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Abstract of the Dissertation
Regenerating the Mammalian Heart: Potential Roles for Cardiomyocyte Proliferation,
Cardiac Stem Cells, and Fibroblasts
by
Adam Jerome Thibodeau Schuldt
Doctor of Philosophy
in
Biomedical Engineering

Stony Brook University

2008

The human heart has long been considered a postmitotic organ which is unable
to regenerate contractile cells. Recent evidence has challenged this notion, indicating
that the heart does regenerate cardiomyocytes, but at a rate too slow to be therapeutic
in a setting of heart disease. A large body of recent work has aimed to increase the rate
of cardiomyocyte replacement to therapeutic levels. Most of this research has focused
on the potential of various types of stem cells to reconstitute the diseased heart, with
some evidence even suggesting the existence of resident cardiac stem cells. However, a
second source of cardiac regeneration may reside in the proliferation of adult
cardiomyocytes. The present body of work represents investigations into both of these
approaches. Our laboratory has shown that human mesenchymal stem cells (hMSCs)

can stimulate adult cardiomyocytes to proliferate in vitro. Based on our results and the



work of others, we hypothesized that paracrine factors from the stem cells may permit
cardiomyocyte re-entry into the cell cycle. Co-cultures of adult canine cardiomyocytes
and hMSCs or hMSCs transfected with the genes that encode proteins relevant to
cardiomyocyte proliferation were employed to investigate the role of paracrine
signaling. The use of transfected hMSCs and growth factor supplementation was shown
to augment the rate of colony formation in cardiomyocyte cultures. However, while the
rate of cardiomyocyte proliferation may have increased, it still remained below the
levels of detection using time-lapse microscopy.

Stemming from our research on colony formation, the source of cells described
by others as resident cardiac progenitor cells and implicated in the formation of three-
dimensional aggregates termed “cardiospheres” was investigated. Our results suggest
that the cardiospheres are comprised primarily of fibroblasts, rather than a population
of rapidly proliferating resident cardiac stem cells. Further experiments showed that
similar spheroid structures could be created from fibroblasts derived from other tissue
sources. In vitro differentiation protocols confirm that cells from these spheres can
differentiate along a cardiac lineage, as well as other mesenchymal cell types including

adipose, bone, and cartilage.
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1 Background and Significance

1.1 Pathophysiology of Heart Failure and Myocardial Infarction

Cardiac insults such as myocardial infarction (Ml) or chronic pressure or volume
overload ultimately lead to the loss of the heart’s contractile cells—the cardiomyocytes.
The heart responds to such challenges by compensatory mechanisms which include
hypertrophic growth of the existing myocytes (adding sarcomeres in series in the case of
volume overload or in parallel in pressure overload), rather than hyperplasia, or the
generation of new contractile cells. Over time, the increased work load on the
remaining cells causes them to deteriorate. The continuing loss of cardiomyocytes
causes a thinning of the heart wall and a decrease in the heart’s ejection fraction (the
fraction of blood volume in the heart at end diastole that is ejected during contraction).
The larger blood volume remaining in the heart combined with the thinner wall increase
wall stress. This causes the heart chamber to dilate as the cells continue to add
sarcomeres in series. While this response may serve to decrease wall stress
temporarily, it also further decreases the heart’s pumping efficiency, leading to
increased volume overload. Over time, the cycle of cell loss, increased wall stress, and
increased demands on the remaining cells causes the heart function to spiral downward,
ultimately reaching a state of heart failure. By the time left ventricular (LV) heart failure
has been reached, it is estimated that between 1 and 1.7 billion myocytes have been
lost, corresponding to a loss of 25-30% of the LV tissue.” 2 Given the heart’s natural
tendency to favor hypertrophy of existing cells and scar formation in infarcted areas
over hyperplasia, it has long been thought that the heart is incapable of regenerating
contractile cells to effectively repair itself.

