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The use of pluripotent human embryonic stem (hES) cells for tissue engineering may provide advantages over
traditional sources of progenitor cells because of their ability to give rise to multiple cell types and their unlimited
expansion potential. We derived cell populations with properties of ectodermal and mesenchymal cells in two-
dimensional culture and incorporated these divergent cell populations into three-dimensional (3D) epithelial
tissues. When grown in specific media and substrate conditions, two-dimensional cultures were enriched in cells
(EDK1) with mesenchymal morphology and surface markers. Cells with a distinct epithelial morphology (HDE1)
that expressed cytokeratin 12 and B-catenin at cell junctions became the predominant cell type when EDK1 were
grown on surfaces enriched in keratinocyte-derived extracellular matrix proteins. When these cells were incor-
porated into the stromal and epithelial tissue compartments of 3D tissues, they generated multilayer epithelia
similar to those generated with foreskin-derived epithelium and fibroblasts. Three-dimensional tissues demon-
strated stromal cells with morphologic features of mature fibroblasts, type IV collagen deposition in the basement
membrane, and a stratified epithelium that expressed cytokeratin 12. By deriving two distinct cell lineages from a
common hES cell source to fabricate complex tissues, it is possible to explore environmental cues that will direct

hES-derived cells toward optimal tissue form and function.

Introduction

X VIVO REGENERATION of tissues that mimic the form and
function of their in vivo counterparts holds great promise
for new therapeutic strategies to replace damaged or diseased
tissues. Human embryonic stem (hES) cells can provide sig-
nificant advantages over adult stem cells (ASCs) as an un-
limited, pluripotent source of the multiple cell types needed to
fabricate such complex tissues.? In addition, the isolation and
enrichment of progenitor cells for tissue engineering has been
limited by the lack of well-defined phenotypic markers.®> Di-
rect differentiation of hES cells now provides a novel source of
pluripotent progenitor cells that may help overcome these
obstacles in engineering a variety of tissues.
hES cells were initially isolated from the inner cell mass of
preimplantation blastocysts generated by in vitro fertilization.*
It has been shown that these cells can subsequently undergo
directed differentiation to specified lineage fates that will de-
velop into a variety of cell types by altering culture substrate
and growth conditions. A common method for such directed
differentiation involves the use of embryoid bodies (EBs) that
resemble the structure of embryos during their development.

This has successfully generated multiple cell lineages, in-
cluding mesenchymal stem cells (MSCs),” yet these popula-
tions often need to be sorted to obtain homogeneous cultures.
More recently, the use of a more uniform growth environment
that includes substrates like Matrigel,6 gelatin,7 and feeder
layers8 have resulted in the efficient, directed differentiation of
hES cells to derive a number of mature cell types from all
embryonic layers. Specifically, this approach has been used for
the directed differentiation of hES cells toward ectodermal
lineages including neural lineage derivation.” In addition, re-
cent studies have shown the derivation of definitive ectoderm,
including keratinocytes'® and corneal epithelial cells."! How-
ever, cells derived in this way have demonstrated limited
expansion potential, highlighting the need to develop new
differentiation techniques that more closely mimic the micro-
environment found during normal development that enables
derivation of more pure populations of proliferative pro-
genitor cells. This will be essential to optimize the hES-derived
cells for tissue engineering applications in the future.

hES cells are capable of organizing into multicellular
structures during their in vitro differentiation within EBs
while retaining their growth potential.'* Further, growth of
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hES cells in 3D scaffolds has resulted in the generation of
organ-like structures that resembled their in vivo counter-
parts.’® The aggregate effect of appropriate microenviron-
mental factors, such as 3D scaffolds and growth factors, has
been found to support lineage commitment and differentia-
tion of hES cells.'*'® In transplantation studies, hES cells are
capable of differentiating within scaffolds into a variety of
cell types that demonstrate features of normal tissues, al-
though they also formed teratomas that limit their use for
transplantation.'® In this light, properly harnessing the po-
tential of hES cells to develop into functional tissues in an
engineered 3D tissue environment would provide an im-
portant means of generating complex tissues for transplan-
tation, to study developmental biology, and to develop
platforms for drug discovery and screening.’

hES cells provide an opportunity to derive both ectodermal
and mesenchymal progenitor cells from a common pluripo-
tent source and to combine these two cell types into distinct,
yet interactive tissue compartments. However, current re-
generative technologies have yet to show that multiple cell
types, whose crosstalk is critical for normal tissue formation
and organogenesis, can be derived from a single source of
pluripotent cells. This approach has great potential for
streamlining progenitor cell acquisition and tissue fabrication.

