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The use of human stem cells in biomedical research projects is increasing steadily and the number of cells that are being derived develops at
a remarkable pace. However, stem cells around the world are vastly different in their provenance, programming, and potentials.
Furthermore, knowledge on the actual number of cell types, their derivation, availability, and characteristics is rather sparse. Usually,
‘‘colleague-supply’’ avenues constantly furnish cells to laboratories around the world without ensuring their correct identity,
characterization, and quality. These parameters are critical if the cells will be eventually used in toxicology studies and drug discovery.
Here, we outline some basic principles in establishing a stem cell-specific bank.
J. Cell. Physiol. 227: 14–19, 2012. � 2011 Wiley Periodicals, Inc.

The explosive interest in generating and intensively studying
stem cells is partly due to their emerging potentials in cell-based
medicine. Stem cell medicine is a dynamic field rapidly moving
from basic research to clinical therapies. Many different stem
cell types, to date, have been derived as listed in Table 1.

The advent of disease-specific stem cells and stem cell-based
therapies necessitates the implementation of accurate
procedures, not only to guarantee the continuous supply of
each cell line over long periods of time, but also to produce
them with an identity and integrity as close as possible to the
original cells. Since this bioproduct is becoming very demanding,
the workload cannot be handled by small hospital based
institutions, but by specialized and certified biobanks. These
dedicated infrastructures can actively work towards
establishing expedient procedures to promote prompt access
to the cell lines and minimize the need for ‘‘colleague-supply’’
routes, which over the years has promoted the widespread use
of cross-contaminated and mycoplasma infected cells,
jeopardizing the validity of data in the literature (Chatterjee,
2007; NIH, 2007).

Several specialized and specific repository laboratories,
called ‘‘Stem Cell Bio-Bank’’ (listed in Table 2), arose in the last
decade to meet international healthcare requests.

The International Stem Cell Banking Initiative (ISCBI)
committed to create a global network of banks that operate
according to unified principles and practices for cell banking,
testing, and distribution. To this end, ISCBI has produced a
consensus guidance document establishing the best practice in
banking and supply of research-grade stem cells applicable to all
stems cells including human embryonic (hES) and induced
pluripotent (iPS) cells (ISCBI, 2009).

High-throughput molecular technology platforms (‘‘omics’’)
require the use of high-quality bio-samples collected and
managed following biosafety requirements and well-
standardized procedures. A strong information technology (IT)
structure, a robust tracking system linked to a database, and the
application of standard operating procedures (SOPs) ensure
the traceability of each cell line deposited from consent through
distribution.

The flow-chart in Figure 1 schematizes the rules that a
dedicated stem cell bank should follow within its infrastructure
before making their cells a pharmaceutical product.

Steps of the flow-chart will be discussed as specific topic.

Mis-Authentication and Mis-Identification of Stem
Cell Lines

Biomedical researchers that use living cells in culture dishes,
must cope with several risks: (i) mis-authentication or mis-
identification of the cell lines (due to cross-contamination)
particularly important for long-term cultures (Drexler et al.,
2003); (ii) contamination with bacteria, mycoplasma, viruses, or
other fast growing cells of undefined nature; (iii) cytogenetic
status. Stringent control of these parameters requires trained
personnel, systematic methods of analysis, and rigorous
application of well-standardized procedures (SOPs).

When a cell line enters the biobank infrastructure, being it a
primary or derived line, the first thing that must be done is its
identification through HLA typing or short tandem repeats
(STR or microsatellite) analysis (Masters et al., 2001); then
create a Master Cell Bank (MCB) consisting of at least 20
ampoules immediately stored at �1968C and a Working Cell
Bank (WCB) constituting the distribution line.
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The ethical committee approval from the donor’s institution
must be included in the IT database, certifying that all legal and
ethical requirements have been met and proper informed
consent has been signed from the donor. Furthermore, this
databasemust contain all the information regarding the cell lines
currently available and ethically approved for distribution.
Although each institute has its own database, several efforts
have been made to establish a centralized registry of public
available stem cells (Table 3). For researchers seeking to work
with stem cell lines, part of the problem is to find them; a good
stem cell investment could be to create a centralized registry
containing each stem cell background and their obtainability.

