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Human embryonic stem cells (hESCs) are pluripotent cells that have
the potential to differentiate into any tissue in the human body;
therefore, they are a valuable resource for regenerative medicine,
drug screening, and developmental studies. However, the clinical
application of hESCs is hampered by the difficulties of eliminating
animal products in the culture medium and/or the complexity of
conditions required to support hESC growth. We have developed
a simple medium [termed hESC Cocktail (HESCO)] containing basic
fibroblast growth factor, Wnt3a, April (a proliferation-inducing
ligand)/BAFF (B cell-activating factor belonging to TNF), albumin,
cholesterol, insulin, and transferrin, which is sufficient for hESC
self-renewal and proliferation. Cells grown in HESCO were main-
tained in an undifferentiated state as determined by using six
different stem cell markers, and their genomic integrity was
confirmed by karyotyping. Cells cultured in HESCO readily form
embryoid bodies in tissue culture and teratomas in mice. In both
cases, the cells differentiated into each of the three cell lineages,
ectoderm, endoderm, and mesoderm, indicating that they main-
tained their pluripotency. The use of a minimal medium sufficient
for hESC growth is expected to greatly facilitate clinical application
and developmental studies of hESCs.
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H uman embryonic stem cells (hESCs) are pluripotent cells
that have the potential to differentiate into the three germ
layers and possibly all tissues of the human body (1-6). hESCs
were originally isolated from the inner cell mass of human
embryos and can be passaged through >100 divisions in vitro (7,
8). Differentiation protocols of hESCs have been successfully
established in vitro for many cell types (5, 8§-13), including
neuronal cells (9), hematopoietic cells (10), insulin-producing
cells (11), endothelial cells (12), and cardiomyocytes (13).

The ability of hESCs to differentiate into many cell types
distinguishes them from adult stem cells, which can only differ-
entiate into limited range of cell types (7, 8). Thus, hESCs have
enormous therapeutic value and provide a useful system for
studies of development. To make hESCs compatible for clinical
therapy, banks of hESC lines with different HLA are being
established (14). In addition, other technologies, such as nuclear
transfer, may allow the generation of autologous embryonic stem
cells in the future (15). Thus, hESCs are expected to provide a
great resource for regenerative medicine (16).

Until recently, hESC lines were derived in medium containing
animal products. The presence of xenograft or allograft animal
products in hESC culture media has four problems. First, it may
contain toxic proteins or immunogens that evoke an immune
response and thus lead to rejection upon transplantation (17).
Second, the use of animal products increases the risk of hESC
contamination by the animal pathogens, such as viruses or prions
(18). Third, separating animal products, such as feeder cells,
from hESCs is time- and labor-intensive. Finally, the use of
medium with undefined factors greatly complicates developmen-
tal studies. Therefore, it is important to grow hESCs in a defined
medium without animal products.
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Currently several components required for hESC growth have
been identified. Basic fibroblast growth factor (bFGF) has been
shown to be essential for hRESC self-renewal (19, 20). Three other
requirements are (i) feeder cells, conditioned medium, or cyto-
kines, such as TGF (21, 22) or Wnt3a (23); (ii) matrix; and (iii)
FBS or serum replacement (24, 25).

For hESC culture, several types of matrices have been used to
coat the culture dish surface. Matrigel secreted by mouse
Engelbreth Holm—-Swarm sarcoma cells is able to support the
hESC growth (25). It contains multiple extracellular matrix
components, such as laminin, collagen type I'V, heparan sulfate,
proteoglycan, and entactin (26). Human serum can substitute for
Matrigel (27). However, both Matrigel and human serum are
mixtures with undefined components. Other defined matrices,
such as fibronectin, laminin, and collagen can support feeder-
free hESC growth, but the efficacy varies among laboratories
and some reagents have disparities between different lots
(25, 28, 29).

