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(57) ABSTRACT 

This invention provides media that support the groWth of 
primate pluripotent stem cells in feeder-free culture, and cell 
lines useful for producing such media and for other pur 
poses, such as use as a primary feeder layer. Conventionally, 
it has been necessary to groW pluripotent embryonic cells on 
feeder layers of primary embryonic ?broblasts, in order to 
prevent them from differentiating. It has noW been discov 
ered that standard culture media conditioned by special cell 
lines can be used to support proliferation of pluripotent stem 
cells While inhibiting differentiation in an environment free 
of feeder cells. This invention includes mesenchymal and 
?broblast-like cell lines obtained from embryonic tissue or 
differentiated from embryonic stem cells. Methods for deriv 
ing such cell lines, processing media, and groWing stem cells 
using the feeder cells or conditioned media are described 
and illustrated in this disclosure. 
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Figure 6 
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HUMAN FEEDER CELLS THAT SUPPORT 
PROLIFERATION OF UNDIFFERENTIATED 

PLURIPOTENT STEM CELLS 

RELATED APPLICATIONS 

[0001] This application claims priority to pending US. 
application Ser. No. 09/900,752, ?led Jul. 6, 2001; and to 
provisional patent applications 60/216,387, ?led Jul. 7, 
2000; and 60/220,064, ?led Jul. 21, 2000. 

[0002] The aforelisted priority applications are hereby 
incorporated herein by reference in their entirety, as are the 
following: US. Ser. No. 60/175,581, ?led Jan. 11, 2000; 
US. Ser. No. 09/688,031, ?led Oct. 10, 2000; US. Ser. No. 
09/718,308, ?led Nov. 20, 2000; US. Ser. No. 60/303,732, 
?led Jul. 6, 2001; US. Ser. No. 60/322,695, ?led Sep. 10, 
2001; and International Patent Application PCT/US01/ 
01030, ?led Jan. 10, 2001, published as WO 01/51616 on 
Jul. 19, 2001. 

TECHNICAL FIELD 

[0003] This invention relates generally to the ?eld of cell 
biology of embryonic cells. More speci?cally, it relates to 
the derivation of cell lines producing conditioned culture 
media, Which in turn can be used to propagate human 
pluripotent stem cells in feeder-free culture. 

BACKGROUND 

[0004] Recent discoveries have raised expectations that 
stem cells may be a source of replacement cells and tissue 
for cells and tissues that are damaged in the course of 
disease, infection, or because of congenital abnormalities. 
Various types of putative stem cells differentiate When they 
divide, maturing into cells that can carry out the unique 
functions of particular tissues, such as the heart, the liver, or 
the brain. 

[0005] A particularly important discovery has been the 
development of human pluripotent stem (hPS) cells 
(revieWed by R. A. Pedersen, Scientif. Am. 280(4):68, 
1999). These cells have the capacity to differentiate into 
essentially all types of cells in the body. For example, hPS 
cells have been used to generate cells that are committed to 
a number of different cell lineages, Which retain their 
capacity to proliferate. Since these embryonic cells are truly 
pluripotent, they have the potential to provide a stock supply 
of different types of cells for regeneration of essentially any 
type of failed tissue. 

[0006] Early Work on embryonic stem cells Was done in 
mice (revieWed in Robertson, Meth. Cell Biol. 75:173, 1997; 
and Pedersen, Reprod. Fertil. Dev. 6:543, 1994). Desirable 
characteristics of stem cells are that they be capable of 
inde?nite proliferation in vitro in an undifferentiated state, 
retain a normal karyotype, and retain the potential to dif 
ferentiate to derivatives of all three embryonic germ layers 
(endoderm, mesoderm, and ectoderm). 
[0007] The usual method for culturing mouse stem cells is 
to groW them on a layer of embryonic ?broblast feeder cells, 
such as the STO cell line. Cells from a previous culture are 
dispersed into a single cell suspension and cultured on the 
feeder cell layer. In some experimental procedures, it is 
possible to groW the mouse stem cells on gelatin plates 
Without feeder cells, using recombinant soluble leukemia 
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inhibitory factor (LIF) to replace the activity normally 
provided by the STO feeder cells (Robertson, supra). The 
presence of LIF is suf?cient to keep the mouse stem cells 
from differentiating. By continuous passage of mouse stem 
cells, Berger et al. (GroWth Factors 14:145, 1997) selected 
out several cell lines independent of exogenously added LIF. 

[0008] The morphology, cell surface markers, and groWth 
requirements of embryonic cells from other species differ 
signi?cantly from mouse embryonic stem cells. Stem cells 
from primate embryos are fragile, and it has been difficult to 
determine conditions that alloW them to groW in culture. 
Thomson et al. (US. Pat. No. 5,843,780; Proc. Natl. Acad. 
Sci. USA 92:7844, 1995) Were the ?rst to successfully 
culture stem cells from primates. They subsequently derived 
human embryonic stem (hES) cell lines from human blas 
tocysts (Science 282:114, 1998). Gearhart and coWorkers 
derived human embryonic germ (hEG) cell lines from fetal 
gonadal tissue (Shamblott et al., Proc. Natl. Acad. Sci. USA 
95:13726, 1998 and International Patent Publication WO 
98/43679). hES cells have the long-sought characteristics of 
hPS cells: they are capable of long-term proliferation in vitro 
Without differentiating, they retain a normal karyotype, and 
they retain the capacity to differentiate to a number of 
different derivatives. 

