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Cardiac colony forming unit-fibroblasts (cCFU-F) are a population of stromal cells residing within the SCA1+/
PDGFRα+/CD31− fraction of adult mouse hearts, and which have functional characteristics akin to bone marrow
mesenchymal stem cells. We hypothesise that they participate in cardiac homeostasis and repair through their ac-
tions as lineage progenitors and paracrine signaling hubs. However, cCFU-F are rare and there are no specific
markers for these cells, making them challenging to study. cCFU can self-renew in vitro, although the common
use of serum has made it difficult to identify cytokines that maintain lineage identity and self-renewal ability. Cell
heterogeneity is an additional confounder as cCFU-F cultures are metastable. Here, we address these limitations
by identifying serum-free medium (SFM) for growth, and by using cCFU-F isolated from PdgfraGFP/+ mice to record
fate outcomes, morphology and PDGFRα expression for hundreds of single cells over time. We show that SFM
supplementedwith basicfibroblast growth factor, transforming growth factor-β and platelet-derived growth factor,
enhanced cCFU-F colony formation and long-term self-renewal, whilemaintaining cCFU-F potency. cCFU-F cultured
in SFMmaintained a higher proportion of PDGFRα+ cells, a marker of self-renewing cCFU-F, by increasing Pdgfra-
GFP+ divisions and reducing the probability of spontaneous myofibroblast differentiation.

© 2018 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Cardiac colony-forming units – fibroblast (cCFU-F) are a rare subset
of immature stem-like stromal/fibroblast cells found in the interstitial
and vascular adventitial compartments of the adult mouse heart
(Chong et al., 2011). cCFU-F, aswell as other immature stromal cells, ex-
press the stem cell markers SCA1+ and PDGFRα+ (S+P+ cells), while
being negative for the vascular endothelial marker PECAM (Chong et
al., 2011). cCFU-F are thought to act as tissue-resident stem cells that
maintain stromal and vascular structures during homeostasis, and re-
model cardiac tissue in response to injury, analogous to the paradigm
for MSCs from bone marrow (BM) and other adult organs. When cul-
tured in vitro, cCFU-F proliferate and form clonal fibroblastic colonies
s-fibroblasts; SFM, serum-free
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that exhibit functional characteristics of BM MSC including long-term
self-renewal and multipotent differentiation potential (Chong et al.,
2011). Analysis of CD antigen profiles of S+P+ cCFU and BM MSC cul-
tures show they also share a common molecular fingerprint
(Pelekanos et al., 2012). Ongoing efforts are beingmade to characterize
cCFU-F in vivo and in vitro to shed light on their biology, which in turn
may advance pharmacological and cellular treatment of ischaemic heart
disease (Al-Saqi et al., 2014; Cornwell et al., 2016b; Singh and Epstein,
2012; Slukvin, 2011).

The low frequency of cCFU-F (b0.1% of S+P+) and lack of specific
markers for enrichment presents challenges to studying their function
in vivo. In vitro, however, cCFU-F and their descendants rapidly self-
renew (Chong et al., 2011), allowing their function and behavior to be
readily studied. Expanding cCFU-F in vitro is currently achieved by
supplementing basal medium with fetal calf serum (Chong et al.,
2011), which contains unknown cytokines and inhibitors (Zheng et
al., 2006). The presence of unknown stimulatory and inhibitory factors
within serum has made it difficult to identify which essential extrinsic
factor(s) are required to drive cCFU-F self-renewal (Jung et al., 2012).
This motivated us to develop a serum-free medium (SFM) that would
replace serum-containing medium (SCM) for isolating, expanding, and
-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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characterizing cCFU-F in vitro, allowing the chemical composition to be
tailored and the effects of individual factors on cell behavior (e.g. cell
cycle progression, self-renewal, and differentiation) to be examined
(Al-Saqi et al., 2014; Jung et al., 2012; Kusuda Furue et al., 2010;
Lennon et al., 1995; Swamynathan et al., 2014).

We explore SFM previously developed for BMMSC culture (Jung et
al., 2010) by adopting full factorial design experiments to quantify the
effect of eight individual cytokines and their interactions on cCFU-F
self-renewal. Combinatorial testing for the effect of cytokines on cell
growth is necessary due to the potential interdependence of down-
stream signaling pathways. Such effects are observed when a cell's re-
sponse to one cytokine changes in the presence of another cytokine
cue. To compare cCFU-F self-renewal achieved with SFM and SCM we
measure proliferation, colony formation, and CD antigen expression.

Platelet-derived growth factor receptor-alpha (PDGFRα) is amarker
of colony-forming cells with self-renewal capacity (Chong et al., 2011;
Noseda et al., 2015) within the SCA1+ fraction of cardiac interstitial
stromal cells - as shown by in vivo lineage tracing (Chong et al., 2011)
and single-cell gene expression profiling (Noseda et al., 2015). During
adaption to in vitro culture, S+P+ cells give rise to cCFU-F cultures
that are heterogeneous with respect to PDGFRα expression (Cornwell
et al., 2016b), and we have shown in such expanded cultures that
PDGFRα remains a useful marker for self-renewing, colony-forming
cells (Chong et al., 2011; Cornwell et al., 2016b; Noseda et al., 2015).
However, heterogeneity obscures the detail of single cell dynamics
(Cornwell et al., 2016a), and means that proliferation and colony
forming assays (i.e. counting the number of population doublings and
colonies) are unable to provide sufficient cellular or temporal informa-
tion to quantify the dynamics of cCFU-F self-renewal. Practically, to
study self-renewal of cCFU-F in vitro requires continuous observation
of PDGFRα expression in single-cells and their progeny. Time-lapse im-
aging and single-cell tracking are powerful technologies that allow one
to record the functional andmolecular dynamics of individual cells over
time in the form of pedigree data,which contain a record of cell lifetime,
cell fate outcomes, trajectories, fluorescent reporter expression, mor-
phology, and kinship relationships (Cornwell et al., 2016a). Therefore,
by using cCFU-F isolated from Pdgfra-GFP+/− transgenic mice we com-
pare serumand serum-free culture conditionswith respect to PDGFRα+

