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cul turing the human enbryonic stemcells on a matrix

that conprises a Matrigel Tmor a matrix that

conprises human nmatri.x proteins collagen 1V,
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[00013] Fig. 1 presents daga from experinental work
described in the specification bel ow show ng that the
components of the mediumreduce the proportion of '
differentiated cells in the culture of human ES cells
grown in it. [00014]Fig. 2 presents a graphical
present at| on of data show ng t hat the rredl umvvlth



DETAMED DESCRI PTI ON OF THE | NVENTI ON [ 00011We have
identified nultiple culture conditions and nedi a
which permt- -the indefinite culture and robust
proliferation of human enbryonic stemcells in an
undi fferentiated state and al so in the absence of
both feeder cells and conditioned nedium The
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that will still grow at a T3 of purity of

undi fferentiated status in the cultures. Such

cultures may or may not remain stable over many




[ 00024] The observation that human enbryonic stem (ES)
cell cultures have previously been maintained in an
undi fferentiated state only.when cultured in the
presence of fibroblast feeder cells or in conditioned.
medi um has | ed to speculation that the fibroblasts

rel ease into the nmediuma factor which acts to

inhibit differentiation of the ES cells. However,
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used for all subsequent cultures described here
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of cell in the cuiture aspossiblemanlmdxfferenhmd state.
[60012] Other aims, features and advantages of the present disclosure will become

apparent from the following specification.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS

[00013]  Fig 1 presents data from experimental work desoribed in the specification below
showing that the components of the medium reduce the proportion of differentiated cells in the
~ culture of human ES cells grown init. -
[00014] Fig. 2 presents a graphical presentation of data showing that the medium with
 man matrix proteins rosulis in cultured humian ES cells which do not exhibit a sialic acid

r&mdne of non-lmman origin. '
[06015] Fig. 3isa graphical pr&centauon of data showing the high level of nnd1ﬁ‘erenhated
celis in the human stem cell culture.
[00016] Fig. 4isa graphlcal representahon of data showing that the medrum described
hereresﬂts in robust growth ofstem cell caltures.

DETAILED DESCRIPTION OF THE INVENTION
[00017] We have identified mulﬁplé culfure conditions and media which permit the
indefinite culture and robust proliferation of human embryonic stem cells in an undifferentiated
state énd also in the absence of both feeder cells and conditioned medlmn The development of
these media and culture conditions make possible the derivation and maintenance of human ES
cell fines in defined and controlled conditions without direct or indirect exposure to animal cells
of any kind. These media have been demonstrated to support undifferentiated ES cell '
proliferation through multiple passages, at least five, which is firm mdence that these media wﬂl
support such cultures indefinitely. _
[00018] A defined and humanized medium for the culture and prohfcratmn of humean ES
cells typically includes salts, vitamins, a source of ghicose, minerals zand amino acids. To &
supplement the medium and supply conditions to support cell growth, initially stem cell media |
included serum from one source or another. Also previously, it has been reported that the '
addition of fibroblast growth facior plus a serum replacement additive will permit the cultivation
of mman ES cells without serum. The serom replacement can be a commercially available
product sold for that pm‘ﬁose or can be & formulated mixture of protein, such as serum albumin,

4
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Ttus serum replacement component may also be supplemented with selenium. I is preferred
here that a defined serum replacement be used in lieu of serum from any source in culturing
humail,ES cells, in order to avoid the issues of variation in serum constituents and-to use media
that are as defined as possiblg. We bave defined a sufficient medium, and all of the components
of the medium tanght here are disclosed in Table 1 set forth below, which lists all the |
components of our medium, designated TeSR1, by concentration of the constituents. The TeSR1
medium is comprised of a DMEM/DF12 base, supplemented with human serum albumin,
vitamins, antioxidants, trace minerals, specific lipids, and cloned growth factors.