Sterility QC Testing of Stem Cell Lines for Basic and
Clinical Research

Ensuring sterility of MCB and WCB lines is fundamental, since
microbial contamination can change the characteristics of the
cells without obvious cytopathic effects, but the use of such
culture can damage the quality of research and/or expose
researchers to infectious agents. However, cells with
established contamination can be used in several research
applications, but must be handled separately from the other
cultures.

The current testing standard for mycoplasma contamination
simply relies on bacterial growth in nutrient media (broth and
agar) (Barbara et al., 2008) for 3-weeks (United States Food and
Drug Administration, 2008a), while polymerase chain reaction
(PCR)-based mycoplasma detection methods expedite the
results (Venor GeM kit, Minerva Biolabs, Berlin, Germany).

Bacteria borne-disease contaminations can be detected by
seeding cell culture medium on bacteriology plates containing
selective growth medium specific for aerobic or anaerobic
contaminants. After different incubation times (from 7 to 20
days), the plates are inspected for bacteria growth. The 16S
DNA amplification assay can assess the nature of the putative
bacterial colony (Gonzales and McDonough, 1998).

Clinically significant transmissible infectionswhich need tobe
tested before releasing the cells are: (i) parasitic protozoa
(malaria, Chagas’disease, Leishmania, Plasmodium falciparum,
etc.); (ii) bacteria borne-diseases such as Chlamydia trachomatis

(CT), Neisseria gonorrhoeae (GC) and Mycobacteria tuberculosis
(MTB); (iii) viral borne-diseases such as human
immunodeficiency virus (HIV), hepatitis C virus (HCV),
hepatitis B virus (HBV), human papilloma virus (HPV),
parvovirus, and the prion variant VCJD (ISCBI, 2009). Nucleic
acids amplification technology (NAT) reflects a rapid means of
detection and monitoring of the infective agents as well as
assessing the clinical disease-associated with the infection
(Benjamin, 2001). NAT stations have been developed by Roche
(Mannheim, Germany), Abbott Diagnostics (Delkenheim,
Germany), Siemens Medical Solution (Forchheim, Germany),
BioMérieux (Marcy l’Étoile, France), Becton andDickinson (San
Jose, CA, USA), Gen-Probe (Biermann GmbH, Bad Nauheim,
Germany). These station are based on nucleic acids extraction
protocols (SOPs) and a real-time PCR instrument which
enhances the accuracy (highly specific detection and
quantification of extremely low levels of disease agents),
rapidity, and ability to quantitate viral target sequences (Logna
et al., 2009). In order to decrease human errors, robotized
stations can be used.

Currently, there are no available validated sensitive
detection methods for prions and transmissible spongiform
encephalopathies (TSEs) agents. However, a constant
traceability of the geographic origin of donor animals must be
included in the database avoiding products derived from
countries classified as geographical bovine spongiform
encephalopathy (BSE)-risk I and II (Heim and Mumford, 2005).

Genetic stability

Extensive in vitro culturing over large periods can also lead to
cellular senescence, as well as genetic and epigenetic changes.
Spectral karyotyping (SKY), used to detect gross chromosomal
alterations, must be performed regularly to ensure
chromosomal stability as a function of culturing, freezing, and
thawing. Even if human stem cell lines have shown an overall
preservation of euploidy during long-term culturing (Hoffman
and Carpenter, 2005), recurrent abnormalities have been
reported (Buzzard et al., 2004; Lefort et al., 2008; Närvä et al.,
2010). Studies on mouse stem cell lines have in fact described
that many chromosomal aberrations did occur during in vitro
culturing and genetic engineering procedures, but such genetic

TABLE 1. Stem cell classification

Types of SC Source

Adult Hematopoietic, mesenchymal, epithelial, endothelial, skin, dental pulp, and cancer
Fetal Hematopoietic, mesenchymal, neural, epithelial, endothelial, skin, and amniotic
Embryonic Morula and inner-cell mass
Cord blood Hematopoietic, mesenchymal, and endothelial
Induced pluripotent Fibroblast, keratinocyte, and blood progenitor