cell behavior and fate. We generate time-lapse films from each cytokine
condition over a period of 4 days and dynamically measure Pdgfra-GFP
expression,morphology, and cell fate outcomes for hundreds of individ-
ual cells. In combination with competing risks (CR) statistics, which we
recently introduced to the field of single cell analysis as an unbiased
method for quantifying single cell fate outcomes in heterogeneous pop-
ulations (Cornwell et al., 2016b), we investigate how serum and serum-
free culture conditions influence cCFU-F renewal dynamics.

2. Results

2.1. Factorial design experiments identified cytokines that stimulate cCFU-F
proliferation and colony formation

We adapted a SFM originally developed for BM MSC culture (SI Ap-
pendix, Text 1) by testing an array of eight different cytokines for their
effect on cCFU-F proliferation and colony formation in factorial design
experiments (SI Appendix, Text 2). The effects of individual cytokines
Fig. 1. |The effect of VEGF, EGF, IGF, and PDGF ligands on cCFU-F proliferation and colony form
showing effect size of PDGF ligands on cCFU-F proliferation. Significantly positive effects ar
cCFU-F proliferation. (D) CFU frequency normalised to control (SFM-FT). (E) Theoretical qu
effects are highlighted in green. (F) Interaction plot showing the effect of PDGF-AB:PDGF-BB o
PDGF-AB:PDGF-BB) ligands and in SCM. Cell numbers are normalised to control. (H) Theor
proliferation. Significantly positive and negative effects are highlighted in green and red, resp
normalised to controls. (J) Theoretical quantiles (ranks) showing the effect size of PDGF, VEG
highlighted in green and red, respectively. *(p b .05), **(p b .01), ***(p b .001). Abbreviations
(I). (For interpretation of the references to colour in this figure legend, the reader is referred to
and their interactions on cCFU-F proliferation and colony formation
were measured relative to basal medium containing bFGF and TGFβ1
(referred to as SFM-FT) (SI Appendix, Text 2.1). Analysis of covariance
(ANCOVA) quantified the effect of individual cytokines as well as inter-
action effects (SI Appendix, Text 2.3).

In ourfirst factorial design experimentwe tested the effects of PDGF-
AA (AA), PDGF-AB (AB), and PDGF-BB (BB), as shown in Table S3. All
conditions containing PDGF ligands enhanced proliferation and colony
formation relative to control (Fig. 1a,d). Out of individual factors, the
largest increase in cell number was stimulated by BB, followed by AA,
then AB (1.75×, 1.50×, and 1.40× control, respectively). Colony forma-
tion was most strongly stimulated by AB, followed by BB, then AA
(1.61×, 1.46×, and 1.39× control, respectively). However, the combina-
tion AB:BB (i.e. AB and BB) stimulated the largest increase in cell num-
ber (2.30× control) and CFU frequency (2.21× control) overall. The
effects of individual cytokines and cytokine combinations on prolifera-
tion and colony formation were ranked, as shown in Fig. 1b,e. In order
of their effect on proliferation, cytokines were BB, AB, AA, and AB:BB.
Similarly, AB, BB and AB:BB had a positive effect on colony formation.
As shown in Fig. 1c,f, the effect of AB:BB on proliferation and colony for-
mation was synergistic.

In a second factorial design experiment, we tested the effect of vas-
cular endothelial growth factor (VEGF), epidermal growth factor
(EGF), and insulin-like growth factor (IGF). These growth factors were
selected for investigation because receptors for these ligands are
expressed by cCFU-F (data not shown). Furthermore, these growth fac-
tors have previously been shown to influenceMSC fate in some settings
(SI Appendix, Table S12). The combination AB:BBwas also tested in our
second factorial design experiment (hereafter PDGF). As shown in
Fig. 1g, PDGF and EGF stimulated an increased in cell number relative
to control (1.5× and 1.10×, respectively), while VEGF and IGF did not
stimulate a proliferative response. ANCOVA showed a significant effect
of PDGF on cell number (p b .001, Fig. 1h), a small positive effect for
EGF (p = .016, Fig. 1h), and small negative effect for PDGF:EGF (p =
.048). As shown in Fig. 1i, PDGF, EGF, and VEGF substantially increased
CFU frequency relative to control (3×, 2.1×, and 1.7×, respectively).
PDGF had the largest effect, followed by the interaction PDGF:VEGF:
EGF, and the two factor interaction VEGF:IGF (Fig. 1j, green diamonds).
IGF alone, and in combination with PDGF, inhibited colony formation
(Fig. 1j, red diamonds). Collectively, the results from these two factorial
design experiments showed that SFM supplemented with bFGF, TGF-
β1, PDGF-AB, and PDGF-BB (SFM-FTP) stimulated cCFU-F proliferation
and colony formation most effectively.

