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Self-renewing Endodermal Progenitor Lines Generated from

Human Pluripotent Stem Cells and Methods of Use Thereof

This application claims priority to US Provisional Application No. 61/500,442 filed
June 23, 2011. The entire contents being incorporated herein by reference as though set forth
in full.

Field of the Invention

This invention relates to the fields of cell based and transplantation therapies. More
specifically, the invention provides optimized growth conditions for the generation of
endodermal progenitor cells obtained from human embryonic and induced pluripotent stem

cells.
Background of the Invention

Several publications and patent documents are cited throughout the specification in
order to describe the state of the art to which this invention pertains. Each of these citations
is incorporated herein by reference as though set forth in full.

Human pluripotent stem cells (PSCs), including embryonic stem cells (ESCs) and
induced pluripotent stem cells (iPSCs), hold tremendous promise for both basic biology and
cell based therapies due to their unlimited in vitro proliferation capacity and their potential to
generate all tissue types (Murry and Keller 2008; Stadtfeld and Hochedlinger et al., 2010).
Upon in vitro differentiation, these stem cell populations recapitulate early embryonic
development, giving rise to a spectrum of mature cell types (Murry and Keller 2008).

During embryogenesis, the blastocyst inner cell mass gives rise to an epithelial
population known as the epiblast. These cells traverse the primitive streak during
gastrulation, giving rise to mesoderm and definitive endoderm (DE) (Lu et al., 2001). The
epithelial sheet of nascent DE then folds to form the primitive gut tube consisting of three

major domains along the anterior-posterior axis: the foregut, midgut and hindgut. These
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domains are further refined into specific regions from which the rudiments of various
endodermal organs bud (Zorn and Wells, 2009). The foregut eventually gives rise to
esophagus, trachea, lungs, thyroid, parathyroid, thymus, stomach, liver, biliary system and
pancreas, while the midgut and hindgut form the small intestine and colon.

Endoderm-derived tissues, including liver and pancreas, are potentially useful for cell
replacement therapies. It is possible to generate DE and its derivative lineages from PSCs in
vitro through sequential exposure to cytokines that mimic embryonic morphogenesis. In this
fashion, hepatic, intestinal and pancreatic cells can be produced from ESCs and iPSCs
(D’Amour et al., 2006; Gouon-Evans et al., 2006; Basma et al., 2009; Spence et al., 2011).
While these studies highlight the promise of PSC-derived endodermal tissues for
transplantation therapies, several obstacles remain. Endodermal cells generated from PSCs
tend to display immature phenotypes and in many instances are not fully functional. For
example, most pancreatic B-cells currently generated in vitro from human ESCs are poly-
hormonal and not glucose responsive (D’ Amour et al., 2006; Nostro et al., 2011). In
addition, the pluripotent nature of ESCs and iPSCs results in production of multiple cells
types from different germ layers in most differentiation protocols. Thus, it is difficult to
produce pure mono-lineage cultures of a desired cell type from PSCs (Murry and Keller,
2008). Finally, undifferentiated ESCs and iPSCs are tumorigenic and therefore, must be
completely removed from their derivative tissues to be used for transplantation (Hentze et al.,
2009).

It is an object of the present invention to provide and culture and isolation methods

that avoids these limitations.

Summary of the Invention

In accordance with the present invention, a method is provided for the production of
functional, non-tumorigenic, self-renewing endodermal progenitor (EP) cells. An exemplary
method comprises contacting stem cells with Activin A in serum free differentiation medium
thereby inducing formation of definite endoderm (DE) cells. The stem cells may be
embryonic stem cells or induced pluripotent stem cells. The DE cells so produced are then
cultured in a defined medium under low oxygen conditions in the presence of BMP4, VEGF,
bFGF, and EGF on plates coated with a substrate and optionally a fibroblast feeder layer for a

suitable period, thereby producing EP cells. In an alternative approach, the cells so treated
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can be incubated with a TGF-beta inducing agent, thereby producing EP cells. The EP cells
so produced express SOX17, FOXA2, and HNF4A and lack OCT4 or NANOG expression.
In yet another embodiment of the invention, the EP cells are induced to differentiate
into endodermal tissues, which include for example, liver tissue, pancreatic tissue or
intestinal tissue.
Pancreatic tissues produced using the methods of the invention are functionally
responsive to chemical depolarization with KC1 and also responsive to stimulation with D-

glucose. Intestinal tissues produced exhibit CDX2, KLF5, and LYZ expression.

Brief Description of the Drawings

Figure 1. A Putative Definitive Endoderm Progenitor Population is Identified in
Differentiation Cultures from Human ESCs. The human ESC line H9 was differentiated
towards the hepatic lincage. (A) Phase contrast image of a culture maintained for 4 weeks
shows two distinct types of populations (Differentiated vs. Progenitor). The scale bar
represents 100 um. Image was captured with 20X objective. (B) Colony types indicated in A
were manually picked and pooled into groups, and gene expression was analyzed by
quantitative real-time RT-PCR, comparing to undifferentiated ESCs. (Abbreviations- ES:
embryonic stem cells; Diff: differentiated cells; Prog: progenitor colonies) The expression of
indicated genes is shown normalized to the housekeeping gene CYCLOPHILIN. Values
represent the mean of three individual pools of each population. Error bars represent the
standard errors. (C) Cultures were assayed for CD117 (KIT) versus CXCR4, SOX17 versus
FOXAI, and SOX17 versus CXCR4 by flow cytometry in three separate stains.

Figure 2. Purification and Maintenance of Endodermal Progenitor Cells. (A) Cultures
containing endoderm progenitors as in Figure 1 were sorted based upon CXCR4 expression.
Gene expression was analyzed by QRT-PCR. CXCR4+ cells were cultured as in Figure 1 and
after 1 or 3 passages, cultures were assayed for SOX17 versus FOXA1 expression by
intracellular flow cytometry. (B) EP cell lines are established by sorting definitive endoderm
(CXCR4+CD117high) cells from day 5 of human ESC differentiation cultures induced with
high levels of Activin A, and culturing the cells in optimized conditions (see text). Images
show typical morphology of EP cell colonies (H9-EP), captured using 10X and 20X
objectives. (C) EP cell lines derived from H9 ESCs or iPSCs were cultured and cell growth

analyzed by cell count at each passage. Left panel: graph shows relative cell growth over time
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(Square: iPSC2 derived EP cell line; Circle: H9 derived EP cell line). Right panel: SOX17
versus FOXAT1 expression by intracellular flow cytometry after either 24 (H9-EP) or 20
passages (iPSC2-EP).

Figure 3 . Karyotype of EP cells. (A-B) Karyotypes of H9-EP cell line, passages 3 and 18.
(C-D) Karyotypes of iPS2-derived EP cell line, passage 7 and 14.

Figure 4. Cytokine Requirements and Critical Signaling Pathways for EP Cell
Maintenance and Differentiation. (A-B) To establish the requirement of BMP4, bFGF,
VEGF and EGF in maintaining EP cells, 4x10* cells were cultured on matrigel with a MEF
feeder layer in 12-well plates for a week in various media conditions as indicated. In each
condition, one of the four cytokines was omitted or inhibitors of signaling pathways were
added. The H9-EP cell line was grown for 1 week in optimal EP Basic Media (BASIC) or in
the absence of BMP4, or bFGF or VEGF. (A) Flow cytometric analyses of SOX17 versus
PDX1, or SOX17 versus FOXA1 are shown. (B) Graph shows total cell number of cells after
7-day expansion under various media conditions as indicated. — indicates withdrawal;

+ indicates addition. (C-D) To evaluate the role of TGF signaling in EP cell maintenance

and differentiation, the small molecule inhibitor SB431542 was added to EP media. (C) H9-
EP cells were cultured in normal EP media (BASIC) or in EP media supplemented with
SB431542 (6 M) either in the presence (+SB) or the absence of BMP4 (- BMP+SB). Cells
were harvested at day 6. Flow cytometric analyses of SOX17 versus FOXA1 are shown. (D)
H9-EP cells were cultured in the presence (SB, red circles) or the absence (BASIC, blue
squares) of SB431542 for 3 passages and cell growth analyzed by cell counts at each passage.
Graph shows relative cell growth over time. (E) To assess the impact of TGF inhibition in EP
cells upon pancreatic differentiation, H9-EP and iPS2-EP cells were cultured in the presence
of SB431542 for 5 days, and were then differentiated into pancreas. Cells were harvested at
day 14 of differentiation, and were compared to those derived from SB-untreated group

(BASIC). Flow cytometric analyses of C-peptide versus Glucagon are shown.

Figure 5. Gene Expression Microarray Analyses of EP cells Compared to ESCs and
Transient Definitive Endoderm. (A-C) Purified ESCs (sorted SSEA3"" SSEA4™e"),
transient endoderm (day 5 high Activin treated, sorted CXCR4™€" CD117"#") and EP cells
(sorted CXCR4"E" CD117"€") were analyzed using gene expression microarrays.
Abbreviations- TO: ESCs; TS5: transient endoderm; EPC: EP cells) (A) ESC, transient

endodermal cell and EP cell global expression profile clustered by dendrogram. (B) Principal
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component analysis of populations in A. (C) Heat map expression levels of genes related to
pluripotency, primitive streak/mesendoderm, definitive endoderm and cell surface markers.
(D) Quantitative RT-PCR confirmation of a subset of genes examined in C. Expression levels
were normalized to 1 in ESC for pluripotency genes, transient endoderm for primitive streak

genes and EP cells for definitive endoderm genes, respectively.

Figure 6. Hepatic Differentiation of Endodermal Progenitor Cells in vitro. (A-C) Cells
from the H9-EP line and from one single cell-derived sub-clone (Clone 2) were differentiated
into hepatocytes as indicated, and were harvested for analyses at days 14, 20, and 27 (T14,
T20 and T27). (A) Gene expression was analyzed by QRT-PCR on samples harvested at
three time points from H9-EP and Clone 2 lines, comparing to undifferentiated EP cells (TO0).
The expression of indicated genes is normalized to the housekeeping gene CYCLOPHILIN.
Values represent the mean of three independent differentiation experiments. Error bars
represent the standard error. (B) Flow cytometry analyses of AFP versus FOXA1, AAT
versus FOXA1 or ASGPRI1 versus CXCR4 at day 20 of differentiation, comparing to
undifferentiated EP cells (TO EPC). Percentage of cells within each quadrant is indicated.
Shown are the representative data from H9-EP (passage 10) and Clone 2 EP (passage 6) cells.
(C) To assess CYP3A4 activity of EP cell-derived hepatocytes, H9-EP cells (passage 15)
were differentiated into hepatocytes for 24 days and then cultured in the presence
(Rifampicin) or absence (DMSO) of Rifampicin for 3 days, and compared to HepG2 cells.
Values represent means of measured luminescence units normalized to 6X104 cells, and error

bars represent SE (n=3).