[0009] A major obstacle to the use of such cells in human 
therapy is that the originally described methods to propagate 
them involved culturing on a layer of feeder cells. For 
example, When cultured in a standard culture environment in 
the absence of mouse embryonic ?broblasts as feeder cells, 
the hPS cells rapidly differentiate or fail to survive. Unlike 
mouse ES cells, the presence of exogenously added LIF does 
not prevent differentiation of the human ES cells. Unfortu 
nately, the use of feeder cells substantially increases the cost 
of production, and makes scale-up of hPS cell culture 
impractical. The feeder cells are metabolically inactivated to 
keep them from outgroWing the stem cells, so it is necessary 
to have fresh feeder cells for each splitting of the hES 
culture. Furthermore, procedures are not yet developed for 
completely separating feeder cell components aWay from 
embryonic cells prepared in bulk culture. When embryonic 
cells are groWn using currently available culture methods, 
the presence of xenogeneic components from the feeder 
cells complicates their potential use in human therapy. 

[0010] International Patent Publication WO/9920741 
(Geron Corp.) is entitled “Methods and Materials for the 
GroWth of Primate-Derived Primordial Stem Cells”. In one 
embodiment, a cell culture medium is provided for groWing 
primate-derived primordial stem cells in a substantially 
undifferentiated state, having a loW osmotic pressure and 
loW endotoxin levels. The basic medium is combined With a 
nutrient serum effective to support the groWth of primate 
derived primordial stem cells and a substrate of feeder cells 
or an extracellular matrix component derived from feeder 
cells. The medium further includes non-essential amino 
acids, an anti-oxidant, and groWth factors that are either 
nucleosides or a pyruvate salt. 

[0011] NeW technology to facilitate groWing undifferenti 
ated hPS cells Without feeders Would be a major achieve 
ment toWards realiZing the full potential of embryonic cell 
therapy. In particular, there is a need for media that support 
feeder-free culture that is compatible With regulatory 
requirements for human administration, and can be scaled 
up for commercial production. 
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SUMMARY 

[0012] This invention provides media that support the 
growth of primate pluripotent stem (pPS) cells in feeder-free 
culture, and cell lines useful for production of such media. 

[0013] One embodiment of this invention is a method for 
preparing a conditioned medium suitable for culturing pPS 
cells in a groWth environment essentially free of feeder cells, 
comprising conditioning medium by culturing cells in the 
medium, and then harvesting the conditioned medium. 

[0014] Another embodiment of this invention is a method 
for culturing pPS cells, comprising providing a conditioned 
medium of this invention, and culturing pPS cells in a 
feeder-free groWth environment containing the conditioned 
medium. In either of these embodiments, the pPS cells can 
be human embryonic stem (hES) cells. 

[0015] The cells used for conditioning the medium are 
taken from a cell line that can proliferate in culture for an 
extended period, typically at least about 60 days. This does 
not necessarily mean that the particular cells used for 
conditioning the medium be long-lived; they can be irradi 
ated or otherWise adapted to limit replication. HoWever, the 
parent cell line from Which they are taken Will have the 
proliferative capacity stated. In particular embodiments, the 
cell line is an immortaliZed mouse cell line, or a human cell 
line, and may have characteristics of a ?broblast or muscle 
cell line. Exemplary lines are obtained by differentiating 
human embryonic stem cells ex vivo, and are euploid. Any 
of these cell lines can be genetically altered to express a 
groWth factor (such as bFGF) or telomerase reverse tran 
scriptase (TERT) at an elevated level. 

[0016] Another embodiment of this invention is condi 
tioned medium to support culturing pPS cells in a groWth 
environment essentially free of feeder cells, prepared 
according to a method of this invention. 

[0017] A further embodiment is a composition of prolif 
erating pPS cells or other cells in a groWth environment that 
includes the conditioned medium of this invention, option 
ally free of feeder cells. In one variant of this embodiment, 
the medium is conditioned by the cells in situ by culturing 
the pPS cells together With a cell line of this invention that 
produce the factors that inhibit differentiation. In this man 
ner, the cell line acts like a traditional feeder layer. In another 
variant of this embodiment, the cell line is cultured alone to 
condition the medium in Which it is groWn, and then the 
medium is harvested to support pPS cell groWth in a 
subsequent culture. 

[0018] Yet another embodiment of this invention is a 
human cell line obtained by differentiating a culture of 
human embryonic stem (hES) cells into a population of 
differentiated cells that comprises ?broblast-like or mesen 
chymal cells, and then selecting such cells from the culture. 
Medium conditioned by culturing With the selected cells 
supports groWth of pPS cells in feeder-free culture. If 
desired, the cell line can be genetically altered to express 
TERT at an elevated level. Exemplary cell lines are 
described in Examples 7-10, Where they are referred to as 
human feeder cells. 

[0019] A further embodiment of the invention is a method 
for screening cells suitable for producing conditioned 
medium that supports groWth of pPS cells, based on a 
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feeder-free groWth environment in Which groWth of pPS 
cells Without differentiation can be promoted by medium 

conditioned by primary mouse embryonic ?broblasts In the screening method, a test medium conditioned by cells 

being screened according to the method is used instead, the 
ability of the test medium to support groWth of the pPS is 
assessed, and the suitability of the medium is correlated With 
groWth of the pPS Without substantial differentiation. 

[0020] Still another embodiment of the invention is a 
device for preparing conditioned medium, comprising a 
culture chamber containing cells from a cell line of this 
invention that can condition medium to render it able to 
support groWth of pPS cells in feeder-free culture; and a port 
for WithdraWing conditioned medium from the culture 
chamber. 

[0021] These and other embodiments of the invention Will 
be apparent from the description that folloWs. 

DRAWINGS 

[0022] FIG. 1 is a copy of photomicrographs shoWing the 
morphology of hES cells in feeder-free culture. Panel A 
(Left Side) shoWs morphology of hES cells cultured on 
feeder cells in regular culture medium (mEF/RM), or on 
Matrigel®, laminin, ?bronectin, or collagen IV in mEF 
conditioned medium. Panel B (Right Side) shoWs morphol 
ogy of hES cells maintained on Matrigel® in medium 
conditioned by mEF, NHG190, STO and B] cells, compared 
With unconditioned regular medium (RM). The cells in RPE 
conditioned medium differentiated Within the ?rst Week of 
culture. The cells in the other conditioned media all had hES 
colonies With appropriate ES-morphology. Panel C is a bar 
graph shoWing integrin expression measured in hES cells 
maintained on feeders in regular medium (mEF/RM) or on 
Matrigel®; or on laminin in mEF conditioned medium. 
Integrin components (X6 and [31 may play a role in adherence 
of hES cells to extracellular matrix. 