2.2. SFM-FTP enhanced long-term cCFU-F self-renewal in vitro

To compare the capacity of SFM-FTP and SCM to support long-term
self-renewal we freshly isolated cCFU-F and expanded them for 10 pas-
sages in vitro. At the end of each passage the number of population dou-
blings (PD) and cumulative number of PD was recorded. Relative to
SCM, SFM-FTP stimulated a greater expansion in cell number by the
end of the first passage (Fig. 2a, 3.88 ± 0.68 versus 2.74 ± 0.13 fold, p
b .001), and produced more population doublings over a period of
100 days (42.85 ± 3.4 PD versus 35.8 ± 4.2 PD, p b .05, Fig. 2d). We
also counted CFU at the end of the 1st (P1) and 10th passage (P10). A
greater pool of CFU was observed in SFM-FTP cultures at P1 (Fig. 2b,
ation. (A) Cell number normalised to control (SFM-FT). (B) Theoretical quantiles (ranks)
e highlighted in green. (C) Interaction plot showing the effect of PDGF-AB:PDGF-BB on
antiles showing the effect size of PDGF ligands on CFU formation. Significantly positive
n CFU frequency. (G) Cell number in combinations of VEGF, EGF, IGF, and PDGF (PDGF=
etical quantiles (ranks) showing the effect size of PDGF, VEGF, EGF, and IGF ligands on
ectively. (I) CFU frequency in factorial combinations of VEGF, EGF, IGF, and PDGF ligands,
F, EGF, and IGF ligands on CFU frequency. Significantly positive and negative effects are
are PDGF-AA (AA), PDGF-AB (AB), PDGF-BB (BB), PDGF (P); VEGF (V); EGF (E); and IGF
the web version of this article.)
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33± 2.83 versus 28± 4.24, p b .05) and at P10 (Fig. 2c, 66.5 ± 6.4 ver-
sus 55± 5.7, p b .01). These data were not confounded by differences in
cell attachment, since 35.1 ± 3.1% and 36.9 ± 3.43% of freshly isolated
S+P+ cells attached in SFM-FTP and SCM cultures, respectively (Fig. 2e
and SI Appendix, Text S3).
The International Society for Cell Therapy (ISCT) defines MSCs as
cells which express CD44, CD90, and CD105; and lack expression of
the endothelial marker CD31, as well as the haematopoietic markers
CD34 and CD45 (Dominici et al., 2006). We use this criteria to compare
the MSC identify of cells cultured in SFM-FTP and SCM. The flow
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Fig. 2. Comparison of proliferation, CFU formation, long-term growth, and MSC surface marker expression in cCFU-F cultured in SFM-FTP and SCM. (A) Fold-expansion at the end of
passage 1 for cCFU-F cultured in SFM-FTP and SCM. (B) CFU frequency at the end of passage 1 and (C) at the end of passage 10, for cCFU-F cultured in SFM-FTP and SCM. (D)
Cumulative population doublings (PD) of SFM-FTP and SCM cultures over a period of 11 passages in vitro (~100 days). A significantly higher number of PD was achieved with SFM-FTP
compared to SCM (two-tailed Student's t-test p b .05). (E) Attachment rate of freshly isolated S+P+ cells in SFM-FTP and SCM. (F) Flow cytometry analysis of MSC and cCFU-F surface
markers in SFM-FTP and SCM cultures after 10 passages. Shaded grey histograms show isotype controls.
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cytometric data presented in Fig. 2f and Table S11 show that both SFM-
FTP and SCMcultures expressedCD44 andCD105 but not CD34 or CD45.
Notably, SFM-FTP cultures contained fewer CD90+ cells compared to
SCM cultures. Although CD90 is a marker of human BM MSC
(Dominici et al., 2006) its expression does vary between species, tissues,
and culture conditions (Al-Saqi et al., 2014; Pal et al., 2009). We also
assessed cultures for expression of the cCFU-F markers PDGFRα, SCA1,
and CD31. We found that all cells were SCA1+ and CD31−, confirming
that in vitro culture did not modulate their expression, however, we
found a higher proportion of PDGFRα+ cells in SFM-FTP cultures (Fig.
2f, 45.2% versus 36.7%). Collectively, these results suggest that SFM-
FTP stimulated cCFU-F self-renewal more efficiently than SCM over
multiple passages in vitro (Dominici et al., 2006; Li et al., 2012).

2.3. SFM-FTP maintained cCFU-F mesodermal lineage potential

To validate that cCFU-F expanded in SFM-FTP had maintained line-
age plasticity, their capability to differentiate into bone, fat, cartilage,
smoothmuscle, and endotheliumwas assessed relative to SCM controls
(Chong et al., 2011; Dominici et al., 2006; Pelekanos et al., 2012). Oil Red
O staining revealed large lipid droplets accumulated within the cyto-
plasm of cells exposed to adipogenic differentiation medium (Fig. 3a),
although adipocytes derived from SCM cultures appeared to stain
more consistentlywith Oil-Red-O than those derived from SFM-FTP cul-
tures. After osteogenic differentiation, calcium-rich deposits visualised
by Alizarin-red staining were detected in SFM-FTP and SCM cultures
(Fig. 3b). 3D cell pellet cultures exposed to chondrogenic differentiation
medium secreted a proteoglycan-rich matrix that was detectable by
Alcian Blue staining and these seemed similar in SFM-FTP and SCM dif-
ferentiated cultures (Fig. 3c). Potency for the smooth muscle lineage
was also maintained in both serum and serum-free conditions, as
shown by strong expression of SM22 and Calponin (Fig. 3d). SFM-FTP
and SCM cultures exposed to endothelial differentiation medium
contained eNOS+ cells (Fig. 3e), rapidly internalised fluorophore-
labelled acetylated low-density lipoprotein (Fig. 3f), and formed
branching networks when cultured on Matrigel in the presence of
human umbilical vein endothelial cell (HUVEC) conditioned medium
(Fig. 3g). CD31 and vWF were not detected, suggesting a mature endo-
thelial phenotype had not been acquired (data not shown). Extending
the culture period or exposing cells to mechanical stimuli such as
shear stress generated by pulsatile flow (Chen et al., 2013)may enhance
maturation of endothelial cells derived from cCFU-F.

