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Abstract Reprogramming of somatic cells to induced plu-
ripotent stem cells (iPSC) provides an important cell source
to derive patient-specific cells for potential therapeutic
applications. However, it is not yet clear whether reprogram-
ming through pluripotency allows the production of differ-
entiated cells with improved functional properties that may
be beneficial in regenerative therapies. To address this, we
compared the production and assembly of extracellular ma-
trix (ECM) by iPSC-derived fibroblasts to that of the paren-
tal, dermal fibroblasts (BJ), from which these iPSC were
initially reprogrammed, and to fibroblasts differentiated
from human embryonic stem cells (hESC). iPSC- and
hESC-derived fibroblasts demonstrated stable expression

of surface markers characteristic of stromal fibroblasts dur-
ing prolonged culture and showed an elevated growth po-
tential when compared to the parental BJ fibroblasts. We
found that in the presence of L-ascorbic acid-2-phosphate,
iPSC- and hESC-derived fibroblasts increased their expres-
sion of collagen genes, secretion of soluble collagen, and
extracellular deposition of type I collagen to a significantly
greater degree than that seen in the parental BJ fibroblasts.
Under culture conditions that enabled the self-assembly of a
3D stromal tissue, iPSC- and hESC-derived fibroblasts gen-
erated a well organized, ECM that was enriched in type III
collagen. By characterizing the functional properties of
iPSC-derived fibroblasts compared to their parental fibro-
blasts, we demonstrate that these cells represent a promis-
ing, alternative source of fibroblasts to advance future
regenerative therapies.
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Introduction

As stromal constituents of many tissues, fibroblasts play an
essential role in regulating normal tissue homeostasis and
wound repair through their synthesis of extracellular matrix
(ECM) proteins and secretion of growth factors. The com-
position and organization of ECM produced by stromal
fibroblasts direct many aspects of cell behavior including
growth, survival, cell recruitment, and differentiation during
tissue repair and regeneration (Schultz and Wysocki 2009).
Incorporation of stromal fibroblasts into tissue-engineered
biomaterials has shown great promise for their application in
regenerative medicine to replace damaged or diseased
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tissues by fabricating skin and dermal substitutes (Wong et
al. 2007), tendon and ligament tissue replacements (Gurkan
et al. 2010), corneal tissues (Proulx et al. 2010), heart valves
(Schmidt and Hoerstrup 2006), and blood vessels (Grainger
and Putnam 2011). However, the therapeutic potential of
stromal fibroblasts has been limited by our incomplete un-
derstanding of the precursor cells that give rise to them and
by their phenotypic heterogeneity (Chang et al. 2002; Sorrell
and Caplan 2004; Phan 2008). In addition, the lack of specific
markers defining functional subpopulations of stromal fibro-
blasts has complicated their characterization for potential use
in regenerative therapies (Yamaguchi et al. 1999; Koumas et
al. 2001; Haniffa et al. 2007; Sorrell et al. 2007, 2008). In
light of this, next-generation treatment strategies in tissue
repair will require the use of novel sources of fibroblasts that
can offer more defined progenitor populations and more
predictable tissue outcomes upon their therapeutic use.

Human induced pluripotent stem cells (iPSC) offer a
novel source of autologous cells for therapeutic use
(Klimanskaya et al. 2008). Following their reprogramming
from a variety of somatic cell types, iPSC can be differen-
tiated into patient-specific cells with a wide spectrum of
cellular phenotypes (Lian et al. 2007; Swistowski et al.
2010; Liu et al. 2011). Specifically, several recent studies
(Xu et al. 2004; Stojkovic et al. 2005) and previous work in
our laboratory (Hewitt et al. 2009) have shown the deriva-
tion of cells with properties of stromal fibroblasts from
both, human embryonic stem cells (hESC) and from
iPSC. Such fibroblasts have been used as autogenic feeders
to support the culture of undifferentiated hESC (Xu et al.
2004; Stojkovic et al. 2005) and have been shown to
secrete paracrine factors that direct the normal develop-
ment and repair of engineered, 3D human skin equivalents
(Hewitt et al. 2011; Shamis et al. 2011). Recently, evidence
has emerged that fibroblasts differentiated from iPSC dis-
played specific properties that exceeded those of the pa-
rental fibroblasts from which these iPSC were originally
reprogrammed. For example, iPSC-derived fibroblasts
showed an extended replicative potential (Suhr et al.
2009; Lapasset et al. 2011) and improved mitochondrial
function (Suhr et al. 2010; Lapasset et al. 2011) when
compared to the parental fibroblasts used for iPSC reprog-
ramming. In addition, mesenchymal stem cells (MSC)
derived from iPSC showed improved rescue of limb ische-
mia when compared to adult-derived MSC (Lian et al.
2010). This suggests that the biological potential of
iPSC-derived cells may be augmented following cellular
reprogramming and subsequent differentiation to a specific
cell type. However, it is not yet known if fibroblasts dif-
ferentiated from iPSC can also demonstrate improved
functional features that may be beneficial for regenerative
therapies when compared to the parental fibroblasts from
which these iPSC were initially reprogrammed.