1.2 Changing attitudes in Cardiology

In recent years, evidence has mounted in support of the notion that the heart
may be capable of producing new myocytes, challenging the long-held belief that the
heart is a post-mitotic organ. The initial report by Orlic, et al.> that demonstrated
regeneration of cardiomyocytes, endothelium, and smooth muscle from c-kit" bone
marrow cells in the infarcted mouse heart opened the field of cardiac regeneration.
This was followed by the discovery of host-derived cardiomyocytes in the donor hearts
of sex-mismatched transplant patients.*” These findings suggested that adult humans
maintained a population of cells with the capacity to differentiate along a cardiac
lineage. This finding has generated new hope for improved therapeutic options for



heart disease patients which focus on replacing lost cardiac cells, rather than relying on
pharmacologic agents which aim to slow disease progression or simply treat symptoms.
Other evidence would later suggest that fusion of the implanted stem cells to
cardiomyocytes might explain the presence of cardiac lineage-specific markers on the
delivered stem cells.® Notwithstanding this possibility, the observation that apoptosis
can be observed in the adult heart at any age implies that cardiomyocyte regeneration is
necessary to maintain cardiac mass throughout adulthood.’ Identification and
exploitation of the mechanism(s) involved in this cellular homeostasis in the heart could
have enormous therapeutic potential.

1.3 Two strategies of cardiac regeneration: differentiation of
stem cells and proliferation of mature cardiomyocytes

In principle, there are two main routes by which cardiomyocytes could be
regenerated: 1) a population of progenitor (stem) cells could exist which can
differentiate into cardiomyocytes and 2) cardiomyocytes could re-enter the cell cycle
and proliferate. The reports of bone marrow-derived cardiomyocytes in the mouse and
host-derived cardiomyocytes in human transplant patients stimulated several
investigations into the potential of bone marrow cells to become cardiomyocytes.
Although attempts by other groups to reproduce the initial findings of Orlic, et al. in the
mouse failed,'® ™ other research supported the idea that certain subpopulations of
bone marrow-derived cells have the potential to implant in the heart and differentiate
along a cardiac lineage. Investigations using mesenchymal stem cells (MSCs) from the
bone marrow have been encouraging.> These cells have been successfully
differentiated along a cardiac lineage in vitro using 5-azacytidine.">* Injection of MSCs
has demonstrated differentiation of MSCs to express cardiac-specific markers and
phenotype® as well as improved cardiac function in postinfarction models.***” A body
of recent work has also described the existence of stem cells which reside within the
heart itself, and some of this research will be the focus of Chapter 3.2 of this
dissertation.

Additional efforts have focused on endogenous cardiomyocyte proliferation.
Anversa’s group first reported increased cardiomyocyte mitoses in human patients with
end-stage heart failure in 19988 and with myocardial infarction in 2001.*° Several
studies have attempted to establish baseline values for the mitotic indexes in the
healthy and diseased heart, but the results have varied tremendously within a given
species.’’ Whatever the actual rate, it was generally believed that cardiomyocyte
proliferation did not play a significant role in cardiac injury repair. In 2002, Keating et al.



demonstrated apparently complete regeneration following surgical excision of 20% of
the ventricle of the zebrafish and showed that cardiomyocyte proliferation was the
primary mechanism.”* This raised the guestion whether this represented a more
primitive characteristic of cardiomyocytes that could be reactivated in humans.
Investigators have since been seeking ways to induce cardiomyocyte proliferation in
mammals. Several papers have identified genes or molecules that may play a regulatory
role, including members of the HAND transcription factor family and the growth factors
FGF, IGF, and EGF.?° One report demonstrated that simply increasing the capillary bed
in an infarct by injection of angioblast cells resulted in a five-fold increase in
cardiomyocyte proliferation in the rat.?

