum (3000 cells per cm?) and SEM
grown (10 000 cells per cm?) were not considered while
arriving at the conclusion.

In 2009, Lindroos et al., Agata et al. and Ishikawa
et al. further demonstrated the use of other commercial
SFM for isolation, population growth and expansion of
MSCs more efficiently than SCM (98,100,104). Agata
et al. made use of the findings of Ng et al. StemPro
MSC-SFM (SP-SFM) propensity for differentiation into
osteogenic lineages, and used them efficiently in bone
tissue engineering with BM-MSCs. BM-MSC isolation
efficiency and in vivo bone-forming abilities were higher
in 4 donor tests using SP-SFM compared to SCM.
Serum-free expanded BM-MSCs had remarkable bone
formation — 25.1% compared to serum-expanded BM-
MSCs 21.1%; however, this difference was not statisti-
cally significant. Early passage BM-MSCs grown in
SFM might be beneficial for bone tissue engineering.
Lindroos et al. evaluated two versions of StemProMSC
SFM xeno-free (with and without lipid supplement) with
adipose stem cells and compared it to FBS-supplementa-
tion, as well as HS-supplemented media, as controls
(ASCs) (100). ASC were able to expand to 5000 cells
per cm® in SP SFM-XF and attained the higher CPD of
7.9 (more than in other 3 media) and demonstrated tri-
lineage differentiation potential. Lindroos et al. observed
higher expression of CD166 in SP SFM, whereas Agata
et al. reported moderate levels of CD166 in SP SFM-
XF. The difference in the CD 166 level could be attrib-
uted to different variants of StemPro, although MSC
sources were also were not identical. Similarly, Ishikawa
et al. confirmed significantly higher hMSC proliferation
in STK2 medium compared to serum-supplemented
medium of DMEM and MSCGM (Lonza). SFM
expanded MSCs were tested for bone-forming ability
with hydroxyl-apatite where the lowest inhibitory effect
was in STK2 medium. These points once more suggest
that type of expansion medium may influence MSC
characteristics (109).
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Table 5 provides a qualitative summary of popula-
tion growth profile trends of MSCs in various commer-
cially available SFM. Gradual increase in publication
from 2009 to 2012 concerning serum-free culturing of
MSCs has led to widespread implementation of SFM
culturing for commercialization and to meet regulatory
standards.

In 2010, Chase et al. showed sequential passaging of
MSCs from PO to P5 and P6 to P13 with two independent
experiments using SP MSC SFM supplemented with
bFGF, TGF- and PDGF-BB at a SD of 10 000 cells per
cm? (30). In addition, they grew P6-P13 in serum-con-
taining medium for comparison. PDP of 4 donor-pooled
pre-isolated MSCs (grown in SCM from PO to P5) from
P6 to P13 revealed 2.5 PDP, whereas individual donor
MSCs isolated and passaged up to P5 achieved only 0.66
PDP. This suggests that SP MSC SFM, even after supple-
menting with 3 growth factors at high SD, had signifi-
cantly less PDP from P1 to P5 in individual donor MSCs.
However, Hartmann et al. reported optimal growth of 5-
fold increase in yield, after supplementing with 2% HS at
a high SD in SP MSC SFM. In comparison, MesenCult
animal component-free succeeded in being the superior
medium, achieving PDP of 3.32 for UC-MSCs grown up
to P5 in complete serum-free conditions (99). Tarle et al.
performed a proliferation assay comparing 4 different
SFM media with that of serum-supplemented culture, and
found that SP MSC SFM did not support population
growth of either of the two stem-cell lines they used
(PDLSCs and SHEDs) (81); these cells seem to be grow
best in Therapeak (Lonza) and K-M media. Serum-sup-
plemented culture of MSCGM (Lonza) in STK2 was used
at 6000 cells per cm? SD; CPDs of 15.6 and 23.25,
respectively, were attained (103). Further microarray anal-
ysis of MSCs grown in STK2 medium revealed signifi-
cantly higher gene expression levels compared to
MSCGM-derived MSCs.