We have developed a strategy to derive multiple cell lin-
eages needed for fabrication of stratified epithelial tissues
from a common hES cell source (H9). Successful isolation of
these hES-derived progenitor cells was accomplished by
varying extracellular matrix (ECM) substrate and medium
conditions that resulted in enrichment of divergent cell
populations with morphologic features and protein expres-
sion characteristic of distinct ectodermal and mesenchymal
cell types. hES-derived ectodermal cells expressed cytoker-
atins and B-catenin, while mesenchymal-like cells expressed
surface markers characteristic of MSCs and mature fibro-
blasts. When these mesenchymal and ectodermal cells were
incorporated into stromal and epithelial tissue compart-
ments, respectively, and grown as 3D tissue constructs at an
air-liquid interface, they generated stratified epithelia with
features similar to tissues generated with foreskin-derived
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epithelium and fibroblasts. hES cell-derived tissues demon-
strated deposition of the basement membrane (BM) compo-
nent type IV collagen at the epithelial-stromal interface, and
stromal cells showed features of mature fibroblasts. By de-
riving two cell lineages from the same hES cell source, it is
now possible to further explore the environmental cues in 3D
tissues that are needed to sustain the growth and maturation
of mesenchymal and ectodermal lineages that will support
tissue assembly and organization.

Materials and Methods
Cell culture

Conditions for directed differentiation of H9-hES cells are
shown schematically in Figure 1. hES cell line H9 were main-
tained in culture as described,* on irradiated feeder layers of
mouse embryonic fibroblasts (MEFs). For directed differentia-
tion, hES cells were first passaged at a ratio of 1:6 onto MEFs that
were fixed in 4% formaldehyde and cultured in normal human
keratinocyte (NHK) medium containing 3:1 Dulbecco’s modi-
fied Eagle’s medium (DMEM):F12 (Invitrogen, Carlsbad, CA),
5% FCII (Hyclone, Logan, UT), 0.18 mM adenine, 8 mM HEPES,
0.5 ug/mL hydrocortisone, 10~ 19 M cholera toxin, 10 ng/mL
epidermal growth factor, and 5 pg/mL insulin (NHK medium).
At day 4, 0.5nM human bone morphogenetic protein (BMP)-4
(R&D Systems, Minneapolis, MN) was added for 3 days. At day
7, cells were passaged 1:3 onto a fresh fixed MEF feeder layer
and cultured in 1:1 DMEM:F12 (Invitrogen), 5% FCII (Hyclone),
and 1% non-essential amino acids (NEAA) (serum-containing
ES medium) and grown for 7 days. At day 14, cells were pas-
saged 1:3 onto plastic and grown in NHK medium. Cells were
expanded on day 21 using type I collagen—coated plates (BD
Biosciences, San Jose, CA). EDK1 cells were trypsinized and
plated onto type I collagen—coated plates for 20 passages.

Real-time reverse transcriptase—polymerase
chain reaction

RNA was extracted using the Qiagen RNeasy kit. The
cDNA was transcribed with 1 ug RNA using the Quantiscript