1.4 Epidemiology and treatment of heart disease

Heart disease is the number one cause of death in men ages 40-54 and in both
men and women over age 75 and is second only to malignancy in men ages 55 to 743
Coronary heart disease (CHD) afflicts 13,000,000 Americans; of them, 7.1 million have
had a myocardial infarction.?* It was estimated that 700,000 Americans would suffer
their first coronary attack in 2006;>* the average age of first heart attack for men is 65.8
years, while it is 70.4 for women.?* Coronary heart disease carries a 49% lifetime risk
after age 40 in men, and a 32% risk after 40 for women.?* CHD is the single largest killer
of men and women in this country, accounting for one of every five deaths.”* The
financial burden of CHD was expected to add up to $142.1 billion for 2005.%*

Congestive heart failure (CHF) has a nation-wide prevalence of 4,900,000* and
carries a 5 year mortality rate of 59% in men and 45% in women;25 the one year
mortality rate is 20%.%* Due to the aging US population, an increase in the incidence of
coronary heart disease and heart failure is expected.”® Even at the current incidence of
550,000 new cases per year, an estimated $28 billion will be spent on management of
CHF this year.”* The total deaths from CHF increased 35.3% from 1992 to 2002.%* At
age 40, the lifetime risk of developing CHF is 20% for both men and women.?* Total
mention mortality due to CHF in 2001 was 264,900.%*

The current standard of treatment for CHF relies on titrating a delicate balance
of pharmacologic agents in an attempt to prevent cardiac hypertrophy and remodeling.
This includes drugs which reduce peripheral vascular resistance (vasodilators), reduce
the circulatory volume (diuretics), and inhibit the renin-angiotensin-aldosterone system
(ACE inhibitors, aldosterone antagonists). Treatment is complicated by the need to
determine if and when it is appropriate to decrease contractility by employing a gradual
blockade of B-adrenergic receptors in the heart (B-blockers) or administration of



contractility-enhancing drugs such as B-adrenergic agonists or digitalis in each individual
patient. Once the disease progresses to the point where these treatments are no longer
effective, patients must undergo drastic procedures including, but not limited to, long-
term implantation of a mechanical assist device or even heart transplantation.
Unfortunately, only 2,192 heart transplant procedures were performed in 2006 in the
US,?” due to limited organ availability. These procedures have important long-term
complications which must be monitored and treated. Despite all of the efforts of
physicians, the best most patients can hope for is adequate management to delay the
progression of their disease, as no cure for heart failure (outside of transplantation)
currently exists.



2 Overview of Research Findings

The present body of work describes experiments investigating two different
approaches to the goal of replacing cardiomyocytes lost in heart disease. The first set of
experiments involves an attempt to use paracrine factors to increase the rate of
cardiomyocyte proliferation. The second set examines the source of cells described by

others as cardiac stem cells and implicated in the formation of cardiospheres.? %°

Chapter 3.1 — Co-culture of adult canine cardiomyocytes with Wnt5a-overexpressing
human mesenchymal stem cells (Wnt5a-hMSCs) separated by a porous membrane and
supplemented with insulin-like growth factor 1 (IGF-1) was employed to induce
proliferation of the cardiomyocytes. A large increase in cardiomyocyte colony formation
was observed in these cultures compared with co-culture with plain hMSCs alone.
However, cardiomyocyte proliferation could not be observed in time-lapse images of
the cultures. Therefore, while the rate of proliferation may have been increased, it still
remained too low to be detected by the methods used here.

Chapter 3.2 — The “phase-bright” cells described by Messina et al. and Smith et al. were
shown to arise from the monolayer of fibroblasts growing out from cardiac explants.
These phase-bright cells appear to simply represent fibroblasts undergoing mitosis.
Explants of dermal, aortic, and brain tissue also produced phase-bright cells in the same
manner. Fibroblasts collected from cardiac explants produced “cardiospheres,” while
fibroblasts from the other tissues studied produced analogous “fibrospheres.”
Furthermore, the cells derived from the spheres, as well as those that form the spheres,
showed an ability to differentiate along cardiac, adipose, bone, and cartilage lineages.