These data show that both SFM-FTP and SCM cultures could differ-
entiate into bone, fat, cartilage, smoothmuscle, and endothelium. Nota-
bly, we did not detect substantial differences in the differentiation
efficiency of SFM-FTP and SCM cultures, despite the larger pool of
CFU-F and PDGFRα+ cells within SFM-FTP cultures. These two findings
may seem to be contradictory, however we attribute these differences
to the fact that differentiation medium selects cells which survive and
proliferate before differentiation (Cornwell et al., 2016a), or may reflect
that non-colony forming stromal cells can also be induced to differenti-
ate (Chong et al., 2011).
2.4. SFM-FTP increased the rate of cell cycle entry and progression of
Pdgfra-GFP+ cells

SFM-FTP stimulated proliferation and colony formation more effec-
tively than SCM, while maintaining a greater frequency of PDGFRα+

cells over a period of 100 days in vitro compared to SCM. These findings
indicated that the rate of self-renewalwithin cCFU-F cultures had differ-
entially been modulated by SFM-FTP and SCM. Therefore, to record the
dynamics of cCFU-F self-renewal, freshly isolated cCFU-F from Pdgfra-
GFP mice were cultured in SFM-FTP and SCM for three passages and
then tracked by time-lapse microscopy for 96 h (SI Appendix, Text 4).
Custom-written software was used to track cells and construct single-
cell pedigrees containing a record of: 1) cell fate; 2) cell lifetime (time
to fate); 3) Pdgfra-GFP expression; and 4) kinship relationships (Fig. 4a).
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Fig. 3. cCFU-F cultured in SFM-FTP and SCMmaintainedmesodermal lineage potential. (A) Phase contrast microscopy images of cCFU-F cultures differentiated into adipocytes and stained
with Oil Red O to visualise accumulation of lipid droplets. (B) Phase contrast microscopy images of cCFU-F cultures differentiated into osteocytes and stainedwith Alizarin-red to visualise
calcium deposits. (C) Phase contrast microscopy images of cCFU-F cultures differentiated into chondrocytes in 3D pellet cultures. Sectioned pellets were stained with Alcian-blue to
visualise extracellular depositions of glycosaminoglycan-rich matrix. (D) SFM-FTP and SCM cultures of cCFU-F differentiated into smooth muscle cells and stained for SM22 (green)
and Calponin (red). (E) Uptake of fluorescent-conjugated Ac-LDL by SFM-FTP and SCM cultures of cCFU-F cells exposed to endothelial differentiation medium. (F) SFM-FTP and SCM
cultures of cCFU-F exposed to endothelial differentiation medium stained for eNOS (red). DAPI was used to visualise cell nuclei (blue). (G) Phase contrast microscopy images showing
network formation of cCFU-F cultured in SFM-FTP and SCM after 14 h. Scale bars represent 500 μm (A–C), 75 μm (D and F), 150 μm (E), and 300 μm (G). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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in this figure legend, the reader is referred to the web version of this article.)
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Analysis of pedigrees revealed differences in the frequency of cell di-
vision and death in SFM-FTP versus SCM cultures.Mitosis wasmore fre-
quent in SFM-FTP than SCM cultures (52.5 ± 5.1% versus 44.2 ± 5.3%,
Fig. 4b). Cell death was uncommon, though was more frequent in
SFM-FTP than SCM cultures (5.1 ± 1.1% versus 1.9 ± 0.5%, Fig. 4b).
Themedian time between the time of plating andmitosis for generation
0 cells (i.e. cells whose birth was not observed) was 23.3 h for SFM-FTP
cultures and 22.1 h for SCM cultures (Wilcoxon rank sum test, p= 0.95,
Fig. 4c). For cells that divided in generation N0, cell cycle times were
broadly distributed in both conditions (Fig. 4d). Cycle times ranged
from10.71 to 67.7 h in SFM-FTP, and from10.1 to 59.1 h in SCM.Median
cycle time was shorter in SFM-FTP (24.8 h) compared to SCM (29.8 h;
Fig. 4d; Wilcoxon rank sum test, p = .0033). We used competing risks
regression (CRR) models to estimate how the incidence of cell division
and death vary over time (SI Appendix, Text 5) (Cornwell et al.,
2016b). Our models showed no effect of culture conditions on genera-
tion 0 cells (Fig. 4e left, p = 0.329), however, SFM-FTP increased the
probability of division for generation N0 cells (Fig. 4e right, p =
0.0028). Furthermore, confidence intervals fitted to our model showed
greater heterogeneity in cell cycle times in SCM cultures than SFM-FTP
cultures (Fig. 4e, orange versus purple dotted lines).