In addition to the matrix requirement, serum or serum
replacement is essential for hESC culture. “Knockout serum”
from Invitrogen is a serum replacement frequently used in hESC
culture that contains animal derived-products (20). One animal-
free product, X-vivo, which was optimized for hematopoietic cell
culture, supports hESC growth (29). Knockout serum and
X-vivo are both proprietary and contain multiple components.
Moreover, in feeder-free culture, hESCs grown in medium
containing these serum replacements form differentiated cells
around the hESC colonies, indicating that optimal conditions
have not been achieved (29). Thus, further efforts are required
to define a culture condition with minimal components that
reproducibly supports robust growth of hESCs.

In pursuit of this goal, we defined a simple mixture containing
only recombinant, chemically synthesized, or human source-
purified factors that support hESC growth [termed hESC Cock-
tail (HESCO)]. Cells incubated in HESCO are easy to grow in
an undifferentiated state and can be readily induced to differ-
entiate into a variety of cell lineages. HESCO provides a simple
and defined culture environment to support hESC growth and
will greatly facilitate the use of hESCs in therapeutic applica-
tions and developmental studies.

Results

A Medium Containing Minimal Components Supports hESC Growth.
The presence of Wnt3a and bFGF alone in standard DMEM/
F12 medium cannot support hESC growth in the absence of a
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Table 1. Summary of cell growth with different cytokine
cocktail combinations

Growth

+

Components - ++ ++

April /BAFF

bFGF X
Wnt X
Insulin

Transferrin

Albumin

Cholesterol

Conditioned medium X

X X X X X X
X X X X X X X

All cells were cultured with Matrigel-coated tissue culture plate. The rela-
tive amounts of cells with undifferentiated morphology after three passages
are indicated. The X symbols indicate the component(s) present in the
medium.

feeder layer and serum (Table 1). We found that the presence of
insulin, transferrin, albumin, and a proliferation-inducing ligand
(April)/B cell-activating factor belonging to TNF (BAFF) in the
medium can support hESC proliferation for more than three
passages (Table 1 and J.L., R.H., Y.-H. Liu, CJ.B., F. L. Lu, and
M.S., unpublished data). To further optimize the hESC culture
conditions, we tested a variety of different components and
found that the addition of chemically defined cholesterol to the
medium improved hESC growth (Table 1). Thus, the final
mixture, HESCO, contains Wnt3a, FGF, insulin, transferrin,
April/BAFF, cholesterol, and albumin and can actively support
hESC self-renewal. hESCs grown in feeder cell-conditioned
medium can be directly shifted to HESCO and vice versa without
gradual adaptation steps in the culture, which suggests that the
signals supporting the hESC growth may be similar in these two
conditions.

We also tested several matrices in combination with the
HESCO culture medium. Among them, fibronectin consistently
supported hESC growth (Table 2). The presence of collagen
along with fibronectin further improves the survival of hESCs
(Table 2). To define the minimal components for hESC growth,
we used fibronectin in the absence of collagen as the matrix in
the experiments described below. The final hESC growth con-
ditions using HESCO and fibronectin are defined.

hESCs Cultured in HESCO Exhibit Normal Cell Morphologies. To
determine whether hESCs grown in HESCO were maintained in
an undifferentiated state, a variety of tests were used. The
morphology of two hESC lines, H9 and BGO1, cultured in
HESCO or conditioned medium for >2 months (eight passages)
was examined. Fibronectin and Matrigel from at least six dif-
ferent lots were tested, and the results were consistent. Unlike
the elongated cells observed in conditioned medium, hESCs
cultured in HESCO were more condensed and had a high
nucleus/cytoplasm ratio similar to cells cultured on feeder cells

Table 2. Summary of cell growth using different coating matrix

Growth
Matrix + ++ +++ ++++ ++++
Fibronectin X X
Collagen X X
Laminin X
Matrigel %

The relative amounts of cells with undifferentiated morphology after three
passages are indicated. The X symbols indicate the matrix coated on the plate.
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Fig. 1. The morphology of hESCs cultured in the presence of feeder cells
(MEF), conditioned medium (CM), or HESCO. The morphology of H9 (Upper)
and BGO1 (Lower) cells cultured on the feeder cells (Left) and in HESCO (Right)
are more condensed with a high nucleus/cytoplasm ratio, whereas the cells
cultured in the conditioned medium (Center) are elongated with a low
nucleus/cytoplasm ratio. (Original magnification, x40.)