Figure 7. Pancreatic Differentiation of Endodermal Progenitor Cells In Vitro. (A-D)
Cells from the H9-EP cell line (passages 6-12) and from one single cell-derived sub-clone
(clone 2) (passages 5-11) were differentiated into pancreatic cells as indicated in the text.
Cells were harvested for analyses at day 12 (T12) to day 18. (A) Immuno-fluorescence
staining of human islets (Islet) and day 14 EP-cell derived pancreatic cultures (EP) for c-
peptide (red) and Glucagon (green) or PDX1 (green). Scale bars represent 100 um. (B)
Intracellular flow cytometric analyses of C-peptide versus GLUCAGON and c-peptide versus
SOMATOSTATIN at day 12 of differentiation. (C) Gene expression was analyzed by QRT-
PCR on samples harvested at day 18 of differentiation and compared to adult islets. The
expression of indicated genes is normalized to 1 in islets. Values represent the mean of three
independent differentiation experiments or two batches of adult islets. Error bars represent

the standard error. (D) The percentage of c-peptide+ cells that co-express either SST or GCG
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was quantified. Data are shown for endocrine cells generated from EP cells (H9-EP, n=12;
and iPS2-EP, n=5) and directly from H9 ESCs (ESC, n=4). (E) Intracellular flow cytometric
analyses of c-peptide expression, gated on c-peptide+ cells from day 12 EP cell-derived
pancreatic cultures (blue histogram) and from human islets (red filled histogram). The values
shown are mean fluorescence intensity of ¢-peptide in H9-EP derived cells (blue, n=6) and
human islets (red, n=2). (F) The H9-EP cells were differentiated into B-cells and stimulated
with D-glucose at 2 mM (Basal) or 20 mM (Glucose) at day 14, and were compared to adult
islets. C-peptide release was measured at various time points (5, 10, 15, 20 and 40 minutes)
(H9-EP, n=3; islets, n=2; error bars represent the standard error). Asterisk indicates statistical

significance as determined by #-test, P=0.022).

Figure 8. Hepatic Differentiation of Various EP Cell Lines. (A) Phase contrast image of
day 20 hepatic differentiation cultures of H9-EP cells, captured using 20X objective, scale
bar = 100 m. (B) Gene expression was analyzed by QRT-PCR on samples harvested at three
time points from two EP cell lines (H9-EP and clone 1), compared to undifferentiated EP
cells (TO). The expression of indicated genes is normalized to the housekeeping gene PPIG.
Values represent the mean of three independent differentiation experiments. Error bars
represent the standard error. (C) Flow cytometry analyses of AFP versus FOXA1, and AAT
versus FOXAT1 at day 20 of differentiation from H9-EP Clone 1, and from two iPS-EP (iPS1
and iPS2) and Liver-derived EP cell lines (passage 8, passage 7, passage 15 and passage 10,
respectively), compared to undifferentiated EP cells (TO EPC). Percentage of cells within
each quadrant is indicated. (D) To assess CYP3A4 activity of EP cell-derived hepatocytes,
iPS2-EP cells (passage 12) were differentiated into hepatocytes for 24 days and then cultured
in the presence (Rifampicin) or the absence (DMSO) of Rifampicin for 3 days, and were
compared to HepG2 cells. Values represent means of measured luminescence units

normalized to 6 x 104 cells, and error bars represent SE (n=3 independent experiments).

Figure 9. Pancreatic Differentiation of Various EP Cell Lines In Vitro. Cells from H9
Clone 1, iPS1-EP, iPS2-EP and Liver-derived EP cell lines (passage 8, passage 7, passage 12
and passage 10, respectively) were differentiated into pancreatic cells as indicated in the text.
Cells were harvested for analyses between day 10 (T10) and day 14 (T18). (A) Intracellular
flow cytometry analyses of PDX1 versus SOX17, PDX1versus FOXA1, c-peptide versus
GLUCAGON and c-peptide versus SOMATOSTATIN at days 10 to 14 of differentiation,
compared to undifferentiated EP cells (TO EPC). Percentage of cells within each quadrant is

indicated. (B) Intracellular flow cytometry analysis of adult islets for C-peptide versus

6
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GLUCAGON and isotype control antibodies. (C) Kinetics of gene expression. Gene
expression was analyzed by QRT-PCR on H9-EP, clone 1 and clone 2 samples harvested at
days 10 and 14 of differentiation, compared to undifferentiated EP cells (T0). The expression
of indicated genes is normalized to the housekeeping gene PPIG. Values represent the mean
of four independent differentiation experiments. Error bars represent the standard error. (D)
iPS2-EP cells were differentiated into beta cells and stimulated with D-glucose at 2mM
(Basal) or 20mM (Glucose) at day 14, and then compared to adult islets. C-peptide release
was measured at various time points (5, 10, 15, 20 and 40 min)(iPS2-EP, n=3; adult islets,
n=2; error bars represent the standard error). Asterisk indicates statistical significance as

determined by #-test, P=0.023.

Figure 10. Intestinal Differentiation of Endodermal Progenitor Cells In Vitro. Cells
from the H9-EP line (Passages 6, 9 and 12) and from the two single cell-derived sub-clones
(Clone 1, passages 6, 7 and 9; Clone 2, passages 5, 6 and 8) were differentiated into intestinal
organoids and harvested at day 30. (A) Phase contrast images showing typical intestinal
organoid morphology at day 30 of culture, captured using 20X objective. (B) Gene
expression was analyzed by QRT-PCR on (H9-EP, Clone 1 and Clone 2), comparing to
undifferentiated EP cells (TO EPC) and adult intestinal cDNAs. The expression of indicated
genes 1s normalized to the housekeeping gene PPIG. Values represent the mean of three
independent differentiation experiments. Error bars represent the standard errors. (C)
Intracellular flow cytometry analyses for CDX2 at day 30 of differentiation, comparing to
undifferentiated EP cells (TO EPC) and human intestinal tumor cell lines CACO2. Percentage

of positive cells is indicated.

Figure 11. Neuroectoderm and Mesoderm Induction of EP Cells. To evaluate the latent
potential of EP cells to differentiate into neuroectoderm or mesoderm, H9-EP cells (passage
5) and H9 ESCs were induced with conditions established for promoting hESC differentiation
towards either neuroectoderm or mesoderm. Gene expression was analyzed by QRT-PCR on
samples harvested at two time points (days 4 and 8 for neuroectoderm differentiation; days 1
and 4 for mesoderm differentiation), and were compared to undifferentiated ES (ES) and EP
(EP) cells. The expression of indicated genes is normalized to the housckeeping gene PPIG.
Values represent the mean of three independent differentiation experiments. Error bars

represent the standard error.
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Figure 12. Tumor Potential and Spontaneous Differentiation of Endoderm Progenitor
Cells in vivo. (A) To determine if EP cells retain teratoma forming potential, 0.5 million H9
ESCs or H9-EP cells were transplanted intramuscularly into immune compromised mice.
Images show teratoma formation in a mouse injected with ESCs (ES, left panel) and lack of
tumor formation in a mouse injected with EP cells (EP, right panel). (B) A summary of
teratoma-forming ability of pluripotent stem cells (ES/iPSC), day 5 (T5) transient endoderm,
ESC-derived day 20 hepatocyte cultures (ES-derived hepatocytes); EP cells (EPC) and EP
cell-derived day 9 hepatocyte cultures (EPC-derived hepatocytes). For transient endoderm,
both bulk cultures and CXCR4+CD117high sorted cells were used for transplantation. (C-F)
Analyses of EP cell transplants. 8 to 10 million EP cells mixed with matrigel were injected
subcutaneously into immune deficient mice, and the resultant matrigel plugs were isolated 3-
12 weeks post-transplantation. Scale bars represent 100 um. (C) Sections of matrigel plugs
were stained with hematoxylin and eosin. Shown are endoderm-like structures at lower (10X,
left panel) and higher magnifications (20X, right panel). (D) Immunohistochemistry using an
anti-human antibody reveals human cell-derived endodermal structures surrounded by non-
human mesenchyme and adipocytes. (E) Immunohistochemistry for intestinal markers reveals
gut/intestinal structures in the matrigel plug. (F) Immunohistochemistry for hepatocyte

markers in the matrigel plug.

Detailed Description of the Invention

The use of human pluripotent stem cells for laboratory studies and cell-based
therapies is hampered by tumor forming potential and limited ability to generate pure
populations of differentiated cell types in vitro. To address these issues, we established
endodermal progenitor (EP) cell lines from human embryonic and induced pluripotent stem
cells. Optimized growth conditions were established that allow near unlimited (>10"°) EP cell
self-renewal while displaying a morphology and gene expression pattern characteristic of
definitive endoderm. Upon manipulation of culture conditions in vitro or transplantation into
mice, clonally-derived EP cells differentiate into numerous endodermal lineages including
mono-hormonal gluco-seresponsive pancreatic beta cells, hepatocytes and intestinal epithelia.
Importantly, EP cells are non-tumorigenic in vivo.

Human embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs) offer

tremendous potential for both basic biology and cell based therapies for a wide variety of
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diseases due to their ability to be expanded in vitro along with their potential to differentiate
into any cell type in the body. Differentiation of ES/iPS cells appears to mimic the process of
development that occurs during embryogenesis. These stem cell populations proceed down
developmental intermediaries with successively restricted potential until mature cell types are
generated. First the primary germ layers are formed, mesoderm, endoderm, and ectoderm
that then further mature into derivative cell types. Two endodermal derived tissue types that
are especially appealing for stem cell replacement therapies are B cells of the pancreatic islet
and hepatocytes to treat type I diabetes and liver disease respectively. Currently, there is a
critical shortage of both islets and livers for use in transplant settings. For human ESCs or
iPSCs to be utilized for cellular therapies two hurdles need to be overcome: (1) Safety issues
due to tumor formation from ESCs/iPSCs. Even a small contamination of undifferentiated
ESCs or iPSCs in the transplanted tissue runs the risk of tumor formation. (2) The ability to
generate mature functional tissue types for transplant is currently limited due to the necessity
to differentiate ESCs through all stages of development.