3 Research Findings

3.1 Paracrine factors from hMSCs may stimulate cardiomyocyte
proliferation

3.1.1 Introduction

Evidence from our laboratory suggests that paracrine factors may be capable of
stimulating adult cardiomyocytes to dedifferentiate and proliferate. We have previously
demonstrated that hMSCs, when co-cultured with adult canine cardiomyocytes, could
stimulate formation of myocyte colonies.*® This finding was accompanied by positive
staining for cyclin D1 in the nuclei of the cardiomyoctes. A 2004 study demonstrated
that paracrine factors from embryonic stem cells could correct deficient myocardium
development in a knock-out model of a thin-walled heart.>* The results from this study
further suggested that Wnt5a and insulin-like growth factor 1 (IGF-1) may be key
paracrine factors involved in this recovery of cardiomyocyte development. Preliminary
evidence from our laboratory indicates that overexpression of Wnt5a in hMSCs can
augment the degree of adult cardiomyocyte proliferation in co-culture, membrane-
separated culture, and media exchange experiments. Therefore, we set out to
investigate whether addition of IGF-1 to the Wnt5a-conditioned media may result in
formation of greater numbers of cardiomyocyte colonies in membrane-separated co-
cultures with Wnt5a-expressing hMSCs.

To examine this question, hMSCs were transfected with a gene encoding the
Whnt5a protein (Wnt5a-hMSCs) and plated on a porous membrane. Adult canine
cardiomyocyte cultures were established, and the membranes with Wnt5a-hMSCs were
placed in the cardiomyocyte cultures, establishing two separate cell compartments
which were able to share media. The cells were fed using media supplemented with
IGF-1, and the formation of colonies of cardiomyocytes over time was quantified.

The ability to use paracrine factors to stimulate cardiac regeneration would open
the door to two potential therapeutic modalities: in vitro expansion of a deliverable
population of cells with cardiogenic potential, or in vivo delivery of paracrine factors via
cells or solutions to promote in situ cardiomyocyte proliferation. Both of these options
could effectively bypass the difficulties encountered with heterologous stem cell
therapies by expanding the patient’s own cardiomyocytes either in culture or in the
heart itself.



3.1.2 Methods

Preparation of Wnt5a Plasmid
Wnt5a plasmid was expanded in Escherichia coli using the Max Efficiency DH10B

Competent Cell kit from Invitrogen (Carlsbad, CA). The plasmid contains an ampicillin
resistance gene downstream from the Wnt5a gene. Transfected E. coli were streaked
on agarose plates containing 100 pg/ml ampicillin and placed in a 37°C incubator. A
single colony was isolated and inoculated into LB broth containining 50 pug/ml ampicillin
and incubated at 37°C on an orbital shaker overnight. Bacteria were collected and the
plasmid isolated and purified using the Qiagen High Speed Plasmid Maxi Kit plasmid
purification kit. Plasmid concentration and purity was determined
spectrophotometrically by analyzing the absorbance at 260 and 280 nm.

Culture of hMSCs and Transfection with Wnt5a Plasmid
Human mesenchymal stem cells (hMSCs, Cambrex Corporation, East Rutherford,

NJ or Lonza, Basel, Switzerland) were cultured in round 100mm plates using standard
protocols and hMSCs media recommended by the supplier. When the cells had reached
60-90% confluence, they were harvested by trypsinization using trypsin kits from the cell
supplier. The cells from one plate (approximately 10° hMSCs) were resuspended in
200ul hMSC nucleofector solution (Amaxa Biosystems, Gaithersburg, MD) with 4ug
Wnt5a plasmid. The cells were split among two electroporation cuvettes and
electroporated using program U-23 on an Amaxa Nucleofector |. Transfected hMSCs
(Wnt5a-hMSCs) were immediately resuspended in hMSC media and transferred to
Costar Transwell permeable support inserts in 1.5m| hMSC media with 2.5ml hMSC
media in the compartment below the insert. Since the transfection procedure resulted
in 25% cell survival, two cuvettes of transfected cells were pooled and then split among
three supports (1/3 of a 100mm plate per insert). Non-transfected control hMSCs were
also transferred to Transwell inserts, but only 1/12" of a plate of nontransfected cells
were placed in each support, since nearly 100% survival could be expected with the
control cells.