(Fig. 1). Importantly, compared with most of the feeder-free
culture conditions currently used, hESCs cultured in HESCO did
not have the differentiated cells surrounding the hESC colonies
(Figs. 1 and 2) (20, 29). Thus, hESCs cultured in HESCO
medium remain in an undifferentiated state.

hESCs Cultured in HESCO Express Stem Cell Markers. hESCs express
stem cell markers that distinguish them from differentiated cells.
To confirm that hESCs grown in the HESCO for 2 months are
undifferentiated, we measured alkaline phosphatase activities by
using an in situ assay (30). Both H9 and BGO1 cells have alkaline
phosphatase activities comparable with the cells grown in con-
ditioned medium or on feeder cells (Fig. 24). The undifferen-
tiated state of hRESCs was further demonstrated by the expression
of the stem cell markers Oct4, stage-specific mouse embryonic
antigen (SSEA)3, SSEA4, TRA-1-60, and TRA-1-81 through
indirect immunofluoresence assays. In both H9 and BGO1 cell
lines, >95% of cells cultivated in HESCO stained positive for
each of the stem cell markers (Fig. 2B and data not shown). In
each case, expression of the stem cell marker revealed that the
hESC colonies were not surrounded by differentiated cells (Fig.
2 and data not shown). As negative controls, species-matched
IgG and IgM were used to stain hESCs cultured in HESCO, and
signal was not detected (Fig. 2B and data not shown). These
results indicate that the exogenous factors in the HESCO are
sufficient for hESC growth in an undifferentiated stage for more
than eight passages.

Karyotyping of hESCs Cultured in HESCO. hESCs cultured in vitro can
lose their genetic integrity through passaging (28, 31, 32). For
example, BGO1 cells cultured in conditioned medium occasion-
ally develop trisomy 12 or 17 (31, 32). To examine the genetic
stability of hESCs in HESCO, we karyotyped H9 cells cultured
in HESCO for 4, 11, and 23 passages (1-6 months) and BG01
cells cultured for eight passages (2 months). In each case, the
karyotype was normal (Fig. 3). No major translocations or other
chromosomal changes were observed during this period. Thus,
hESCs cultured in HESCO maintain their genomic integrity.

hESCs Cultured in HESCO Are Pluripotent. hESCs are pluripotent
cells that can differentiate into the three major cell lineages:
endodermal, ectodermal, and mesodermal (8, 33). To confirm
that hESCs cultured in HESCO still maintain their pluripotency
in vitro, we performed embryoid body formation and differen-
tiation assays in H9 and BGO1 cells. Three passages of H9 cells
(passages 5, 10, 24) and one passage of BGO1 cells (passage 9)
were tested. After dispersing the cells by enzymatic digestion,
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Fig.2. Expression of stem cell markers in hESCs cultured in HESCO. (A) Alkaline
phosphatase assay of hESCs cultured in the presence of mouse embryonic fibro-
blast feeder cells (MEF), conditioned medium (CM), or HESCO was performed.
(Magnification, X 100.) (B) (Left) Immunofluoresence staining with antibodies to
stem cell markers: Oct4, SSEA3, SSEA4, TRA-1-60 (Tra 60), TRA-1-81 (Tra 81), or
control mouse IgM (Ig). Mouse IgG and rat IgM controls show results similar to
those of mouse IgM control (data not shown). (Center) The nuclei were stained
with DAPI. (Right) The overlay of FITC antibody staining and DAPI signals is shown
in the column labeled Merge. (Magnification, X200.)