To address both of these issues, we have defined culture conditions that can generate
self-renewing endoderm progenitor (EP) cell lines from human ESCs and iPSCs. First, ESCs
or iPSCs are induced to form definitive endoderm via treatment with Activin A in defined
serum free media. The definitive endoderm cells are then grown in low oxygen conditions
with BMP4, VEGF, bFGF, and EGF on a matrigel coated plates in serum free media. Using
these conditions, EP cells can be established and maintained in culture for at least several
months with a proliferative potential of >10 million fold. These lines are similar to ESCs in
that they can be expanded in vitro and differentiate into endodermal cell types. These cells
express markers indicative of endoderm differentiation such as SOX17, FOXA2, and HNF4A
while they do not express genes typically found in ESCs or iPSCs such as OCT4 or NANOG.
In addition, EP cells do not have the tumor forming ability that ESCs or iPSCs do when
transplanted into immune deficient mice. The induction of mature endodermal tissues from
EP cells should be more efficient as EP cells have already been specified to the endodermal
germ layer and are thus, developmentally closer to mature endodermal-derived tissue types
such as pancreas or liver. We have shown that EP cells have the ability to generate
hepatocytes and pancreatic cells in vitro. These cell lines will serve as an excellent source of
starting material to study the inductive signals necessary for the specification of mature

endodermal-derived cell types.
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To summarize, we have found the culture conditions to generate EP cells that have the
advantage of ES cells or iPS cells in that they can be expanded in culture and differentiate
into endoderm derived cell types while lacking the tumor forming potential of ES or iPS cells
obtained using methods in the prior art. As EP cells can be produced from any ESC or iPSC
line, generation of patient or disease specific EP cell lines should be straight forward an offer
a more robust platform for drug testing and as a source of tissue for cellular therapies.

The following definitions are provided to facilitate an understanding of the present

invention:

“Multipotent” implies that a cell is capable, through its progeny, of giving rise to
several different cell types found in the adult animal.

"Pluripotent” implies that a cell is capable, through its progeny, of giving rise to all
the cell types which comprise the adult animal including the germ cells. Both embryonic
stem and embryonic germ cells are pluripotent cells under this definition.

The term “autologous cells" as used herein refers to donor cells which are genetically
compatible with the recipient.

The term "totipotent” as used herein can refer to a cell that gives rise to a live born
animal. The term "totipotent” can also refer to a cell that gives rise to all of the cells in a
particular animal. A totipotent cell can give rise to all of the cells of an animal when it is
utilized in a procedure for developing an embryo from one or more nuclear transfer steps.
Totipotent cells may also be used to generate incomplete animals such as those useful for
organ harvesting, ¢.g., having genetic modifications to eliminate growth of an organ or
appendage by manipulation of a homeotic gene. Additionally, genetic modification rendering
oocytes, such as those derived from ES cells, incapable of development in utero would ensure
that human derived ES cells could not be used to derive human oocytes for reproduction and
only for applications such as therapeutic cloning.

The term "cultured" as used herein in reference to cells can refer to one or more cells
that are undergoing cell division or not undergoing cell division in an in vitro environment.
An in vitro environment can be any medium known in the art that is suitable for maintaining
cells in vitro, such as suitable liquid media or agar, for example. Specific examples of
suitable in vitro environments for cell cultures are described in Culture of Animal Cells: a
manual of basic techniques (3.sup.rd edition), 1994, R. 1. Freshney (ed.), Wiley-Liss, Inc.;
Cells: a laboratory manual (vol. 1), 1998, D. L. Spector, R. D. Goldman, L. A. Leinwand

10
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(eds.), Cold Spring Harbor Laboratory Press; and Animal Cells: culture and media, 1994, D.
C. Darling, S. J. Morgan John Wiley and Sons, Ltd.

The term "cell line" as used herein can refer to cultured cells that can be passaged at
least one time without terminating. The invention relates to cell lines that can be passaged
indefinitely. Cell passaging is defined hereafter.

The term "suspension" as used herein can refer to cell culture conditions in which
cells are not attached to a solid support. Cells proliferating in suspension can be stirred while
proliferating using apparatus well known to those skilled in the art.

The term "monolayer" as used herein can refer to cells that are attached to a solid
support while proliferating in suitable culture conditions. A small portion of cells
proliferating in a monolayer under suitable growth conditions may be attached to cells in the
monolayer but not to the solid support.

The term "plated" or "plating" as used herein in reference to cells can refer to
establishing cell cultures in vitro. For example, cells can be diluted in cell culture media and
then added to a cell culture plate, dish, or flask. Cell culture plates are commonly known to a
person of ordinary skill in the art. Cells may be plated at a variety of concentrations and/or
cell densities.

The term "cell plating” can also extend to the term "cell passaging." Cells of the
invention can be passaged using cell culture techniques well known to those skilled in the art.
The term "cell passaging” can refer to a technique that involves the steps of (1) releasing cells
from a solid support or substrate and disassociation of these cells, and (2) diluting the cells in
media suitable for further cell proliferation. Cell passaging may also refer to removing a
portion of liquid medium containing cultured cells and adding liquid medium to the original
culture vessel to dilute the cells and allow further cell proliferation. In addition, cells may
also be added to a new culture vessel which has been supplemented with medium suitable for
further cell proliferation.

The term "proliferation” as used herein in reference to cells can refer to a group of
cells that can increase in number over a period of time.

The term "permanent” or "immortalized" as used herein in reference to cells can refer
to cells that may undergo cell division and double in cell numbers while cultured in an in
vitro environment a multiple number of times until the cells terminate. A permanent cell line
may double over 10 times before a significant number of cells terminate in culture.
Preferably, a permanent cell line may double over 20 times or over 30 times before a

significant number of cells terminate in culture. More preferably, a permanent cell line may
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double over 40 times or 50 times before a significant number of cells terminate in culture.
Most preferably, a permanent cell line may double over 60 times before a significant number
of cells die in culture.

The term "reprogramming" or "reprogrammed" as used herein may refer to materials
and methods that can convert a cell into another cell having at least one differing
characteristic.

The term "isolated" as used herein can refer to a cell that is mechanically separated
from another group of cells. Examples of a group of cells are a developing cell mass, a cell
culture, a cell line, and an animal.

The term "embryonic stem cell" as used herein can refer to pluripotent cells isolated
from an embryo that are maintained in in vitro cell culture. Such cells are rapidly dividing
cultured cells isolated from cultured embryos which retain in culture the ability to give rise,
in vivo, to all the cell types which comprise the adult animal, including the germ cells.
Embryonic stem cells may be cultured with or without feeder cells. Embryonic stem cells can
be established from embryonic cells isolated from embryos at any stage of development,
including blastocyst stage embryos and pre-blastocyst stage embryos. Embryonic stem cells
may have a rounded cell morphology and may grow in rounded cell clumps on feeder layers.
Embryonic stem cells are well known to a person of ordinary skill in the art. See, e.g., WO
97/37009, entitled "Cultured Inner Cell Mass Cell-Lines Derived from Ungulate Embryos,"
Stice and Golucke, published Oct. 9, 1997, and Yang & Anderson, 1992, Theriogenology 38:
315-335. See, ¢.g., Piedrahita et al. (1998) Biol. Reprod. 58: 1321-1329; Wianny et al. (1997)
Biol. Reprod. 57: 756-764; Moore & Piedrahita (1997) In Vitro Cell Biol. Anim. 33: 62-71;
Moore, & Piedrahita, (1996) Mol. Reprod. Dev. 45: 139-144; Wheeler (1994) Reprod. Fert.
Dev. 6: 563-568; Hochercau-de Reviers & Perreau, Reprod. Nutr. Dev. 33: 475-493; Strojek
et al., (1990) Theriogenology 33: 901-903; Piedrahita et al., (1990) Theriogenology 34: 879-
901; and Evans et al., (1990) Theriogenology 33: 125-129.

The term "differentiated cell” as used herein can refer to a precursor cell that has
developed from an unspecialized phenotype to a specialized phenotype. For example,
embryonic cells can differentiate into an epithelial cell lining the intestine. Materials and
methods of the invention can reprogram differentiated cells into totipotent cells.
Differentiated cells can be isolated from a fetus or a live born animal, for example.

The term "undifferentiated cell” as used herein can refer to a precursor cell that has an
unspecialized phenotype and is capable of differentiating. An example of an undifferentiated

cell is a stem cell.
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"nn "non

As used herein, the terms "reporter,” "reporter system", "reporter gene," or "reporter
gene product” shall mean an operative genetic system in which a nucleic acid comprises a
gene that encodes a product that when expressed produces a reporter signal that is a readily
measurable, e.g., by biological assay, immunoassay, radioimmunoassay, or by colorimetric,
fluorogenic, chemiluminescent or other methods. The nucleic acid may be either RNA or
DNA, linear or circular, single or double stranded, antisense or sense polarity, and is
operatively linked to the necessary control elements for the expression of the reporter gene
product. The required control elements will vary according to the nature of the reporter
system and whether the reporter gene is in the form of DNA or RNA, but may include, but
not be limited to, such elements as promoters, enhancers, translational control sequences,
poly A addition signals, transcriptional termination signals and the like.

“Selectable marker” as used herein refers to a molecule that when expressed in cells
renders those cells resistant to a selection agent. Nucleic acids encoding selectable markers
may also comprise such elements as promoters, enhancers, translational control sequences,

poly A addition signals, transcriptional termination signals and the like. Suitable selection

agents include antibiotic such as kanamycin, neomycin, and hygromycin.

The following materials and methods are provided to facilitate the practice of the

present invention
Human PSC Culture and Differentiation

Human ESC lines H9 and CHBS were obtained from the National Stem Cell Bank
and Massachusetts Human Stem Cell Bank respectively. The human iPSC lines, iPSC 1
(CHOP _WTI1.2) and iPSC 2 (CHOP WT2.2) were derived from wild type human fibroblasts
as described below. Human PSCs were maintained as described (Kennedy et al., 2007). For
generating day 5 transient endoderm cells, human PSCs were differentiated in the serum free
differentiation (SFD) media (Gadue et al., 2006) as either embryoid bodies (EBs) (Gouon-
Evans et al., 2006) or monolayer cultures (D'Amour et al., 2006; Nostro et al., 2011). Further
details are described below. One liter of SFD without growth factors contains the following

components:

750ml IMDM (homeade) powder-invitrogen, water-cellgro (Invitrogen: 12200-036, Cellgro
cat#: 25-055-CM), 250ml F12 (Cellgro cat#: 10-080-CV), Sml N2-SUPPLEMENT (Gibco
cat#: 17502-048), 10ml B27 —retinoic acid (Gibco cat#: 12587-010), 5 ml 10% BSA (in
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PBS) (TC grade (low endotoxin) should test). SFD is stored in 150 ml bottles and
supplements added as indicated on the day of differentiation.