In agreement with our flow cytometry results, pedigree analysis
showed that cultures expanded in SFM-FTP maintained a larger pool
of Pdgfra-GFP+ cells (53.1 ± 4.9% versus 42.4 ± 3.8%, Fig. 4f). Given
that only GFP+ clones were initially selected for tracking, this result
clearly demonstrates that expansion in SCM led to greater attrition of
GFP+ cells. Furthermore, our tracking data revealed the distinct effects
of serum and serum-free culture conditions on GFP− and GFP+ cell
cycle dynamics. In SFM-FTP cultures, 51.1 ± 8.3% of GFP+ cells divided,
whereas 41.6±9.1% divided in SCMcultures (Fig. 4b). Themedian cycle
time of a GFP+ cell was 21.5 h and 28.4 h in SFM-FTP and SCM, respec-
tively (Fig. 4g). These data suggest SFM-FTP had increased the fre-
quency of GFP+ cells by modulating their cell cycle dynamics.

To quantify the rate at which GFP+ and GFP− cells self-renew, we
fitted competing risks regression models to our single-cell pedigree
data (SI Appendix, Text 5.2). In statistical terms, any set of mutually ex-
clusive cell fates may be defined as competing risks (Cornwell et al.,
2016b). For example, division competes with death and self-renewal
competes with differentiation. Accordingly, we divided cell fate out-
comes into four competing fate categories: 1) GFP+ division; 2) GFP−

division; 3) GFP+ death; and 4) GFP− death. This model allowed us to
determine how SFM-FTP and SCM affected the probability of a cell
adopting each of these four competing fates in its lifetime (Fig. 4h).
We found that GFP+ cells in SFM-FTP had a greater incidence of division
relative to GFP+ cells in SCM (Fig. 4h, orange versus purple line, p b

0.001), while the incidence of division for GFP− cells was much lower
(Fig. 4h, p b 0.01). SFM-FTP conditions also increased the incidence of
death for GFP+ cells (Fig. 4g, p b 0.001) but not GFP− cells (Fig. 4h, p
= 0.857); though the incidence of death was quite low. We previously
studied the inheritance of Pdgfra-GFP expressionwithin cCFU-F cultures
and found that GFP+ cells are derivedmostly from GFP+mothers while
GFP− cells are derived from GFP+ cells that become GFP− as well as a
low frequency of GFP− cell division (Cornwell et al., 2016b). Therefore,
we asked whether SFM-FTP and SCM influenced the persistence of
Pdgfra-GFP expression. To quantify the frequency at which GFP+ cells
transitioned to a GFP− phenotype we classified cells based on their
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GFP expression at birth and at the end of their lifetime and counted the
number of cells that had transitioned from GFP+ to GFP− within their
lifetime. We found that the proportion of GFP− cells derived from
GFP+ cells was higher in SCM cultures than SFM-FTP cultures (31.4%
versus 21.9%).

Taken together, these data support the hypothesis that SFM-FTP and
SCMdifferentiallymodulate the rate of Pdgfra-GFP+ cell cycle entry and
progression. Furthermore, the number of cells which transitioned from
GFP+ to GFP− was greater in SCM cultures. Therefore, these data show
that the relative difference in Pdgfra-GFP+ cell frequency within SFM-
FTP and SCM cultures resulted from the distinct effects of serum and
serum-free culture conditions on Pdgfra-GFP+ cell cycle dynamics and
Pdgfra-GFP inheritance.

2.5. SFM-FTP reduced the rate of cCFU-F myofibroblast differentiation

Given themutually exclusive nature of self-renewal and differentia-
tion as potential fate outcomes for a single cell, we hypothesised that
the increased self-renewal of SFM-FTP cultures would be matched by
a reduction in cCFU-F differentiation. As previously mentioned, cCFU-F
cultures were morphologically heterogeneous irrespective of whether
they were cultured in SFM or SCM. Small, elongated cells together
with large flat cells were invariably found within a single field-of-view
(see Fig. 5a, black arrows). Large, polygonal shaped cells had a
myofibroblast morphology and showed filamentous cytoskeletal struc-
tures, clearly visible by phase contrast microscopy (Fig. 5b). As onemay
anticipate based on these morphological characteristics, high levels of
the smooth muscle lineage markers SM22 and Calponin were detected
(Fig. 5c). We also found smaller cells with myofibroblast-like morphol-
ogies that were SM22+/Calponin+ (Fig. 5c), white arrow. These smaller
myofibroblast-like cells appeared to be progenitors in transition to a
more advanced myofibroblast phenotype. Interestingly, 95.1 ± 3.2% of
cCFU-F derived myofibroblasts and their progenitors were Pdgfra-
GFP−, whereas only 4.9±1.2%were Pdgfra-GFP+ (Fig. 5d and SI Appen-
dix, Fig. S5). An overlap is expected given the perdurance of GFP. How-
ever, loss of expression of Pdgfra-GFP alone did not precisely demarcate
myofibroblasts, since 26.1 ± 2.4% of Pdgfra-GFP− cells did not express
either SM22 or Calponin and did not have a myofibroblast morphology.
Collectively, these data demonstrate that myofibroblast-like cells are
generated spontaneously within cCFU-F cultures and reflect a state of
cCFU-F differentiation. Therefore, we counted the number of differenti-
ated myofibroblasts in SCM and SFM-FTP cultures as a measure of the
level of spontaneous differentiation. Myofibroblasts identified by ex-
pression of SMA+/Calponin+/Pdgfra-GFP− were foundmore frequently
in SCMcultures than SFM-FTP (9.34±4.9% versus 16.48±3.6% in SFM-
FTP and SCM, respectively).