In this study, we have compared the production and
assembly of ECM by iPSC-derived fibroblasts (iPDK) to
that of stromal, foreskin fibroblasts (BJ), the parental cells
from which these iPSC were initially reprogrammed. We
found that in the presence of L-ascorbic acid-2-phosphate
(AA), iPSC-derived fibroblasts expressed elevated levels of
ECM proteins that exceeded the amounts produced by BJ
fibroblasts, yet were very similar to control fibroblasts that
were differentiated from hESC (EDK). Stimulation with AA
increased the secretion of soluble collagen and elevated the
deposition of type I collagen in 2D monolayer culture in
both, iPDK and EDK fibroblasts when compared to BJ.
Under culture conditions that enabled the organization of a
3D ECM, iPDK and EDK fibroblasts demonstrated the
capacity to assemble a well-organized, stroma-like tissue
by depositing elevated amounts of ECM when compared
to BJ fibroblasts. Immunoblot and imunohistochemical
analysis of the composition of these stromal tissues revealed
that ECM assembled by both, iPDK and EDK fibroblasts
contained significantly greater amounts of type III collagen
than that assembled by BJ. These data demonstrate that
fibroblasts differentiated from iPSC acquired an augmented
biological potency when compared to their parental fibro-
blasts as characterized by their increased production and
assembly of ECM, functional features important for appli-
cation of these cells in regenerative therapies.

Materials and Methods

Cell lines. BJ fibroblasts were purchased from ATCC Inc.
(Manassas, Virginia) and expanded on tissue culture plastic
in DMEM (Invitrogen, Carlsbad, CA) supplemented with
10% FBS (Hyclone, Logan, UT). The iPSC line (gift of the
lab of Dr. Konrad Hochedlinger, Boston, MA) (Maherali et
al. 2008), was derived by reprogramming BJ fibroblasts
using separate dox-inducible vectors Oct4, Sox2, Klf4,
cMyc, and Nanog. The H9 line of hESC was purchased
from the WiCell Institute (Madison, WI). All patient-
derived cells used for this study were derived from anony-
mous donors and are not identifiable, and thus are exempt
from IRB approval. The iPSC and the hESC lines were
maintained in culture as previously described (Thomson et
al. 1998). EDK and iPDK fibroblast cell lines were differ-
entiated from hESC and iPSC, respectively, using our pre-
viously described protocol for the generation of fibroblasts
(Hewitt et al. 2009; Hewitt et al. 2011). For all experiments,
BJ, EDK, and iPDK cell lines were grown on type I
collagen-coated plates (BD Biosciences, San Jose, CA) in
media consisting of 3:1 DMEM/F12 (Invitrogen, Carlsbad,
CA), 5% FCII (Hyclone, Logan, UT), 0.18 mM adenine,
8 mM HEPES, 0.5 μg/mL hydrocortisone, 10−10 M cholera
toxin, 10 ng/mL EGF, 5 μg/mL insulin (all from Sigma, St.
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Louis, MO). All cell lines were routinely checked for myco-
plasma contamination using MycoAlert® Mycoplasma detec-
tion kit (Lonza, Rockland, ME).

Proliferation kinetics. BJ, EDK, and iPDK fibroblasts of the
same passage (p8) underwent additional passaging every
7 days upon reaching 70–80% confluence. Cell numbers
were determined by counting trypsinized cells using a he-
mocytometer, and data were recorded as an average of three
measurements for each passage. As cell numbers were first
determined at p8, the number of population doublings (PD)
was first calculated for p9 using the following formula: X ¼
log10 NHð Þ � log10 N1ð Þ½ �=log10 2ð Þ. The NH is the harvested
cell number and the N1 is the plated cell number. The PD for
each passage was calculated and added to the PD of the
previous passages to calculate the cumulative population
doublings.

Real-time RT-PCR. RNAwas isolated using Qiagen RNeasy
purification kit (Qiagen, Valencia, CA), and then converted to
cDNAwith the iScript cDNA synthesis kit (Biorad, Hercules,
CA) using 0.5 μg RNA. Real-time RT-PCR reactions were
carried out using 20 ng of cDNA, 200nM of each primer, and
2× SYBRgreen Supermix (Biorad, Hercules, CA) at a total
sample volume of 12.5 μL and samples were run in triplicate
on a iQ5 Real-Time PCR detection system (Bioad, Hercules,
CA). PCR products were amplified to 30 cycles at 94°C for
30 s, 60°C for 30 s, and 72°C for 60 s. The relative level of
gene expression was assessed using the 2−ΔΔCt method. Error
bars represent standard deviation of three biological replicates.
The following oligonucleotide primer sequences were used:
GAPDH-F: 5′-tcgacagtcagccgcatcttcttt-3′, GAPDH-R: 5′-
accaaatccgttgacctt-3′; COL1A1-F: 5′-cctcctgacgcacggccaag-
3′, COL1A1-R: 5′-ccctcgacgccggtggtttc-3′: COL3A1-F: 5′-
cctccaactgctcctactcg-3′, COL3A1-R: 5′-tcgaagcctctgtgtccttt-
3′; COL4A1-F: 5′-ccaggatttcaaggtccaaa-3′, COL4A1-R: 5′-
tcattgccttgcacgtagag-3′; COL5A1-F: 5′-ctggggagaagg
gaaaactc-3′, COL5A1-R: 5′-tcagtccaagagctcccact-3′; FN-F:
5′-tgaccctacagtttccca-3′, FN-R: 5′-tgattcagacattcgttcccac-3′.

