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Abstract

We have developed and validated a microporous poly(ethylene terephthalate) membrane-based
indirect co-culture system for human pluripotent stem cell (hPSC) propagation, which allows real-
time conditioning of the culture medium with human fibroblasts while maintaining the complete
separation of the two cell types. The propagation and pluripotent characteristics of a human
embryonic stem cell (hESC) line and a human induced pluripotent stem cell (hiPSC) line were studied
in prolonged culture in this system. We report that hPSCs cultured on membranes by indirect co-
culture with fibroblasts were indistinguishable by multiple criteria from hPSCs cultured directly on
a fibroblast feeder layer. Thus this co-culture system is a significant advance in hPSC culture
methods, providing a facile stem cell expansion system with continuous medium conditioning while
preventing mixing of hPSCs and feeder cells. This membrane culture method will enable testing of
novel feeder cells and differentiation studies using co-culture with other cell types, and will simplify
stepwise changes in culture conditions for staged differentiation protocols.
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INTRODUCTION

Human pluripotent stem cells (hPSCs) have gained interest primarily because of their dual
capabilities of self-renewal and differentiation into multiple cell types [1-4]. Traditional
culturing of hPSCs involves direct contact with a feeder cell layer, such as mouse embryonic
fibroblasts (MEFs), to support their undifferentiated growth [5]. These feeder cells not only
produce extracellular matrix (ECM) components crucial for attachment of hPSCs, but also
secrete factors that help maintain hPSCs in a pluripotent state. An important issue, however,
is that direct contact of hPSCs with a feeder layer results in intermixing of cell types and may
cause xenotypic contamination [6]. Recent improvements in culture techniques include using
human rather than mouse fibroblasts as feeder layers [7-10] eliminating potential cross-species
pathogen contamination; however separation of the feeder cells from the hPSCs, as is required
for most differentiation protocols, still remains a technical challenge. For this reason, feeder-
free systems have been developed, usually using purified substrates such as Matrigel™,
fibronectin or laminin for attachment and replacing the other feeder cell-derived components
with medium that is preconditioned by culture with feeder cells or defined medium containing
high levels of synthetic growth factors [11].

We report here an alternative method for culturing hPSCs that does not require mixing the cells
with feeder cells, using pre-conditioned medium, or adding high levels of growth factors. We
evaluated a microporous poly(ethylene terephthalate) membrane-based indirect co-culture
(MBIC) system that physically separates hPSCs from the feeder layer, while allowing for
continuous conditioning of the medium by the feeder cells. In this study, we describe the first
use of an MBIC system for hPSC propagation. We show that hPSCs cultured on membrane
coated with human fibroblast-derived extracellular matrix and physically separated from
human feeder cells (Supplementary Figure 1) are phenotypically indistinguishable from those
cultured in contact with feeder cells, having the same colony morphology, expression of
pluripotency markers, in-vitro differentiation and global gene expression profiles. Use of a
MBIC system for hPSC expansion allows for an economical alternative to synthetic media-
based feeder-free system and is amenable to scaling up production of pure populations of
hPSCs and their derivatives. The complete separation of the cell types will simplify the testing
of multiple culture conditions for optimal hPSC growth, and will enable rapid changes in
conditions, such as testing differentiation factors and/or other types of cells for co-culture,
without the requirement for dissociating and replating the hPSCs.

MATERIALS AND METHODS

Generation of inactivated human feeder layers and acellular substrates from human feeders

Human foreskin fibroblasts (HFFs) were maintained as previously described [12]. Mitotic
inactivation of the cells was achieved by incubation in 10ug/ml of Mitomycin C (MMc), for
2 hours. The cells were then plated at a density of 300,000 cells/35mm dish. Acellular substrates
were generated by allowing the HFF cultures to proliferate for 6-8 days past 100% confluency
in 6-well tissue culture dishes (Sigma-Aldrich) on Millicell® 1.0um polyethylene terephthalate
(PET) inserts with hanging geometry (Millipore, Billerica, MA) (Supplementary Figure 1).
The inserts were washed with sterile distilled water followed by a short exposure to 20mM
NH3 solution to generate the acellular substrate on the filter. The filters were then thoroughly
washed with phosphate buffered saline (PBS).

Propagation of hPSCs and hPSC-derived cells

Karyotypically normal diploid WAQ9 hESC [2] and hiPSC (WiCell Research Institute,
Madison, W1) [4] were transferred from mouse feeder layers onto the acellular matrices within
the inserts and maintained in growth medium as previously described [13]. hESC-derived
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fibroblasts were generated as described [14] for use in global gene expression comparisons.
These fibroblasts were grown in DMEM+10% FBS at 37°C/5% CO, and fed on alternate days
and passaged weekly with 0.05% trypsin (Gibco).