Confirmation of Wnt5a Expression
An ELISA was performed on lysates from transfected Wnt5a-hMSCs and non-

transfected control hMSCs plated in 100mm culture plates. Anti-mouse Wnt5a
antibodies (R&D Systems, Minneapolis, MN) were used for capture and detection of
Whnt5a in the cell lysates. The detection antibodies was biotinylated. Incubation with
streptavidin-conjugated horseradish peroxidase (HRP) followed by development with a



colorimetric substrate was used for quantitation of the results. Plates were analyzed on
a POLARstar Optima microplate reader (BMG Labtech, Durham, NC).

Isolation and Culture of Adult Canine Cardiomyocytes
Canine cardiomyocytes were isolated from adult mongrel dogs of either sex

according to published protocols.a2 Dogs were euthanized by an intravenous injection
of pentobarbitone (80 mg/kg body weight), a left thoracotomy was performed, and the
heart was quickly removed. Cardiomyocytes were isolated using a modified Langendorf
procedure in which a wedge of left ventricle was perfused via a coronary artery with a
Ca’*-free solution containing collagenase and protease. The tissue was then minced,
dispersed, and filtered to produce a single cell suspension.

Establishment of Co-cultures

Isolated cardiomyocytes were transferred to laminin-coated 6-well plates in a
Ca*'-free buffer containing 1 un/ml insulin (Sigma, St. Louis, MO) at an overconfluent
density and placed in a 37°C incubator for one hour. The media was gradually changed
to DMEM" media (high glucose DMEM [Invitrogen] supplemented with 5% fetal bovine
serum [FBS, Invitrogen] and 1% penicillin/streptomycin [Invitrogen]) in increments of
12-15% at 15-60 minute intervals to slowly raise the Ca?* concentration.
Cardiomyocytes were finally changed to 100% DMEM®, with 2.5ml in each well.

The Wnt5a-hMSC or hMSC control cells in Transwell inserts (see above) were
washed once with DMEM" media before transfer of 2.5m| DMEM" below the insert and
1.5ml above the insert and returned to the incubator for at least 1 hour. Inserts were
then transferred to wells containing cardiomyocytes. In some experiments, DMEM®
supplemented with 100ng/ml insulin-like growth factor-1 (IGF-1; Sigma) was used in the
final media addition for Wnt5a-hMSCs, hMSCs, and cardiomyocytes.

Quantification of Colony Formation in Co-cultures of Cardiomyocytes and
Wnt5a-hMSCs
Cardiomyocyte colonies were defined as clusters of 4 or more cardiomyocytes in

close association. Using the 10x objective on an Olympus CK40 inverted microscope, a
single vertical diameter of the area underneath an insert was scanned visually, and
colonies were counted by hand. Diameters from three wells were counted for each

group.



Immunohistochemical and Immunofluorescent Staining

Colonies were removed from the plate by gentle trypsinization and replated
onto CC2-treated chamber slides (Nunc, Rochester, NY) overnight. They were then
washed briefly with phosphate-buffered saline (PBS), fixed for 15 minutes in 4%
paraformaldehyde, permeablized for 10 minutes with 0.2% Triton X-100, and washed
twice with PBS.