Histology, immunohistochemistry, and immunofluorescence.
Self-assembled, 3D stromal tissues were fixed in 10%
neutral-buffered formalin, embedded in paraffin, sectioned
at 8 μm thickness and hematoxylin and eosin (H&E) stain-
ing was performed to assess tissue morphology. For immu-
nohistochemistry, antigen retrieval was performed by
steaming tissue sections in citrate buffer for 15 min and
immunostaining was performed with antibodies against type
I collagen, type III collagen (Abcam, Cambridge, MA), and
fibronectin (BD Transduction, San Jose, CA). Staining lo-
calization was detected using DAB (Vector Laboratories,
Burlingame, CA), and tissues were counterstained with hema-
toxylin (Sigma, St. Louis, MO). For immunofluorescence

staining, BJ, EDK, and iPDK cells were grown in 2D, mono-
layer cultures on glass cover slips for 1 wk in the presence or
absence of AA (10 μg/ml), fixed in 4% paraformaldehyde,
permeabilized using 0.1% triton X-100, immunostained with
antibodies against type I procollagen (Fitzgerald Inc, Acton,
MA). Staining localization was detected using Alexa Fluor
488-conjugated goat anti-mouse secondary antibody
(Invitrogen, Carlsbad, CA). Microscopy was performed with
a Nikon Eclipse 80i microscope and composite images were
created using SPOT Advanced software (Diagnostic
Instruments, Sterling Heights, MI).

Construction of 3-dimensional (3D) stromal tissues. BJ,
EDK, and iPDK cells were harvested at 70–80% confluence
and seeded onto 24-well Millicell® (Millipore, Billerica,
MA) Hanging Cell Culture inserts (1.0-μm pore size) at a
density of 5×105 cells/cm2. Cells were fed with the media
containing 3:1 DMEM/F12 (Invitrogen, Carlsbad, CA), 5%
FCII (Hyclone, Logan, UT), 0.18 mM adenine, 8 mMHEPES,
0.5 μg/mL hydrocortisone, 10−10 M cholera toxin, 10 ng/mL
EGF, 5 μg/mL insulin with or without 10 μg/ml of L-ascorbic
acid-2-phosphate (Sigma, St. Louis, MO) and medium was
changed every 3 d throughout the culture period of 5 wk.

Flow cytometry. BJ, EDK, and iPDK cells were trypsinized,
pelleted, and re-suspended in 2% FBS in PBS. Cell
suspensions were stained with PE-conjugated anti-CD73,
CD10, CD90, CD166, or isotype control IgG1k (BD
Pharmingen, San Jose, CA). Cells were incubated for 30 min
on ice andwashedwith 2% FBS in PBS solution. All data were
acquired using a FACSCalibur (BD, San Jose, CA) and ana-
lyzed using CellQuest (BD, San Jose, CA) and Summit V4.3
software (Dako, Carpentaria, CA). Analysis was performed on
20,000 cells per sample and positive expression was defined as
the level of fluorescence greater than 99%of the corresponding
isotype control IgG1k (BD Biosciences, San Jose, CA).

Immunoblotting. BJ, EDK, and iPDK cells were grown for
1 week in monolayer culture in the presence or absence of AA
(10 μg/ml). 3D stromal tissues were grown for 5 wk in the
presence of AA (10 μg/ml). Proteins were extracted on ice in
4% deoxycholate (4% sodium deoxycholate in 20 mM Tris–
HCl pH 8.8, protease and phosphatase inhibitors) followed by
five rounds of sonication. Extracts were spun down at
14,000 rpm for 30 min at 4°C and protein concentrations were
determined using NanoDrop2000 (Thermo Scientific,
Wilmington, DE). Equal protein samples were separated by
SDS-PAGE (4–20% gel) under non-reducing conditions (type
I collagen and type III collagen) and reducing conditions
(fibronectin). Proteins were transferred to nitrocellulose mem-
branes in 20% methanol in running buffer. Membranes were
immunoblotted with antibodies against type I collagen and
type III collagen (Abcam, Cambridge, MA), fibronectin (BD
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Transduction, San Jose, CA) and ERK 1/2 (Santa Cruz
Biotechnology, Santa Cruz, CA). HRP-conjugated secondary
antibodies were from Jackson ImmunoResearch Laboratories
(West Grove, PA). Densitometry analysis of scanned blots was
performed using ImageJ software (U. S. National Institutes of
Health, Bethesda, MD).