[0023] FIG. 2 shoWs surface marker expression in feeder 
free cells by FACS analysis. Panel A is a FACS scan pro?le 
shoWing expression of SSEA-4 (sometimes present on 
undifferentiated cells) for hES groWn on feeders in regular 
medium (mEF/RM), or on extracellular matrix With condi 
tioned medium. Panel B is a bar graph shoWing ?uorescence 
intensity of surface markers for hES cells cultured on 
different matrices. Panel C is a bar graph shoWing surface 
markers for hES cells cultured on Matrigel® in conditioned 
medium from different cell lines. 

[0024] FIG. 3 is a reproduction of micrographs shoWing 
marker expression detected by immuno-histochemistry for 
cells groWn With primary feeder cells or on the 
extracellular matrices Matrigel® or laminin. hES cells 
groWn in feeder-free culture have phenotypic markers simi 
lar to those of hES groWn on mouse ?broblast feeder cells. 

[0025] FIG. 4 provides an analysis of Oct-4 and hTERT 
expression in hES cells cultured With feeder cells or 
extracellular matrix (Matrigel® or laminin) With regular 
medium (RM) or conditioned medium (CM). The upper 
panel is a copy of a gel shoWing Oct-4 and hTERT expres 
sion at the mRNA level by RT-PCR. The loWer panel is a bar 
graph comparing the level of expression for cells groWn on 
different substrates, expressed as the ratio of Oct4 or hTERT 
to the 18s standard. hES cells groWn on Laminin and 
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Matrigel® in conditioned medium have similar expression 
patterns to those of cells groWn on a feeder layer. 

[0026] FIG. 5, Panel A, is a copy of a photomicrograph 
showing the morphology of a human ?broblast-like (hEF) 
cell line, derived from human embryonic stem cells. These 
cells have been immortaliZed by infecting With retrovirus 
pBABE containing an hTERT expression cassette. Panel B 
(beloW) is a line graph shoWing the groWth of the hEF-like 
cells transduced for expression of the telomerase catalytic 
subunit, compared With cells transduced With vector control. 

[0027] FIG. 6 is a copy of six photomicrographs, com 
paring human embryonic stem cells maintained in different 
culture environments. Panels A & D: hES cells groWn 

directly on primary mouse embryonic ?broblasts Panels B & E: hES cells in feeder-free culture supported by 

conditioned medium from primary mEF. Panels C & F: hES 
cells in feeder-free culture supported by medium from 
human embryonic ?broblast-like cells (FIG. 5). In each of 
these conditions, healthy colonies of hES cells increased in 
siZe, and had characteristic features of undifferentiated 
embryonic stem cells. 

[0028] FIG. 7 shoWs features of a second human cell line 
capable of producing conditioned medium that supports hES 
cells in feeder-free culture, derived from the H1 line of hES 
cells. Panel A is a copy of a phase contrast micrograph, 
shoWing that the HEFl cell line has morphological charac 
teristics of ?broblasts or mesenchymal cells. Panel B 
(beloW) is a copy of the results of a TRAP assay, shoWing 
that HEFl cells transduced With a retroviral vector for 
telomerase reverse transcriptase (hTERT) acquired telom 
erase activity. 

[0029] FIG. 8 is a graph shoWing groWth of hTERT 
transduced HEFl cells, and cells transduced With vector 
control. Both lines initially doubled about once every 2 days. 
HoWever, the control cells stopped proliferating at 38 days, 
While the hTERT-transfected cells continued proliferating 
over 60 days at a consistent groWth rate. 

[0030] FIG. 9 is a copy of a micrograph of HEFl cells 
With or Without transduction With hTERT, after staining for 
senescence-associated [3-galactosidase, a knoWn biomarker 
for cellular aging. Transfection With hTERT extends the 
life-span of the cell line and forestalls senescence. 

[0031] FIG. 10 contains micrograph copies shoWing 
undifferentiated colonies of hES cells groWn on the hTERT 
immortaliZed HEFl human feeder cell line. Upper panels 
shoW the H9 line of hES cells maintained on HEFl cells 
(left), or under feeder-free conditions using mEF cell con 
ditioned medium. LoWer panels shoW the H9.2 clonal sub 
line. After 3-5 passages, the hES cells continued to produce 
colonies With the morphological characteristics of undiffer 
entiated stem cells. This illustrates that the HEFl feeder 
cells inhibit hES cell differentiation, and can be used to 
maintain hES cells in prolonged culture. 

[0032] FIG. 11 shoWs colonies of hES cells after passag 
ing into conditioned medium produced by the same HEFl 
cell line. Panel A is a copy of a light micrograph, shoWing 
undifferentiated colonies in cultures of hES cells maintained 
in medium conditioned by primary mouse embryonic ?bro 
blasts (mEF), or by the human ?broblast-like cell line HEFl. 
Panel B (right) is a copy of the results of a TRAP, shoWing 
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that hES cells maintained using HEFl conditioned medium 
shoW telomerase activity characteristic of undifferentiated 
cells. 

DETAILED DESCRIPTION 

[0033] This invention provides a system for preparing 
media that support the groWth of primate pluripotent stem 
(pPS) cells in the absence of feeder cells. Cell lines have 
been developed that can provide a reliable, effective supply 
of conditioned media for bulk stem cell culture. 