For monolayer endoderm differentiation, PSCs were plated onto matrigel-coated
dishes at 80% confluency. The cells were induced to differentiate by culturing in the RPMI-
based serum free medium supplemented with 10% SFD, mouse Wnt3a (40 ng/ml) and
Activin A (100 ng/ml) for one day. On the following two days the medium was switched to
RPMI supplemented with BMP4 (0.5 ng/ml), bFGF (10 ng/ml), Activin A (100 ng/ml) and
VEGEF (10 ng/ml). Finally, during the following two days, the cells were differentiated in
SFD supplemented with BMP4 (0.5 ng/ml), bFGF (10 ng/ml), Activin A (100 ng/ml) and
VEGEF (10 ng/ml). For hepatic differentiation of human ESCs, the cells were differentiated as
monolayer cultures for 5 days to generate definitive endoderm as described above, and
further differentiated for 4 weeks in the SFD-based hepatic induction medium supplemented
with ascorbic acid (50 g/ml), monothioglycerol (4.5x10™ M), BMP4 (50 ng/ml), bFGF (10
ng/ml), VEGF (10 ng/ml), EGF (10 ng/ml), TGF (20 ng/ml), HGF (100 ng/ml),
Dexamethasone (1x10-7 M) and 1% DMSO. All cytokines were human and purchased from
R&D Systems, unless stated otherwise. Human PSCs were maintained in a 5% CO, air
environment, while all differentiation cultures were maintained in a 5% CO,, 5% O,, 90% N,

environment.
Establishment and Maintenance of EP Cell Lines

EP cells were first purified from day 27 hepatocyte differentiation cultures of H9
ESCs by sorting for CXCR4"/CD117"€" cells and culturing them in hepatic induction media
on matrigel (BD Biosciences) with mouse fibroblast feeder (MEF) cells (0.5 x 10°/58 cmz).
The optimal culture conditions for maintaining EP cells was established by culturing cells on
matrigel and MEFs as described above and eliminating cytokines that promote hepatocyte
differentiation. This medium is composed of SFD-based media supplemented with BMP4 (50
ng/ml), bFGF (10 ng/ml), VEGF (10 ng/ml), and EGF (10 ng/ml) termed EP basic medium. .
EP cells from other PCS lines were established from day 5 transient endoderm by sorting for
CXCR4'/CD117"¢" cells and maintaining them as described above in a 5% CO,, 5% 02, 90%
N; environment. Cells were fed every two days, and were split at 1 x 106/ 58 cm? every 6
days by trypsinization. The small molecule inhibitors PD0325901 (Sebolt-Leopold et al.,
2004; Ying et al., 2008), PD173074 (Mohammadi et al., 1998) and SB431542 (Laping et al,
2002; Inman et al., 2002) were purchased from Cayman Chemicals and Stemgent,

respectively.
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As mentioned above, SFD serum free medium consists of 75% IMDM (Invitrogen,
12200-036), 25% Ham’s F12 (Cellgro), 0.5x N2-Supplement (Gibco), 0.5x B27 without
retinoic acid (Gibco), 0.1% BSA (Sigma, A1470), 50 g/ml ascorbic acid phosphate
magnesium (Wako), and 4.5 x 10 M monothioglycerol. Matrigel-coated plates were
prepared by plating 1.5 ml of undiluted growth factor reduced matrigel (BD Biosciences,
354230) per 58 cm’ (100 mm) dish, and then allowed to solidify in a 37°C incubator for 30
minutes. The two iPSC lines were generated from human dermal fibroblasts using the
STEMCCA-loxp vector containing four reprogramming factors (OCT4, SOX2, KLF4,
CMYC). iPSC lines with a single viral integrant were then transiently transfected with a CRE
expression plasmid to obtain lines without the reprogramming factors as described previously
(Somers et al., 2010). These cell lines display a typical iPSC phenotype (manuscript in
preparation). The liver-derived EP cell line was established by sorting for
CXCR4+/CD117"€" cells from day 24 hepatocyte differentiation cultures of H9 ESCs, and
was maintained as described above.

Flow Cytometry and Cell sorting

Single cell suspensions were obtained by dissociating day 5 transient endoderm, EP
cell cultures, or EP cell differentiation cultures with 0.25% trypsin at 37 °C for 3-5 minutes.
Cell surface antigen staining was performed in IMDM with 10% fetal calf serum. For
intracellular staining, cells were fixed with 1.6 % paraformaldehyde (Electron Microscopy
Sciences) at 37 C for 20 minutes, and then washed twice with PBS + 1% BSA. The fixed
cells were permeabilized and stained in 1 x Permeabilization Wash Buffer (BioLegend,
421002). The stained cells were analyzed with the BD FACS Canto II Flow Cytometer (BD
Biosciences), and the data was analyzed using the Flowjo software (TreeStar). The sources

and concentrations of primary, secondary antibodies and isotype controls are listed below.
Microarrays and Bioinformatics Analysis.

H9 ESCs (TO0, ES), H9 ESC—derived DE (T5, DE) and EP cells (EPC) were purified by
sorting for cither SSEA3MY/SSEA4" " yndifferentiated cells or CXCR4™€"/CD117"€"
populations (for T5 DE and EPC). Approximately 1 x 10° cells were obtained for each
sample. Three biological replicates of each cell type (ES, DE and EPC) were prepared, and
total RNA was extracted using RNeasy Mini Kit (Qiagen). Quality-assessed RNA samples
were hybridized to Affymetrix GeneChip HumanGene 1.0 ST arrays. Nine raw data files
obtained by the Affymetrix scanner passed data quality control steps prior to RNA
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normalization through the Affymetrix expression console. The microarray data can be

accessed at NCBI Gene Expression Omnibus, accession number GSE35461.
Endoderm Differentiation of EP Cells

For hepatic differentiation, EP cells were dissociated with 0.25% trypsin EDTA and
then were re-plated onto matrigel (1:6 dilution) coated or gelatin coated 12-well tissue culture
plates (BD) at 1 x 10 cells per well as adherent cultures. The hepatic differentiation medium
for EP cells is SFD-based supplemented with ascorbic acid (50 g/ml), monothioglycerol (4.5
x 10 M), and various cytokines. During the first 6 days of differentiation, the following
cytokines and growth factors were added: BMP4 (50 ng/ml), bFGF (10 ng/ml), VEGF (10
ng/ml), EGF (10 ng/ml), TGF (20 ng/ml), HGF (100 ng/ml) and Dexamethasone (1x10” M).
In the next 6 days, bFGF (10 ng/ml), VEGF (10 ng/ml), EGF (20 ng/ml), HGF (100 ng/ml),
OSM (20 ng/ml), Dexamethasone (2x10” M), Vitamin K1 (6 g/ml), and y-secretase inhibitor
X (Calbiochem, 565771; 2 M) were added. Over the first 12 days of differentiation, 1%
DMSO was added to the medium, but omitted in the final two weeks. From day 12 and
afterwards, the media contained HGF (100 ng/ml), OSM (20 ng/ml), Dexamethasone (2x107
M), Vitamin K1 (6 g/ml), and 1% non-essential amino acids (NEAA) (Invitrogen). The
medium was changed every 3 days. The drug inducibility assay was performed using P450-
GloTM CYP3A4 LuciferinIPA kit (Promega, V9002). Briefly, H9-EP cells (passage 15) were
differentiated into hepatocytes for 24 days and then cultured in the presence (Rifampicin) or
the absence (DMSO) of Rifampicin (Sigma; 25 uM) for 3 days, and compared to HepG2
cells. To confirm that the induced activity was specific for CYP3A4 enzyme, inhibition
controls included the selective inhibitor ketoconazole (Sigma, 1 uM) in the presence of
Rifampicin (25 uM). Net signal was calculated by subtracting background luminescence

values (no-cell control) from Rifampicin or DMSO values.

For pancreatic differentiation of EP cells, a protocol described by Nostro et al. (2011),
was modified by omitting the step 1, and by adding -secretase inhibitor X (Calbiochem, 2 M)
from day 8 to day 12 of differentiation, as well as by adding human insulin (Sigma, 800 pM)
and nicotinamide (Sigma, 10mM) from day 10 and onwards. To start differentiation, EP cells
that had been expanded for 5 days in 100 mm tissue culture dishes were either cultured
directly in the step 2 media or harvested and re-plated onto matrigel-coated (undiluted) 12-
well dishes at 3~4 x 10° cells per well. Mouse Wnt3a was supplemented to the step 2 media

at 3 ng/ml. From day 10 and onwards, the medium was alternated every day between high
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dextrose (60 mM) and low dextrose (20 mM). EP cells from passages 6 to 20 were used for
pancreatic differentiations. Day 14-18 EP cell differentiation cultures were used for the c-
peptide release assay. C-peptide release assays were performed as previously described

(D’ Amour et al., 2006), using Mercodia Ultrasensitive C-peptide ELISA kit (Mercodia).
Briefly, after a 1-h wash in KRBH medium, 300 | of basal media that contains 2 mM D-
glucose (Sigma) and 18 mM L-glucose (Alfa Aesar) were added to each well of 12-well
dishes. After 1-h incubation, the basal media was removed, and 300 | of stimulation media
(D-glucose 20mM) were added. The cultures were incubated at 37 C in a 5% CO3, 5% O,
90% N, environment for various time periods as indicated. For each experiment, 6 wells of
supernatants were pooled together. About 30 human adult islets with a size average of 300
cells/islet were used for each assay. Insulin secretion was calculated based on the total cell
number and the percentage of c-peptide+ cells of each experiment. The primary human islets
were purchased from Prodo Laboratories Inc., and were maintained in Prodo islet medium
(Standard) / PIM(S)TM supplemented with Prodo islet medium (Glu) / PIM(G)TM and Prodo
islet medium (Human AB serum) / PIM(ABS)TM. Human Islets were assayed for c-peptide

release the second day after their arrival (4 days after islet processing).

For intestinal differentiation of EP cells, a modification of the protocol described by
Spence et al. (2011) was used. Intact EP cell colonies were treated with BMP4 (500 ng/ml)
and FGF4 (500 ng/ml) for 2 days, and were then harvested by digesting matrigel with
collagenase B treatment at 37 C for 1 hour. The resultant colonies were mixed with undiluted
matrigel (BD) supplemented with FGF4 (50 ng/ml) Wnt3a (100 ng/ml), R-spondinl (500
ng/ml), EGF (50 ng/ml) and Noggin (100 ng/ml), and were re-plated onto 12-well dishes at
1.5~2 x 10° cells per well. SFD-based differentiation medium containing ascorbic acid
phosphate magnesium (Wako, 50 g/ml), monothioglycerol (4.5 x 10™* M), FGF4 (50 ng/ml)
Wnt3a (100 ng/ml), R-spondinl (500 ng/ml), EGF (50 ng/ml) and Noggin (100 ng/ml) was
used. FGF4 and Wnt3a were removed from the medium recipe from day 5 of differentiation,
while BMP4 (20 ng/ml) was added at day 21 and onwards. Cells were fed every 2~3 days.

Human colon tumor cell line CACO-2 was purchased from Sigma.