Soluble collagen assay. BJ, EDK, and iPDK 0.5×105 cells
were seeded onto 100-mm culture dishes and maintained in
10 ml of tissue culture medium with and without AA
(10 μg/ml) for 1 week. Before analysis, cells were fed with
fresh growth medium for the final 48 h of their incubation.
For measurement of soluble collagens, tissue culture super-
natants were collected and analyzed by Sircol™ assay
(Biocolor, Ireland) according to the manufacturer’s protocol.
Assays were performed in triplicate from three independent
samples. Absorbance was read at 540 nm using a plate
reader and the concentrations of soluble collagen were de-
termined from a standard curve that was generated using rat
tail collagen provided by the manufacturer.

Data analysis. Results of our analysis were expressed as
mean±SD of at least three independent samples. Statistical
comparisons between groups were performed with a two-
tailed Student’s t test, *P≤0.05 and **P≤0.01 were consid-
ered significant.

Results

iPSC-derived cells demonstrate fibroblast morphology following
extended culture and show prolonged growth potential when

compared to parental BJ fibroblasts. Fibroblast cell lines were
generated from the H9 line of hESC (EDK) and from iPSC
(iPDK) that were initially reprogrammed from BJ fibro-
blasts using our previously established differentiation pro-
tocol (Hewitt et al. 2009; Hewitt et al. 2011). Upon long-
term expansion, iPDK and EDK cell lines maintained a
stable, mesenchymal morphology that was very similar to
the morphology of BJ fibroblasts (Fig. 1A). Characterization
of the growth kinetics of these cells revealed significant
differences between these cell lines, as demonstrated by
their cumulative growth curves (Fig. 1B). In vitro expansion
potential of iPDK, BJ and control EDK fibroblasts was
assessed by calculating population doublings (PDs) during
serial subculture. All three cell lines were thawed at passage
8 and subcultured weekly over a period of 3 mo. As illus-
trated in Fig. 1B, EDK, iPDK, and BJ fibroblasts demon-
strated very similar PDs until passage 12. The decline in
PDs of BJ fibroblasts first occurred at passage 13 (mean PDs
at p13: BJ01.8±0.6, iPDK03.5±0.7, EDK03.6±0.2) fol-
lowed by loss of growth potential at passage 16 (mean PDs
at p16: BJ00.2±0.2, iPDK02.2±0.1, EDK03.3±0.4). The
cultures were considered to have lost their growth poten-
tial when cells underwent less than one PD per passage.
The decline in PDs of iPDK and EDK cells was seen
after passages 16 and 19, respectively (mean PDs at p19:
BJ00.2±0.06, iPDK00.07±0.07, EDK02.6±0.07). Loss
of growth potential of iPDK fibroblasts occurred at pas-
sage 19, while EDK fibroblasts continued to proliferate
beyond the 20th passage. These results demonstrated that
the growth of both hESC- and iPSC-derived fibroblasts
was markedly prolonged when compared to BJ
fibroblasts.

Figure 1. Characterization of
morphology and growth
potential of iPSC-derived
fibroblasts, hESC-derived
fibroblasts, and parental BJ
fibroblasts. (A) Fibroblasts
differentiated from iPSC
(iPDK) demonstrated typical
fibroblast morphology that was
similar to foreskin-derived,
stromal fibroblasts (BJ), and
control fibroblasts differentiated
from hESC (EDK). Bar, 50 μm.
(B) Growth capacity of iPDK,
BJ, and control EDK fibroblasts
was assessed by calculating
cumulative population doublings
during serial subculture. EDK
and iPDK fibroblasts demon-
strated increased growth
potential when compared
to BJ fibroblasts.

IPSC-DERIVED FIBROBLASTS AUGMENT EXTRACELLULAR MATRIX PRODUCTION 115



iPSC-derived fibroblasts express elevated levels of genes for
ECM proteins when compared to BJ fibroblasts. Production
of extracellular matrix (ECM) proteins is an essential feature
of stromal fibroblast function that is needed for tissue main-
tenance and repair. As it is known that L-ascorbic acid-2-
phosphate (AA) promotes the deposition and organization
of ECM proteins by stromal fibroblasts (Murad et al. 1981;
Chojkier et al. 1989), we sought to determine whether iPSC-
and hESC-derived fibroblasts were also responsive to AA.
To address this, we performed quantitative real-time RT-
PCR to measure expression levels of ECM proteins in
iPDK, BJ, and control EDK fibroblasts after growth for
1 week in the presence or absence of AA. We observed
significantly greater AA responsiveness and expression of
genes for ECM proteins in both iPDK and EDK cells when
compared to BJ fibroblasts (Fig. 2). Stimulation with AA
(10 μg/ml) had little or no effect on expression of pro-α1(I)
collagen (COL1A1) and pro-α1(IV) collagen (COL4A1) in
BJ fibroblasts, while expression of pro-α1(III) collagen
(COL3A1) and pro-α1(V) collagen (COL5A1) were
increased 3- and 5-fold, respectively. When stimulated
with AA, iPDK cells demonstrated a 2-fold increase in
COL1A1, a 3-fold increase in COL3A1, an 8-fold increase
in COL4A1, and a 35-fold increase in COL5A1 mRNA
levels when compared to cells not stimulated with AA.
Similar to iPSC-derived fibroblasts, hESC-derived fibro-
blasts also expressed elevated levels of collagen precursors
in response to AA. When stimulated with AA, EDK cells
demonstrated a 5-fold increase in COL1A1, 15-fold increase
in COL3A1, 6-fold increase in COL4A1, and 125-fold
increase in COL5A1 mRNA levels. Stimulation with AA
had a negligible effect on expression of the non-collagenous
ECM protein, fibronectin (FN), in all three cell lines.
However, the baseline expression levels of FN were notice-
ably higher in both, iPDK and EDK cells when compared to
BJ fibroblasts. These findings demonstrated that both hESC-
and iPSC-derived fibroblasts were responsive to AA, which
elevated the expression of collagen genes to a significantly
greater degree than those seen in BJ fibroblasts.