[0034] Conventionally, human embryonic stem cells are 
groWn on feeder layers of primary embryonic ?broblasts 
isolated from mouse As an alternative, they can be 
groWn in feeder-free culture on an appropriate extracellular 
matrix, using medium conditioned by primary mEFs 
(Example 2) to supply soluble components provided by the 
mEFs in feeder culture. Fibroblasts derived from adults are 
generally not used as feeder cells, suggesting that more 
mature cells lose the ability to provide the factors requisite 
to support stem cell groWth. 

[0035] It has noW been discovered that feeder cells can be 
immortaliZed and maintained in long-term culture Without 
causing them to lose the ability to produce high quality 
conditioned medium. For example, primary mouse embry 
onic ?broblasts can be immortaliZed by genetically altering 
them to express telomerase reverse transcriptase (Examples 
4 and 5). The telomeriZed mEF line designated NHG190 
supports the groWth of hES cells in feeder-free culture 
Without differentiation through a number of passages (FIG. 
1B), and can itself be perpetuated in culture, providing a 
ready source of high-quality medium. 

[0036] It has also been discovered that human cells suit 
able for conditioning medium can be obtained by differen 
tiating embryonic stem cells in vitro. hES cells Were differ 
entiated by culturing in suspension for 2-4 days, and then 
plating on gelatin-coated plates. Fibroblast-like cells (hEF) 
Were separated from the mixed population and expanded 
(Example 7). The cell line Was found to lack substantial 
telomerase activity, and some of the cells Were transduced 
With a retrovirus expressing telomerase reverse transcriptase 
(hTERT). Both the untransduced and the telomeriZed cell 
lines proliferated in continual cell culture for over 7 popu 
lation doublings in 50 days of culture (FIG. 5B). 

[0037] Cultures of hES cells groWn on Matrigel(D in hEF 
conditioned medium formed colonies With morphology 
characteristic of undifferentiated hES cells (FIG. 7, Panels 
C & The cultures appeared indistinguishable from hES 
cells groWn directly on a layer of primary mEF feeders 
(Panels A & D). hES cells have proliferated under these 
conditions for over 30 days Without differentiation. 

[0038] This invention provides a signi?cant advance in 
technology for producing pluripotent stem cells suitable for 
commercial distribution: 

[0039] Availability of established cell lines support 
ing pPS culture obviates the need to repeatedly 
prepare .primary feeder cultures to continue the 
culture. 

[0040] The cell lines of this invention facilitate pro 
ducing pPS cells on a commercial scale. In compari 
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son With primary feeder cells, they are easier and 
more economical to maintain and expand. 

[0041] Media produced by established cell lines are 
of consistently high quality, and avoid the variability 
inherent in media obtained from primary cell cul 
tures. 

[0042] In the context of human therapy, the use of 
telomeriZed human cell lines to produce conditioned 
media is relatively attractive from the perspective of 
regulatory scrutiny, since these cells contain no 
xenogeneic components and no components of 
tumor cell origin. 

[0043] Those skilled in the art Will readily appreciate that 
pluripotent stem cells cultured using the cell lines and media 
of this invention provide an important reserve for develop 
ing and implementing neW therapeutic strategies. A further 
description folloWs. 

[0044] De?nitions 

[0045] Prototype “primate Pluripotent Stem Cells” (pPS 
cells) are pluripotent cells derived from pre-embryonic, 
embryonic, or fetal tissue of the stated primate species at any 
time after gestation, Which have the characteristic of being 
capable under the right conditions of producing progeny of 
several different cell types. Preferred pPS cells are those 
capable of producing progeny that are derivatives of all of 
the three germinal layers: endoderm, mesoderm, and ecto 
derm, and capable of undergoing proliferation in the absence 
of feeder cells, as described in this disclosure. Non-limiting 
exemplars of pPS cells are rhesus and marmoset embryonic 
stem cells, as described by Thompson et al., Proc. Natl. 
Acad. Sci. USA 92:7844,1995, human embryonic stem 
(hES) cells, as described by Thomson et al., Science 
282:1145, 1998; and human embryonic germ (hEG) cells, 
described in Shamblott et al., Proc. Natl. Acad. Sci. USA 
95:13726, 1998. Other types of non-malignant pluripotent 
cells are included in the term. Speci?cally, any cells that are 
fully pluripotent (that is, they are those capable of producing 
progeny that are derivatives of all of the three germinal 
layers) are included, regardless of Whether they Were derived 
from embryonic tissue, fetal tissue, or adult tissue. 

[0046] pPS cell cultures are said to be “substantially 
undifferentiated” When they display morphology that clearly 
distinguishes them from differentiated cells of embryo or 
adult origin. pPS cells typically have high nuclear/cytoplas 
mic ratios, prominent nucleoli, and compact colony forma 
tion With poorly discernable cell junctions, and are easily 
recogniZed by those skilled in the art. It is recogniZed that 
colonies of undifferentiated cells can be surrounded by 
neighboring cells that are differentiated. Nevertheless, the 
substantially undifferentiated colony Will persist When cul 
tured under appropriate conditions, and undifferentiated 
cells constitute a prominent proportion of cells groWing 
upon splitting of the cultured cells. Useful cell populations 
described in this disclosure contain any proportion of sub 
stantially undifferentiated pPS having these criteria. Sub 
stantially undifferentiated cell cultures may contain at least 
about 20%, 40%, 60%, or even 80% undifferentiated pPS in 
order of increasing preference (in percentage of total cells in 
the population). 

[0047] Whenever a culture or cell population is referred to 
in this disclosure as proliferating “Without differentiation”, 
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What is meant is that after proliferation, the composition is 
substantially undifferentiated state according to the preced 
ing de?nition. Populations that proliferate through at least 4 
passages Without differentiation Will contain substantially 
the same proportion of undifferentiated cells (or possibly a 
higher proportion of undifferentiated cells) When evaluated 
at the same degree of con?uence as the originating culture. 