Immunostaining of hPSCs

Routine staining for alkaline phosphatase was performed according to manufacturer
instructions (Vector Labs) and as published previously[15]. Immunostaining of hPSCs on
feeders and in the MBIC system was also based on previously published protocols [13,16].
Fixed cells were incubated with primary antibodies: anti-POU5F1(OCT4)(Santa Cruz
Biotechnology) and SSEA-4 (Millipore, Temecula, CA). Goat anti-mouse 1gG conjugated to
Alexa 488 (Molecular Probes, Eugene, OR) was used as secondary antibody. Fluorescent
images were acquired using a Nikon Eclipse TE 2000-S inverted microscope with image
analysis software. All image settings were controlled for uniform acquisition between samples.

In vitro differentiation of hPSCs and histology of hPSC-derived embryoid bodies

To generate embryoid bodies (EBs), hPSC colonies were divided into clumps of about 100-300
cells and resuspended in ultra-low attachment culture dishes, in growth medium without bFGF,
and medium was changed every 3-4 days for 15 days. EBs were prepared for histological
analysis by fixation in 3.7% PFA in 1.5ml microfuge tubes at approximately 15-25 EBs per
tube. Once fixed overnight, EBs were rinsed with PBS to remove PFA, resuspended in 200ul
melted 4% low melting point agarose (Sigma Aldrich) at 42°C and incubated for 2 hours to
allow settling. Final pelleting and agarose solidification was performed with brief room
temperature centrifugation at 500g. Agarose-embedded samples were processed for paraffin
sectioning in a Leica TP1020 tissue processor. Hematoxylin and eosin (H&E) staining was
performed on microscope slide-mounted 5um sections in a Leica Autostainer XL workstation.
Images were acquired using a Nikon TS-100 microscope using the default imaging parameters.

Scanning Electron Microscopy (SEM) analysis of membranes and hPSC colonies

To verify open membrane pores in the MBIC system, insert samples were fixed and dehydrated
prior to SEM analysis, as previously described [16]. SEM analysis of hPSC colonies on inserts
was performed by fixation in 4% gluteraldehyde followed by three washes in 0.1M Cacodylate
Buffer pH 7.2 with 0.1M Sucrose. Cells were treated with 1% Osmium Tetroxide in 0.1M
Cacodylate Buffer pH 7.2 followed by a 0.1M Cacodylate Buffer pH 7.2 rinse. Samples were
dried by incubation in increasing percentage of ethanol (25 to 100%). SEM images were
acquired by coating with ~ 150A gold for contrast enhancement and electrical continuity.
Representative images were collected in the FEI Quanta FEG ESEM 200 under high vacuum
at 15 keV.

RNA isolation and real time reverse transcription polymerase chain reaction

RNA was isolated from hPSCs propagated for 15 passages under different conditions and from
EBs after 15 days in suspension using Trizol (Invitrogen, Carlsbad, CA) and quantified using
BioMate3 UV-VIS Spectrophotometer (Thermo Scientific, Waltham, MA). cDNA was
synthesized from 1ug of RNA using cDNA reverse transcription kit (Applied Biosystems,
Foster City, CA). Expression of pluripotent and germ-Ilayer specific genes (Supplementary
Table 1) was analyzed using quantitative real time RT-PCR. PCR was performed in an ABI
HT7900 system and the data were acquired using Sequence Detection System software (SDS
v2.2.1, Applied Biosystems). SDS software was used to estimate relative fold change values,
using AC; quantification methods. Endogenous 18S ribosomal RNA was used for
normalization. Relative gene expression for hPSCs propagated in the MBIC system was
assessed against hPSCs propagated on acellular HFFs in TCPS dishes. Relative gene
expression of differentiated EBs obtained from different conditions was assessed against
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undifferentiated hPSCs propagated under the original condition. Expression Index (EI) was
used to determine the relative differentiation state of cells [17], and was based on the average
Cq values from triplicate measurements. An expression ratio of two or more genes was
determined using a mathematical model based on the geometric average of assessed genes,
previously described in detail [18], given by the following equation:

m Ctgenel Ctgene? Ctgene
(]+Egenelm) sene m-(l"'EgmeZm) senesm . (1+Egenem) senem

EI=K,

n Cigeneln Cigene2n Cigenen
(1+Egeneln) ° .(1 +Egem)2n) cee (1+Egenen) 8

E is the PCR efficiency calculated from dilution series of purified PCR products, CT is the
threshold cycle, and m and n are the numbers of genes that are up and down regulated upon
differentiation respectively. Krg is the relative sensitivity constant and was not determined as
it does not affect relative comparisons between samples.