Given that myofibroblasts could be identified morphologically, we
used morphological criterion to study the evolution of heterogeneity
in cCFU-F cultures and quantify the effect of SFM-FTP and SCM on
myofibroblast differentiation within cCFU-F pedigrees.

When grown to confluence myofibroblast-like cells were more
frequently observed in SCM cultures (Fig. 5e, black arrows). As
myofibroblast-like cells were substantially larger, their elevated num-
bers within SCM cultures was also evident by an increase in forward
scatter quantified by flow cytometry (Fig. 5f). To quantify the relation-
ship between cell morphology and growth dynamics, wemanually seg-
mented cells by tracing their borders at multiple time points during
each cell's lifetime (Fig. 5g). By image analysis of segmented cell
masks, we extracted dynamicmeasurements of morphological parame-
ters including area, circularity, and perimeter. Fig. 5h shows that mean
cell area (averaged over each cell's lifetime) was significantly larger
in SCM cultures than SFM-FTP cultures (1532.4 ± 99.4 versus 1080.1
± 105.8 pixels, Mann-Whitney U test, p = 1.2 × 10−7). Similarly,
Fig. 5i shows that circularity was higher in SCM than SFM-FTP
cultures (0.39 ± 0.009 versus 0.29 ± 0.008, Mann-Whitney U test,
p = 1.2 × 10−11). Thus, cells expanded in SFM-FTP were smaller
and less circular than cells expanded in SCM, suggesting that SFM-
FTP suppressed myofibroblast differentiation.

To further analyse morphological differences, we used area and cir-
cularity metrics to classify cells as fibroblasts andmyofibroblasts. To de-
velop this criterion, we visually scored cells as fibroblasts and
myofibroblasts and measured their area and circularity. We found that
myofibroblasts had an average area N 6369 μm2 and circularity N 0.45,
providing a conservative criterion for categorising cells based on their
morphology. Fig. 5j shows that cell morphology strongly influenced
cycle dynamics, since differentiated myofibroblasts divided at half the
frequency of fibroblasts (23.6% versus 51.3%). Furthermore, the
speed of cell cycle progression was markedly different between
myofibroblasts and fibroblasts (49.14 h versus 29.43 h). CRR, used to
quantify the incidence of cell division formyofibroblasts andfibroblasts,
showed a strong effect of myofibroblast differentiation on cell division
(Fig. 5m, p = 4 × 10−5). The frequency of death was low in both cell
types (5.2% and 2.7% for myofibroblasts and fibroblasts, respectively).

Collectively, these results provide evidence that SFM-FTP and SCM
modulate self-renewal and differentiation outcomes for cCFU-F. Single
cell lineage analysis showed that the increased rate of Pdgfra-GFP+

self-renewal in SFM-FTP cultures was accompanied by a reduction
in the rate of myofibroblast differentiation. This explains differences
in population doublings and colony formation observed, since
myofibroblasts divided slowly and did not self-renew. Morphological
heterogeneity in MSC cultures and its influence on population-level
growth dynamics have been well documented (Patrikoski et al., 2013;
Whitfield et al., 2013).

3. Discussion

The advantages of serum-free media (SFM), particularly in relation
to the expansion of cells for therapy, are well described (Al-Saqi et al.,
2014; Jung et al., 2012; Kusuda Furue et al., 2010; Lennon et al., 1995;
Swamynathan et al., 2014). A key advantage is that SFM contains
fewer stimulatory factors in defined concentrations. This reduced com-
plexity allows control over culture conditions, enabling greater insight
into the effect of extrinsic cues on stem cell self-renewal and differenti-
ation. Given the lack of SFM for cCFU-F culture, we adapted a SFM orig-
inally developed for human BM-MSC culture (Jung et al., 2010) by
specifically tailoring its composition for cCFU-F. To achieve this, we
employed full-factorial design experiments that quantified effects of
eight cytokines and their interactions on cCFU-F proliferation and col-
ony formation within a single passage. We found that the optimal com-
bination of cytokines for stimulating proliferation and colony formation
is basic fibroblast growth factor (bFGF), transforming growth factor-
beta (TGFβ1), platelet-derived growth factor-BB (PDGF-BB), and PDGF-
AB. We then confirmed that SFM containing these growth factors (re-
ferred to as SFM-FTP) supported long-term self-renewal of cCFU-F by
measuring population doubling, colony formation, MSC marker expres-
sion, and differentiation potential after 100 days in culture (10 passages).
SFM-FTP outperformed SCM cultures in proliferation and colony-forming
assays, and showed comparablemesodermal differentiation potential. In-
terestingly, expression of cCFU-F markers SCA1 and CD31 did not change
after in vitro expansion, while there was a higher frequency of PDGFRα+

cells in SFM-FTP cultures. Since PDGFRα is a marker of colony-forming
cells within the S+P+ population (Chong et al., 2011; Noseda et al.,
2015) and also marks the self-renewing fraction of cCFU-F cultures
(Cornwell et al., 2016b), these results suggested that SFM-FTP stimulated
cCFU-F self-renewal more efficiently than SCM.We were thenmotivated
to further investigate how serum and serum-free culture conditions af-
fected the renewal dynamics of PDGFRα+ cells.