All of the differentiation cultures of EP cells were maintained in a 5% CO,, 5% O,
90% N, environment. All cytokines were purchased from R&D. Dorsomorphin, KAAD
cyclopamine and small molecule inhibitor SB431542 were purchased from Stemgent, and all-

trans retinoic acid from Sigma.
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Neuroectoderm and Mesoderm Differentiation of human ES and EP cells

To evaluate the potential of EP cells to differentiate into neuroectoderm or mesoderm,
HO9-EP cells (passage 5) and H9 ESCs were induced with conditions established for
promoting hESC differentiation towards either neuroectoderm (Greber et al., 2011) or
mesoderm. Undifferentiated H9 ES or EP cells were dissociated into small cell clumps and

then replated onto matrigel-coated 12-well plates at 4.5 x 10° cells per well.

For neuroectoderm differentiation, the medium is composed of DMEM/F12, 1% N2
supplement (Gibco), 1% B27 supplement without retinoic acid (Gibco), f-mercaptocthanol
(0.1 mM), 1% non-essential amino acids (Invitrogen), 1% L-Glutamine (Invitrogen), which is
supplemented with inhibitors Noggin (250 ng/ml), SB431542 (15 uM) and PD0325901
(1uM). Cells were harvested at days 4 and 8 by trypsinization.

For mesoderm differentiation, the medium for the first 3 days is RPMI-based,
containing ascorbic acid (50 g/ml), monothioglycerol (4.5 x 10™ M), and 1% L-Glutamine,
and is supplemented with BMP4 (10 ng/ml), VEGF (50 ng/ml) and CHIR99021 (Cayman;
2mM) for day 0 and day 1, and BMP4 (10 ng/ml), VEGF (50 ng/ml) and basic FGF (10
ng/ml) for day 2. The medium for days 3 and 4 mesoderm differentiation is StemPro 34-
based (Invitrogen), containing ascorbic acid (50 g/ml), monothioglycerol (4.5 x 10 M), and
1% Glutamine, and is supplemented with BMP4 (10 ng/ml), VEGF (50 ng/ml) and basic FGF
(10 ng/ml) for day 3, and VEGF (50 ng/ml) and basic FGF (10 ng/ml) for day 4. Cells were
harvested at days 1 and 4 by trypsinization.

Immunohistochemistry

Samples were embedded in paraffin and sectioned at 6-10 um. Antigen retrieval by
steaming slides in sodium citrate buffer for 30 min were performed for a subset of antigens as
indicated in Supplemental Tables. Sections were blocked in the appropriate serum (5% serum
in 1 x DPBS + 0.5% Triton-X) for 30 min. Primary antibodies were diluted in blocking buffer
and incubated on sections for 3 hr or overnight at 4 C. Slides were washed and incubated in
secondary antibodies in blocking buffer for 2-h at room temperature. For a list of antibodies
and dilutions used, see Tables. The staining images were acquired using a Nikon Eclipse

E800 fluorescence microscope with Phase 3 imaging software (Nikon).

18



10

15

20

25

30

WO 2012/178215 PCT/US2012/044096

Immunofluorescence

HO9-EP cells were allowed to differentiate on matrigel-coated 12-well dishes for 18
days as described. Human islets were allowed to attach to matrigel-coated 12-well dishes.
Cells were fixed in wells with 4% PFA at 37 C for 10 minutes, and then washed twice in cold
DPBS (with CaCl, and MgCl,) + 0.1% BSA (wash buffer), and permeabilized in wash buffer
with 0.2% Triton-X100 for 20 minutes. After two washes, cells were blocked with 10% goat
serum in DPBS (with CaCl, and MgCly) + 2% BSA for 30 minutes at room temperature.
Immunofluorescence was performed as described previously (Gouon-Evans et al., 2006)
using the following antibodies: mouse anti-PDX1, rabbit anti-human C-peptide and mouse
anti-Glucagon overnight at 4 C. Concentrations of isotype controls were matched to primary
antibodies. Secondary antibodies used were: goat anti-rabbit IgG-Cy3, goat anti-mouse IgG1-
Alexa 488 and goat anti-mouse IgG2b-Alexa 488. Cells were incubated with secondary
antibodies for 1-h at room temperature. Primary and secondary antibodies were diluted in
DPBS (with CaCl, and MgCl,) + 2% BSA + 0.05% Triton-X100. Prolong Gold Antifade
reagent with DAPI (Invitogen) was used to counterstain the nuclei. The stained cells were
visualized using a fluorescence microscope (Leica DMI 4000B) and images captured using

the Leica Application Suite software.
Teratoma/Transplantation Assay

EP cells (8-10 x 10°) were re-suspended in 300 pl of cold High Concentration
Matrigel (BD Biosciences) which was supplemented with a combination of cytokines: BMP4
(50 ng/ml), bFGF (10 ng/ml), VEGF (10 ng/ml), and EGF (10 ng/ml) for gut-like endoderm
differentiation in vivo, or FGF10 (400 ng/ml), VEGF (100 ng/ml), EGF (100 ng/ml) and
BMPR1A (500 ng/ml) for hepatocyte differentiation in vivo. Cells were injected
subcutaneously into the neck of SCID/Beige mice. Similarly, 1x107 cells from day 5
endoderm cultures of H9 ESCs, or 5x106 CXCR4+/ CD1 1748 cells sorted from day 5
endoderm cultures of H9 ESCs were injected and analyzed as described above. Also, 1x 107
cells from day 20 hepatocyte differentiation cultures of H9 ESCs, or from day 9 hepatocyte
differentiation cultures of H9-EP cells were injected with a cytokine combination of FGF10
(200 ng/ml), VEGF (50 ng/ml), EGF (50 ng/ml), and HGF (200 ng/ml). Resultant matrigel

plugs/transplants were analyzed as described.
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Quantitative RT PCR

Total RNA was prepared with the RNAeasy Micro Kit (Qiagen) and treated with
RNasefree DNase (Qiagen). RNA (500 ng to 1 ug) was reversely transcribed into cDNA
using random hexamers and Oligo (dT) with Superscript III Reverse Transcriptase
5 (Invitrogen). QPCR was performed on the LightCycler 480 II (Roche) using LightCycler 480
SYBR Green I Master Mix (Roche) as described previously (Nostro et al., 2008). Expression
levels were normalized to the housekeeping gene PPIG (CYCLOPHILIN G). The
oligonucleotide sequences are listed in the Tables. Total human intestine RNAs were

purchased from Biochain.
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Gene

Sequence

Product
Leagth

AAT

Forward 5'- AGRGCCTGAAGCTAGTOBATAART -3
Reverse 5 TCTGTTTCTTGGCCTCTTCGGTGT 3"

132

AFP

Forward &’- CTACCTGUCTTTCTGGARAGAACTTTG -3

Reverse 5 TCTGTTTCTTGGCCTCTTCHGTGT -3

156

ALB

Forward & GTRAAACACAAGCCCAAGRCAACA -3
Reverse & TCCTCGGCAAAGCAGGTCTC - 3

158

ASGR1

Forward 5 AGGACTGTHCUCACTTCACC -3
Reverse 5'- TGGCCTTGTCCAGCTCTGTLT -3

113

CDX2

Forward 5- TCCTGOTCTGGEAAGGGAAGAGARA -7
Reverse &' CERGAAGTCAAAGGCAGLTAAGATAL -

159

CYCLOPHILIN

Forward 5'- GAAGAGTGCGATCAAGAACCCATGAL -3

Reverse 5- GTCTCTCCTCCTTCTCCTCCTATCTTT -3

163

CYP3A4

Forward &'- GTGACCRAAATCAGTGTGAGGAGGETA -3
Reverse &'~ AGGACGAGTTAATGGTGCTAALTGE <37

CYP3AT

Forward §'- ACCCTTTGGAAGTGGACCCAGAAA -3
Reverse 5'- AGAAGTTCTGAAGGACTCTGACTAGA =¥

102

FOXFY

Forward 5'- CCCGTCCAAGGCCAAGAAGA 3"
Reverse 5'- TGACGATGAGCGCGATGTAGGAATAG 3"

161

GEPC

Forward 5™~ TACCGCACTCTTGCAGAAGGACAA -3
Reverse 5- TGCACGTCTTTGACTCOTTGAAALCCS -3

112

GLUCAGON

Faraard - TTCCCAGAAGAGGTCGCCATTGTT -3
Reverse 5~ CAACCAGTTTATAAAGTCCCTGGCGE -3

163

BNF4A

Forward 5'- TCCAACCCAACCTCATCCTCCTTICT -3
Reverse 5- TOCCTCTCCACTCCAAGTTCCTGTT -3

136

{NSULIN

Forward 8- TTTGTGAACCAACACCTOTCLBG -3
Reverse 5'- GCRGGETCTTGRGTCTGTAGAARAA -3

187

KLFS

Forward 5'- TATCTGACACCTCAGCTICTTCCAGT -3°
Reverse &- TGTTACGCACGGTCTCTGGGATTT -3’

106
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Forward 5- TTTGGACAAGGGAGACCTGGAGAA -3
LGRS 98
Reverse 5~ AGAGGAGAAGGACAAGAAAGLCACA -3

Forward 8- GGCCAAATGGGAGAGTGGTTACA -3
LYSOZYME 138
Reverse 5'- TTGCCATCATTACACCAGTAGLGG -3

Forward - TGCAGCAGUGGCACATTC -3
MAFA 88
Reverse §- CGCCAGCTTCTCGTATTICTCOTTIGT -3

Forward 5- CTGCTCAAGTTCGACGTGAAGAAGGA -3
MAFB 162
Reverse 5'- TRGTTGCTCGLCATCCAGTACAGA -3

Forward 5~ TGCAGTGTGATGTCTCTETTGGET -3
MULCINZ 108
Reverse §'- ATCCATGGGCCAGCAACAATTGAL ~3'

Forward 5« CCCATGGTGGGTTIGTCATATATICA XY
NEURDD 143
Reverse §'- CCAGCATCACATCTCAAACAGCAC -¥

Forward 5- TCACTCAAGTCTGTCTOLCTCTCA WY
NGN3 152
Reverse 5'- AAATCCCGGACCTGATTGGGAGTA -3

Forward §'- GCATGAACATGAGCGGCATGE -3
NRX2.1 12
Reverse 8- GCCGACAGGTACTTCTGTIGCTT-3

Forward 5'- AGGACGACGACTACAATAAGCCTCTG -2
NKX6.1 128
Reverse 5~ CGCTGCTGBACTIGTGCTICT -2

POX1 Forward 5 CTCCACCTTGGGACCTGTTITAGAGA -3 435
Reverse §'- CGCCCGAGTAAGAATGGLTTTATGE -3

Forward §'- GAGAATCATGCCCTGGAACCTGAAGA ¥
SOMATOSTATIN 125
Reverse §'- ATTCTTGCAGCCAGLTTTGLGT -3

Forward 5'- AGCTCCTCTACAGGCTTGTTCALT -¥
viLt 139
Reverse 5'- GGACGTGTTCAATGCTRACAGCAACE -3

The following example is provided to illustrate certain embodiments of the invention.