Gene expression profiling, data collection and analysis

Whole-genome gene expression profiles were obtained in duplicate from hESCs propagated
in (a) direct co-culture with HFF (b) Matrigel ™ with HFF-conditioned medium and (c) indirect
co-culture in the MBIC system with HFFs. In addition, we profiled three replicates of hESC-
derived fibroblasts, and two replicates of HFFs. Total RNA was extracted using the Mirvana
Total RNA extraction kit (Ambion) and mRNA labeling and amplification was performed
using the Totalprep kit (Ambion). Whole-genome gene expression profiling was performed
using lHlumina human WGA-6 V2 gene expression arrays according to the manufacturer’s
protocol. Data processing and normalization was performed in BeadStudio (Illumina).
Clustering and statistical analyses were performed using MATISSE, based on previously
developed methods [19].

RESULTS and DISCUSSION

Indirect co-culture allows expansion of hPSCs without feeder cell contact

We observed that hPSC lines did not attach to tissue culture-treated 1.0 um PET inserts, and
found that coating the inserts with human acellular substrates allowed attachment. We
demonstrated that both hPSC lines could be successfully cultured for over 10 generations on
PET inserts in co-culture with HFFs. In all of our studies, the feeder cells were attached to the
bottom of the well, rather than the basolateral face of the microporous membrane
(Supplementary Figure 1). hPSCs cultured in the MBIC system retained cell and colony
morphology characteristic of undifferentiated cultures (Supplementary Figure 2). Expression
of alkaline phosphatase [20] was monitored to show that the hPSCs retained this stem cell
marker in the MBIC system (Figure 1).

Indirect co-culture maintains undifferentiated state of different hPSCs

Immunocytochemical analysis for the pluripotency markers POUSF1(OCT4) and SSEA4 was
used to validate the acellular substrates for hPSC propagation. The hPSCs grown on acellular
substrates in the MBIC system continued to be positive for pluripotency markers over several
passages (Figure 1). To evaluate the relative gene expression of key genes associated with
pluripotency and differentiation, RNA from hESC and hiPSC maintained within the MBIC
system for 15 passages was isolated and analyzed by quantitative RT-PCR. Samples were
directly compared to hPSCs on substrate-coated TCPS. Expression of pluripotency markers
(POU5SF1(OCT4), SOX2 and NANOG) was measured as C; values normalized against a
housekeeping gene for each sample. As shown in Figure 2c, comparable AC; values across
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different culture conditions and cell lines indicated that the undifferentiated state was
maintained in the MBIC system. Statistical analyses indicated no significant difference
(p>0.05) between hPSCs propagated in the MBIC system and those propagated on substrate-
coated TCPS. Further, the differentiation state of the hPSCs was quantified using an
“expression index” as a metric to compare the undifferentiated hPSCs with differentiated cells
(EBs). For the two cell lines (hESCs and hiPSCs) analyzed, the expression index of the
undifferentiated samples at 15 passages was 90 and 137 respectively, while the expression
index of the 15-day old EBs was 0.4 for the hESCs and 0.55 for the iPSCs (Figure 2 a &b).

In-direct co-culture maintains in vitro differentiation potential

Functional pluripotency of the hPSCs cultured in the MBIC system was tested by in vitro
differentiation into derivatives of the three germ layers. Statistical analyses indicated that the
15 day-old EBs had significantly high expression (p <0.01) of all germ layer specific markers
tested (Figure 2d). In addition to the expression of markers indicative of germ layer formation
in the EBs, histological studies were performed to assess the morphology of the differentiated
tissue. As shown in Figure 3 (a-1), histologic evidence of tri-lineage maturation was present in
the EB-sections from hPSCs propagated under both conditions, direct co-culture with feeder
layers and in the MBIC system.

Global gene expression analysis validates indirect co-culture for hPSC propagation

Genome-wide gene expression profiles of undifferentiated hESCs in direct co-culture with
HFF feeder cells, in indirect co-culture (MBIC), and in feeder-free in HFF-conditioned media
were very similar (Supplementary Figure 3). The correlation coefficients among the three
culture conditions were very high (Supplementary Table 2), with only a small number of genes
showing statistically significant differential expression (Figure 4). The whole genome
expression profiles of hESC-derived fibroblasts resembled HFFs, as reported previously [21].

Although gene expression profiles of hESCs grown in all three conditions were remarkably
similar, the hESCs grown under the MBIC and the feeder-free conditions were more similar
to each other than hESCs grown in contact with feeder cells (Supplementary Figure 3). This
is likely to be due to the fact that hESCs in both the feeder-free and MBIC conditions are
exposed to HFF-generated soluble factors without direct contact with HFFs. Although only a
few genes were differentially expressed in the non-contact (feeder-free and MBIC) conditions
and the cells grown in contact with feeder cells, the identity of these genes may be significant.
The list of differentially expressed genes was enriched for two GO categories (Development
and Cell Communication; Supplementary Table 3) and for targets of ESC-related
transcriptional regulators (14 transcriptional regulators examined, listed with references in
Supplementary Table 4). The enrichment of targets of the pluripotency-associated transcription
factors (POU5F1, NANOG, SOX2, TCF3) in the MBIC and feeder-free conditions suggests
that these conditions may be more conducive to the maintenance of pluripotency than the
standard co-culture methods.