[0048] “Feeder cells” or “feeders” are terms used to 
describe cells of one tissue type that are co-cultured With 
cells of a tissue type, to provide an environment in Which the 
cells of the second tissue type can groW. The feeder cells are 
optionally from a different species as the cells they are 
supporting. For example, certain types of pPS cells can be 
supported by primary cultures of mouse embryonic ?bro 
blasts, immortalized mouse embryonic ?broblasts, or human 
?broblast-like cells differentiated from hES cells, as 
described later in this disclosure. In coculture With pPS cells, 
feeder cells are typically inactivated by irradiation or treat 
ment With an anti-mitotic agent such as mitomycin c, to 
prevent them from outgroWing the cells they are supporting. 
For use in producing conditioned medium, inactivation of 
the cells is optional, and depends in part on mechanical 
aspects of medium production. 

[0049] pPS cell populations are said to be “essentially 
free” of feeder cells if the cells have been groWn through at 
least one round after splitting in Which substantial fresh 
feeder cells are not added to support the groWth of the pPS. 
It is recogniZed that if a previous culture containing feeder 
cells is used as a source of pPS for the culture to Which fresh 
feeders are not added, there Will be some feeder cells that 
survive the passage. For example, hES cells are often 
cultured in a 9.6 cm2 Well on a surface of ~375,000 primary 
irradiated embryonic ?broblasts near con?uence. By the end 
of the culture, perhaps 150,000 feeder cells are still viable, 
and Will be split and passaged along With hES that have 
proliferated to a number of ~1 to 1.5 million. After a 1:6 
split, the hES cells generally resume proliferation, but the 
?broblasts Will not groW and only a small proportion Will be 
viable by the end of ~6 days of culture. This culture is 
“essentially free” of feeder cells, With compositions con 
taining less than about 5%, 1%, 0.2%, 0.05%, or 0.01% 
feeder cells (expressed as % of total cells in the culture) 
being increasingly more preferred. 

[0050] Whenever a culture or cell population is referred to 
in this disclosure as “feeder-free”, What is meant is that the 
composition is essentially free of feeder cells according to 
the preceding de?nition, subject to further constraints only 
if explicitly indicated. A “groWth environment” is an envi 
ronment in Which cells of interest Will proliferate in vitro. 
Features of the environment include the medium in Which 
the cells are cultured, the temperature, the partial pressure of 
O2 and CO2, and a supporting structure (such as a substrate 
on a solid surface) if present. 

[0051] A “nutrient medium” is a medium for culturing 
cells containing nutrients that promote proliferation. The 
nutrient medium may contain any of the folloWing in an 
appropriate combination: isotonic saline, buffer, amino 
acids, antibiotics, serum or serum replacement, and exog 
enously added factors. 

[0052] A“conditioned medium” is prepared by culturing a 
?rst population of cells in a medium, and then harvesting the 
medium. The conditioned medium (along With anything 
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secreted into the medium by the cells) may then be used to 
support the growth of a second population of cells. 

[0053] The term “antibody” as used in this disclosure 
refers to both polyclonal and monoclonal antibody. The 
ambit of the term deliberately encompasses not only intact 
immunoglobulin molecules, but also such fragments and 
derivatives of immunoglobulin molecules (such as single 
chain Fv constructs), and fragments and derivatives of 
immunoglobulin equivalents such as T-cell receptors, as 
may be prepared by techniques knoWn in the art, and 
retaining the desired antigen binding speci?city. 

[0054] For the purposes of this disclosure, a “mesenchy 
mal cell” can be either a terminally differentiated cell or a 
proliferative precursor cell committed to form cells of a 
mesenchymal tissue, such as bone, dental tissue, cartilage, 
tendon, bone marroW stroma, or muscle. Mesenchymal stem 
cells are included in the term, as are terminally differentiated 
(post-mitotic) cells and more committed replication-compe 
tent cells, such as osteoblast precursor cells. 

[0055] A cell is said to be “genetically altered” or “trans 
formed” When a polynucleotide has been transferred into the 
cell by any suitable means of arti?cial manipulation, or 
Where the cell is a progeny of the originally altered cell that 
has inherited the polynucleotide. The polynucleotide may 
contain a sequence that is exogenous to the cell, it may 
contain native sequences in an arti?cial arrangement (e.g., 
an encoding region linked to a different promoter), or it may 
provide additional copies of a native encoding sequence. 
Unless explicitly stated otherwise, the process of transfer 
ring the polynucleotide into the cell can be achieved by any 
technique suitable for the application at hand, Which may 
include but is not limited to electroporation or liposome 
mediated transfer, homologous recombination, transduction 
or transfection using a viral or bacterial vector. The poly 
nucleotide Will often comprise a transcribable sequence 
encoding a protein of interest, Which enables the cell to 
express the protein at an elevated level. Also included are 
genetic alterations by any means that result in functionally 
altering or abolishing the action of an endogenous gene. 
Suitable methods for effecting such alterations include 
homologous recombination using a suitable targeting vector 
(US. Pat. Nos. 5,464,764, 5,631,153, 5,789,215, 5,589,369 
and 5,776,774). 

[0056] The genetic alteration is said to be “inheritable” if 
progeny of the altered cell has the same alteration. Deter 
mination of Whether the genetic alteration is inheritable can 
be made by detecting presence of the polynucleotide tem 
plate (e.g., by PCR ampli?cation), or by detecting a pheno 
typic feature (such as expression of a gene product or effect 
thereof) that depends on the genetic alteration to be mani 
fest. 

[0057] A “cell line” is a population of cells that can be 
propagated in culture through at least 10 passages. The 
population can be phenotypically homogeneous, or the 
population can be a mixture of measurably different pheno 
types. Characteristics of the cell line are those characteristics 
of the population as a Whole that are essentially unaltered 
after 10 passages. 

[0058] A cell line is from a “non-malignant source” if it 
Was established from primary tissue that is not cancerous, 
nor from a cell that Was genetically altered With a knoWn 
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oncogene. ImmortaliZation of such cells by telomeriZation 
maintains their non-malignant status. 