It is not intended to limit the invention in any way.
EXAMPLE I

To address the drawbacks of current protocols, we generated self-renewing DE
progenitor lines from both human ESCs and iPSCs. These cells, termed EP cells for
endodermal progenitor cells, display a proliferative capacity similar to ESCs yet lack
teratoma-forming ability. In addition, EP cell lines generate endodermal tissues representing

liver, pancreas, and intestine, both in vitro and in vivo. Thus, EP cell lines provide a powerful
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reagent to study how different gut tissues are specified from a common multipotent
endodermal progenitor and to optimize mono-lineage differentiation. Moreover, creation of
EP cells from ESCs/iPSCs may represent a strategy to optimize the production of pure, non-

tumorigenic cells for tissue replacement therapies.
Identification of a Definitive Endoderm Progenitor Population from Human PSCs

We adapted a step-wise differentiation protocol in serum free media that was
previously shown to induce DE and its derivative hepatic lineages from mouse and human
ESCs (Gadue et al., 2006; Gouon-Evans et al., 2006). This protocol uses Activin A to induce
DE and then BMP4 and bFGF amongst other factors to specify a hepatic fate from DE, in a
process that mimics embryogenesis. Using a variation of this protocol (see Experimental
Procedures) we could generate hepatic cells after two weeks of induction (data not shown).
Interestingly, after 3-4 weeks, these cultures contained two cell populations with distinct
morphology (Figure 1A). One population resembled immature hepatocytes, being large and
highly vacuolated (Figure 1A, “Differentiated Cells”), while the other population resembled
undifferentiated ESC colonies (Figure 1A, “Progenitor Colonies”). These mixed cultures
maintained both colony types after passaging for over nine months (data not shown). We
used a pipette to manually isolate colonies of a given morphology and performed gene
expression analysis using QRT-PCR (Figure 1B). The ESC markers NANOG and OCT4
were not expressed in either cell type suggesting that these colonies were not an outgrowth of
contaminating ESCs in the culture. The early hepatocyte marker AFP was enriched in the
differentiated colonies while the early pan-endoderm marker SOX17 was enriched in the
putative progenitor colonies. The early endoderm/liver/pancreas marker HNF4A (Duncan et
al., 1997) was found in both. Based on these findings, we hypothesized that the
undifferentiated colonies might represent endoderm progenitor (EP) cells undergoing both
self-renewal and differentiation into hepatocytes in culture.

The bulk differentiation cultures were then examined by flow cytometry for
expression of KIT (CD117) and CXCR4, which are expressed on early endoderm (Gouon-
Evans et al., 2006; D’ Amour et al., 2005). A subpopulation of CXCR4+CD117+ cells (3%-
60%) was consistently present in the cultures (Figure 1C and data not shown). These double-
positive cells also express the pan-endoderm marker FOXA1 (Ang et al., 1993) and SOX17,
which is expressed transiently in immature endoderm in vivo (Kanai-Azuma et al., 2002).
The CXCR4+CD117+FOXA1+SOX17+ population likely marks putative EP cells from the
undifferentiated colonies, which we showed to be enriched for SOX17 mRNA (Figure 1B).
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To test this, we used FACS to isolate CXCR4+ and CXCR4- cells for further study. The early
hepatocyte marker AFP was enriched in the CXCR4- cells while the CXCR4+ population
expressed the immature endoderm marker SOX17 and was negative for AFP expression
(Figure 2A). Purified CXCR4+ cells could be expanded in culture but within three passages,
reverted to a mixed population containing both SOX17+ and SOX17- cells, indicative of
differentiation in culture (Figure 2A, right panel). In contrast, the CXCR4- population had
little proliferative capacity, consistent with a more mature phenotype of differentiated
hepatocytes in vitro (data not shown).

Our data indicate that self-renewing EP cells can be produced through in vitro
manipulation of human ESCs. Differentiation of CXCR4+ EP cells into AFP-expressing
hepatocytes was expected in our initial experiments (Figure 1), as the culture conditions were
initially formulated to drive hepatocyte differentiation (Gouon-Evans et al., 2006). To better
expand the EP cell population while maintaining the FOXA1+SOX17+ phenotype of these
cells, we identified culture conditions, which consist of a serum free media containing BMP4,
basic FGF (bFGF), EGF and VEGF plated on matrigel and MEF feeders (see Methods).
Utilizing Matrigel was critical as suspension cultures were unable to maintain EP cells (data
not shown).

Using these optimized culture conditions, we developed a simplified protocol for EP
cell production. Human ESCs or iPSCs were induced to differentiate in the presence of high
Activin A, which promotes endoderm formation (D’ Amour et al., 2005). Definitive
endoderm cells (CXCR4+CD117+) were purified by cell sorting and cultured directly in EP
cell medium (Figure 2B, left panel). When cultured in the optimized conditions, the majority
of cells form epithelial structures reminiscent of gut epithelium and contain what appears to
be a central lumen, especially at higher cell density (Figure 2B, right panel). Both ESC
derived and iPSC derived EP cell lines proliferated extensively and displayed a homogenous
EP cell phenotype (FOXA1+SOX17+FOXA2+)(Figure 2C and data not shown). The
optimized culture conditions could also maintain EP lines generated from 3-4 week liver
differentiation cultures as described in Figure 1 (liver-derived EP cell). These cells displayed
similar characteristics as EP cells derived directly from definitive endoderm (data not
shown).

We were able to derive EP cell lines from the human ESC lines H9 and CHBS and
from two human iPSC lines (H9-EP, CHB8-EP, iPS1-EP and iPS2-EP; see Mcthods).
Endoderm progenitor populations generated from all of these PSC lines have been maintained

for more than 20 passages with an expansion of >10"¢ while maintaining the progenitor
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phenotype (Figure 2C and data not shown). Thus, self-renewing EP lines can be generated
reproducibly from human PSCs. Expansion of EP cells is not associated with a “crisis” where
cells undergo a high rate of senescence as indicated by a transient flattening of the growth
curve (Figure 2C). Moreover, karyotype analyses were performed on EP cells derived from
H9 ESCs and one iPSC line and were found to be normal (Figure 3). These data indicate that
the high rate of EP proliferation is not due to acquired genetic instability or chromosomal
rearrangements. Cryopreserved EP cells can be thawed with high viability (data not shown).
Among the cytokines used, BMP4 and FGF signaling were the most critical for EP cell
maintenance. Withdrawal of BMP4 led to an almost complete loss of SOX17 expression
within one week, and up-regulation of PDX1 indicating pancreatic differentiation (Figure
4A). Withdrawal of bFGF or disruption of the FGF/Ras/MEK pathway with the small
molecule inhibitors PD173074 and PD0325901 reduced proliferation dramatically (Figure
4B), consistent with previous reports that FGF signaling is essential for DE expansion
(Morrison et al., 2008). Withdrawal of VEGF or EGF also led to a significant decrease in
proliferation (Figure 4B). TGF-f signaling was also found to be essential for maintaining the
EP cells as treatment with a small molecule inhibitor of TGF-f signaling, SB431542,
completely abolished SOX17 expression in these cells and drastically suppressed
proliferation (Figure 4C and 4D). The inhibition of TGF-p signaling in EP cells also inhibited
differentiation into pancreatic B-cells, possibly due to spontaneous differentiation prior to
pancreatic induction (Figure 4E).

Nine sub-clones from the H9-EP cell line were established by depositing single
CXCR4+CD117+ cells into 96-well plates to expand. These clones displayed the same
proliferative capacity and marker expression as the parental line (data not shown). Thus, we
have established clonal populations of EP cell lines that exhibit extensive proliferative

capacity and express markers of early multipotent endoderm.
Characterization of EP Cells

We used gene expression microarrays to compare the transcriptomes of purified H9
ESCs, Activin A-induced day 5 transient endoderm, and H9-EP cells (Figure 2A) (see
Methods). Cluster analysis of the microarray data revealed that EP cells are more similar to
day 5 transient endoderm than ESCs (Figure 5A). Principal component analysis revealed that
while EP cells are more similar to transient endoderm than ESCs, they are also distinct from
transient endoderm (Figure 5B). As expected, high level expression of the pluripotency

markers NANOG, OCT4, SOX2, and DNMT3B was limited to ESCs (Figure 5C and 5D).
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Interestingly, the proto-oncogene MYCN was expressed in both ESCs and EP cells. MYCN is
required for pluripotency and self-renewal of mouse ESCs (Varlakhanova et al., 2010) and
may have a similar role in EP cells. Genes expressed in the primitive streak or mesendoderm,
including CERI, FGF17, FGFS8, GSC, and MIXLI are expressed in day 5 transient endoderm
but not EP cells, while a subset of genes including EOMES and LHXI are maintained in both
cell types (Figure 5C and 5D). As expected, expression of most endodermal genes including
FOXA2, FOXA3, GATA4, and SOX17 was limited to day 5 endoderm and EP cells (Figure 5C
and 5D).

The microarray data predicted surface markers that may be used to distinguish EP
cells from ESCs and day 5 transient endoderm (Figure 5C). For example, the ESC marker
CD9 was depleted in EP cells. Messenger RNAs encoding endodermal markers CXCR4 and
CD117 were expressed in both EP cells and transient endoderm (Figure 5C), confirming our
flow cytometry studies (Figures 1 and 2). In contrast, activated leukocyte adhesion molecule
ALCAM/CD166 (Bowen et al., 1995) was expressed only by EP cells but not day 5 transient
endoderm, while CD177/NBI, a glycoprotein expressed by neutrophils (Stroncek et al.,
2007), was reduced in EP cells compared to day 5 endoderm (Figure 5C). The stem
cell/progenitor markers CD133, CD34 and LGRS (Mizrak et al., 2008; Barker et al., 2010)
were also expressed at relatively high levels in EP cells. Differential expression of a subset of
the cell surface markers predicted by the microarray studies was confirmed by flow
cytometry on ESCs, EP cells and day 5 endoderm, demonstrating that ALCAM and LGRS
are enriched on EP cells (Figure 5E).