Slides were stained with a primary antibody against Ki67 (Dako, Denmark) or

sarcomeric a-actinin (Sigma). For Ki67, epitope retrieval was performed by incubating in
95°C citrate buffer for 20 minutes prior to incubation with primary antibody. A
biotinylated secondary antibody (Vector Laboratories, Berlingame, CA), followed by
incubation with a streptavidin-conjugated HRP and development with a 3,3’-
diaminobenzidine kit (Vector Laboratories) was used for detection. For sarcomeric a-
actinin, a secondary antibody conjugated to AlexaFluor488 (Invitrogen) was used for
detection, followed by fluorescent imaging.

Anti-Fibroblast Surface Protein Antibody and Complement Treatment
For experiments in which anti-fibroblast surface protein antibody (a-FSP) was

used in the cultures, cardiomyocytes were incubated for 40 minutes at room
temperature in Ca’*-free media with 1:200 a-FSP (Sigma). Cells were then incubated 45
minutes with 1:10 rabbit complement (Sigma). Cardiomyocytes were washed with Ca’*-
free medium and plated at a superconfluent density in 6-well plates. Post-plating
protocols to raise the Ca®" concentration and establish co-cultures were carried out as
described above.

Time-Lapse Microscopy of Cardiomyocyte Co-cultures
Ten to fifteen days after initiation of co-culture of cardiomyocytes with Wnt5a-

hMSCs in Transwell plates, the culture vessels were transferred to a microscope-
mounted humidified weather station for time-lapse imaging. A constant flow of 5% CO,
into the weather station was maintained.

Statistics

Values given represent the mean + SEM. Results of Wnt5a expression levels
were compared using a t-test. Colony numbers were analyzed using a Mann-Whitney
Rank Sum test. Significance was accepted at p<0.05.



3.1.3 Results

Whnt5a Expression in hMSCs

Expression of Wnt5a in transfected human mesenchymal stem cells transfected
with the Wnt5a plasmid was confirmed via an ELISA (Figure 1). Comparison of cell
lysates from plain hMSCs and hMSCs transfected with Wnt5a showed 5.723 + 0.046
pg/ml Wnt5a in the Wnt5a-hMSC lysate vs. 0.049 + 0.007 pg/ml in the hMSC lysate
(p<0.001).

Effect of Wnt5a and IGF-1 on Colony Formation in Cardiomyocyte Cultures

Previous work from our laboratory indicated that co-culture of isolated canine
cardiac myocytes with hMSCs* and Wnt5a-overexpressing hMSCs>> could induce
proliferation of the cardiac myocytes. Initial experiments adding Insulin-like Growth
Factor 1 (IGF-1) to the cultures demonstrated qualitatively that Wnt5a-hMSCs with
media supplemented with IGF-1 could further augment the rate of cardiomyocyte
proliferation in vitro (data not shown). This proliferation resulted in the formation of
what appeared to be colonies of dividing cardiac myocytes (Figure 2A). Quantification
of these colonies demonstrated a dramatic increase in the number of colonies formed
when cardiac myocytes were supplemented with IGF-1 and co-cultured with Wnt5a-
hMSCs versus co-culture with plain hMSCs (Figure 2B). For purposes of quantification,
colonies are defined throughout this chapter as four or more cardiac myocytes in tight
association with one another.