Day: 0 > 4 ¥7 >14 >21
Substrate: Fixed MEF >plastic ————>col |

Media: NHK——> +BMP-4 —> SCES

> NHK >

FIG. 1. Stages of development of ES-derived progenitor cells (EDK1). H9 human embryonic stem cells were seeded onto
fixed mouse embryonic fibroblasts and grown in the normal human keratinocyte (NHK) medium for 1 week while sup-
plemented with 0.5nM bone morphogenetic protein-4 from days 4 to 7. Appearance of cells on day 1 indicated morpho-
logically distinct cells on the periphery of ES colonies (A, arrow). On day 12, cells had lost their tightly aggregated appearance
in focal areas (B, arrows). After 2 weeks, cells passaged onto tissue culture plastic generated cell populations that showed
features of two distinct morphologic cell types, epithelial-like cells (C, thick arrow and inset) and elongated spindle-shaped
cells (C, thin arrow). On day 21 cells were further expanded on type I collagen—coated plates.
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Reverse Transcriptase (Qiagen, Valencia, CA). For each real-
time reverse transcriptase-polymerase chain reaction (RT-
PCR), we used 20ng of cDNA, 200nM of each primer, and
2x SYBRgreen (Applied Biosystems, Foster City, CA), and
samples were run on the Bio-Rad iQ5 Real-Time PCR De-
tection System according to manufacturers’ instructions.
The relative level of gene expression was assessed using the
244 method, and results are presented as an average of three
experiments. The following oligonucleotide primer sequences
were used: K18-F1, 5 ccgtcttgctgctgatgact 3'; K18-R1, 5
ggccttttacttectettegt 3'; nestin-F1, 5 tgaagggcaatcacaacagg;
nestin-R1, 5’ tgaccccaacatgacctctg 3'; GAPDH-F1, 5 tcgacagt
cagccgcatcttcttt 3'; and GAPDH-R1, 5 accaaatccgttgacctt 3.

Three-dimensional tissue fabrication

Three-dimensional control tissues were grown using hu-
man keratinocytes (NHK) derived from foreskin that were
first cultured in two-dimensional (2D), monolayer culture on
irradiated 3T3 fibroblasts. Foreskin fibroblasts were grown in
a medium containing DMEM and 10% fetal calf serum. Tis-
sues were grown by adding foreskin fibroblasts or ES-derived
EDK1cells to neutralized type I collagen (Organogenesis,
Canton, MA) to a final concentration of 2.5x 10* cells/mL.
Three milliliters of this mixture was added to each 35 mm well
of a six-well plate (Organogenesis) and incubated for 7 days in
the medium containing DMEM and 10% fetal calf serum, until
the collagen matrix showed no further shrinkage. About
5x10° NHK or 1x10° EDK1 cells were seeded onto the col-
lagen matrix, and tissues were then maintained submerged in
the low-calcium epidermal growth medium for 2 days, sub-
merged for 2 days in the normal-calcium medium, and raised
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to the air-liquid interface for an additional 8 days by feeding
from below as previously described.'”

Teratoma formation

To assess teratoma formation, hES or EDKI1 cells were
trypsinized, counted, and resuspended in 0.5mL of
phosphate-buffered saline. Four mice were injected with
3x10° of either cell type in the rear leg muscle of SCID-beige
mice. Mice were sacrificed after 2 and 4 months, tissues were
harvested, and tissue morphology was analyzed after he-
matoxylin and eosin staining. Two of four mice injected with
HO cells developed tumors, while none of the mice injected
with EDK1 developed teratomas.

Immunocytochemistry and frozen section staining

EDK1 and HDE]1 cells were grown to confluence on type I
collagen—coated coverslips, fixed in 4% paraformaldehyde,
and permeabilized using 0.1% triton X-100. Cells were
stained using primary antibodies directed against cytoker-
atin 18 (Abcam, Cambridge, MA), vimentin (Abcam), cyto-
keratin 12 (SantaCruz, Santa Cruz, CA), p63 (Santa Cruz),
and keratin 14 (K14) (Millipore, Billerica, MA) or B-catenin
(Millipore) for 1h followed by Alexa 488—conjugated goat
anti-rabbit or Alexa 594-conjugated goat anti-mouse sec-
ondary antibodies (Invitrogen) for 1h. For immunohisto-
chemistry, tissues were frozen in O.C.T. compound (Sakura
Finetek USA, Torrance, CA), and 8 um sections were fixed in
4% paraformaldehyde and immunostained using the same
protocol as above. Coverslips and tissues were counter-
stained with DAPI in Vectashield mounting medium (Vector,
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FIG. 2. Expression of both K18 and vimentin suggests a primitive population of ectodermal cells. EDK1 cells were char-
acterized by real-time reverse transcriptase-polymerase chain reaction (RT-PCR) at early passage (p5) and later passage (p12).
Cells expressed cytokeratin 18 (A), a marker of early ectoderm, and expressed low levels of nestin (B), a marker of neuroectoderm.
HelLa cell RNA was used as a positive control for K18 expression and also a negative control for nestin. Ct values were normalized
to 185 rRNA levels, and significance was determined by one-tailed T-test. One hundred percent of EDK1 population stained
positive for K18 (C, green) and vimentin (vim) (C, red) by immunofluorescence. Cell nuclei were stained with DAPI (C, blue). No
significant change in morphology (D) or expression of K18 (D, inset) was seen after 19 passages in culture.
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Burlingame, CA). Hematoxylin and eosin staining for mor-
phologic analysis was performed on paraffin-embedded tis-
sues that were sectioned at 8 um thickness. Images were
captured using a SPOT RT camera and a Nikon Eclipse 80i
microscope.