hESCs formed embryoid bodies in suspension with high effi-
ciency in both cell lines (data not shown). Subsequently, the
embryoid bodies continue to differentiate on gelatin-coated
plates for at least 10 days. Expression of endoderm-, mesoderm-,

5690 | www.pnas.org/cgi/doi/10.1073/pnas.0601383103
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Fig. 3. The genetic stability of hESCs cultured in HESCO. The karyotypes of
H9 (A) and BGO1 cells (B) cultured in HESCO for 11 and 8 passages, respectively,
were analyzed by using Giemsa staining.

and ectoderm-specific markers in the embryoid body-derived
cells were evaluated by using immunofluoresence analysis of
a-fetoprotein, smooth muscle actin, and B-tubulin III, respec-
tively. In both hESC lines and in all passages tested, the embryoid
body-derived cells contained cells from the three different
lineages (Fig. 4 and data not shown). Immunofluorescence signal
was not evident in the Ig control (Fig. 4 and data not shown).
Hence, the HESCO medium is sufficient to maintain the pluri-
potency of hESCs.

To examine the in vivo pluripotency of hESCs grown in
HESCO, we determined their ability to form teratomas. H9 and
BGO1 hESCs cultured in HESCO for eight passages were
injected s.c. into mice. Teratomas were formed, and they con-
tained multiple cell types from each of the major cell lineages,
such as neuroepithelium (ectoderm), cartilage (mesoderm),
ciliated epithelium (endoderm), and mucus-producing epithe-
lium (endoderm) (Fig. 5 and data not shown). Thus, the cells
cultured in HESCO maintain their pluripotency in vivo.

Discussion

The identification of all exogenous signals required for hESC
growth is important for clinical application and developmental
biology studies of hESCs. In this work, we have defined the
minimal nutritional requirements for maintaining hESC culture
in vitro. The components include Wnt, April/BAFF, bFGF,
insulin, transferrin, albumin, cholesterol, and fibronectin.

Lu etal.



Lo L

P

1\

AR AN

DAPI

antibody

e -
’ -
Fig.4. Examination of the pluripotency of hESCs cultured in HESCO in vitro.

(Left) HI cells cultured in vitro were induced to form embryoid bodies, and the
derived cells were stained with an isoptype-matched Ig control (Ig) and
different differentiation markers: endoderm [a-fetoprotein (AFP)], meso-
derm smooth muscle (SM) actin, or ectoderm (8-tubulin lll). (Center) The nuclei
were stained with DAPI. (Right) The overlay of FITC antibody staining and DAPI
signals is shown in the column labeled Merge. (Original magnification: X200.)

In the absence of serum and feeders, eight components are
required to sustain hESC growth. In contrast, mouse embryonic
stem cells (mESCs) survive and propagate well with only leukemia
inhibitory factor, bone morphogenetic protein, transferrin, and
gelatin (33, 34). Leukemia inhibitory factor is not important for
hESC self-renewal, whereas insulin, bFGF, and April/BAFF are
not required for mESC survival (33, 35). Thus, hESC and mESC
require different exogenous signals to maintain pluripotency and
self-renewal. Our results are consistent with published observations
in human and mouse development. Insulin is a fetal growth factor
for humans (36). Mutations in insulin receptor result in severe
growth retardation in newborns (36). High insulin exposure in utero
leads to an increase in baby size in diseases, such as maternal
diabetes (37), Beckwith-Wiedemann syndrome (38), erythroblas-
tosis fetails (39), and nesidioblastosis (40). In contrast, mice lacking
the insulin signal exhibit only a slight impairment of embryonic
growth (41, 42). Therefore, insulin signals appear to be more
important for hESC than mESC growth.