[00019] To avoid the need for a fibroblast foeder layer, previously thought to be necessary
- to maintain htuman BS cells in an undifferentiated state, it is reported here that the combination of )
the.use of higher concentrations of FGF (10 to 1000 ng/m) together with the use of GABA
(gamma aminobutyric acid), pi'pechd]ic acid (PA), lithium (LiCl) and transforming growth factor
. beta (T GFB), will enable a mediur to support undifferentiated stem cell growth. The
combination of these additives has beeﬁ found to be sufficient to maintain the culture of human
ES cells in an undifferentiated state mdeﬁﬁtely without exposure to either feeder cellsor
conditioned media. These additives are demonstrably sufficient. However, all of them may not
be necessary for every medium formulation. By selective deletion of these additives, one or
more of these components can be delsted resulting in human ES cell cultures that will still grow
at a loss of pm'ity' of undifferentiated status in'th;: cultures. Such cultures may or may not remam
stable over many passages. However, it is clear that the combination is sufficient to enable a
variety of media that will support the long term c’ul’mre and pr(')}iferation of undifferentiated
human ES cells through an indefinite number of passages without feeder cells or conditioned
medium. k _ '

[00020] Our initial subjective sbreens of these indiviciual growth factors, chosen because
of the receptors rexpressed by hurnan ES cells, identified scverai factors as having positive effects
on undifferentiated proliferation. Of these, bFGF, LiCl, y-aminobutyric acid (GABA), pipecholic
acid, and TGFp were ulﬁmately included in TeSR1. For each of the four cell lines tested, the
prohferatlon rate and the percentage of cells maintaining expression of characteristic human ES - -
cell markers were higher in TeSR1 than in control cells cultured in fibroblast-conditioned
medium, and removal of any one of these five factors decreased culture performance. Some of
these data are illustrated in Fig. 1, Whlch shows that cultures grown in media with any one of
these constituents omitted ex]:ub1ted a lesser percentage of cells which remained undifferentiated
as compared to cultures with all four of these medium constituents included. Note that Oct4,
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(Oct4) which are used to track the -differentiation status of stem cells. Fig 4 illustrates similar
trials m wlﬁch it was demonstrated that over multiple passages the growth rate of the cultures
was the highest when all these constituents together were in the culture medium.

[60021} Tt is also helpful to include in the culture conditions for the human ES cells a
biological matrix in the culture vessel. One such material that has been used is Maingel ™
which is an artificial basement membrane of mouse cell origin, whichis supplied as a
commercial ﬁrodﬂct free of mouse cells. Another material of human origin also known now to
serve a similar purpose is fibronectin, a human glycoprotein which is used in its insolubie- fofm to
create a fiber martnx also to serve as a basement membrane for ES cell culiure. In our handsa
matrix of ﬁbronecﬁn alone was not sufficient. However, it has also now been found thata
human matrix material can be made ofa combmatlon of thie human matrix proteins collagen IV, _
fibronectin, laminin, and vitronectin and this matrix suifices to support human ES cells
indefinitely in an undifferentiated state in the TeSRI medium.

[00022]  Arriving at the above listed medium additives followed the methodical tesﬁng of
over 80 individﬁal growth factors. While some of the additives seemed, at Teast fora few -
passages, to support in the growth of human ES cells in culture, many failed in subsequent
" passages to maintain the ES cells in an undifferentiated state. We were did not identify other
combinaﬁoils of these factors Whicﬁ gave the resulis of the media additives described inthe .
examples below. This is ot to say the constituents are not subject to some variation. For
example, the LiCl is used in the medium because it stimulates the wnt pathway. Wnts
themselves or other sﬁxﬁtﬂators of this pathway such as activin could be substituted as
equivalents to LiCl, even though LiCl is the likely the most economical agent for this purpose.
Similarly, the GABA is believed to interact with the GABA receptor, and the scientific literature
includes the identification of several molecules which are agonists of that same receptor and -
might be 'substi__mted for GABA in the medium as an equivalent. It is also believed that PA also
interacts with the GABA regeptor. While both PA and GABA were found to be helpful in the
medium at the concentrations used here, it is also envisioned that one or the other of these
constltucnts could be dramatically mcreased in concentration to obviate the need for the other.
[00023] The fibroblast growth factor in higher concentrations (40 to 100 ng/ml) seems to
obviated the need for feeder cells. The preferred FGF is basic FGF. , also referred to as bFGF and
FGF2, but othef FGFs including at least FGF4, FGF9, FGF17 and FGF18 will suffice for this
purpose as well. Other FGFs may also work, even if at higher concentrations.
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[00024] The observation that human embryonic stem (ES) cell cultures have previously
been maintained in an undifferentiated state only when cultured in the presence of fibroblast
" feeder cells or in conditioned medium has led to speculation that the fibroblasts release info the
medium a factor which acts to inhibit differentiation of the ES cells. However, whatever effect '7
that is mediated by the fibroblast feeder cells to the medium, it is now clear that the medium
described below will substitute for that effect. The three media defined below are defined,
' contam no animal cel]s and permit the long term culture of undifferentiated buman ES cells in an
undlfferenuated state. An example is also presented of a medium in which the proteins in the
medinm are all human, to have a “iymanized” medium and culture conditions io avoid any
:possible concerns about sub-cellular products of animal origin.