Flow cytometry

EDK1 and HDElcells were harvested and divided into
11 FACS tubes (BD Biosciences) at 2x10° cells/tube and
stained with PE-conjugated anti-CD73, -CD10, -CD13,
-CD105, -CD106, - CD44, - CD34-, - CD45, -CD31, and -1gG1k
(BD Biosciences, San Jose, CA). Cells were incubated for 40 min
at 4°C in the dark and washed with 2% fetal bovine serum in
phosphate-buffered saline solution. All data were acquired us-
ing a FACSCalibur (BD Biosciences) and analyzed using Cell-
Quest (BD Biosciences) and Summit V4.3 software (Dako).
Analysis was performed on 20,000 cells per sample, and posi-
tive expression was defined as the level of fluorescence greater
than 99% of the corresponding isotype control IgGlk (BD
Biosciences) or the corresponding unstained cell samples.

Results

hES cells undergo commitment to ectodermal lineage
fate when grown in specific feeder layer
and medium conditions

HO hES cells were first induced to differentiate by growth
in serum-containing keratinocyte medium (NHK) on MEFs
that were formaldehyde fixed. Within 24h, ES colonies had
begun to undergo morphologic changes at their periphery,
characterized by enlarged cells with a cobblestone appear-
ance (Fig. 1A, arrows and inset). To block outgrowth of
neural precursors, BMP-4 was added to the medium on days
4-7.% At day 7, differentiating cells were split onto fixed
MEFs, and the medium was changed to a serum-containing
ES medium, in which cell populations that demonstrated
focal areas of loosely aggregated, irregularly shaped cells
expanded without evidence of further morphologic changes
(Fig. 1B, arrows and inset). On day 14, cells were passaged to
uncoated plastic plates and returned to NHK growth me-
dium. During this time, colonies appeared that contained
cells with an epithelial morphology (Fig. 1C, thick arrow and
inset). These cells were further expanded by seeding them on
plates coated with type I collagen. The resulting cultures,
known as EDK1, had acquired either polygonal or elongated
(Fig. 1C, thin arrow) morphology. EDK1 cells did not express
Oct-4 or SSEA4 and were expanded for 20 passages without
decreased growth or senescence. Two and 4 months after
injection of either 3x10° hES or EDKI cells into the rear leg
muscle of SCID-beige mice, teratomas were only seen in mice
injected with hES cells and not with EDK1.

ES-derived progenitor cells demonstrate markers
of ectodermal phenotype

To characterize phenotypic properties of EDKI1 cells, pat-
terns of gene expression were analyzed by real-time RT-PCR
after RNA extraction from cells at both early (p5) and later
(p12) passages. Expression levels of the ectodermal marker
cytokeratin 18 (K18) and nestin, a marker of neural progen-
itors, were analyzed by real-time RT-PCR. Expression of K18

HEWITT ET AL.

was elevated in both early and late passage cells (Fig. 2A),
indicating that cells were stable under culture conditions
used for cell expansion. Nestin expression was significantly
lower than that seen in hES cells (Fig. 2B), suggesting that
cells had not differentiated into a neural lineage. These
findings were confirmed by immunohistochemical staining
that demonstrated coexpression of both K18 and vimentin in
all EDK1 cells. These results indicated that the differentiation
protocol used yielded cell populations that were highly en-
riched in keratin-expressing cells that demonstrated the
morphologic and molecular characteristics of commitment
toward an ectodermal lineage fate. These ectodermal features
of EDK1 were similar to those previously described using a
similar protocol.'’® We analyzed the morphologic appearance
and expression of K18 in EDKI1 cells that were cultured for
prolonged passages. Passage 19 EDK1 showed no change in
morphology (Fig. 2D) and maintained expression of K18
(Fig. 2D, inset).

