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ABSTRACT

Human embryonic stem cells have been considered the gold standard as a cell source for regener-
ative medicine since they were first cultured in 1998. They are pluripotent and can form principally
all the cells types in the body. They are obtained from supernumerary human in vitro fertilization
embryos that cannot be used for infertility treatment. Following studies on factors regulating plu-
ripotency and differentiation, we now have techniques to establish and effectively expand these
cells in animal substance-free conditions, even from single cells biopsied from eight-cell stage em-
bryos in chemically defined feeder-free cultures. The genetic stability and absence of tumorigenic
mutations can be determined. There are satisfactory animal tests for functionality and safety. The
first clinical trials are ongoing for two indications: age-relatedmacular degeneration and spinal cord
injury. STEM CELLS TRANSLATIONAL MEDICINE 2014;3:1269–1274

DERIVATION OF HUMAN EMBRYONIC STEM
CELL LINES

The first human embryonic stem cell (hESC) lines
were established similarly to mouse embryonic
stem cells, that is, on murine embryonic fibro-
blasts as feeder cells using a fetal bovine serum-
containing culturemedium [1–4]. In our laboratory,
we initiated the use of human neonatal fibro-
blasts as feeder cells in derivation of new hESC
lines [5] and then serum replacement (SR) instead
of bovine serum to develop a better defined
culture medium [6]. Subsequently, several hESC
lineswere established using SRmedia [7]. Although
human feeder cells do not provide a chemically
definedculturesystem, theirusehasbeenadopted
worldwide. We also gave up the originally used
immunosurgerymethods using amouse antibody
against human trophectoderm and guinea pig
complement in the isolation of the inner cellmass
(ICM) and started to use mechanical isolation of
the ICM instead [8].

Conditioned medium from feeder cells was
then used to avoid two different cell populations
in the cultures [9, 10]. The most commonly used
culture substrate was previously Matrigel, a pro-
tein extract from whole mouse EHS sarcoma
tumor tissue [11]. It is a very complex mixture
of basementmembranecomponents suchas type
IV collagen, laminin-111, and perlecan, as well as
multiple other matrix and cellular proteins and
growth factors. Although Matrigel has extensive
batch-to-batch variation and is far from being
a defined matrix, it has been widely used, and

together with conditioned medium from MEFs
it became a kind of standard matrix in hESC re-
search for a while. The International Stem Cell
Initiative performed studies aiming at more stan-
dardized cultures using chemically definedmedia
[12].

Feeder-free derivation of hESC lines proved
challenging, and all the clinical-grade hESC lines