iPSC-derived fibroblasts respond to ascorbic acid stimulation
by increasing collagen secretion and extracellular deposition
to a greater degree than parental BJ fibroblasts. We com-
pared the potential of iPDK, BJ, and control EDK fibro-
blasts to secrete, process, and deposit collagen using a
soluble collagen assay, immunofluorescence staining, and
Western blot analysis. Fibroblasts were cultured for 1 wk in
the presence or absence of AA, and supernatants were
collected after 48 h of incubation to measure levels of total
soluble collagen (types I–V collagen) using Sircol™ assay
(Fig. 3A). BJ fibroblasts showed reduced levels of soluble
collagen protein as compared to iPDK and EDK fibroblasts.
In the presence of AA, all three cell types showed

significantly elevated levels of total soluble collagen when
compared to cells grown in the absence of AA (*P≤
0.05, **P≤0.01). However, AA increased the production of
total soluble collagen to a greater extent by EDK and iPDK
cells (238±28% in EDK and by 142±17% in iPDK vs. un-
treated control) when compared to BJ fibroblasts (by 26±4%
in BJ vs. untreated control). To determine whether AA
increased deposition of extracellular collagen, we per-
formed immunofluorescence staining to compare the local-
ization of type I procollagen in iPDK, BJ, and control EDK
fibroblasts that were grown in 2D monolayer cultures in the
presence or absence of AA (Fig. 3B). In the absence of AA,
all three cell types demonstrated a similar cytoplasmic

Figure 2. Fibroblasts differentiated from iPSC and hESC expressed
elevated levels of collagenous proteins in the presence of ascorbic acid
that exceeded those expressed by the parental BJ fibroblasts. Real-time
RT-PCR analysis of ECM proteins showed that EDK and iPDK fibro-
blasts expressed elevated levels of proα1(I) collagen (COL1A1), proα1
(III) collagen (COL3A1), proα1(IV) collagen (COL4A1), and proα1
(V) collagen (COL5A1) when compared to BJ fibroblasts in the pres-
ence of L-ascorbic acid-2-phosphate (AA). AA stimulation had no
effect on expression of fibronectin (FN). Results represent the mean
expression levels normalized to GAPDH; error bars represent SD from
three independent experiments.
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localization of type I procollagen without extracellular de-
position. In the presence of AA, both, iPDK and EDK cells
demonstrated elevated accumulation of type I procollagen
in the extracellular space when compared to type I procol-
lagen deposited by BJ fibroblasts (Fig. 3B, arrows). To
determine if stimulation with AA increased processing of
proα1(I) collagen in EDK and iPDK cells, we performed
Western blot analysis using an anti-collagen I antibody that
recognizes all three forms of α1(I) collagen: the unpro-
cessed procollagen α1(I) chain (Proα1(I)), the C-terminal
procollagen α1(I) chain (pC-α1(I)), and the fully processed
α1(I) chain with both the N- and C- propeptides cleaved
(α1(I)). Immunoblots showed that in the presence of AA,
the generation of mature α1(I) collagen was more efficient
in all three cell types (BJ, iPDK, and EDK), as seen by the
loss of the Proα1 (I) band which likely reflects AA-
stimulated hydroxylation of proline and lysine residues in
procollagen (Fig. 3C). However, in the presence of AA,
EDK, and iPDK cells generated significantly greater
amount of α1(I) collagen when compared to BJ fibroblasts
(Fig. 3C). Taken together, these results demonstrated that
iPSC-derived fibroblasts showed elevated secretion and
extracellular deposition of collagen when compared to BJ
fibroblasts, yet were similar to levels produced by hESC-
derived fibroblasts.

Deposition and organization of ECM proteins in 3D self-
assembled, stroma-like tissues are increased in iPSC-derived
fibroblasts when compared to their parental BJ fibroblasts.
Since AA induced an increase in production and deposition
of ECM proteins in iPDK and EDK fibroblasts in 2D mono-
layer culture, we next assessed the potential of iPDK, BJ,
and control EDK fibroblasts to deposit and organize a 3D
ECM under conditions that enabled assembly of a stroma-
like tissue. These three cell types were seeded at high
density on a porous polycarbonate membrane in a transwell
and cultured for 5 weeks in the presence or absence of AA.
In this way, it was possible to assess the production and
assembly of ECM produced by EDK, iPDK, and BJ fibro-
blasts under more stringent experimental conditions than in
2D monolayer culture. Tissues harboring each of these three
cell types were examined for the degree to which they could
organize stromal architecture and for thickness of tissues
generated upon assembly of 3D ECM. Histological analysis
of these tissues demonstrated the presence of fibroblasts
aligned in a dense collagenous matrix (Fig. 4A, inserts).
Tissue constructs assembled by BJ fibroblasts showed a
more fibrillar connective tissue that was less compact com-
pared to those assembled by iPDK and EDK cells (Fig. 4A).
To quantify differences in the amount of ECM produced by
these cell lines in these tissues, we measured the thickness