Further commitment to epithelial fate by culturing
EDK1 on a substrate enriched in ECM proteins

To establish the potential of EDKI1 cells to undergo further
commitment to specific cell fates, we next cultured these cells
on plates coated with ECM proteins deposited by an epithelial
cell line (HaCaT). We first prepared a surface enriched in ECM
proteins by growing HaCaT cells to confluence on tissue
culture plastic. Cells were then removed using ethylenedia-
minetetraacetic acid to create a surface highly enriched in la-
minin 5 (data not shown). When seeded on this surface for
several passages, the morphology (Fig. 3A) and expression of
cytokeratins (data not shown) did not change. However,
when these cells were next seeded onto on a surface coated
with type I collagen, a population of cells with an epithelial
morphology emerged that grew as compact colonies (Fig. 3B,
arrows) and became the predominant cell type in these cul-
tures as they were expanded (HDEL1) (Fig. 3C). HDEI cells
demonstrated loss of K18 expression (Fig. 3E, arrows), ac-
quisition of K12 (Fig. 3I), and elevated B-catenin expression
that localized to cell membranes (Fig. 3G). The down-
regulation of K18 expression in HDEI1 cells was confirmed at
the RNA level (Fig. 3]). We also performed immunocyto-
chemical stains for markers of basal keratinocytes, cytokeratin
14 (K14), and p63, which are normally found in mature epi-
thelial tissues. Expression of K14 and p63 were not detected in
this cell population, suggesting that these ectodermal cells
have not acquired the phenotype of basal keratinocytes. These
results demonstrated that growth on ECM proteins could
direct ES-derived cells to further differentiate to a cell lineage
with characteristics of epithelial cells.

EDK1 cells are enriched in cells with surface markers
characteristic of mesenchymal cells

The presence of cell subpopulations with morphologic
features of mesenchymal-like cells that were predominant in
EDK1 cultures and less common in HDE1 cells suggested
that EDK1 cells were enriched in cells with a mesenchymal
phenotype. We therefore compared EDK1 to HDE1 cells by
flow cytometry using a panel of nine monoclonal antibodies
to determine their surface marker expression. Both cell types
were analyzed by flow cytometry for surface markers known
to identify human MSCs, including surface enzymes (CD73,
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FIG. 3. Emergence of compact, epithelial-like colonies when EDKI1 cells were grown on extracellular matrix (ECM)—coated
plates. EDK1 underwent further differentiation to morphologically distinct cell populations that expressed K12, but not K18,
after sequential seeding on ECM-coated and type I collagen—coated plates. EDK1 cells were grown for several passages on
HaCat-CM plates, without change in morphology (A). Growth on type I collagen resulted in emergence of fast-growing,
epithelial-like cells that grew as compact colonies (B, arrows) that became the predominant cell type after passaging (C).
Immunofluorescent characterization of emergent colonies showed K18 expressed homogeneously in EDK1 (D), which was
absent in HDE1 (E, arrow). We observed a low-level, diffuse staining of B-catenin that was diffuse in EDK1 cells (F), while p-
catenin expression was elevated in HDE1 (G), and was localized to cell membranes (inset). The downregulation of K18
expression in HDEI cells was confirmed by RT-PCR analysis to determine at the RNA levels (J). Cytokeratin 12 was not
expressed in EDK1 (H) but was highly expressed in HDEI cells (I). All images were taken at 10x magnification.

CD10, and CD13), adhesion molecules (CD105 and CD106), Flow cytometric analysis of the labeled cells showed that
and a receptor molecule (CD44). In addition, flow cytometry large numbers (80-99.5%) of EDK1 cells strongly expressed
was also performed to rule out the presence of hematopoietic ~ the MSC-associated antigens CD73, CD105, CD106, CD44,
or endothelial cell types using markers that would identify =~ CD10, and CD13, indicating their mesenchymal phenotype.
these cells (CD34, CD45, and CD31). HDE1 cells demonstrated a dramatic reduction of CD73-,
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TABLE 1. SURFACE MARKER ExPrEssioN 1IN EDK1
AND HDE1 CeLL LiNEs BY FLow CYTOMETRIC
AnAvLysis oF 20,000 CELLS

Surface

protein Antigen EDK1 HDE1
CD73  SHB3, ecto-5'-nucleotidase 99.0£0.2 4.6+52
CD105 SH2, endoglin 824+17 882+42
CD106 VCAM-1 802+01 14+17
CD44  Hyaluronate, HCAM 99.0+0.6 93.8+3.1
CD10 CALLA 99.5+0.1 24+07
CD13  Aminopeptidase N 922493 85.8£25
CD45 Leucocyte common antigen 5.04+19 4.4+42
CD34  Hematopoietic marker 15+16 06+04
CD31 PECAM 48+52 09+11

Results are displayed as means of the surface marker expression in
percent + standard deviation (1 =2).