until this year hadbeen first establishedon feeder

cells and then transferred to feeder-free culture

[13]. Animal substrate-free human feeder cells

were used by us and other groups [14], but such

cultures were not chemically defined. An earlier

chemically defined derivation [15] did not result

in genetically stable hESCs. Clinical-grade hESC

lines haveearlier beenestablished, in both animal

substance-containing conditions [16] and xeno-

free conditions using clinical-grade human feeder

cells [17].
However, a real step forward camewith a spe-

cific cell culture coating of human recombinant

laminin (LN-511) [18] thathadbeenoriginally iden-

tified in the early embryo [19] and synthetized

by Karl Tryggvason’s team [20]. The cultures

were now chemically defined, because we used

a xeno-free chemically defined medium, partially

manufactured in our laboratories. Important from

a practical standpoint was that the cells could be

cultured as monolayers and plated from single-

cell suspensions (Fig. 1). At the same time, two

other feeder-free defined culture systems were

published in the same journal, but we are not

aware of any wider use of those systems [21, 22].
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Following successful synthesis of another human laminin,
LN-521, an adhesion protein also present in the ICM and other
in vivo stem cell niches such as the hair follicle and small intestine
crypts [23], we developed yet another robust chemically defined,
xeno-free cell culture matrix that allows culturing of highly stable
hESC cultures [4]. Importantly, we can derive newhESC lines from
a single blastomere biopsied from an eight-cell in vitro fertiliza-
tion (IVF) embryo by culturing it on a mixture of LN-521 and
E-cadherin, which provides a cell-cell contact inducing signal. This
is important from an ethical standpoint because the procedure
does require destruction of the IVF embryo. The blastomere bi-
opsy is similar to that normally carried out to obtain a single cell
for preimplantation genetic diagnostics (PGD). In our IVF unit, we
regularly get pregnancies and infants from such embryos, from
whichone cell hasbeen removed. Thepregnancy rateper transfer
of a single blastocyst after removal of a single cell for PGD, has
been in our clinic 39% in 2013 (41 embryo transfers) and 43%
in January–February 2014 (29 transfers). In our regular IVF pro-
gram, the pregnancy rate per transferred blastocyst was 35%
in 2013 and 38% (1,066 embryo transfers) and in January–
February 2014 it was 38% (142 embryo transfers). The slightly
higher pregnancy rates after the PGD-biopsied blastocysts can
probably be explained by the fact that these women are not in-
fertile. We can cryopreserve the biopsied embryos or transfer
them to the woman, if she wishes it, to get a family-specific or
child-specific hESC line. Using this new hESC derivation proce-
dure, we can derive new hESC lines with an as high efficacy as
60% per ICM of donated blastocysts [4]. The splitting ratio of
the hESC in these cultures is 1:30 instead of 1:3 in the conven-
tional cell clump cultures. This means that we can obtain large
numbers of hESCs for regenerativemedicinewith fewerpassages,
which is faster and safer. hESC lines have been established in co-
culture of existing hESC, but our system is the first totally defined
one [24].

Because we need not destroy the original embryo, hESC
lines established using this method should be acceptable for
those who see ethical problems in destroying supernumerary

preimplantation embryos for hESC derivation from the ICM. If the
line is family-specific, the need for immunosuppression in regen-
erative medicine is much smaller than when using completely al-
logenic hESC lines. Another important advantage with this new
cell derivation method is that it enables the establishment of
a hESC bank of ~150 haplotypes (or even more), which is the cal-
culated number enabling lower doses of immunosuppression
[25]. Such a hESC bankwouldmake it possible to generate various
differentiated cell type lines for cell therapy purposes.Oneoption
to establish patient-specific hESC lines is to make them from
parthenotes. This option is feasible for women who still produce
oocytes [26].

There are currently research-gradehESC lines in registries and
banks, such as the U.K. stem cell bank and the NIH stem cell reg-
istry. They are available for researchers from the stem cell banks
and laboratories [27]. Our hESC lines are also available for
research.

ADVANTAGES OF USING HESCS IN REGENERATIVE MEDICINE

Pluripotent stem cells, either hESCs or induced pluripotent
stem cells (iPSCs) have the advantage that they can be differ-
entiated to almost any cell type. In contrast, adult stem cells
are limited to only some tissue types. Mesenchymal stem cells
from bonemarrow or adipose tissue are useful in treating graft
versus host reaction after blood stem cell transplantation, and
they also form bone, connective tissue, and adipose tissue
cells. However, their expansion potential is significantly more
limited than that of pluripotent stem cells. Blood stem cells can
form all different cells of the blood, and they have been used
for over 40 years in renewing the blood cell formation. For
other regenerative purposes, the cells and tissues can be dif-
ferentiated from pluripotent stem cells. hESCs are genetically
more stable than iPSCs, and so far themost well-known source
for therapies.