Our data indicate that EP cells closely resemble nascent endoderm, yet exhibit key
differences in gene expression. The microarray data were analyzed for transcriptional
regulators that are enriched in EP cells and therefore, might confer unique biological
properties to this population. The top 13 hits are shown in Table 1, along with the fold
increase in expression over day 5 transient endoderm. GATA3, a GATA family member
enriched in mouse DE (Sherwood et al., 2007) ranks first in the list. HEY?2, a target of Notch
signaling, is enriched in EP cells, suggesting a possible role of Notch signaling in EP cell
maintenance. Interestingly, transcription factors known to be important regulators of carly
liver (TBX3) (Ludtke et al., 2009), pancreas (ISL1 and RFX6) (Ahlgren et al., 1997; Smith et
al., 2010), lung (FOXP2) (Shu et al., 2001), and intestine (ISX1) (Choi et al., 2006) were

enriched in EP cells, suggesting the capacity to form these multiple endodermal lineages.
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Table 1

Transcriptional Regulators Enriched in EP Cells. Gene expression was analyzed by microarray as described
in Figure 5. The top 13 transcriptional regulators that were enriched in EP cells over transient definitive

endoderm are shown.
EP Cells Exhibit Multi-lineage Endodermal Differentiation In Vitro

We next tested whether expanded EP cells retain the ability for multipotent
endodermal differentiation upon manipulation of culture conditions. EP cell lines were
differentiated under conditions known to promote hepatocyte, pancreatic or intestinal
specification in vitro (Gouon- Evans et al., 2006; Nostro ct al., 2011; Spence et al., 2011). For
all induction protocols, EP cells were assumed to be at the DE stage and were stimulated as
such. Representative data are shown for a polyclonal H9-EP cell line and two single cell
derived sub-clones (Figures 6, 7, 8, 9, and 10). In addition, hepatocyte and pancreatic
differentiation from two iPSC-derived EP cell lines (iPS1-EP and iPS2-EP) were examined
with similar results (Figures 8 and 9).

To induce hepatocyte specification, EP cells were stimulated using a step-wise
protocol adapted from previously published studies (see Methods)(Gouon-Evans et al., 2006;
Basma et al., 2009). Hepatocyte specification was monitored at days 14, 20, and 27 of
induction by QRT-PCR and by flow cytometry at day 20. By day 20 most cells exhibited
features of hepatocyte morphology including polygonal shape and multi-nuclearity (Figure
8A). QRT-PCR analysis revealed up-regulation of the hepatic markers alpha-1-antitrypsin
(AAT), alpha-fetoprotein (AFP), Albumin (ALB), CYP3A4, CYP3A7 and Glucose-6-
phosphatase (G6PC) (Figures 6A and 8B). Intracellular flow cytometry at day 20 of
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differentiation showed that more than 90% of cells were AFP+ and more than 80% of cells
expressed AAT, indicating commitment to the hepatocyte fate (Figures 6B and 8C). The
mature hepatocyte marker ASGPR1 (Basma et al. 2009) was expressed on about 20%
of the cells while the EP cell marker CXCR4 was absent (Figure 6B). EP cells generated
from two iPSC lines also differentiated into hepatocytes (Figure 8B). When treated with
Rifampicin, EP cell-derived hepatocytes exhibited inducible CYP3A4 activities comparable
to HepG2 cells (Figures 6C and 8D). Thus, EP cells consistently exhibit hepatocyte potential.
Endoderm components of liver and pancreas are thought to arise from the putative
common foregut precursor (Spence et al., 2009). To investigate the pancreatic potential of EP
cells, we modified the protocol reported by Nostro et al. (2011)(see Methods). Immuno-
fluorescence analysis of differentiated EP cultures showed colonies that contain c-peptide+
but no Glucagon+ (GCG+) cells as compared to primary human islets that express both of
these hormones (Figure 7A). Colonies generated from EP cells were also PDX1+, indicative
of pancreatic specification (Figure 7A). PDX1 expression was confirmed by flow cytometric
analyses at days 10-11 of differentiation both in the H9-EP cell line (not shown), single cell
derived sub-clones, and two iPSC derived EP cell lines (Figure 9A). In addition,
approximately 5-30% of the differentiated EP cells (H9 and iPSC derived) expressed c-
peptide by day 14 of pancreatic induction (Figures 7B and 9A). The efficiency of c-peptide+
cell generation was variable depending on the genetic background of the cell line (Figures 7B
and 9A). However, c-peptide+ cells generated from all EP cell lines, regardless of genetic
background, were negative/low for GCG and Somatostatin (SST) expression (Figures 7A,
7B, and 9A). We also examined the differentiation cultures by QRT-PCR. Consistent with
pancreatic differentiation, expression of PDX1, NKX6-1 and NEUROD1 were strongly
induced (Figure 7C and 9C), while the expression of the EP cell marker SOX17 declined
(Figure 9C). Transient expression of NEUROG3 (NGN3) in the EP cell differentiation
cultures is indicative of endocrine specification (Figure 9C). Insulin (INS) RNA was robustly
induced with levels approximately 20% of that found in adult islets. When these data are
corrected for the percentages of c-peptide+ cells in the samples (islet ~60%, H9-EP 15+3%,
HO9-EP clone 2 22+4%) (Figure 7C), the levels of INS RNA in EP derived B-cells are
estimated to be ~70% of that found in primary B-cells. This is consistent with protein levels
of c-peptide comparing primary p-cells and EP derived pancreatic cells as determined by
intracellular flow cytometry (Figure 7E). Notably, MAFA, a critical transcription factor
expressed in mature B-cells was upregulated in the EP cell differentiation cultures (Figure

7C) to 30% the level of RNA found in adult islets. If the same correction for INS expression
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is used then both MAFA and NKX6-1 may be expressed in EP derived c-peptide+ cells at
comparable levels to adult B-cells.

Importantly, c-peptide+ cells derived from EP cells exhibit minimal expression of
GCQG and relatively low expression of SST (Figure 7B and 7C). This contrasts with the
majority of reports describing the generation of c-peptide+ cells from human PSCs, in which
most pancreatic endocrine progeny display a polyhormonal phenotype (D’ Amour et al., 2006;
Nostro et al, 2011; Rezania et al., 2011). Polyhormonal pancreatic cells are found during
mouse development but do not contribute to the B-cell population in the adult mouse
(Herrera, 2000). In agreement, H9 ESCs exposed to the same pancreatic differentiation
protocol produced a greater proportion of poly-hormonal cells compared to pancreatic
endocrine cells derived from EP cells (Figure 7D). EP cells generated a c-peptide+ population
with less than 2% of the cells co-expressing GCG and ~5% of the cells co-expressing SST. In
contrast, c-peptide+ cells generated directly from ESCs were 38+9% GCG+ and >20+1%
SST+ (Figure 7D). Thus, c-peptidet cells generated from multiple EP cell lines are more
similar to mature B-cells than populations generated directly from PSCs.

Previous reports have shown that poly-hormonal cells derived from ESCs are not fully
functional and cannot efficiently respond to glucose stimulation by releasing insulin
(D’Amour et al., 2006). A time course analysis of glucose induced c-peptide release was
performed, comparing EP cell (H9-EP and iPS2-EP)-derived pancreatic differentiation
cultures to primary human islets (Figure 7F and 9D). Data were collected over 40 minutes of
stimulation with 20 mM glucose and was normalized, setting the 5-minute basal stimulation
time point for each culture as 1. The kinetics of c-peptide release was similar between the EP
derived cultures and primary human islets, with a consistent 3-fold stimulation index in the
high glucose group over basal (low glucose) conditions. EP derived cultures were statistically
indistinguishable from primary islets, with the exception of the 10 minute time point. When
the cells were challenged again after 3 or 18 hours, they remained responsive to glucose
stimulation in a similar manner as the first challenge (data not shown), indicating that these
cells maintain glucose responsive-function. Assuming all of the proinsulin is processed into
c-peptide and insulin at a 1:1 molar ratio, the c-peptide release assay revealed an estimated
secretion of 9+1.7 ng insulin per 105 EP cell-derived c-peptide+ cells (n=3), which is ~20%
of the secretion of adult islet B-cells (estimated at 37 ng/ 10° cells, n=2; and Lukowiak et al.,
2001). These findings demonstrate that EP cell-derived B-cells are functionally responsive to
the physiologic stimulus (D-glucose) for insulin release in a manner similar to that of adult

islets in vitro.
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To compare the differentiation capacities of the EP cells derived from day 5 transient
endoderm and the EP cells derived from liver differentiation cultures of ESCs, liver-derived
EP cells were allowed to differentiate in the aforementioned liver or pancreas conditions.
These cells generated hepatocyte progenitors that expressed AFP and AAT (Figure 8C) and
pancreatic cells that expressed PDX1 and c-peptide but not glucagon (Figure 9A, bottom
panel), with efficiencies similar to the EP cells derived from transient endoderm. These data
suggest that EP cells are a robust stem cell population that can be generated from multiple
stages of differentiation while maintaining multi-potency.

Liver and pancreas are of foregut origin. We next determined whether EP cells could
produce intestinal epithelia, which arises from mid/hindgut regions. Using a protocol similar
to that of Spence et al. (2011), we induced EP cells to undergo intestinal differentiation (see
Methods). Typical “organoids” indicative of intestinal differentiation were identified upon
day 30 of induction (Figure 10A). These cultures expressed CDX2 and KLFS5, transcription
factors enriched in mid-hindgut lineages (Spence et al., 2011), and the Paneth cell marker
Lysozyme (LYZ) (Figure S6B). In contrast, the intestinal stem cell marker LGRS, which
is also expressed on EP cells, was down-regulated after 30 days of induction to levels similar
to adult intestine. Intracellular flow cytometric analysis revealed that 85-90% of cells
expressed CDX2 at day 30 of differentiation, similar to the intestinal tumor cell line CACO-2
(Figure 10C). These data indicate that EP cells have intestinal potential.

To determine if EP cell developmental potential was restricted to endodermal
lineages, cultures were induced with conditions established to drive ESCs towards either
neuroectoderm (Greber et al, 2011) or mesoderm. The upregulation of neuroectoderm
markers ZIC1, SOX1, or PAX4 (Figure 11A), and mesoderm markers MIXL1, T, or PECAM
(Figure 11B), were not observed suggesting that EP cells are committed to the endoderm

germ layer.

EP Cells Lack Tumorigenicity and Form Endodermal Tissues In Vivo

The propensity for ESCs and iPSCs to form teratomas represents a major impediment
to transplantation studies. To determine if EP cells retain tumor forming potential, 0.5 million
H9 ESCs or H9-EP cells were transplanted intramuscularly into immune compromised mice.
After 4-6 weeks, all mice injected with H9 ESCs developed tumors while mice injected with
an equal number of EP cells did not (Figure 12A). In fact, it was difficult to detect any

injected EP cells under these conditions. Therefore, larger numbers (8-10x10°) of EP cells
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were transplanted in concentrated matrigel containing growth factors to promote cell survival
and recruit host blood vessels (see Methods). Under these conditions, no EP cell-derived
tumors developed in 35 transplantations (Figure 12B) over a period of 3-60 weeks. In
contrast, when the cells from day 5 transient endoderm differentiation cultures of ESCs were
transplanted in this system, all animals developed teratomas. Surprisingly, even purified
CXCR4+CD117+ DE cells isolated by cell sorting from day 5 ESC differentiation cultures
still generated tumors within 6 weeks of transplantation (Figure 12B). It is possible that
CXCR4+CD117+ DE cells may not be fully committed to endoderm and still retain teratoma
forming ability or that a small number of contaminating ESCs present even after cell sorting
led to tumor formation. In addition, when the cells from day 20 liver differentiation cultures
of ESCs were transplanted, 4 out of 5 animals still developed teratomas (Figure 12B). These
data indicate that EP cells are less tumorigenic than ESCs, iPSCs, transient endoderm, and
ESC-derived hepatic cultures.