TABLE 2. Stem cell banks

Public or no-profit stem cell bank Affiliation Link

UK Stem Cell Bank UK governance http://www.ukstemcellbank.org.uk
National Stem Cell Bank–Banco–Nacional de

Lineas Celulares (BNLC)
Spanish governance http://www.isciii.es/htdocs/terapia/terapia_

bancocelular.jsp
Valencia Stem Cell Bank–BNLC
National Centre for Cell Science–Cell Repository Indian governance http://www.nccs.res.in
WiCell International Stem Cell Bank University of Wisconsin http://www.wicell.org
Australian Stem Cell Bank Australian governance http://www.ascb.com.au
Singapore Stem Cell Bank Agency for Science, Technology

and Research (A�STAR)
http://www.sscc.a-star.edu.sg/stemCellBank.php

Korean Stem Cell Bank Korean governance http://kscb.co.kr/eng
Taiwan Stem Cell Bank National Science Council http://www.tscb.bcrc.firdi.org.tw
Umass Human Stem Cell Bank & Registry University of Massachusetts Medical School http://www.umassmed.edu/mhscb/index.aspx
Rutgers University Cell and DNA repository Rutgers University http://www.rucdr.org/
Coriell Institute Private no-profit www.coriell.org
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changes did not affect the overall biological properties of the
cells (Diaferia et al., 2011). Notably, propensity to karyotype
instability can vary between different lines, regardless of the
culturing conditions, duration, or splitting techniques; it is
therefore encouraged to regularly perform regular high-
resolution molecular and cytogenetic studies to identify
chromosomal mosaicisms that might lead to genetic
susceptibility to disease or transformation.

Small genomic variations and submicroscopic DNA
alterations that can potentially affect cell phenotype, may be
evaluated by performing comparative genomic hybridisation
(CGH), where the use of fluorescent dyes that bind to specific
regions of the chromosomes allows the acquisition of full digital
colored images of the chromosomes. DNA gain or loss can be
identified as well as cell characteristic patterns including
mutations at chromosomal or sub-chromosomal levels
(Stephenson et al., 2010). CGH is a powerful molecular genetic
tool to screen genomes for chromosomal imbalances but has
some limitations: the technique detects neither balanced
chromosomal translocations or inversion nor small interstitial

deletions. Other methods such as ‘‘SKY’’ and multiple single
nucleotide polymorphism (SNP) analysis could provide useful
and specific information about copy number changes (gains/
losses) and/or nucleotide variation in the DNA content (ISCBI,
2009).

However, despite these standardized definitions and criteria
that aid the reproducibility of stem cell cultures, little is known
about their long-term safety, stability, and differentiated
derivates.

Furthermore, the extension in telomere length that occurs
with the increasing number of stem cells passages and the
reduced rate of spontaneous differentiation, suggest that a
standardized and validated procedure for characterizing stem
cells at a specific passage number is essential for their potential
use in therapeutic applications. Thus, further analysis can be
required to determine whether telomere length stabilizes or
shortens during cell culture. The PCR based telomeric repeat
amplification protocol (TRAP) assay can be used to detect
telomerase activity and the terminal restriction fragment (TRF)
analysis to evaluate the length of telomere (Herbert et al.,
2003).