FGF and Wnt family members are important mammalian
developmental and stem cell signals (43, 44). FGF signaling is
crucial for hESC maintenance (20). The addition of bFGF at
high concentration (100 ng/ml) (20, 45) or bFGF at low con-
centration (4 ng/ml) along with other cytokines, like Noggin (46)
and activin/nodal, can sustain hESC cultures without feeder
cells and conditioned medium (47). Wnt3a also can promote
hESC proliferation in the absence of a feeder layer or condi-
tioned medium (23). Although Wnt is important for adult stem
cell proliferation (48, 49), it is not sufficient to sustain long-term
proliferation of hESCs in feeder-free cultures (50).

Albumin is the major protein in serum (51). It functions as a
carrier protein and a regulator of steroid, thyroid, and other
lipophilic hormones (51). Albumin is also an antioxidant scav-
enger and can bind fatty acids, ions, drugs, and metabolites.
Cholesterol is required for all mammalian cells (52). It is
involved in lipid raft assembly, membrane rigidity maintenance,
and facilitates post-Golgi sorting (53). In addition to its struc-
tural function, cholesterol is also the precursor of steroid hor-
mones, and a component of signaling proteins, such as hedgehog

Lu et al.

Fig. 5. In vivo analysis of the pluripotency of hESCs cultured in HESCO. H9
cells were s.c. injected into the severe combined immunodeficient mice.
Sections of the resulting teratomas were stained with hematoxylin and eosin.
All three germ-layer-derived tissues were observed, including neuroepithe-
lium (ectoderm) (Upper Left), cartilage (mesoderm) (Upper Right), ciliated
epithelium (endoderm) (Lower Left), and mucus-producing epithelium
(endoderm) (Lower Right). (Scale bars: Upper, 100 um; Lower, 50 um.)

(54). It is possible that antioxidants or growth factors might be
able to substitute for albumin and cholesterol.

As this manuscript was under preparation, a recent study (28)
described a defined medium (TeSR1) for hESCs that is quite
different from HESCO. TeSR1 is a complex medium composed of
vitamins, antioxidants, salts, traces minerals, specific lipids, albu-
min, detergent, GABA, pipecolic acid, TGF, LiCl, and bFGF and
uses a combination of collagen, fibronectin, laminin, and vibronec-
tin as supporting matrices (28). In contrast, HESCO includes bFGF,
Wnt3a, April/BAFF, albumin, cholesterol, insulin, and transferrin,
and it uses fibronectin as the coating material. Both TeSR1 and
HESCO share reagents, such as albumin, transferrin, insulin, and
bFGF, suggesting that these factors are crucial for hESC self-
renewal. It was also reported that optimal culture conditions of
TeSR1 require pH (7.2), osmolarity (350 nanoosmoles), and gas
atmosphere (10% CO,/5% O5) (28); these special conditions were
not necessary for cells grown in HESCO medium. A side-by-side
comparison of TeSR1 and HESCO culture conditions and an
examination of the effects of their different components and culture
environments may further determine the optimal xeno-free culture
condition for hESCs.

HESCO is free of non-human, animal-derived components.
However, albumin and fibronectin are derived from human sources,
and we purchased the recombinant Wnt3a by using mouse se-
quence. In the future, with our recipe as a template, it should be
possible to chemically synthesize or purify all factors from non-
animal sources, such as yeast or cell-free systems. This will make the
components completely animal-free and prevent contamination.
The HESCO medium we formulated will therefore provide a great
tool for hESCs to realize their full therapeutic and scientific
potential.