Next, we examined transplanted matrigel-EP cell plugs for evidence of cellular
differentiation. By 3-8 weeks after transplantation, cells formed various endodermal tissues,
ranging from epithelium-forming cysts and tubes that appear similar to early gut tube
endoderm (Figure 12C, top panels) to larger, more complex structures containing
differentiated cells (Figure 12C, bottom panels; and data not shown). These included
intestinal-like structures with epithelial cells surrounding a central lumen (Figure 12C,
bottom panels) and hepatoblast-like structures (data not shown). Staining with a pan-tissue
human specific antibody demonstrated that these endodermal structures arose from the
transplanted EP cells, in contrast to surrounding fat and mesenchyme, which was murine
host-derived (Figure 12D).

Immuno-histochemistry with human-specific antibodies was used to further
characterize the developmental potential of transplanted EP cells. All EP cell-derived
morphologically endodermal structures expressed FOXA1 and FOXA?2, consistent with an
endodermal origin (Figure 12E and data not shown). The structures resembling intestinal
epithelia expressed the transcription factors HNF4A and CDX2, key regulators of intestinal
homeostasis (Spence et al., 2011). These cells also stained for the intestinal epithelial markers
human fatty acid binding protein (IFABP), VILLIN1 and MUCIN2 (Figure 12E). In addition,
immunohistochemistry revealed that the hepatoblast/hepatocyte-like structures harbor cells
positive for AFP and AAT (Figure 12F). These data clearly demonstrate that EP cells are able

to differentiate into gut epithelia and liver in vivo.
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Discussion

The ability to generate stem cell lines that self-renew in vitro and differentiate into
various mature tissues after manipulation of culture conditions or transplantation into animals
has revolutionized biology and offers great promise for medical applications. In this regard, it
is likely that different stem cell lines with distinct developmental potentials will be exploited
for unique applications. For example, ESCs, trophectoderm stem (TS) cells, and extra-
embryonic endoderm stem (XEN) cells, generated from three distinct cell types of the mouse
blastocyst, display developmental potentials similar to their respective progenitors (Tanaka et
al., 1998; Kunath et al., 2005). Here we describe the establishment of continuously
replicating, clonal endoderm-committed stem cell lines from human ESCs and iPSCs. These
cells, termed EP cells, are the first stem cell population to be described that can self-renew
and specifically generate endodermal lineages from both the foregut and mid/hindgut.

EP cells exhibit several unique features in comparison to other endodermal
progenitors previously reported. Hepatocyte stem cell populations can be derived from adult
liver (Schmelzer et al., 2006). In addition, a possible hepatic stem cell population was
generated from human ESCs (Zhao et al., 2009). These two cell types differentiate into liver
lineages only, in contrast to the more broad developmental potential exhibited by EP cells.
Another report indicates that SOX17 over-expression in human ESCs generates a progenitor
population that expresses genes indicative of both ESCs and endoderm and can differentiate
into endoderm derivatives (Séguin et al., 2008). These cells express ESC markers such as
OCT4 and NANOG and are not endoderm-committed as they generate mesoderm-containing
teratomas. A cell population similar to EP cells but derived from mouse ESCs has been
reported (Mortrison et al., 2008). Perhaps the most distinguishing feature of human EP cells
described here is their extensive proliferative capacity. Mouse endoderm progenitors were
only reported to expand ~2000 fold in culture (Morrison et al., 2008), while human EP cells
exhibit virtually unlimited self-renewal (>10'®)(Figure 2 and data not shown). In contrast to
the current study, mouse endoderm progenitors cells were not analyzed at the clonal level and
were tested only for hepatic and pancreatic development and may therefore be restricted in
developmental potential. In addition, EP cells can be maintained as a homogenous
SOX17+FOXA 1+ undifferentiated cell population. This is a critical point as partially
differentiated EP cell cultures (see Figure 1 and 2A) cannot be reproducibly differentiated
into either hepatocytes or B-cells at the efficiencies reported here, starting with pure

undifferentiated EP cultures (data not shown and Figures 7 and 12). This is a well-known
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phenomenon also seen with directed differentiation of ESCs and may be due to the inability
of partially differentiated cells to be re-specified down a different developmental path.

The ability of EP cells to generate glucose-responsive monohormonal insulin-
expressing cells in vitro is promising (Figure 7). Most attempts to generate functional B-cells
from human PSCs in culture have failed to generate glucose responsive cells (D’ Amour et al.,
2006; Nostro et al., 2011). Those studies that have reported glucose responsiveness have
either low levels of c-peptide+ cells and/or have not carefully examined the percentage of
cells in a population with the abnormal polyhormonal phenotype (Jiang et al., 2007; Zhang et
al. 2009; Thatava et al., 2010). It will be important in the future to compare p-cells generated
using different methodologies to determine which generates the most robust functional cell
type. In agreement with these prior studies, we also found that human ESCs stimulated to
undergo pancreatic differentiation produce polyhormonal -cells (data not shown and Figure
7D). It is possible that production of functionally superior B-cells from EP cells reflects
biological features related to the developmental timing of pancreatic endoderm production in
vivo. During normal human embryogenesis, B-cells are not generated until ~10 weeks after
endoderm specification (Spence and Wells, 2007) while in ESC differentiation cultures this
typically occurs in ~2 weeks (D’Amour et al., 2006). It is possible that this accelerated
timeframe in ESC differentiation cultures precludes the establishment of essential
transcriptional networks and/or epigenetic modifications required for proper B-cell formation.
Further analysis and comparison of ESC endoderm and EP cell differentiation cultures may
reveal specific genes and epigenetic modifiers that regulate optimal formation of functional
B-cells.

Our experiments indicate that EP cells lack intrinsic mesoderm and ectodermal
potential. Directed differentiation protocols developed for mesoderm or ectoderm where
unable to induce gene expression profiles specific to these lineages when applied to EP cells,
suggesting an endoderm restricted program (Figure 11). Moreover, in vivo transplanted EP
cells exclusively generate endodermal structures that stained with a human specific antibody
(Figure 12D). In addition, pathological analysis of 24 independent transplants did not detect
any morphologically ectodermal tissues (data not shown). This lineage restriction makes EP
cells a powerful platform to dissect the signals necessary for the specification of endodermal
cell types.

Flow cytometry and microarray analyses reveal a unique gene expression pattern in
human EP cells, distinct from undifferentiated ESCs or CXCR4+CD117+ transient

endoderm. LHX1 and EOMES, while not typically defined as mature gut tube markers are
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maintained in EP cells (Figure 5). This raises the possibility that these transcription factors
may play a role in EP cell fate or self-renewal. These data along with the expression of
markers typical of cells undergoing specification of various endodermal lineages (Table 1)
suggest that EP cells are not gut tube endoderm “frozen in time”, but are a distinct in vitro
stem cell population. Investigation of these differences could identify key regulators of
endoderm maintenance and development.

In summary, we describe a simple culture procedure to reproducibly and efficiently
generate endoderm stem cell lines from human PSCs. Resultant EP cells self-renew rapidly
and can be stimulated to form hepatic, pancreatic and intestinal tissues. Moreover, EP cells
are nontumorigenic, reflecting their potential utility for tissue replacement therapies. Our
work challenges the notion that ESCs/iPSCs must be used as a starting point for directed
tissue differentiation studies. Rather, EP cells serve as an intermediate between iPSCs/ESCs
and mature endodermal derivatives. The ability to generate functional mono-hormonal B-cells
from iPSCs will enable in vitro modeling of diseases of the beta cell, including multiple
genetic forms of diabetes and hyperinsulinemias. These lines will provide innovative
experimental platforms to investigate mechanisms of endodermal differentiation and a safer,
more efficient starting point for tissue replacement therapies aimed at common human

disorders including liver failure and diabetes.
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While certain of the preferred embodiments of the present invention have been described and
specifically exemplified above, it is not intended that the invention be limited to such
embodiments. Various modifications may be made thereto without departing from the scope

and spirit of the present invention, as set forth in the following claims.
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The claims defining the invention are as follows.

1. A method for the production of functional, non-tumorigenic, self-renewing
endodermal progenitor (EP) cells comprising;

a) contacting stem cells with Activin A in serum free differentiation medium
thereby inducing formation of definite endoderm (DE) cells;

b) culturing DE cells in low oxygen with BMP4, VEGF, bFGF, and EGF or
homologs thereof on plates coated with a substrate and optionally a fibroblast feeder layer;
thereby producing EP cells wherein said cells express SOX17, FOXA2, and HNF4A and lack
OCT4 or NANOG.

2. The method of claim 1, wherein said cells are induced to differentiate into

endodermal tissues.

3. The method of claim 2, wherein said tissues are selected from the group consisting

of liver tissue, pancreatic tissue or intestinal tissue.

4. The method of claim 3, wherein said tissue is pancreatic tissue, and cells in said

tissue are functionally responsive to chemical depolarization with KCI.

5. The method of claim 3, wherein said tissue is pancreatic tissue, and cells in said

tissue are functionally responsive to stimulation with D-glucose.

6. The method of claim 3, where said tissue is intestinal tissue and said cells express

CDX2, KLFS, and LYZ.

7. The method of claim 1, wherein said stem cells are embryonic stem cells or

induced pluripotent stem cells.

8. The method of claim 1, wherein said EP cells do not have the tumor forming

ability of ESCs or iPSCs when transplanted into immune deficient mice.

9. The method of claim 1, wherein said cells are cultured on a fibroblast feeder cell
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layer.

10. A functional, non-tumorigenic, self-renewing endodermal progenitor (EP) cell

produced from the method of claim 1.

11. A method for the production of functional, non-tumorigenic, self-renewing

endodermal progenitor (EP) cells comprising;

a) contacting stem cells with Activin A in serum free differentiation medium
thereby inducing formation of definite endoderm (DE) cells;

b) culturing DE cells in low oxygen with BMP4, VEGF, bFGF, and EGF in
the presence of a TGF-beta inducing agent on plates coated with a substrate and optionally a
fibroblast feeder layer; thereby producing EP cells which express SOX17, FOXA2, and
HNF4A and lack OCT4 or NANOG.

12. The method of claim 11, wherein said cells are induced to differentiate into

endodermal tissues.

13. A functional, non-tumorigenic, self-renewing endodermal progenitor (EP) cell

produced from the method of claim 11.

14. The method of claim 1, wherein a homolog or family member of BMP4 is

substituted for BMP4.

15. The method of claim 1, wherein a homolog or family member of bFGF is

substituted for bFGF.
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