Figure 3. Stimulation with ascorbic acid induces secretion and
deposition of collagenous proteins in iPSC- and hESC-derived
fibroblasts to a greater degree than BJ fibroblasts. (A) Soluble
collagen assay (Sircol™) showed that AA induced higher secretion
levels of collagens I–V in EDK and iPDK than in BJ fibroblasts (t
test: *P<0.01, **P<0) compared to untreated controls. Results
represent the mean±SD of three measurements from three indepen-
dent experiments. (B) Immunofluorescence analysis of type I pro-
collagen localization in EDK, iPDK, and BJ cells grown in the

presence or absence of AA. In the presence of AA, EDK and iPDK
fibroblasts deposited higher amount of type I procollagen into the
extracellular space between cells (arrows, B) than BJ fibroblasts.
Bars, 50 μm. (C) Western blot analysis of type I collagen demon-
strated that conversion of proα1(I) collagen to the mature α1(I)
form was more efficient in the presence of AA in all three cell
types. However, AA increased production of α1(I) collagen to a
greater extent in EDK and iPDK cells than in parental BJ
fibroblasts.
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and the amount of ECM deposited on a per cell basis using
multiple sections from three independent experiments.
Tissue thickness measurements revealed that iPDK and
EDK fibroblasts assembled significantly thicker tissues than
BJ fibroblasts when grown in the presence of AA (Fig. 4B).
To quantify the amount of ECM deposited on a per cell basis
in each construct, we measured the area of each tissue that
was normalized to the number of cells present (Fig. 4C).
These measurements demonstrated that significantly greater
amounts of ECM were deposited and assembled when all
cell types were grown in the presence of AA. However, the
addition of AA to EDK and iPDK cells increased ECM
deposition to a greater extent (by 54±28% in EDK and by
59±24% in iPDK vs. untreated control) than was seen for

BJ fibroblasts (by 32±15% in BJ vs. untreated control). To
ensure that no changes occurred in the mesenchymal phe-
notype of EDK, iPDK and BJ fibroblasts as the result of
prolonged growth conditions and exposure to AA, we used
flow cytometric analysis to characterize the CD surface
antigen profile of these cells after growth in 2D monolayer
cultures in the absence or presence of AA for 3 and 5 wk
(Table 1). All three cell lines showed stable morphology and
expression of CD markers (CD90, CD73, CD10, and
CD166), known to be characteristic of stromal fibroblasts.
These surface markers were found in greater than 90% of
EDK, iPDK, and BJ cells grown in the presence and absence
of AA, indicating that neither prolonged time in culture nor
exposure to AA resulted in the selection of subpopulations

Figure 4. hESC- and iPSC-derived fibroblasts assemble a 3D ECM
that is thicker and more organized than that produced by BJ fibroblasts.
(A) Representative H&E stains of tissue constructs assembled by BJ,
iPDK, and EDK fibroblasts. Bars, 100 μm. (B) Measurements of tissue
thickness showed that iPDK and EDK fibroblasts assembled signifi-
cantly thicker tissues than BJ fibroblasts in both the presence and
absence of AA (t test: **P<0.01). (C) Quantification of ECM

deposition on a per cell basis showed that stimulation with AA in-
creased ECM deposition and assembly in all three cell types (t test:
**P<0.01). However, the capacity of AA to increase deposition of
ECM was greater in iPDK and EDK than BJ fibroblasts. Results
represent the mean±SD from three independent experiments, three
sections per each tissue.
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linked to a loss of fibroblast properties. These data demon-
strate that fibroblasts differentiated from iPSC acquired an
augmented biological potency, as seen by their increased
production and assembly of ECM when compared to the BJ
fibroblasts from which these iPSC were originally derived.

ECM assembled by iPSC-derived fibroblasts is enriched in
type III collagen when compared to ECM produced by
parental BJ fibroblasts. In addition to overall matrix pro-
duction, it is known that the organization and structure of
stromal tissues is dependent on the levels of production of
individual ECM proteins (Sottile et al. 2007). To further
compare the composition of 3D, stromal tissues assembled
by EDK, iPDK, and BJ fibroblasts, we analyzed levels of
type I collagen (COL1), type III collagen (COL3) and
fibronectin (FN) by immunoblot and immunohistochemical
analysis (Fig. 5). These tissue constructs were solubilized
and subjected to Western blot analysis, which revealed that
levels of both COL1 and FN were approximately 40%
higher in tissues assembled by iPDK and EDK fibroblasts
when compared to tissues assembled by BJ fibroblasts
(Fig. 5A–C). Western blot analysis of COL3 demonstrated
that tissues assembled by iPDK and EDK fibroblasts
contained approximately 25-fold and 40-fold higher levels
of COL3, respectively, when compared with tissues assem-
bled by BJ fibroblasts (Fig. 5A and D). The presence of