Biological attributes to stem cells: regulations of stem
cell-based products

The self-renewal and the capacity to differentiate into multiple
cell types (pluripotency) make stem cells attractive candidates
for the functional regeneration of damaged tissues. Once
assured the sterility from microbial, fungal, endotoxin,
mycoplasma, and viral contamination, each cell line must be
controlled for its ‘‘potency;’’ the US Food and Drug
Administration (FDA) regulates clinical trials to ensure that
subjects enrolled in a study involving stem cell-based products
are not exposed to significant and unreasonable risks (United
States Food and Drug Administration, 2008b). The only way to
attest the physical nature of stem cells is to evaluate their
potency as the capacities to self-renew and differentiate in
appropriate conditions. Obviously, substantial differences in
term of potency exist among the various types of stem cells: the
pluripotency characterizes only embryonic stem cells (ESCs)
that have the virtual ability to generate any adult cell type, while
the embryonic germ cells (EGCs) can ultimately produce only
gametes. The limitless self-renewal potential and the capacity to
give rise to all differentiated cell types make ESCs able to
spontaneously form teratoma-like masses after injection into
immunodeficient mice (Thomson et al., 1998; Brivanlou et al.,
2003). Biobanks should verify that this characteristic is
preserved in their cell collections both in the MCB and in the
WCB. Alternatively, the capacities of ESCs to form embryoid
bodies or to differentiate under specific conditions in vitro
could also be evaluated (ISCBI, 2009).

Since these biobanks are stem cell dedicated, specific tests
should be set up to verify surface antigenmarker profiles: SSEA-
1 negative or very low, SSEA-3 positive, SSEA-4 positive, TRA-
1-60 positive, and TRA-1-81 positive. Amore complete analysis
should include the evaluation of the expression of six other
genes particularly linked to the ESC phenotype: Nanog, Oct 4,
DNMT 3B, TDGF, GABRB3, and GDF3 (International Stem
Cell Initiative, 2007).

Fig. 1. Rules of a stem cell biobank.

TABLE 3. Stem cell registry

Registry Funding Link

European hESC Registry EU http://www.hescreg.eu/
StemDB EU http://www.stemdb.org
US NIH US http://grants.nih.gov/stem_cells/registry/current.htm
International Stem Cell Registry Massachusetts Life Sciences Center http://www.umassmed.edu/iscr/index.aspx
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Differently from ESCs, the fetal or adult stem cells are
capable of producing a limited pool of different mature cell
types. For example, human mesenchymal stem cells (hMSCs)
are adult stem cells efficiently isolable from bone marrow,
adipose tissues, umbilical cords, fresh cord blood, and amniotic
membranes (Kern et al., 2006; Alviano et al., 2007) that retain
the capacity to differentiate in numerous, but limited cell types
(Motaln et al., 2010).

Here are listed someexamples of pre-requisites necessary to
validate hMSCs (Dominici et al., 2006):

(i) ability to adhere to plastic when maintained in tissue
culture flasks;

(ii) expression (measured by flow cytometry) of hMSC-
specific antigen markers (CD105, CD73, and CD90) in
>95% cell population and the positivity for CD45, CD34,
CD14 or CD11b, CD79a or CD19, and HLA class II only
in <2% of cells (Rubio et al., 2005; Wang et al., 2005;
Kogler et al., 2006);

(iii) in vitro tri-lineage differentiation potential into osteo-
blasts (positive for Alizarin red or von Kossa staining),
adipocytes (stained by Oil red O), and chondroblasts
(stained with Alcian blue or immunopositive for collagen
type II).

Neural stem cells, instead, are resident in the developing and
adult mammalian central nervous system (Temple, 2001) and
they can grow in vitro as neurospheres or adherent cultures
(Kokovay et al., 2008), maintaining the capacity to differentiate
in all three neural types: astrocytes, oligodendrocytes, and
neurons (Pollard et al., 2006). Therefore, they should be tested
for:

(i) expression of undifferentiation markers nestin, RC2,
SOX2, BLBP, GLAST, PAX6, and CD44 (Conti and
Cattaneo, 2010);

(ii) number of GFAP immunopositive astrocytes, O4 immu-
nopositive oligodendrocytes, and bIII-tubulin positive
neurons generated under appropriate culture conditions.

Biological attributes to induced pluripotent stem
cells (iPS)

The advent of iPS cells, generated by reprogramming of non-
pluripotent, differentiated, adult somatic cells, has endured
interest in their possible use to generate autologous cell
products (Stadtfeld and Hochedlinger, 2010). However, the
generation of these cells presents novel risks and additional
safety issues, which must be addressed.