Historically, MSCs have been grown on treated plas-
tic surfaces as adherent cultures in suitable culture media
— typically called the 2-D cell culture process. Interest-
ingly, several researchers have tried to grow MSCs as
3D cultures using micro-carriers, suspension cultures,
and scaffolds, in bioreactors. In 2011, Santos er al. cul-
tured BM MSCs and ASC in SP MSC SFM-XF to test
feasibility of micro-carrier (micro-beads) cultures and
witnessed only an 18-fold increase in cell yield after
14 days (101). Rajaraman et al. also observed the lower
yield of 2.2 PDP on fibronectin-coated micro-beads (3D
culture) suggesting greater expansion of 6.4 PDP in 2D
compared to 3-D culturing (82). Consistently uniform
seeding of cells and their harvest are very difficult to
optimize in 3-D cultures to achieve higher yield for
every production batch. Hence, only 2-D expansion of
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MSCs was taken for consideration of comparison in
Table 5.

Miwa et al. have reported complete xeno-free isola-
tion and expansion of BM-MSCs using MSX in com-
parison with serum-supplemented culture of MSCs at
SD of 0.6 million per cmz, of MNCs at P1, and 1500
MSCs per cm?® from P2 onwards (91). CPDs were 22—
23 in MSX and 13-14 in serum supplement cultures;
PDP are been presented in Table 5. PDP data clearly
indicate that MSX medium is one of the most suitable
media for cell expansion and has the potential to replace
serum-based medium for large-scale cell population
growth. Strength of MSX for its growth and expansion
properties has further been indicated in its multiple
usage by different groups and also as it supports stem
cells from various sources. The work of Yu ef al. on
successfully establishing feeder-free reprogramming con-
ditions using MSX and StemSpan with bFGF and
N2B27 supplements (95), further strengthens the above
conclusion. However, basic safety and efficacy studies
are needed on MSX-derived MSC to prove their suit-
ability for clinical trials.

In 2012, MSX was shown to support population
growth of limbal MSCs and UC-MSCs (89,90,94). Bray
et al. demonstrated that MSX was able to maintain the
MSC phenotype more efficiently than serum-supple-
mented media (89). These findings led to work on cor-
neolimbal tissue engineering from Bombax mori silk
fibroin and further indicated that MSX causes retention
of MSC-specific characteristics compared to FBS-sup-
plemented media. Bray et al. evaluated a method for
culturing limbal MSCs by using MSX, and demon-
strated significantly higher yield in MSC isolation com-
pared to two disclosed SFM and FBS-supplemented
media (90). However, elevated expression of CD141
raises concerns over its usage and needs further investi-
gation before being translated into a clinical protocol.
Wagey et al. developed an outline process for optimal
isolation, enumeration and expansion of hMSCs in
xeno-free conditions (93). Simultaneously, two indepen-
dent groups published articles (31,102) on SP MSC-XF
optimization to increase cell yield by reducing SD, and
oxygen content to 5%. Chase ef al. demonstrated ASC
expansion from P3 to P9 at SD of 3000 cells per cm?,
and witnessed PDP of around 1.66 and 1.8 in BM
MSCs cultured at SD of 10 000 cells per cm? (31). This
indicates that further basic studies are required for opti-
mization of MSC in serum-free expansions.

A number of modifications can be introduced in
standard procedures for culturing in SFM to further
enhance proliferation capabilities. Similar studies using
fibrin coating or exposure to hypoxia indicate an oppor-
tunity for further improvement (102,111). Although
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Expansion
media
FBS-M

ACO

PDLSCs provide 1.2 mn ND
whereas SHEDS yields 5L

Cultured for 7 days

PDLSCs ND

Stempro MSC

81

2010

15

ND

in 4 different media

DE- SDM
DF- (K-M)

SP-SFM
TP

and SHEDS

SFM and TP

ACO
ND
ND

Cells

seems to be best grown in

in 7 days of time.
TP and KM< media.