COL1, COL3, and FN was further verified by immunohis-
tochemistry (Fig. 5E). Similar to neonatal human skin,
COL1 and FN were present throughout the tissues assem-
bled by all three cell types (BJ, iPDK, and EDK). Consistent
with Western blot analysis, COL3 was detected in tissues
assembled by iPDK and EDK fibroblasts but not in tissues
assembled by BJ fibroblasts (Fig. 5E). Since COL3 is the
major ECM component in the granulation tissue of healing
wounds, these findings suggest that the elevated levels of
COL3 in tissues harboring iPDK cells were due to the
acquisition of an augmented phenotype needed for tissue
repair following reprogramming of BJ cells and their sub-
sequent differentiation to fibroblasts.

Discussion

Fibroblasts represent a diverse population of mesenchymal
stromal cells that play an essential role in regulating normal
tissue homeostasis and wound repair (Schultz and Wysocki
2009). However, the utility of these cells for wound repair
therapy has been limited by difficulties to acquire sufficient
numbers of donor cells upon ex vivo expansion and by their
heterogeneity that leads to unpredictable clinical outcomes
(Koumas et al. 2001; Sorrell and Caplan 2004; Sorrell et al.
2007; Wong et al. 2007; Phan 2008). In this light, the
development of approaches aimed at generating clinically
relevant quantities of fibroblasts with significant repair po-
tential from pluripotent stem cells, such as iPSC, may pro-
vide plentiful and reliable alternative sources of fibroblasts
for tissue repair and regeneration. In this study, we have
begun to explore the potential of iPSC-derived fibroblasts
for such therapeutic applications by comparing the produc-
tion and assembly of ECM by iPSC-derived fibroblasts to
those of the parental fibroblasts (BJ) from which iPSC were
initially reprogrammed. We have found that iPSC-derived
fibroblasts exceeded the growth potential of their parental
BJ fibroblasts and showed an augmented capacity to deposit
collagen proteins in 2D monolayer culture and to organize
and assemble a 3D stroma-like tissue.

To accomplish this, we compared foreskin-derived, BJ
fibroblasts to fibroblasts derived from iPSC (iPDK) and
hESC (EDK) by growing these cells in 2D monolayer
culture and as 3D tissues in the presence of L-ascorbic
acid-2-phosphate (AA). AA is known to increase collagen
synthesis by stimulating transcription of collagen genes and
by acting as co-factor in post-translational procollagen hy-
droxylation that is essential for the stabilization of collagen
triple helical structure (Peterkofsky 1972; Murad et al. 1981;
Chojkier et al. 1989). In addition, it has been found that
dermal fibroblasts exposed to AA can assemble stroma-like
tissues, composed of a multilayer of fibroblasts surrounded
by dense accumulations of mature collagen fibrils in the

Table 1. Stable expression of CD markers characteristic of stromal
fibroblasts are seen in long-term culture of BJ, iPDK, and EDK by flow
cytometric analysis

Cell type Surface marker 3 weeks 5 weeks

−AA +AA −AA +AA

BJ CD73 98 99 97 99

CD90 98 97 99 98

CD10 98 99 99 99

CD166 91 97 93 87

iPDK CD73 97 97 97 98

CD90 97 96 95 94

CD10 97 97 96 94

CD166 93 94 91 94

EDK CD73 91 99 98 98

CD90 99 97 99 99

CD10 99 98 99 99

CD166 99 93 98 98

BJ, iPDK, and EDK fibroblasts maintained stable mesenchymal phe-
notype when cultured over prolong period of time (up to 5 wk) in
the presence of AA as shown by the expression of CD markers
characteristic of stromal fibroblasts.

The percentage of cells positive for the cell surface markers are shown,
each experiment is normalized to isotype control and has been repeated
at least two times.
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extracellular space (Hata and Senoo 1989). Such stroma-like
structures have been defined in previous studies as “self-
assembled” or cell-derived ECM (Pouyani et al. 2009;
Throm et al. 2010), where fibroblasts deposit and organize
an ECM, comprised primarily of type I collagen and fibro-
nectin, that displays features of a provisional matrix seen
during the early stages of wound repair (Pouyani et al.
2009). We have found that both, hESC- and iPSC-derived
fibroblasts (EDK and iPDK, respectively) were highly re-
sponsive to AA, which demonstrates that these cells retain
this important functional property of stromal fibroblasts
following their differentiation from pluripotent stem cells.
For example, when cultured in 2D monolayer culture in the
presence of AA, EDK and iPDK fibroblasts increased their

expression of collagen genes, secretion of total soluble
collagen, and the extracellular deposition of type I collagen
to a significantly greater degree than those seen in the
parental BJ fibroblasts. When grown in the presence of
AA under culture conditions that enabled the organization
of a 3D ECM, EDK and iPDK fibroblasts acquired a highly
synthetic phenotype that was characterized by elevated
ECM production and organization that generated stroma-
like tissues that showed significantly greater amounts of
ECM than were found to be deposited by parental BJ
fibroblasts. The analysis of the composition of these stromal
tissues revealed that EDK- and iPDK-harboring tissues
contained greater amounts of type III collagen when com-
pared to BJ-harboring tissues, indicating their similarities to