An advantage with embryonic stem cells is that they nor-
mally exist in the human embryo for 3–6 days after fertilization.
Using the specific culture condition described above, they can
maintain their nondifferentiated state for long periods of time
and then differentiate to the opted cell and tissue type using
particular differentiation protocols. This makes them excellent
for various regenerative medicine purposes for replacing in-
jured and dead cells in tissues. They are always allogenic cells
for the recipient, because each hESC line has its own genome.
There is an exception if the hESC line is derived from a biopsied
cell of an embryo thatwas then transferred to awoman’s uterus
to give origin to a new individual. Then the genome is identical
to that of that particular individual, and no immunological re-
action will develop. If the hESC line is made of a sibling embryo,
the immunogenicity will be lower than when using unrelated
cells. If family-specific lines are not available, the immunolog-
ically best-matching hESC line could be obtained from a hESC
bank with cells representing most human leukocyte antigen
histocompatibility classes [28].

Thepluripotent stemcells differ fromcordblood cells in being
capable of dividing without limits. Large amounts of cells for sev-
eral recipients and treatments canbeobtained, andall humancell
types can be produced. Cord blood stem cells and mesenchymal
stem cells have more limited differentiation and expansion
potentials. For the time being, it has not been possible to expand
fully functional cord blood stem cells.

Figure 1. A colony of the human embryonic stem cell line HS983
growing on human LN-521 surface as single cell layer. This cell line
was derived from a single biopsied cell of an 8-cell embryo 3 days
after in vitro fertilization. It was donated for stem cell derivation
after informed consent and approval of the regional ethics board
in Stockholm. Scale bar = 50 mm.
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iPSCs generated by incorporation of certain transcription fac-
tor genes into the genome of somatic cells are likely to be less
immunogenic to the original host than other foreign cells, but
they can also be immunogenic to the previous host [29]. More
problematic is that the transcription factor genes that have been
transferred to their genome have caused genomic changes that
may make the cells tumorigenic. Because of genetic instability,
human iPSCs are not considered as safe as hESCs [30].

CHARACTERIZATION OF HESCS

Cultured hESCs should be characterized to determine their real
potential for beingused in clinical applications. It is important that
hESCs destined for differentiation protocols and subsequent
transplantation into patients have been rigorously characterized
for normal phenotypeprior to differentiation and transplantation
procedures. Although numerous features of the hESCs have been
identified, we focus here on a minimal set of properties that con-
cern their differentiationpotential and safety. Thus, hESCs express-
ing pluripotency markersOct-4, Nanog, Sox-2, and SSEA-4 need to
be genetically normal, and they should differentiate into all three
germ layers of the human embryo in in vitro and in vivo assays.

Expression of pluripotency markers can be determined using
three complementary methods: (a) Immunostaining of fixed
hESCs reveals expression of the markers and allows estimation
of their homogeneity in monolayer culture (Fig. 2). The method
is quick and easy, but it is qualitative and requires a pluripotency
marker negative culture for subtracting the background signal.
Because partially differentiated cultures and even embryoid bod-
ies continue expressing certain amounts of pluripotency markers
for long periods of time [31], it is important to use quantitative
methods to confirm stable and high expression of the markers.
(b) Quantitative reverse transcription-polymerase chain reaction
(qRT-PCR) analysis allows reliable quantitation of expression lev-
els. Analysis of cells taken at different time points of the experi-
ment can determine similar expression levels of the pluripotency
markers. Also, expression of differentiation markers can be com-
pared to prove their stable and low expression levels [18]. The
markers should represent all three germline lineages of the hu-
man embryo and especially markers of neuro-ectoderm because
it is the major differentiation path of hESCs [32]. Although qRT-
PCR is powerful and informative, it reveals the phenotype of
the whole hESC culture showing average expression levels and
lacking information on homogeneity of the cellular population.
(c) Fluorescence-activated cell sorting (FACS) complements
qRT-PCR and provides information on different cellular popula-
tions in hESC cultures. Apart from membrane pluripotency
marker SSEA-4, FACS analysis can be also done with Oct-4 or
Nanog, because they are themost specific markers of pluripotent
cells [33].