[00025] ~ EXAMPLES

[00026} - The conshments of TeSR1 medlum which was used for aIl cultures described
bere unless otherwise mdlcated, is set forth in Table 1 below. Our prehnnnary expertments
suggested that undifferentiated human ES cell proliferation was optimal at a pH of 7.2, an
dsniolarity of 350 mOsMol, and an atmosphere of 10%C0,/5%0;. These conditions were used
for all subsequent cultures describéd here. |

[00027] Cells of human. ES lines H1, H7, HY, and H14 cells have all proliferated robustly
in TeSR1 for 11, 7- 25, and 17 passages respectively (2-6 months). The karyotypes were |
confirmed normal for cell line H14 after 7 passages, and H9 afier 8 and 21 passages. Teratoma
formatlon was conﬁrmed for H1 and HO after 11 and 20 passages

[00028] Tt has been suggested that prior ES cell cultures are less than optimal because of
the presence of Neu5Ge, a sialic acid not made by humans. Because the human matrix
components collagen, fibronectin, laminin and vitronectin -elimitlatedrthc final animal product
from the TeSR1 culture conditions for hu_nﬁan ES ceIls; we tested whether Neu5Gce was
eliminated from existing human ES cell lines during culture in this medium, We confirmed the

- presence of Neu5Gc on human ES cells cultured in fibroblast conditioned medium, detected a

* reduced but detectable amount on cells cultured in TeSR1 on Matrigel, and could not detect any
Neu5Ge on ES cells cultured in TeSR1 using the four human matrix components. These data are
illustrated in Fig. 2. Thus human ES cells cuttured on TeSR1 and on a matrix of human proteins
do not exhibit the non-human sialic acid residues found in cells cultured on murine feeder cells.
[00029] To test the conditions of the ES cell colonies and the suitability of the culture for
the long term maintenance of human ES cell culﬁrres, the TeSR1 medium was compared to the
best prior medium bondiﬁoﬁ, which in ours hands is the use of conditioned medium. It was

found that the TeSR1 medinm was capable of maintaining the human ES cells in such an

-
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long term culiure. The resulis of this test are presented in the graph of Fig. 3. This represents the
first instance known in which any feeder free and conditioned medium free medium has
mamtamed alevel of undlﬂ'erentlated growth of human ES cells to the extent that over 90% of
the cells in the culture remain undifferentiated af all stages
[00030} The growth curve and FACS analysis of H1 cells cultured for 3 ﬁassages was
measured in TeSR1 medium and in TeSR medium from which each the following components
had been omitted: TGFg, PA, LiCl, GABA and bFGF. To start the cultures, 3 X 10° cells from
each cell line were plated on Day 0 of passage 1. Cell numbers were counted from triplicate
wells to a#sess attachment (day 2-3) and final cell number at passage {day 6-7). Initial plating
density and sampling tmmes were repeated, When possible, for 5 passages. -Cells were analyzed
on day 6 of passage 3 by FACS for cell surface markers SSEA1, SSEA4, Tra 1-60 and Tra 1-81
and for the transcription factor Oct4. This data is presented graphically in Fig. 1. These data
show that human ES cells can be cultured in media lacking each of these components at the cost
- of some unwanted differentiation of cells in the culture, and that the highest level of
undlﬂ‘erentlated culture could only be achieved by usmg all of these. ccmponents Smﬁlar results |
were obtained w1th other cells lines as well. .
[00031] The pluripotency of human ES cell lines maintained in TeSR1 medium was tested.
Cells of newly initiated cell lines WAO1 and WAO9 cultured in TeSR1 Medium on Matugel
matrix for 11 and 20 passages, respectively were injected into SCID-beige mice. Teratomas
exhlbltmg complex differentiation developed in the mice 6-8 weeks post~1noculat10n.