Multiparametric testing must be used to characterize these
cellular products:

(i) morphologic evaluation compared to ES;
(ii) detection of phenotype-specific cell surface antigens

compare to ES;
(iii) assess unique and cell-specific biochemical markers;
(iv) pluripotency parameters;
(v) silence exogenous factors used for reprogramming;
(vi) loss of somatic cell-specific markers;
(vii) expression of functional telomerase;
(viii) X chromosome reactivation (in female cells).

Morphologically and biochemically, iPS cells must behave as
close as possible to ES cells (Yu et al., 2007, 2009; Lowry et al.,
2008). At the molecular level, iPS cells must display gene-
expression profiles that are undistinguishable from ES cells,
including the reactivation of the appropriate stage-specific
embryonic antigens (e.g., alkaline phosphatase and stage-

specific embryonic antigen1 SSEA-1 in mouse, SSEA-3, SSEA-4
and the tumor recognition antigens TRA-1-60, and TRA-1-81 in
human) and the endogenous genes essential for pluripotency
and self-renewal (e.g., Sox2, Oct4, and Nanog). They must also
be epigenetically similar to ES cells by expressing the key
pluripotent genes Nanog and Oct4, rearranging chromatin
structure to be transcriptionally permissive for pluripotent
genes and inactive for developmental genes (Koche et al., 2011).
Functionally, iPS cells must be able to differentiate into lineages
from all three embryonic germ layers as demonstrated through
the teratoma formation test in immunodeficient mice for
human cells and contribution to chimera production following
blastocyst injection for murine cell.

Table 4 summarizes the quality control criteria and
techniques used to characterize iPS compared to ESCs.

Integrative genome-wide approaches, such as the gene-
expression microarray, chromatin immunoprecipitation based
microarray (ChIP-chip), chromatin immunoprecipitation
followed by massive parallel sequencing (ChIP-seq), and RNA/
DNA sequencing platforms could offer opportunities to
monitor the pluripotency, reprogramming, and DNA damage
response of iPS cells.

Future efforts to ensure patient’s safety: detection of
biomarkers for undifferentiated stem cells

Most of the tests described so far aim to target the cell type
within a given stem cell-based product having the desired
characteristics and attributes. However, it would be just as
important to develop a panel of analytical tests (‘‘biomarkers’’),
which would detect cellular impurities: a cell population with
unwanted features (Bhatt et al., 2010). Those biomarkers
should detect permanently undifferentiated stem cells linked to
tumorigenesis (‘‘cancer stem cells’’) that if settle in a favorable
microenvironment would generate a cancer (LaBarge, 2010).

Another important development in stem cell therapeutics
would be to identify biomarkers, which could anticipate the
effectives of the cell therapy.

Studies by Long and Bulte (2009) reported the development
of new animal disease-specificmodel systems,which, in addition
to sensitive and non-invasive imaging methodologies, can
monitor cell migration and ectopic tissue formation after stem
cell administration.

Stem cells cryopreservation

Currently, all cell lines are cryopreserved by slow cooling or
vitrification followed by rapid thawing. The extremely rapid
cooling rates employed to achieve vitrification require direct
immersion of open-pulled straws containing microliter
quantities of cell suspension into liquid nitrogen.While suitable
for the lab bench from a safety and regulatory perspective, this
method conflicts with the therapeutic requirement for a sterile
product and imposes severe difficulties for scale-up.

While vitrification does not require any cryoprotective agent
(CPA), the conventional slow-cooling method needs special
CPA to reduce ice crystal formation preserving cell membrane
integrity (Hunt and Timmons, 2007). One of the most widely
used CPA for freezing cultured cells is dimethylsulfoxide
(DMSO) in concentration of 10/20% in addition to animal
proteins. Beside the risk of using animal derivates as carrier of
contaminants, DMSO can also cause unexpected changes in cell
fate. Several reports have underlined the diminished
pluripotency capacity of hESC exposed to DMSO (Adler et al.,
2006; Katkov et al., 2006) and the inhibition of throphoblast
stem cell differentiation by induction of a quiescent state in a
dose-dependent manner (Sahgal et al., 2005). These effects
might be due to changes in methylation and acetylation profiles,
known to control mammalian development and cellular
differentiation. DMSO likely affects these epigenetic changes by
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acting on the three DNA methyltransferases (Dnmts) and on
five histone modification enzymes (Iwatani et al., 2006).