hESCs commonly undergo adaptive genetic changes during
prolonged culturing in vitro [34]. Although this has been regarded
as a feature of hESCs themselves [35], cells with genetic abnor-
malities could be dangerous and should not be used in patients.
Karyotyping of cultured hESCs aimed for cell therapy procedures
should be performed after every 10th passage (2months) in vitro.
Recently, it has been shown that karyotyping does not reveal high
enough resolution to detect all potentially tumorigenic genetic
aberrations. Indeed, culture adaptation may have occurred in
such a small area that it cannot be detected by karyotyping lead-
ing to multiplication of locus BCL2L1, which is an antiapoptotic

factor, hasbeen reported inmanydifferent hESC lines [35]. There-
fore, amethodwith a resolution of at least 50 kb or higher should
be used to confirm safety of the cells before use for cell trans-
plantation purposes into patients. Genotyping of cultured
hESCs using genome-wide single nucleotide polymorphism
(SNP) arrays with analysis of copy-number variations and
copy-number neutral loss-of-heterozygosity regions provides
sufficient resolution and is nowwidely used to confirm genetic
integrity of cultured hESCs. The method cannot fully replace
karyotyping, because it cannot detect balanced translocations
and inversions and has some other limitations.

The experiments described above reliably define hESCs and
their quality for therapeutic purposes, but some additional char-
acterization techniques can be used if needed. Thus, expression
of other pluripotency markers, such as TRA-1-60, TRA-1-81, etc.
[36], canbeassessedusing themethodsdescribedabove.Alkaline
phosphatase staining can also be used to define the hESC status.
Immunoblots can provide semiquantitative information on ex-
pression of markers of pluripotency on the protein level [36].
Transcriptomes and proteomes of cultured cells can be compared
with control hESC cells using RNA arrays and mass spectrometry,
respectively, to detect multiple markers of pluripotency and dif-
ferentiation simultaneously. Genetic stability has been success-
fully studied using comparative genomic hybridization (CGH)
arrays [37, 38]. Fluorescent in situ hybridization can be used to
detect aneuploidies in the cells and provide further information
on genetic integrity of hESCs. Because hESCs have peculiar chro-
matic organization and pattern of histonemodifications in the vi-
cinity of Oct-4 and Nanog promoters and some other genetic
loci [39], chromatin immunoprecipitation followed by high-
throughputDNAsequencing (ChIP-Seq)maybealsoused forhESC
characterization.

Although successful instrumental characterization of cul-
tured hESCs is important, alone it is not sufficient to prove plu-
ripotency of the cells. Differentiation into cells of all three germ
layers of the human embryo in in vitro and in vivo arraysmust be
demonstrated to prove that. Generation of embryoid bodies
(EBs) is a standard in vitro assay for spontaneous differentiation
of hESCs into all three germ layers [31]. To generate them, hESCs
are cultured in solution on nonadherent dishes [18] or in hang-
ing drops [40] in a medium that does not contain any pluripo-
tency promoting factors, such as basic fibroblast growth factor.
Two to three weeks later, the cells are analyzed by RT-PCR
[31], by immunostaining [18], and by flow cytometry to detect
expression of markers of all three germ layers. One week prior
the analysis, the EBs are plated on gelatin-coated slides or cell
culture plates. Additionally, direct differentiation of hESCs into
various cellular lineages without EB stage is useful to further
prove pluripotency. Direct differentiation of hESC is needed
to establish populations that can be used in cell transplantation
for various indications. At the same time, directed differentia-
tion to components of the three germ layers can be used as
a characterization method to demonstrate the capacity of each
cell line to form various tissues. For ectoderm differentiation,
there are simple neural differentiation protocols [41]. For endo-
dermal differentiation, directed hepatocyte differentiation is
often used [42], and for mesoderm differentiation, cartilage dif-
ferentiation is often used [43]. For in vivo pluripotency testing,
the cells can be injected to immunodeficient mice in a similar
manner as for the exclusion of tumorigenic cells (described in
Exclusion of Tumorigenic Cells).
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EXCLUSION OF TUMORIGENIC CELLS