Self-renewal is a mitotic event where at least one daughter inherits
stem/progenitor cell traits from itsmother (e.g. colony-forming and lin-
eage potential) that persist throughout its own lifetime. Differentiation
is a process in which a stem/progenitor cell's transcriptional state
changes from one that permits self-renewal to one that transforms the



Fig. 5. The effect of SFM-FTP and SCM on cCFU-F morphology and myofibroblast differentiation. (A) Phase contrast microscopy images identifying small and large fibroblast and
myofibroblasts present within cCFU-F cultures within a single FOV. Black arrows and labels indicate qualitative classification of morphology. (B) Phase contrast micrograph showing
morphological identity of a cCFU-F derived myofibroblast. Myofibroblasts were easily identified by their morphology. (C) A large and small myofibroblast expressing the smooth
muscle marker SM22. White arrow shows the smaller myofibroblast. (D) Fluorescent microscopy image showing that SM22+ myofibroblasts and their progenitors were largely
Pdgfra−GFP−. (E) Large myofibroblasts were observed less frequently in SFM-FTP cultures (top) compared to SCM cultures (bottom). Black arrows show large, myofibroblast-like cells.
(F) Flow cytometry analysis of forward and side scatter. Identical elliptical gates were drawn on each plot, showing a marked decrease in forward scatter for cCFU-F cultured in SFM-
FTP (top) compared to SCM (bottom), reflecting reduced cell size in SFM-FTP cultures. (G) Phase contrast micrograph overlaid with segmented cell masks. Individual cells were
segmented manually at multiple time points during their lifetime to measure morphological parameters including area and circularity. (H and I) Box and whisker plots showing cCFU-
F cultured in SFM-FTP were smaller (H) and less circular (I). Distributions of circularity and area were compared using the Wilcoxon rank sum test. (J) Stacked bar charts showing the
relative frequency of observed fate outcomes (division, death, right censored) in fibroblast and myofibroblasts. (K, L, and M) Semi-parametric CIFs showing the effect of circularity (K),
area (L), and morphology (M) on the probability of cell division. Dotted lines show 95% confidence intervals.

122 J.A. Cornwell et al. / Stem Cell Research 28 (2018) 115–124
cell into an irreversibly specialized state. As inherently single-cell level
phenomena, self-renewal and differentiation are most well understood
by an analysis of single cell pedigrees. However, because self-renewal
and differentiation capacity may only be assessed retrospectively
using functional assays, an analysis of renewal/differentiation dynamics
within cell lineages requires a readout that predicts these traits.
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Previously, we studied renewal of PDGFRα+ cells within cCFU-F cul-
tures derived from Pdgfra-GFP mice (heterozygous for a knock in of an
eGFP cassette into the Pdgfra locus) and found that Pdgfra-GFP+ cells ac-
tively self-renew by symmetric amplifying divisions, while Pdgfra-GFP−

do not self-renew (Cornwell et al., 2016b). Here, we used PDGFRα-GFP
expression as a marker of self-renewing cells, and investigated
how SFM-FTP and SCM impact cCFU-F self-renewal dynamics. By
employing time-lapse imaging and single-cell tracking we con-
structed cell lineages from repeated observations of hundreds of
individual cells over time. By analysis of single cell pedigrees, we
show that SFM-FTP promoted a higher rate of PDGFRα-GFP+ self-re-
newal. Notably, given that self-renewal and lineage commitment are
mutually exclusive fate outcomes our results were corroborated by
findings of a lower number of differentiated myofibroblast-like
cells in SFM-FTP cultures. Therefore, the increased rate of self-re-
newal within SFM-FTP cultures was accompanied by a reduction in
myofibroblast differentiation. Given the important pro-reparative
and profibrotic functions of fibroblasts andmyofibroblasts in remod-
elling cardiac tissue after injury, our findings are likely reflective of
the role that cCFU-F play in cardiac repair.

Numerous studies that have compared serum-free and serum-con-
taining medium for expanding MSC report enhanced self-renewal and
reduced ‘intrinsic’ differentiation under serum-free conditions (Jung et
al., 2012; Patrikoski et al., 2013). In this context, our data alignwith pre-
vious findings in other systems. However, most studies employ popula-
tion-level assays that average the collective behavior of thousands-to-
millions of cells - as opposed to measuring the dynamic behavior of in-
dividual cells. Such limitations of population-level assays for quantify-
ing cell growth dynamics in heterogeneous populations have been
well described (Coutu and Schroeder, 2013; Hoppe et al., 2014;
Schroeder, 2011). In contrast, we have studied self-renewal and differ-
entiation dynamics at the single cell level, by interrogating single cell
pedigree data. By this approach we demonstrate how SFM-FTP and
SCM modulated cCFU-F fate outcomes at the single-cell level. While
the conclusions drawn from population and single cell level analyses
were congruent, i.e. that SFM-FTP enhanced cCFU-F self-renewal, single
cell pedigrees provided greater and more quantitative insight into how
culture serum and serum-free culture conditions shifted the balance be-
tween cCFU-F self-renewal and differentiation.

There are aspects of our experimental design that limit its physiolog-
ical relevance. For example, we selected one concentration for each fac-
tor from dose response experiments. It is known that some cytokines
stimulate different cell responses at different concentrations. Further-
more, synergistic or inhibitory effects of cytokine interactions may be
dependent on the relative concentration of each factor. A multi-level
factorial experimental design would have detected any biphasic re-
sponses. In our experiments, we only studied the effect of soluble cyto-
kines, however it is well known that soluble growth factors may be
presented by extracellular matrix molecules that modify cellular re-
sponses in vivo. Furthermore, cytokines may be presented with tempo-
ral and spatial variation. This may be in the form of temporal pulses of
growth factor stimuli or spatial presentation in the form of soluble or
tethered gradients (Miller et al., 2011). For example, the sequence in
which cells receive growth factor stimuli can elicit different cellular re-
sponses. Larger factorial experiments, e.g. using amicroarray bioreactor,
would enable a larger number of factors to be tested at a greater number
of concentrations.