Our results show for the first time that hPSCs can be successfully maintained in a pluripotent
state in the MBIC system, with no contact between the stem cells and the feeder cells. An
earlier study using porous membranes showed that hESCs maintained pluripotency when they
were plated on the apical (top) face of the membrane and the feeder cells grown directly on
the basolateral (bottom) face of the insert; however, in that system the hESCs could not be
maintained if the feeder cells were instead cultured on the surface of the well containing the
insert [22]. In our system, since the hPSCs and feeder cells are cultured in different
compartments, the cells can be moved to other wells containing different cells or factors without
having to dissociate the cultures. The ability to rapidly change the environment of the hPSCs
will considerably reduce the effort involved in testing changes in culture conditions and may
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also reduce the stresses on the cells that have been shown to increase the frequency of selection
for aneuploid variants[23].

CONCLUSIONS

We have demonstrated that hPSCs (both hESCs and hiPSCs) can be propagated and maintain
pluripotency when cultured on a membrane separating them from a feeder layer. Our detailed
gene expression analysis indicates that the hPSCs cultured under the MBIC conditions were
virtually identical to cells cultured on feeder cells or in feeder cell-conditioned medium, and
differentiation assays demonstrated that membrane-cultured cells remain fully pluripotent. The
MBIC system could benefit researchers by reducing costs of feeder-free culture of hPSCs, and
also aid in scale-up to larger culture systems composed of separated hPSC expansion and media
conditioning compartments separated by a porous membrane partition. The system should also
be useful for testing other feeder cell types and cell types that may induce specific
differentiation, and for rapidly changing the cellular environment for testing for induction of
specific signaling pathways and for determining the toxicity of pharmacological compounds.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

hESCs and hiPSCs maintain alkaline phosphatase, Stage specific embryonic antigen (SSEA4)
and POUSF1 (Oct4) expression after 10 passages in membrane-based culture. hESC (a,c,e)
and hiPSC (b,d,f) are positive for alkaline phosphatase (a,b), SSEA4 (c,d) and POU5F1 (Oct4)

().
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Figure 2.

Quantitative real time polymerase chain reaction (QPCR) analysis of undifferentiated hPSCs
and differentiated EBs derived from hPSCs. Differential expression index of a) hESCs and
hESC-derived EBs and b) hiPSC and hiPSC-derived EBs, based on analysis of six genes
(POUSF1(OCT4), NANOG, SOX2, AFP, IGF2 and NEUROD1). (c) Normalized gene
expression of undifferentiated markers in hESC on acellular HFF (A); hESC in MBIC system
(B); hiPSC on acellular HFF (C) and hiPSC in MBIC system (D). There is no significant
difference (p>0.01) between the groups (n=3) indicating comparable pluripotent gene
expression. (d) Normalized gene expression of differentiated markers in hESC in MBIC system
(A’); EBs generated from hESC in MBIC system (B’); hiPSC in MBIC system (C’); and EBs
generated from hiPSC in MBIC system (D’). Significant differential gene expression (p<0.01)
in all three lineage specific markers was observed. It is important to note that AC; values
(normalized against 18S) should be interpreted counter-intuitively; where a lower value
indicated higher expression.
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Figure 3.

Histological evidence of Tri-Lineage Differentiation in embryoid bodies generated from
hPSCs. Shown are images of hematoxylin and eosin-stained histologic sections of EBs from
hESC cells propagated on MEFs (top row, a-c), hiPSC propagated on MEFs (second row, d-
f) as positive controls, hESC cells propagated in the MBIC system (third row, g-i) and hiPSC
propagated in the MBIC system (bottom row, j-I). Tri-lineage potential is demonstrated as
ectodermal (neuroepithelial) differentiation (a, d, g and j); mesodermal (fibrous connective)
differentiation (b, e, h and k) and endodermal (intestinal) differentiation (c, f, i and I). Arrows
point to the corresponding tissue in each figure. Magnification is 400x total (10x ocular, 40x
objective). Each scale bar represents 50um in length.
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Venn diagrams indicating the overlap between the sets of genes significantly differentially

expressed (FDR<0.05) between pairs of samples. The top diagram shows results for the hESCs
cultured in the three different conditions. The lower three diagrams show results among hESCs,
HFFs and XE cells, with the data for each hESC culture conditions shown in a separate diagram.
The sizes of the circles are proportional to the number of genes represented.
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