[0059] A cell is described as “telomeriZed” if it has been 
genetically altered With a nucleic acid encoding a telomerase 
reverse transcriptase (TERT) of any species in such a 
manner that the TERT is transcribed and translated in the 
cell. The term also applies to progeny of the originally 
altered cell that have inherited the ability to express the 
TERT encoding region at an elevated level. The TERT 
encoding sequence is typically taken or adapted from a 
mammalian TERT gene, exempli?ed by human and mouse 
TERT, as indicated beloW. 

[0060] A cell line is described as “permanent” or “immor 
taliZed” if it has at least one of the folloWing properties: 1) 
it has been genetically altered for elevated expression of 
telomerase reverse transcriptase (TERT), detectable, for 
example, as increased telomerase activity in TRAP assay; 2) 
for cell lines otherWise capable of no more than 15 popu 
lation doublings, it has been genetically altered to extend its 
replicative capacity under suitable culture conditions to at 
least 20 population doublings; or 3) for cell lines otherWise 
capable of more than 15 population doublings, it has been 
genetically altered to substantially extend the replicative 
capacity of the cell line under typical culture conditions. It 
is understood that cells meeting this de?nition include not 
only the original genetically altered cells, but also all prog 
eny of such cells that meet the criteria of this de?nition. 

[0061] General Techniques 

[0062] For further elaboration of general techniques useful 
in the practice of this invention, the practitioner can refer to 
standard textbooks and revieWs in cell biology, tissue cul 
ture, and embryology. Included are Teratocarcinomas and 
embryonic stem cells.'A practical approach J. Robertson, 
ed., IRL Press Ltd. 1987); Guide to Techniques in Mouse 
Development (P. M. Wasserman et al. eds., Academic Press 
1993); Embryonic Stem Cell Di?rerentiation in Wtro (M. V. 
Wiles, Meth. EnZymol. 225 :900, 1993); Properties and uses 
of Embryonic Stem Cells: Prospects for Application to 
Human Biology and Gene Therapy (P. D. Rathjen et al., 
al.,1993). Differentiation of stem cells is revieWed in Rob 
ertson, Meth. Cell Biol. 75:173, 1997; and Pedersen, 
Reprod. Fertil. Dev. 10:31, 1998. 

[0063] Methods in molecular genetics and genetic engi 
neering are described in Molecular Cloning: A Laboratory 
Manual, 2nd Ed. (Sambrook et al., 1989); Oligonucleotide 
Synthesis (M. J. Gait, ed., 1984);Animal Cell Culture (R. I. 
Freshney, ed., 1987); the series Methods in Enzymology 
(Academic Press, Inc.); Gene Transfer Vectors for Mamma 
lian Cells (J. M. Miller & M. P. Calos, eds., 1987); Current 
Protocols in Molecular Biology and Short Protocols in 
Molecular Biology, 3rd Edition M. Ausubel et al., eds., 
1987 & 1995); and Recombinant DNA Methodology II (R. 
Wu ed., Academic Press 1995). Reagents, cloning vectors, 
and kits for genetic manipulation referred to in this disclo 
sure are available from commercial vendors such as BioRad, 
Stratagene, Invitrogen, and ClonTech. 

[0064] General techniques used in raising, purifying and 
modifying antibodies, and the design and execution of 
immunoassays including immunohistochemistry, the reader 
is referred to Handbook ofExperimental Immunology (D. M. 
Weir & C. C. BlackWell, eds.); Current Protocols in Immu 
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n0l0gy (J. E. Coligan et al., eds., 1991); and R. Masseyeff, 
W. H. Albert, and N. A. Staines, eds., Methods 0fImmun0 
logicalAnalysis (Weinheim: VCH Verlags GmbH, 1993). 
[0065] General techniques in cell culture and media col 
lection are outlined in Large Scale Mammalian Cell Culture 
(Hu et al., Curr. Opin. Biotechnol. 8:148, 1997); Serum-free 
Media Kitano, Biotechnology 17:73, 1991); Large Scale 
Mammalian Cell Culture (Curr. Opin. Biotechnol. 2:375, 
1991); and Suspension Culture of Mammalian Cells (Birch 
et al., Bioprocess Technol. 19:251, 1990). Other reading of 
interest includes Understanding Media (M. McLuhan, Men 
tor NY, 1964) and The Medium is the Massage (M. 
McLuhan & Q. Fiore, Bantam NY, 1967). 

[0066] Preparation of Pluripotent Stem Cells from Primate 
Embryonic Tissue 

[0067] Conditioned media described in this application are 
useful for culturing pluripotent stem cells in the presence or 
absence of feeder cells. It is recogniZed that other types of 
cells may bene?t from being cultured in these media, and the 
compositions of this invention may be used for such pur 
poses Without restriction. HoWever, the media (and the cells 
used to prepare media) have the characteristic of being able 
to support the groWth of primate pluripotent stem cells in 
culture environments essentially free of feeder cells. 

[0068] Types of pluripotent stem (pPS) cells that may be 
used include established lines of pluripotent cells derived 
from tissue formed after gestation, including pre-embryonic 
tissue (such as a blastocyst), embryonic tissue, or fetal tissue 
taken any time during gestation, typically but not necessarily 
before ~10-12 Weeks gestation. Non-limiting exemplars are 
established lines of hES or hEG cells, described in more 
detail beloW. Also contemplated is use of the compositions 
of this disclosure during the initial establishment or stabili 
Zation of such cells, in Which case the source cells Would be 
primary pluripotent cells taken directly from the source 
tissues. Also suitable are cells taken from a pPS cell popu 
lation already cultured in the absence of feeder cells. 

[0069] Human embryonic stem (hES) cells can be pre 
pared as described by Thomson et al. (US. Pat. No. 5,843, 
780; Science 282:1145, 1998; Curr. Top. Dev. Biol. 38:133 
ff., 1998; Proc. Natl. Acad. Sci. USA 92:7844, 1995). 