CALLA, common leucocyte lymphocytic leukemia antigen;
PECAM, platelet endothelial cell adhesion molecule; HCAM, lym-
phocyte homing-associated cell adhesion molecule; VCAM, vascular
cell adhesion molecule.

CD106-, and CD10-positive cells and similar levels of ex-
pression for CD105 and CD44 (Table 1), although EDK1 and
HDE] featured notable differences with respect to fluores-
cence intensity of CD105 and CD44 markers (Fig. 4). Both cell
types lacked expression of CD31, CD45, and CD34, sug-
gesting the absence of cells of hematopoietic and endothelial
lineages in either of these populations (Table 1). These
findings suggest that EDK1 cells were enriched in popula-
tions that express markers of mesenchymal precursor cells.
In contrast, HDEI cells did not sustain this expression profile
after their sequential passage on HaCaT cell-derived ECM
and type I collagen surfaces. This indicated that HDEI cells
underwent a transition from cells with mesenchymal fea-
tures toward cells displaying an ectodermal phenotype.

HDE1 cells form a 3D muiltilayer epithelium
when grown at the air-liquid interface on collagen
gels populated with EDK1 cells

In light of the emergence of stable ES-derived cell popu-
lations with features of either ectodermal or mesenchymal-
like cells, we next determined if these distinct cell popula-
tions could be cocultured in 3D engineered tissue constructs
to form complex tissues. EDK1 were embedded into collagen
gels and allowed to contract the gel for 7 days. During this
time, these cells acquired an elongated and stellate mor-
phology (Fig. 5D, G, insets) that resembled that of foreskin
fibroblasts grown under similar conditions with foreskin-
derived keratinocytes (Fig. 5A, inset). EDK1 or HDEI cells
were then seeded onto the surface of collagen gels, and tis-
sues were grown at an air-liquid interface for an additional 7
days to compare their capacity to form a multilayer epithe-
lium (Fig. 5A).

EDK1 cells grown at an air-liquid interface showed only a
minimal degree of stratification resulting in a surface layer
that was only two to three cell layers thick (Fig. 5D).
EDK1 cells expressed K18 and type IV collagen that was re-
tained in the cell cytoplasm and not deposited in the BM
zone (Fig. 5F, inset). In contrast, when HDE1cells were
grown on the surface of collagen gels in which EDK1 cells
were present, tissues demonstrated a significantly thickened
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FIG. 4. Comparative flow cytometric analysis of mesen-
chymal stem cell-associated antigens. Representative histo-
grams show the fluorescence intensity of EDK1cells (gray
profiles) and HDE1 cells (clear profiles) stained with isotype
control antibodies and antibodies against the surface proteins.

epithelium (Fig. 5G) that approximated the number of cell
layers seen in tissues constructed with NHK (Fig. 5A). Im-
munofluorescent staining for localization of K18 (Fig. 5H,
green) and K12 (Fig. 5H, red) showed that these proteins
were localized in distinct compartments of the developing
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FIG. 5. HDEI form a well-stratified three-dimensional (3D) tissue when grown on collagen gels harboring mesenchymal-
like EDK1 cells. Two cell types were combined to form 3D tissues by incorporation of one cell type into the stroma and the
other cell type on the surface. This combination of cells included human foreskin fibroblasts (HFF) in the stroma and NHK on
the surface (A), EDK1 in the stroma and EDK1 on the surface (D), and EDK1 in the stroma and HDE1 on the surface (G).
Hematoxylin and eosin staining of tissues showed that HDEI1 cells formed a well-stratified 3D tissue when grown in the
presence of EDK1 cells in collagen gels. EDKI1 cells also expressed K18 (E) and type IV collagen (F). HDE1 cells on the surface
were positive for K12 (H, red), while EDK1 cells in the collagen gel maintained expression of K18 (H, green). Deposition of
collagen type IV in HDE1 tissues (I, inset) at the dermal-epithelial junction was similar to that in keratinocyte cultures (C).