The safety of transplantation of cells differentiated from pluripo-
tent hESCs is still a significant concern, and certain gene expres-
sion networks are conserved between cancers and pluripotent
stem cells [34, 44]. Both cancer cells and pluripotent stem cells
have extensive proliferation capacity. Pluripotent stem cells
may grow as teratoma-like tumors, a property that we use in
the characterization of their pluripotency in vivo. This means that
a cell population aimed for transplantation in regenerative med-
icine has to be extremely well differentiated, and one has to
remove all the possibly remaining pluripotent cells from the pop-
ulation to be used. Regarding iPSCs, the transduced additional
genes cause a larger tumor risk than that belonging to ingeniously
pluripotent hESC [44]. Also, the so-called culture adaptation [45]
may during several passages increase the tumorigenic properties
of stem cells (described in Characterization of hESCs).

FACSormagnetic cell sorting is applied for enrichment of the
differentiated cell population at the first stage. At the end, anti-
bodies against pluripotency genes can be used to remove pos-
sibly remaining pluripotent cells [46, 47]. Ben-David et al. [48]
developed an elimination system for pluripotent cells using
an oleate synthesis inhibitor. Inducible apoptosis is also an op-
tion [49].

CLINICAL-GRADE HESCS

There are specific requirements for hESC lines intended for clin-
ical use. Good manufacturing practice (GMP) [13] is a quality
system that is required by the authorities. It is described in this
chapter. In clinical work, all the possible risks have to be mini-
mized. These risks include infection that can be avoided by
carefully selecting clean culture constituents and having high
grade cleanliness in the laboratory. GMP deals with all such fac-
tors. Tumor risks have to minimized. That the cells fulfill their
function has to be confirmed in advance by careful in vitro
and in vivo characterization. The cells have to be optimally dif-
ferentiated for each purpose as described above. Testing of the
quality according to the GMP is the most expensive part of
establishing cell lines for clinical use [27]. Genetic stability
has to be shown for the time being by SNP or CGH arrays and
karyotyping.

Authorities regulate therapies using cell transplantation, in-
cluding the Food and Drug Administration in the United States

of America and the European Union Regulations for Advanced
Therapies in Europe. The European laws are presented by the
European Science Foundation [50]. In addition, stem cell banks
must comply with guidelines established by the International
Society for Stem Cell Research (Guidelines for the Conduct of
Human Embryonic Stem Cell Research, 2005, http://www.
ISSCR.org), in which the ethics principles are also discussed,
and national guidelines such as in the United States (U.S. Na-
tional Academy of Science, NAS 2005, http://www.nap.edu;
NIH Guidelines for Human Embryonic Stem Cell Research,
http://stemcells.NIH.gov).

THE FIRST CLINICAL TRIALS

Currently, there are two ongoing clinical trials using hESC-derived
differentiated cells [51] for two indications: a safety trial using oli-
godendrocytes in spinal cord injury [52] and treatment of age-
related macular degeneration [53]. Cavities in the spinal cord
were first reported from the spinal cord injury study. Similar find-
ingswerealso seen ina trial inwhich fetal cellswereused [54]. The
oligodendrocyte study has since been reported to proceed with-
out complications [52]. Retinal pigment epithelial cells have been
injected into two patients in a safety study, and so far, no side
effects have been reported [53].

CONCLUSION

It is now feasible to establish clinical-grade hESC lines in animal
substance-free chemically defined conditions. Genetically stable
hESC lines can be derived even from single biopsied blastomeres
without destroying the embryo. Efficient differentiationmethods
exist and are being further improved.
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Figure 2. Images of human embryonic stem (hES) cells growing on LN-521. (A): Brightfield image of hES cells cultured on LN-521. (B): Immu-
nostaining of hES cells grown on LN-521 for Oct-4, a marker of pluripotency (green). (C): 49,6-Diamidino-2-phenylindole staining shown in blue.
Scale bars = 100 mm.
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