~, approx value calculated from graphs or average value; 1K = 1000 cells means 10K is 10 000 cells; ACO, adipogenesis, chondrogenesis, osteogenesis; AEO, adipogenesis, endothelial cells,

osteogenesis; CM, coating matrix kit (coating free supplements); CS, cell start; D, defined; DF, disclosed formulations; FBS, foetal bovine serum; HS, human serum; IS, isolation of MSCs in

serum conditions; ISF, isolated in serum free conditions; Iso, isolation; mn, millions; MSX, mesencult-XF; ND, not defined; P, passage means P1 is passage 1; SF, serum-free; TP, Therapeak

(Lonza). XF, xeno-free; Y, yield; (tabulated as per media group).

Chase at al. demonstrated superior proliferation levels
in hypoxic conditions, they observed only 79.21%
CD29, 84.30% CD73 and 83.36% CD105-positive mar-
ker profiles of immune-phenotype in SP MSC SFM.
However, integration of xeno-free and hypoxic condi-
tions supports long-term culturing of ASCs, although
leading to lower expression of CD29, CD73 and
CD105, needs to be further studied before clinical appli-
cation. Recently, Cardoso et al. reported successful cul-
turing of bovine WIJ-derived MSCs under serum-free
conditions up to 60 consecutive passages using stemline
MSC expansion medium (97). This finding has not been
considered for comparative analysis as the source is
bovine; isolation and expansion culture conditions were
not mentioned and growth profiles have not been stated.
These cells have been grown in 3-D culture at initial SD
of 40 000 cells per cm? and differentiation ability, pheno-
type markers, telomerase activity and karyotyping were
carried out.

Our group has recently published an article on
comparison of 5 different commercially available SFM
on their ability to support population growth and
expansion of pre-isolated MSCs (25). The five different
SFM are SP MSC SFM, SP MSC SFM-XF, MSX,
BD-SFM and MSCGM-CD (Thera-peak, Lonza), but
our initial experiments resulted in higher yield only in
MSX and BD-SFM along with controls. MSX was not
selected for further testing due to higher HLA-DR
expression; newer BD-SFM media were studied in
depth at lower SD of 1000 cells per cm” in large-scale
cultures along with controls. PDP of 4.2 in BD-SFM
compared to PDP of 4.9 in controls qualifies it as one
of the alternative commercially available SFM along-
side SP-SFM as well as MSX. Furthermore, very
importantly, our studies revealed that BD-SFM sup-
ports even completely FBS-free isolation and expansion
of BM-MSCs and resulted in comparable cell yield to
that of MSX (Gottipamula S, Ashwin KM, Muttigi
MS, Suresh K, Kolkundkar U, Seetharam RN, unpub-
lished data). In an equivalent type of study, Crapnell
et al. compared their newly developed BD Mosaic
SFM - developed by using a bioinformatics driven
approach (BD discovery platform) — with 4 different
commercially available SFM (110). A similar result
was obtained, suggesting efficient population growth in
BD-SFM, while maintaining MSC morphological, pho-
notypical and functional characteristics. Although MSX
is a generally suitable medium for isolation of MSCs
from many sources, Rajaraman ef al. were unable to
isolate endometrial MSCs using it; however, they
found that Therapeak (Lonza) supported their popula-
tion growth and expansion when using fibronectin-
coated culture plates (82). These data repeatedly
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indicate that screening available SFM is most important
to identify the most suitable SFM for MSCs, as donor
age and type of MSC source (adipose, BM, WI endo-
metrial, UC, amniotic fluid and more) affect suitability
of SFM. Collectively, the data indicate that isolation
and expansion of MSCs from various sources can be
performed with currently available SFM, but extensive
screening and feasibility studies are needed for pheno-
type and functional characterization of MSCs. In addi-
tion, improvements in commercially available media
can be achieved by the end-user by altering supple-
ment or substrate concentration for optimization, as per
the donor MSC growth requirements, as well as for
keeping standard controls. Related efforts should be
made though by the customer, to retain an alternative
vendor for supply of SFM as substitute, in case of an
on-demand product hike, SFM manufacturing crisis or
non-compliance SFM.