Tissues were counterstained with DAPI to view nuclei (blue). All images are 10x magnification.

tissue. These multilayer tissues were well attached to the
underlying collagen gel (Fig. 5G). This may be explained by
the linear deposition of type IV collagen that was localized in
the upper part of the collagen gel at the connective tissue-
epithelial interface (Fig. 5I). This pattern of deposition was
similar to that seen at this interface when control tissues
harboring NHKs were grown on collagen gels containing
foreskin fibroblasts (Fig. 5C).

Discussion

Stem cell fate is directed during early development by the
integration of numerous signals that are mediated by para-
crine-acting, growth-regulatory factors and structural proteins
that provide dynamic crosstalk between the ectodermal, me-
sodermal, and endodermal tissues.'® A goal of research at the
interface of tissue engineering and stem cell biology is to

fabricate in vitro tissues that can simulate the complexity of
these in vivo developmental cues, to better understand how
intercellular interactions stimulate tissue assembly and orga-
nization to generate functional tissues. In our current study,
we demonstrate the directed differentiation of H9 ES cells to
derive cell populations with properties of ectodermal and
mesenchymal cells that, for the first time, have been incor-
porated into in a 3D tissue environment to generate complex
stratified epithelium.

Significant progress has been made in the commitment
and differentiation of pluripotent hES cells toward a broad
variety of cell types. Initial attempts to generate keratino-
cytes using EBs successfully generated keratinocytes ex-
pressing cytokeratins 5 and 14, but these cells had limited
expansion potential*>*' The efficiency of this technique
was improved by bypassing EB formation and treating cells
with BMP-4, which resulted in generation of K18- and
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K14-expressing cells with many characteristics of ectodermal
cell lineages.'®* While cells generated in this manner dis-
played markers of keratinocyte differentiation, the low ex-
pansion potential and colony-forming efficiencies limited
their usefulness in tissue engineering applications, where
high growth fraction is critical for tissue formation.'” In ad-
dition, while mesenchymal progenitors have been previously
identified in skin-like tissues constructed from murine ES
cells,” it has not been shown that can give rise to cells with
features of mature fibroblasts that can provide crosstalk
needed to support the maturation of adjacent epithelial cells.
We have demonstrated the generation of distinct mesen-
chymal- and ectodermal-like ES-derived cell populations that
formed complex tissues comprised of both stromal and epi-
thelial compartments.

To derive the cell populations used to fabricate tissues, we
adapted previously described protocols for ectodermal dif-
ferentiation'® using a fixed MEF feeder layer. K18 was used
as a marker of ectodermal commitment, as it is the first
cytoplasmic intermediate filament to be expressed in the
developing embryo and in primitive ectoderm.?* A number
of sequential substrate and medium conditions used in our
experiments, such as serum-free medium, and adult fibro-
blast and NIH-3T3 fibroblasts, were able to enrich for K18-
expressing cells. While most of these previous attempts
generated cell populations that demonstrated only a brief
period of K18 expression before growth arrest, we describe
an approach (Fig. 1) that successfully generated ectodermal
cells (EDK1). Our protocol for the directed differentiation of
hES cells was designed to recapitulate the environment that
hES cells are exposed to during early development. This was
accomplished by growing cells on a feeder layer of fixed
fibroblasts and subsequently on plate coated with type I
collagen, the major collagenous component of stroma within
developing tissues. The addition of BMP-4 during a critical
time for cell commitment (days 4-7) has previously been
shown to suppress neural outgrowth of differentiating hES
(Gambaro).* Supplements included in the medium such as
insulin, epidermal growth factor, and cholera toxin have
previously been shown to support growth of mature, epi-
dermal keratinocytes in 2D culture. We demonstrate that
these additional factors can also support the differentiation
of cells toward ectodermal lineages. The resulting EDK1
population was highly proliferative and could be expanded
for 18-20 passages without change in morphology. Despite
this growth potential, EDK1 cells did not stratify within 3D
tissues but rather generated a thin tissue, suggesting that
they required additional developmental stimulus to generate
a multilayer epithelium. It is possible that paracrine-acting
factors or other ECM elements are critical cues needed to
direct the fate of epithelial cells in complex tissues.