-8-
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CLAIMS

L. A method for culturing human embryonic stem cells in an undifferentiated stafe' on a
matrix without the need for feeder cells or conditioned medlum the method comprising the step of:

culturing the human embryomc stem cells on a matrix that comprises a solubulized basement
membrane preparation extracted from the Engelbreth-Holm-Swarm mouse sarcoma or a matrix that
comprises human matrix proteins collagen IV, fibronectin, laminin, and vitronectin in a medium absent
feeder cells and conditioned medla the medium comprising salts, v1tamms amino acids, glucose, a
fibroblast growth factor, and at least one member selected from gamma amino butyric acld pipecholic
ELCld, lithiam or activin and transforming growth factor beta, in sufficient amounts (o maintain the human

stem cells in an undifferentiated state through multiple successive culture passages.

2. The method of claim 1 wherein the medium includes the fibroblast growth factor in a

concentration of at feast 40 ng/ml.

3'. The method of claim 1 wherein the medium also eompnses a u'ansferrm ora transfemn

substltute and insulin or an insulin substltute

4. A method of culturing human stem ceils in an undifferentiated state on a matrix without

the need for feeder ceﬂs or conditioned medium, the method eomprlsmg the step of: | _ '
culturmg the human embryonic stem cells on a matrix that comprlses a solubulized
basement membrane preparation extracted from the Engelberth-Holm-Swarm mouse sarcoma or & matrix
that comprises human matrix proteins collagen IV, fibronectin, laminin, and vitronectin in a- medium
" absent feeder cells and conditioned media, the medium comprising salts, vitamins, amino acids, glucose, a
fibroblast growth factor, gamma amino butyric acid, pipecholic acid, lithium or activin, and transforming
growth factor beta, in sufficient amounts to maintain the human stem cells in an undifferentiated state
wherein at least 90% of the cells in culture are positive for the ﬁanseription factor Oct4 through the

multiple successive culture paséages. o
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5. In a method of culturing human embryonic stem cells on a matrix that comprises a
solubilized basement membrane preparation extracted from the Engelbreth-Holm-Swarm mouse sarcoma

or a matrix that comprises human matrix proteins collagen IV, fibronectin, Jaminin, and vitronectin and

~in a medum including salts, vitamins, amino acids, and a fibroblast growth factor, the improvement

compr.ising' adding to the medium at least one ‘member selected from gamma amino butyric acid,
pipecholic acid, lithium or activin, and transforming growth factor beta in an amount sufficient to

maintain the cells in an undifferentiated state through multiple successive culture passages.

6. An in vitro cell culture comprising in a culture vessel:
“human embryonic stem cells;
-a matrix, wherein the matrix cofnprises a solublized basement membrane preparation

extracted from the Engelbreth-Holm-Swarm mouse sarcoma or the human matiix proteins collagen IV,

_ fibroneciin, laminin and vitronectin; and

a culture medium, the culture medium comprising salts, vitamins, amino acids, glucose, a
fibroblast growth factor, and at least one member selected from garnma amino butyric acid, pipecholic
acid, lithium or activin and transforming growth factor beta in sufficient amounts to maintain the human

stem cells in an undifferentiated state through multiple culture passages, the medium being free of feeder -

- cells and never having been exposed to feeder cells.