The development of a SFM for cCFU-F represents a methodological
advance that enables more precise characterisation of cCFU-F in vitro.
Such detailed characterisation of cCFU-F may provide further insight
into cCFU-F biology, their potential roles in cardiac regeneration and
their clinical utility. While expanding cells for the purpose of cell ther-
apywas not the aim of this study, cardiac cell therapies using cardiac in-
terstitial cells culture derivatives that may be related to the cCFU-F
lineage hierarchy (Chong et al., 2013), are being clinically evaluated
(Le and Chong, 2016).
4. Materials and methods

4.1. cCFU-F isolation and in vitro culture

cCFU-Fwere isolated from 8 to 12week oldWT, or Pdgfra-GFP trans-
genic, C57/BL6 mice as previously described (Chong et al., 2011). For
factorial design experiments cells were expanded for 3 passages in
SCM, i.e. DMEM containing 20% FCS (v/v). At passage 4 cells were
replated in either SFM or SCM at 150 cells/cm2 in 10 cm petri dishes.
For factorial design experiments cells were plated in 35 mm dishes for
each condition at 250 cells/cm2 for cell proliferation assays and at
60 cells/cm2 for CFU assays. Medium was exchanged every 3 days and
cultures were passaged every 12 days. For long-term growth experi-
ments cCFU-F were isolated as above, except cells were collected in a
15 ml containing either SFM-FTP or SCM. Cells were passaged every
12 days up until passage 4, and every 8 days after passage 4. For all ex-
periments tissue culture dishes were coated with attachment factor for
37 °C for half an hour and medium was changed every 3–4 days.

4.2. Serum containing and serum-free medium

The serum containing and serum-freemediumused in this study are
described in detail in SI Appendix Text 1.

4.3. Flow cytometry analysis of CD antigen expression

cCFU-F cultures expanded to passage 11 (P11) were assessed for
their expression of specific surface antigens by flow cytometry analysis.
cCFU-F were blocked with 1% BSA in PBS for 15 min before washing
with PBS. Cells were then incubated with fluorescein isothiocyanate
(FITC), phycoerythrin (PE), or allophycocyanin (APC) conjugated pri-
mary antibodies for 15 mins at 4 °C. Cells were then washed twice be-
fore DAPI was added to identify dead cells. Flow cytometry was
performed on a Canto II flow cytometer. Primary antibodies (BD Biosci-
ences) used for flow cytometry analysis included SCA1, CD44, CD105,
CD140a, CD90, CD31, CD34, and CD45. Compensation was performed
to account for spectral overlap and IgG isotype controls were used to
control for non-specific staining. All cells that showed increased staining
relative to isotype control were considered positive. Results were
expressed as a percentage of positive cells ± SEM. All experiments
were completed in triplicate.

4.4. Time-lapse imaging and single-cell tracking

Time-lapse imaging was performed using a Leica live cell imaging
microscope (DMI6000B) equipped with X-Y-Z controller and hardware
autofocus. Phase contrast images were acquired every 15 mins for over
a period of 96 h. GFP was detected every 2–3 h (300 ms exposure, no
gain). Images were exported to MATLAB to remove background noise,
enhance contrast, and stitch contiguous sites. Custom-written software
implemented inMATLABwasused tomanually track cell nuclei through
consecutive frames, to build trajectories and record fate outcomes (divi-
sion, death, undivided). Positions of cell nuclei in PH images were used
tomeasure GFP intensity in the fluorescence channel, by recording pixel
intensities. Two wells per condition were tracked.

4.5. Colony forming unit (CFU) assay

CFU assays are routinely used to assess the number of mesenchymal
progenitors in a heterogeneous MSC culture. To assess CFU formation
we plated cells at 200 cells/cm2 in 35 mm dishes and cultured them
for 8 days. On day 8 culture medium was aspirated, cultures were
washed twice with PBS, fixed with 50% ethanol (v/v) for 30 min, and
then stained with 2.5% Crystal Violet (w/v) in 50% ethanol (v/v) to visu-
alize colonies. Colonies containing N25 cells and a diameter larger than
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2 mm were counted. Results were expressed as a ratio of CFU to the
number of cells plated ±SEM. All CFU assays were done in triplicate.

4.6. Potency assays and immunocytochemistry

cCFU-F were isolated and expanded in either SFM-FTP or SCM for 10
passages before being differentiated into adipocytes, osteocytes,
chondrocytes, smooth muscle and endothelial cells. The differentiation
assays have been described previously (Chong et al., 2011). Immunocy-
tochemistry was used to visualize expression of lineage-specific pro-
teins, as described previously (Chong et al., 2011).

4.7. Statistical analysis

Factorial design experiments were analysed using ANCOVA (SI Ap-
pendix, Text 2.3). CRR models used to estimate the cumulative inci-
dence of cell division in different treatment groups were implemented
in R using the comp.risk functionwithin timereg, survival, andmets pack-
ages (Scheike and Zhang, 2011). Models were constructed as described
previously (Cornwell et al., 2016b), and results are summarised in SI Ap-
pendix, Text 5.
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