It has been generally observed that phenotype mar-
ker expression level of ASCs changes when grown in
serum-free culture conditions; Table S3 provides a con-
cise report of phenotype characterization of MSCs cul-
tured in various commercially available SFM.
Surprisingly, HLA-ABC were reported by Lindroos
et al. to not be expressed by ASC when cultured in SP
MSC SFM-XF, whereas in the same medium, Chase
et al. and Yang et al. independently observed 95.1 and
99.37% HLA-ABC, respectively (31,100,102). There is
difference in expression of phenotype marker profile of
MSCs based on type of their derivation source. Identical
observations were clearly demonstrated in W8B2 pheno-

Serum-free media for MSCs 623

type positive marker of BM-MSCs and non-expression
by PL-MSCs when grown in KO-SR serum-free formu-
lations (107). Prominent expression levels of CDI105
were observed in BM-MSCs in SP MSC SFM compared
to serum-supplemented culture (98).

In summary, over the last decade, the literature
clearly suggests that there have been a number of stud-
ies on humanized media standardization based on user
requirements. In all these investigations, various meth-
ods were employed for preparation of HS and HPL. Fur-
thermore, there have been comparative experiments that
differentiate between media, based on culture character-
istics. MSCs cultured in humanized media showed
immunomodulatory properties, home to the target tissue,
have stable transcripts, exhibit normal DNA copy num-
ber without any chromosomal aberrations and have
acceptable phenotypic markers. Thus, currently available
information indicates appropriate usage of HS and HPL
for large-scale expansion of MSCs for therapeutic appli-
cations. At present, five clinical trials are ongoing using
HPL-derived MSCs (http://clinicaltrials.gov/).

Increased safety and regulatory concerns regarding
risk of potential adventitious agent introduction in cell
therapy products through SCM wuse, need to be
addressed and defined for better quality assurance and
reproducibility of processes. Development of technolo-
gies, methodologies and strategies towards production of
clinical grade xeno-free MSCs includes a number of
components, as outlined in Fig. 2. Various SFM may be
used to eliminate constituents of animal origin without
compromising functional and biological properties of

Process Statutory HVAC and Technology
. IEC . QMS and
Require E> and Clearance fac.lllty. certifications and product
ments regulatory accreditations expert
N\ N _/
Product

Development:>||s°|atlon’ Expansion and Bankmgl

Quality
Considerations

viability

Genomic
Characterization

*Morphology *Karyotyping «Adipocytes -Myc_o_plasma
Compliance|*|| et || et || Stmeseres || it
ompliance expression *Native «Osteocytes *in
p Freeze-thaw Molecular 4 diseases

markers
*Genotoxicity

Diffferentiation Contamination
Potency Risk

~

|Therapeutic drug delivery

Figure 2. Outline of critical components for the derivation of clinical grade human mesenchymal stromal cells. IEC, institutional ethical com-
mittee; HVAC, heating, ventilation, air-conditioning; QMS, quality management system; cGMP, current good manufacturing practice. [Correction
added on 14 October 2013, after first online publication: The correct version of Figure 2 has now been included.]
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MSCs. These various SFM formulations have been sub-
jected screening, integrated manufacturing processing and
implementation of strategic process control, to evaluate
retention of MSC characteristics, multipotency, and to
minimize the contamination risk of adventitious agent and
lot-to-lot variation in production. Further research is
required to make donor MSC-specific media and pro-
cesses to address challenges to suit media to clinical as
well as therapeutic manufacturing of cell-based products.
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