[0070] Brie?y, human blastocysts are obtained from 
human in vivo preimplantation embryos. Alternatively, in 
vitro fertiliZed (IVE) embryos can be used, or one cell 
human embryos can be expanded to the blastocyst stage 
(Bongso et al., Hum Reprod 4: 706, 1989). Brie?y, human 
embryos are cultured to the blastocyst stage in G12 and 
G2.2 medium (Gardner et al., Fertil. Steril. 69:84, 1998). 
Blastocysts that develop are selected for ES cell isolation. 
The Zona pellucida is removed from blastocysts by brief 
exposure to pronase (Sigma). The inner cell masses are 
isolated by immunosurgery, in Which blastocysts are 
exposed to a 1:50 dilution of rabbit anti-human spleen cell 
antiserum for 30 minutes, then Washed for 5 minutes three 
times in DMEM, and exposed to a 1:5 dilution of Guinea pig 
complement (Gibco) for 3 min (see Solter et al., Proc. Natl. 
Acad. Sci. USA 72:5099,1975). After tWo further Washes in 
DMEM, lysed trophectoderm cells are removed from the 
intact inner cell mass (ICM) by gentle pipetting, and the 
ICM plated on mEF feeder layers. 

[0071] After 9 to 15 days, inner cell mass-derived out 
groWths are dissociated into clumps either by exposure to 

Jun. 13, 2002 

calcium and magnesium-free phosphate-buffered saline 
(PBS) With 1 mM EDTA, by exposure to dispase or trypsin, 
or by mechanical dissociation With a micropipette; and then 
replated on mEF in fresh medium. Dissociated cells are 
replated on mEF feeder layers in fresh ES medium, and 
observed for colony formation. Colonies demonstrating 
undifferentiated morphology are individually selected by 
micropipette, mechanically dissociated into clumps, and 
replated. ES-like morphology is characteriZed as compact 
colonies With a high nucleus to cytoplasm ratio and promi 
nent nucleoli. Resulting ES cells are then routinely split 
every 1-2 Weeks by brief trypsiniZation, exposure to Dul 
becco’s PBS (Without calcium or magnesium and With 2 
mM EDTA), exposure to type IV collagenase (~200 U/mL; 
Gibco) or by selection of individual colonies by micropi 
pette. Clump siZes of about 50 to 2000 cells are optimal. 

[0072] Alternatively, primate PS cells can be passaged 
betWeen feeder-free cultures as a ?ner cell suspension, 
providing that an appropriate enZyme and medium are 
chosen, and the plating density is suf?ciently high. By Way 
of illustration, con?uent human embryonic stem cells cul 
tured in the absence of feeders are removed from the plates 
by incubating With a solution of 0.05% (Wt/vol) trypsin 
(Gibco) and 0.053 mM EDTA for 5-15 min at 37° C. With 
the use of pipette, the remaining cells in the plate are 
removed and the cells are triturated With the pipette until the 
cells are dispersed into a suspension comprising single cells 
and some small clusters. The cells are then plated at densities 
of 50,000-200,000 cells/cm2 to promote survival and limit 
differentiation. The phenotype of ES cells passaged by this 
technique is similar to What is observed When cells are 
harvested as clusters by collagen digestion. As another 
option, the cells can be harvested Without enZymes before 
the plate reaches con?uence. The cells are incubated ~5 min 
in a solution of 0.5 mM EDTA alone in PBS, Washed from 
the culture vessel, and then plated into a neW culture Without 
further dispersal. 

[0073] Human Embryonic Germ (hEG) cells can be pre 
pared from primordial germ cells present in human fetal 
material taken about 8-11 Weeks after the last menstrual 
period. Suitable preparation methods are described in Sham 
blott et al., Proc. Natl. Acad. Sci. USA 95:13726,1998 and 
International Patent Publication WO 98/43679. 

[0074] Brie?y, genital ridges are rinsed With isotonic 
buffer, then placed into 0.1 mL 0.05% trypsin/0.53 mM 
sodium EDTA solution (BRL) and cut into <1 mm3 chunks. 
The tissue is then pipetted through a 100 uL tip to further 
disaggregate the cells. It is incubated at 37° C. for ~5 min, 
then ~3.5 mL EG groWth medium is added. EG groWth 
medium is DMEM, 4500 mg/L D-glucose, 2200 mg/L mM 
sodium bicarbonate; 15% ES quali?ed fetal calf serum 
(BRL); 2 mM glutamine (BRL); 1 mM sodium pyruvate 
(BRL); 1000-2000 U/mL human recombinant leukemia 
inhibitory factor (LIF, GenZyme); 1-2 ng/ml human recom 
binant basic ?broblast groWth factor (bFGF, GenZyme); and 
10 uM forskolin (in 10% DMSO). 

[0075] Ninety-six Well tissue culture plates are prepared 
With a sub-con?uent layer of feeder cells cultured for 3 days 
in modi?ed EG groWth medium free of LIF, bFGF or 
forskolin, inactivated With 5000 rad y-irradiation. Suitable 
feeders are STO cells (ATCC Accession No. CRL 1503). 
~0.2 mL of primary germ cell (PGC) suspension is added to 
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each of the Wells. The ?rst passage is conducted after 7-10 
days in EG growth medium, transferring each Well to one 
Well of a 24-Well culture dish previously prepared With 
irradiated STO mouse ?broblasts. The cells are cultured With 
daily replacement of medium until cell morphology consis 
tent With EG cells Were observed, typically after 7-30 days 
or 1-4 passages. 

[0076] Using Conditioned Media to Support Feeder-free 
Stem Cell Cultures 

[0077] pPS cells are typically cultured on a layer of feeder 
cells that support the pPS cells in various Ways. Without 
intending any limitation to the claimed invention, it is a 
hypothesis of this invention that feeder cells secrete soluble 
factors that promote pPS cell survival or proliferation, or 
inhibit differentiation. 