Materials and Methods

Cell Culture. Two hESC lines, H9 (Wicell Research Institute,
Madison, WI) and BGO1 (BresaGen, Athens, GA), were cul-
tured in DMEM/F12 and supplemented with 20% knockout
serum replacement, 1 mM L-gluatamine, 1% nonessential amino
acid, and 4 ng/ml human bFGF (all from Invitrogen), and 0.1
mM 2-mercaptoethanol (Sigma). CF-1 mouse embryonic fibro-
blasts (MEFs) were used as the feeder cells (Chemicon Inter-
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national, Temecula, CA). Conditioned medium was prepared
with mouse embryonic fibroblasts as described in refs. 7, 25, and
55. All hESC experiments were performed between passages
25-60 from their initial establishment. Cells were passaged every
4-6 days with 1 mg/ml collagen IV or 0.0025-0.25% trypsin-
EDTA (Invitrogen). After PBS washing, the cells were dispersed
by scraping. The culture plates were coated with 0.33 mg/ml
Matrigel Matrix (BD Biosciences) or 25 ug/ml fibronectin
(Invitrogen). HESCO contains 4 ng/ml bFGF (Invitrogen), 160
pg/ml insulin (Invitrogen or Sigma), 88 pg/ml transferrin
(Invitrogen or Sigma), 100 ng/ml Wnt3a (R & D Systems), 100
ng/ml April or BAFF (R & D Systems), 2.5 mg/ml albumin
(Sigma), and 2.5X cholesterol lipid supplement (Invitrogen).

Immunofluoresence Assay. Cells were fixed with 4% paraformal-
dehyde for 15 min or methanol for 3 min at room temperature.
After incubation with anti-SSEA3 (Developmental Studies Hy-
bridoma Bank, Iowa, IA), anti-SSEA4 (Developmental Studies
Hybridoma Bank), anti-TRA-1-60 (Chemicon), anti-TRA-1-81
(Chemicon), anti-a-fetoprotein (Sigma), anti-smooth muscle
actin (Sigma), anti-p-tubulin IIT (Sigma), control mouse IgG and
IgM (Sigma), or control rat IgM (eBioscience, San Diego;
DAKO), the cells were washed with PBS and incubated with
200-fold-diluted FITC-conjugated anti-mouse IgG antiserum
(all from Jackson ImmunoResearch). The cells were also coun-
terstained with DAPI (Roche, Basel, Switzerland) and examined
under a fluorescence microscope.

Alkaline Phosphatase Assay, Karyotyping, and Embryoid Body Forma-
tion. The cells were fixed with 4% paraformaldehyde at room
temperature for 15 min and washed with PBS. The alkaline
phosphatase assay was performed with an ES cell characteriza-
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tion kit (Chemicon). For karyotyping, hESCs grown in log phase
were harvested and karyotyped by using Giemsa stain (Gen-
zyme). Twenty cells were scored in each case. In the embryoid
body formation assay, one monoplate of hESCs passaged with
0.025% trypsin was cultured in an uncoated, 10-cm Pertri dish in
the presence of DMEM supplemented with 10% FCS (Invitro-
gen). After 4 days of suspension culture, the embryoid bodies
were formed, and the cells were transferred to a plate coated
with 0.2% gelatin (Sigma). The cells attached to the plate and
were cultured for >10 days. The cells were fixed and processed
for immunofluoresence studies.

Teratoma Formation. hESCs (10 million) were s.c. injected into
severe combined immunodeficient Beidge mice (Charles River
Laboratories). All animal experiment procedures followed Yale
Institutional Animal Care and Use Committee protocols. The
teratomas were harvested at least 6 weeks after hESC injection.
Teratomas were processed with formalin and sectioned with an
Excelsior Processor (Thermo Electron, Pittsburgh, PA), and
embedded in paraffin (Blue Ribbon, Surgipath Medical Indus-
tries, Richmond, IL). Tissue sections were cut at 5-6 um and
stained with hematoxylin and eosin. Tissues were examined by
routine light microscopy on an Axioscope microscope (Zeiss),
and digital light microscopic images were taken on Zeiss Ax-
ioskop2 Plus microscope, AxoCam HR Camera, and AXIOVISION
5.05.10 imaging software (Zeiss).
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