Figure 5. Tissues assembled by hESC- and iPSC-fibroblasts are
enriched in type III collagen compared to those assembled by BJ
fibroblasts. (A) Representative Western blot of type I collagen
(COL1), type III collagen (COL3), and fibronectin (FN) within 3D
ECM assembled by BJ, iPDK, and EDK fibroblasts after 5 wk of
growth in presence of AA. Bars, 100 μm. Densitometry analysis of
the Western blot showed approximately 40% higher COL1 (B) and FN

(C) within tissues assembled by iPDK and EDK. (D) Tissues assem-
bled by EDK and iPDK fibroblasts contained 25-fold and 40-fold
higher levels of COL3, respectively, when compared to tissues assem-
bled by BJ fibroblasts. (E) Immunohistochemical staining of tissues
assembled by EDK, iPDK, and BJ fibroblasts compared to control
sections of Human skin. Bars, 100 μm.
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provisional matrix seen during the early stages of wound
repair (Namazi et al. 2011). These differences were seen in
spite of the morphologic similarities and overlap in expression
of CD surface markers that were seen when EDK, iPDK, and
parental BJ fibroblasts were grown in 2D culture for up to
5 wk. This phenotypic stability demonstrates that the dramatic
changes seen in collagen production in 2D culture and
in 3D tissue assembly were not due to changes that occurred
in these cells during prolonged culture or upon AA exposure.
Taken together, our findings revealing a greater degree of
ECM production and assembly and an increased type III
collagen deposition in tissues harboring EDK and iPDK
fibroblasts when compared to BJ fibroblasts suggests that
hESC- and iPSC-derived fibroblasts represent a replenishing
source of potent fibroblasts that may be useful for repair of
wounds.

Importantly, functional differences between iPSC- and
hESC-derived cells and parental, BJ fibroblasts were only
fully revealed when these cells were grown in a complex,
3D tissue environment. This suggests that evaluation of the
biological potential of iPSC-derived cells will require the
development of reliable methods to evaluate their functional
properties before they can be translated for human therapy.
Such analysis of cell potency is currently limited by the
nature of 2D, monolayer cultures that cannot fully evaluate
cellular function due to the absence of an vivo-like tissue
context. By characterizing the properties of iPSC-derived,
differentiated cells using bioengineered 3D tissues as more
predictive models of in vivo tissue responses, it will be
possible to better assess cellular behaviors before future
therapeutic transplantation. Such tissue surrogates can there-
fore serve as a platform to assess the developmental capacity
of iPSC-derived cells to become functional cell types and
will enable identification of iPSC-derivatives optimized for
future regenerative therapies.

Our findings extend recent studies showing that fibro-
blasts derived from iPSC acquire phenotypic properties that
exceed those of fibroblasts from which they were initially
reprogrammed. For example, iPSC-derived fibroblasts dis-
play an extended replicative potential (Suhr et al. 2009) and
improved mitochondrial function (Suhr et al. 2010) when
compared to the parental fibroblasts used to reprogram the
iPSC from which they were differentiated. In addition, we
recently found that hESC-derived fibroblasts manifest a
repair-promoting phenotype following wounding of 3D hu-
man skin equivalents (Shamis et al. 2011). Based on these
findings, future therapies using iPSC-derived cells may be
targeted to improve repair of non-healing wounds. For ex-
ample, it is known that fibroblasts from non-healing wounds
maintain their pathogenic phenotype due to premature se-
nescence (Falanga 2005; Telgenhoff and Shroot 2005), fail-
ure to respond to growth factors (Loot et al. 2002;
Galkowska et al. 2006), and an inability to recruit cellular

precursors needed to direct granulation tissue formation
(Telgenhoff and Shroot 2005). During reprogramming to
pluripotency, iPSC acquire elongated telomeres, to evade
premature replicative senescence (Marion and Blasco 2010).
As chronic wounds are recalcitrant to repair due to senescence-
mediated cell cycle arrest of wound fibroblasts (Telgenhoff and
Shroot 2005), overcoming this senescent phenotype may be
important in generating wound repair-competent cells to im-
prove healing. Taken together with our findings of improved
growth and ECM production in iPSC-derived fibroblasts, our
approach may lay the foundation through which somatic fibro-
blasts may undergo “recalibration” of their repair phenotype
(Suhr et al. 2009; Suhr et al. 2010; Shamis et al. 2011) upon
reprogramming to iPSC in a way that can revert fibroblast to a
more functional state leading to restoration of tissue health. By
comparing the biological potential of iPSC-derived fibroblasts
to fibroblasts from which iPSC were originally reprogrammed,
we have taken an important step towards understanding how
iPSC-derived fibroblasts may demonstrate improved efficacy
and function for future regenerative therapies.
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