[0078] According to conventional methods, primate PS 
cells are ?rst derived and supported on primary embryonic 
?broblasts of mouse origin (Thomson et al., supra). As 
adapted in this disclosure, mEFs are irradiated at a dose to 
inhibit proliferation but permit synthesis of important factors 
that support hES cells (~4000 rads y-irradiation), and then 
plated near con?uence. For eXample, 6-Well culture plates 
can be coated by incubation at 37° C. With 1 mL 0.5% 
gelatin, and plated With ~375,000 irradiated mEFs per Well. 
Feeder cell layers are used 5 h to 1 Week after plating, 
providing fresh hES medium just before seeding the pPS 
cells. 

[0079] As an alternative, it has been found that an arti?cial 
groWth environment can be used that is essentially free of 
feeder cells, but nonetheless supports proliferation of pPS 
cells Without undergoing substantial differentiation, as 
de?ned earlier. The groWth of pPS cells in feeder-free 
culture Without differentiation is supported using a medium 
conditioned by culturing previously With another cell type. 
Without intending any limitation of the invention, it is 
hypothesiZed that the conditioning process provides an 
opportunity for the cells to release into the medium soluble 
factor that replace the role of the feeder cells in promoting 
pPS cell survival or proliferation, or inhibiting differentia 
tion. 

[0080] By Way of illustration, conditioned medium can be 
prepared by culturing irradiated primary mouse embryonic 
?broblasts at a density of 5><105 cells per 9.6 cm2 Well in a 
serum replacement medium containing 4 ng/mL basic ?bro 
blast groWth factor (bFGF). The culture supernatant is 
typically harvested after 1 day at 37° C., and supplemented 
With additional groWth factors that bene?t pPS cell culture. 

[0081] Other features of the groWth environment facilitate 
pPS proliferation Without differentiation. In the absence of 
feeder cells, the pPS are plated onto a suitable culture 
substrate. Particularly suitable are extracellular matriX com 
ponents, such as those derived from basement membrane or 
that may form part of adhesion molecule receptor-ligand 
couplings. A commercial preparation is available from Bec 
ton Dickenson under the name Matrigel®, and can be 
obtained in a GroWth Factor Reduced formulation. Both 
formulations are effective. Matrigel® is a soluble prepara 
tion from Engelbreth-Holm-SWarm tumor cells that gels at 
room temperature to form a reconstituted basement mem 
brane. 

[0082] Other extracellular matriX components and com 
ponent miXtures are suitable as an alternative. Depending on 
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the cell type being proliferated, this may include laminin, 
?bronectin, proteoglycan, entactin, heparan sulfate, and the 
like, alone or in various combinations. Laminins are major 
components of all basal laminae in vertebrates, Which inter 
act With integrin heterodimers such as 0661 and (x6[34(spe 
ci?c for laminins) and other heterodimers (that cross-reach 
With other matrices). 
[0083] The pluripotent cells are plated onto the substrate 
in a suitable distribution and in the presence of a medium 
that promotes cell survival, propagation, and retention of the 
desirable characteristics. All these characteristics bene?t 
from careful attention to the seeding distribution. One fea 
ture of the distribution is the plating density. It has been 
fOlliIzld that plating densities of at least about 20,000 cells 
cm promote survival and limit differentiation. Typically, a 
plating density of betWeen about 90,000 cm'2 and about 
170,000 cm-2 is used. 

[0084] Another feature is the dispersion of cells. The 
propagation of mouse stem cells involves dispersing the 
cells into a single-cell suspension (Robinson, Meth. Mol. 
Biol. 751173, 1997 at page 177). In contrast, the passage of 
pPS cells in the absence of feeders bene?ts from preparing 
the pPS cells in small clusters. EnZymatic digestion is halted 
before cells become completely dispersed, and the cells are 
triturated With the pipette until they are suspended as clumps 
of adherent cells, about 10-200 cells in siZe. The clumps are 
then plated directly onto the substrate Without further dis 
persal. 
[0085] Selecting cells suitable for conditioning media 

[0086] Conditioned medium can be tested for its ability to 
support pPS cells by culturing pPS cells in a feeder-free 
groWth environment Where they groW Without differentia 
tion When supported by medium conditioned by primary 
mouse embryonic ?broblasts (mEF), but using the test 
medium instead. If pPS cells groW in a substantially undif 
ferentiated state, then the conditioned medium can be char 
acteriZed as supporting pPS cells in feeder free culture. 

[0087] A convenient Way to determine Whether pPS cells 
are differentiating is to folloW the morphological features of 
the colonies. For eXample, characteristic morphological fea 
tures of undifferentiated hES cells are knoWn by those 
skilled in the art, and include high nuclear/cytoplasmic 
ratios, prominent nucleoli, and compact colony formation 
With poorly discernable cell junctions. During passage, some 
cells may differentiate (particularly When replated as single 
cells, or When large clusters are alloWed to form). HoWever, 
cultures typically reestablish a larger proportion of undif 
ferentiated cells during the culture period. Ideally, the propa 
gated cells Will have a doubling time of no more than about 
20-40 hours. 

[0088] According to this assay method, conditioned 
medium Will be considered capable of supporting groWth of 
pPS cells if the proportion of undifferentiated pPS cells in a 
subcon?uent culture (typically ~5 days after passaging) does 
not substantially decline through at least 4 passages in the 
conditioned medium (optionally supplemented With addi 
tional groWth factors or otherWise processed as appropriate). 
Determination that the pPS cells are undifferentiated can be 
done by morphological criteria, and con?rmed by demon 
strating eXpression of Oct-4 and/or TERT. 

[0089] If desired, a quantitative readout of this assay can 
be obtained to estimate the quality or concentration of pPS 


