These effects may have an impact on the value of SC banks
and the effective therapeutic application of SCs in regenerative
medicine or for pharmaceutical drug screening. In order to use
stem cells in cells therapy, several studies aim to develop a non-
toxic CPA, DMSO, and protein-free. All cell line batches stored
in liquid nitrogen must be assessed for recovery and viability
after cryopreservation, performing vitality and death tests after
0 and 24 hr from thawing by trypan blue exclusion and FACS
counting. Sentinel cell lines must be tested periodically for
viability to confirm the integrity of liquid nitrogen storage long-
term.

Administrative requirements

The science of stem cell banking must also meet all the ethical
and legal requirements to be able to demonstrate that has
followed all the appropriate regulatory standards.
Documentation of banking procedures is vital and it should
include: (i) informed consent from the donor for the
procurement of the tissue and derivation of the cell lines; (ii) all
relevant data from quality controls and characterization; (iii) a
material safety datasheet on hazards associated with the cells;
(iv) a material transfer agreement (MTA) to guarantee
ownership and avoid third party distribution; and (v) all
necessary declarations and labels to meet local import
regulations (ISCBI, 2009).

For these reasons a stem cell bank should be accredited or
authorized by appropriate authorities for the purpose of their
activities and should have an independent and transparent
governance structure, which reviews the ethical and legal
requirements. Even with such structured organization the
terms of the informed consent, national laws on stem cell
research and the continuous improvement in stem cell culture
protocols may complicate the establishment of one uniform set
of ethics and standards by which cells should be handled and
used (Healy et al., 2008; Crook et al., 2010). The review process
of these dynamic landscapes, spanning fromethic to law, science
and management, needs to be continuously performed and
made available to the international scientific community to
improve the generation of high-quality biomaterial and facilitate
its accessibility.

Discussion

Creating standards for the characterizing of all stem cell types is
a big challenge. Pluripotent stem cells tend to be genetically
unstable, particularly if less than optimal culture techniques are
used. Hence, for many labs, the time and money needed to
make high-quality pluripotent stem cells available to the broad
research community are beyond their means.

Academics sharing is a nice idea, but unrealistic given the
subject matter, times, and law. University administrations will
put strings on stem cell distributions by their scientists due to
intellectual property rights and potential source of revenue.

On the other hand, National Stem Cell Bank funded by the
government and making high-quality cells available to all
researchers at reasonable cost, would actually be quite ideal
and desirable.

The exponential generation and use of disease- and patient-
specific stem cell lines will require proper storage facilities to
handle high-quality and precious material. Even if the number of
cell lines grow, the number of banks will probably level off in the
near future due to extensive quality controls and excellence of
the banking effort in the long-term. That’s especially true for
ESCs and ultimately for iPS.

While the establishment of iPS cell lines is conceptually and
technically simple, direct reprogramming is a slow and
inefficient process consisting of largely unknown events. AT
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single reprogramming experiment usually generates multiple
iPS cell lines that are not always identical. Each individual iPS cell
line needs to be fully characterized to ensure safety and
pluripotency capacity. Several variables must be considered in
order to reproducibly obtain iPS, which include: (i) the choice of
factors used to reprogram cells; (ii) themethods used to deliver
these factors; (iii) the choice of target cell type; (iv) the
parameters of factor expression, such as timing and levels; (v)
the culture conditions used to derive iPSCs; (vi) the methods of
identifying; (vii) characterizing reprogrammed cells.

The fact that iPS can bemaintained in vitro indefinitely makes
the establishment of cell banking facilities attractive and
distribution of high-quality iPS lines to interested parties would
facilities further development of clinical regenerative therapies
and toxicological tests.

We should not forget that the biggest obstacle in every
aspect of stem cell study is still the biology itself: the biology of
the cells and of the diseases. Because the biology is so tough
everything else should be made accessible.
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