The specification of cell types giving rise to stratified epi-
thelia is determined in the embryo by precise cues from the
underlying mesenchyme that direct development of complex
epithelial tissues.”> > Therefore, an important goal of our
study was to derive and incorporate cells with mesenchymal
features into engineered 3D epithelial tissues in a way that
would enable crosstalk between stromal and epithelial com-
partments needed for tissue development.®** Similarly, cells
with mesenchymal features were also seen when mouse ES
cells were used to generate a multilayer epithelium by growth
on ECM proteins secreted by fibroblasts.”® Cells with a mes-
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enchymal phenotype were the predominant cell population in
EDK1cells but significantly diminished in numbers when
these cells were passaged onto an ECM-coated substrate.
However, the ability of EDK1 to generate HDE1 populations
was indeed maintained over passage in culture. While pas-
sage 18 EDK1 cells were used in our experiments to generate
HDE1 cells, we also generated HDE1-like cells from EDKI -
cells at passage 5. HDE1 cells generated a morphologically
distinct subpopulation that lost MSC surface marker expres-
sion and acquired epithelial morphology, demonstrating the
plasticity of these hES-derived cells and their dynamic re-
sponse to variations in ECM substrate and growth conditions.
This enrichment for ectodermal-like cells in the HDE1 popu-
lation was further seen by the significantly greater tissue
thickness when compared to EDKlcells in 3D tissues.
HDE1 cells also appeared to have acquired the capacity to
deposit BM proteins at the stromal-epithelial interface in 3D
tissues. While EDK1 cells expressed type IV collagen in the
absence or presence of HDEI cells, this protein was only lo-
calized to the BM interface when both cell types were present.
HDE1 cells do not synthesize this BM protein although it is
possible that other BM proteins may be synthesized by HDE1
that enable EDK1-derived type IV collagen to incorporate into
an assembling BM. This raises the possibility that such local-
ization of type IV collagen in 3D tissues is linked to the ini-
tiation of BM organization, as it is known that interactions
between type IV collagen and other BM components at the
stromal-epithelial interface provide an early scaffold for BM
organization.®® Thus, future optimization of tissue morpho-
genesis from hES cell-derived precursors may require the
development of normalized BM assembly.

We have adapted our approach for the fabrication of ep-
ithelial tissues using ASCs”" to develop tissues using the hES
cells. The gold standard for generation of 3D epithelial tis-
sues are human skin equivalents, that incorporate dermal
fibroblasts and keratinocytes that contain ASCs derived from
human skin. While hES cells can be reproducibly obtained
from blastocysts, ASCs are considerably more difficult to
isolate. This is because of the fact that ASCs do not have
unique surface markers that allow their efficient isolation. As
a result, ASCs are usually defined by functional assays such
as adherence in 2D culture or colony-forming efficiency. In
addition, the existence of heterogeneous and poorly defined
subpopulations of ASCs contributes to the complexity of
using these cells as growth conditions and may select for
subpopulations of cells with specific growth characteristics.*®
In this light, it is important to optimize and better define
specific protocols for the isolation of progenitor cells from
hES cells that will offer more reproducible stem cell sources
for tissue fabrication.

The integrated events that occur during tissue morpho-
genesis need to be studied in biological systems in which a
high degree of tissue complexity can be achieved. Biologically
meaningful signaling pathways, including stem cell differen-
tiation, function optimally when cells are spatially organized
in 3D tissues rather than in rudimentary 2D culture systems.*®
In this light, the application of 3D tissues will play a pio-
neering role in moving tissue engineering and discovery sci-
ence into this paradigm that now provides a focus on
translational and clinical relevance. The combinatorial model
we present here, using both 2D and 3D techniques to first
commit hES cells to multiple lineages and then to incorporate
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these cells into bioengineered 3D tissues, provides a novel
paradigm to study ectodermal-mesodermal crosstalk during
epithelial tissue fabrication. Further manipulation of the
3D tissue environment, mediated by epithelial-mesenchymal
crosstalk and the presence of structured BM, will identify the
microenvironmental cues that can normalize epithelial tissue
outcomes in engineered tissues. Once we better understand the
signals communicated by ES-derived progenitors in distinct
tissue compartments, the application of newly discovered
pluripotent stem cell sources such as induced pluripotent stem
cells to generate patient-specific tissues may provide new tissue
engineering approaches to fabricate complex tissues.
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