7. A cell culture as claimed in claim 6 wherein the medium comprises the fibroblast growth

factor in a concentration of at least 40 ng/ml.

11a



-

444- 4.4 3+b 0.0 -1 4- 0.3 124- 6.7 34- OS 14
4, . .7 34- - 05
34 0.0 542-0.8 3+1 0.0 14702 324 34 34- 0.0 14.

03 3+/- 0.0, 4 3+1-00 1+1-02 15 -
03 ot 2 54. 12 34- ao 14- 02.

8 A cell culture as claimed in claim 6 wherein the medium comprises the fibroblast growth

factor in a concentration of at least 100 ng/ml.

9. A cell culture as claimed in claim 6 wherein the medium further comprises proteins

selected from albumin, insulin or an insulin substitute and a transferrin or a transferrin substitute.

10. A cell culture as claimed in claim 9 wherein the insulin and transferrin are
recombinani proteins. '
1. Aninvitro cell culture comprising in a culture vessel:

human embryonic stem cells;

a matrix, wherein the matrix compnses a solublized basement membrane preparatmn
extracted from the Engelbreth—Holm—Swarm mouse sarcoma or the human matrix proteins
collagen IV, fibronectin, laminin, and vitronectin; and

a culture medium, the cuiture medium comprising salts, vitamins, amino acids, glucose,
fibroblast growth factor, gamma amino butyric acid, pipecholic acid, lithium or activin, and
transforming growth factor beta in sufficient amounts to mamtam the human stem cells in an

- undlfferenhated state, wherein at least 90% of the cells in culture are p051t1ve for the transcription
factor Oct4 through multiple culture passages, the medium being free of feeder cells and never

having been exposed to feeder cells.

12 A culture of human embryonic stem cells curupﬁsing Vundifferentiated human stem cells,

a matrix that comprises the human matrix proteins collagen IV, fibronectin, laminin, and vitronectin and a

- culture medium, the culture free of feeder cells and medium exposed to feeder cells, the medium also free

of products from non-human animals, the human embryomc stem cells proliferating in an undifferentiated

state and wherei at least 90% of the ceils in culture are positive for the transcription factor Oct4 through

prolonged culture.

3. A culture of human embryonic stem cells as claimed i in claim 13 wherein th_e. cells do not

exhlblt the Sla.llc acid remdue NeusGe.
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14. A medium for culturing human embryonic stem cells, the medium comprising salts,
vitamins, amino acids, glucose, a fibroblast growth factor, and at least one member selected from gamma
amino butyric acid, pipecholic acid, lithjum or activin and transforming growth factor beta in sufficient

amounts o maintain stem cells grown in the medium in an undifferentiated state through multiple

culture passages.

15. The medium of claim 14, wherein the medium further comprises proteins selected from

albumin, insulin and transferrin.

16. The medium of claim 14, wherein the medium is free of préducts from non-human

animals.

17, Ina method of culturing human embryonic stem cells on a matrix that comprises a
solublized basement membrane preparati'on extracted from the Engelbreth-Holm mouse sarcoma or a
matrix that comprises huxﬁan matrix proteins collagen IV, fibronectin, laminin, and vitronectin and in a
medium including salts, vitamins- amino acids, and a ﬁbroblast growth factor, the improvement
comprising adding to the medlum an amount of gamma amino butyric acid, pipecholic acid, lithium or
activin, and transforming growth factor beta in an amount sufficient to maintain the cells in an
undifferentiated state, wherein at least 90% of the cells in culture are positive for the transcription factor

Oct4 through multiple successive culture passages.

18. - A medium for culturing human embryonic stem cells, the medium comprising salts,
vitamins, amino acids, glucose, a fibroblast growth factor, gamma amino butyrlc acid, pipecholic acid,
lithium or activin and transforming growth factor beta in sufficient amounts to maintain cells grown mn
the medium in an undifferentiated state wherein at Ieast 90% of the cells in culture are positive for the

transcription factor Octd through multiple culture passages.
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