Prior to colony formation, the cardiac myocytes were observed to lose their
characteristic striated rod shape and become more spherical (Figure 3A). Many of these
cells began to send out branching processes after a few days in culture (Figure 3B). By
10-14 days in culture, colonies of round myocytes could be observed. Staining of some
of these colonies for Ki67, a nuclear marker for cells progressing through the cell cycle,
indicated that these myocytes were in the cell cycle (Figure 3C). Staining of similar
colonies confirmed that these cells also contained the myocyte marker sarcomeric a-
actinin (Figure 3D).
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Figure 1. Expression of Wnt5a protein in hMSCs transfected with the Wnt5a plasmid.
Protein levels determined by an ELISA on lysates from transfected (Wnt5a-hMSCs) and non-
transfected (hMSCs) control cells. * P<0.001; n=1 with 8 replicates for Wnt5a-hMSCs and 7
replicates for hMSCs.
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Figure 2. Colony formation in co-cultures of canine cardiac myocytes and hMSCs separated
by a porous membrane. A) Colonies in the cardiomyocyte compartment imaged after 16
days in culture. B) Number of colonies formed in co-cultures with plain hMSCs (black bars)
versus Wnt5a-hMSCs with IGF-1 in the culture media (gray bars) at 22-23 days in culture in
four separate experiments. The colony numbers from each experiment were normalized to
the hMSC colony numbers for the same experiment in order to calculate the normalized
mean values (plotted against the right axis). * P=0.029 by Mann-Whitney Rank Sum analysis.

13



# Colonies

300 1

250

200

150 -

100 -

50

EEm Co-culture w/ hMSCs
Co-culture w/ Wnt5a-hMSCs + IGF-1

Ay

- 12

Exp.#1 Exp.#2 Exp.#3 Exp.#4

14

Normalized

Normalized # Colonies



Figure 3. Morphological alterations and staining of cardiac myocytes in co-culture with
Wnt5a-hMSCs. A) By three days in culture, the myocytes are at various stages of their
morphological alteration to rounded cells. B) At 8 days in culture, many myocytes have
grown branching processes. C) Staining for Ki67 (brown) at 30 days in culture demonstrates
Ki67-positive nuclei in the colonies (arrows). D) Staining of similar colonies at 24 days in
culture for sarcomeric a-actinin (red) shows positive staining for this myocyte marker in the
colonies. Blue = DAPI.
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To determine whether the increase in colony numbers obtained with Wnt5a and
IGF-1 could be attributed to one of these factors alone or the combination of the two,
the effect of Wnt5a + IGF-1 was compared with Wnt5a-hMSC co-culture alone, hMSC
co-culture supplemented with IGF-1, or hMSC co-culture without IGF-1 (Figure 4A&B).
These results suggest that Wnt5a and IGF-1 work together to augment the rate of
colony formation to a much greater extent than either factor alone.

In addition to the cardiac myocyte colonies, and number of additional large
colonies could be observed in the cultures. These colonies were often larger, contained
many smaller cells, and were spherical in shape (Figure 5). Based on the size of the cells
in the colonies and the fact that they always appeared in areas of fibroblast overgrowth,
it was presumed that these colonies were derived from fibroblasts in the cardiac
myocyte cultures.

In an effort to address whether contaminating fibroblasts from the cardiac
myocyte preparation may be the source of the Ki67" nuclei in cardiac myocyte colonies
or otherwise contributing to cardiac myocyte colony formation, attempts were made to
eliminate the fibroblasts from the cultures. Incubation of the myocyte preparation with
an antibody to Fibroblast Surface Protein (a-FSP) prior to plating, which prevented
fibroblast attachment to the culture dish, resulted in a decrease in colony number in
Wnt5a-hMSC + IGF-1 cultures to the level obtained with hMSC co-culture alone (Figure
6A). The number of colonies formed was also decreased by incubation with a-FSP
followed by incubation with rabbit complement, which binds to the a-FSP antibody and
actively kills the target cell (Figure 6A). In a second experiment, the effect of a-FSP on
Wnt5a-hMSC co-culture + IGF-1 was confirmed (Figure 6B). In this experiment, a-FSP
was also added to cardiac myocytes that were co-cultured with hMSCs, and colony
formation was essentially eliminated at 14 days (Figure 6B).

Time-Lapse Microscopy of Cardiomyocyte Division

Several attempts were made to capture video images of cardiomyocytes
undergoing mitosis in membrane-separated co-cultures with Wnt5a-hMSCs
supplemented with IGF-1. Co-cultures of cardiomyocytes with Wnt5a + IGF-1 were kept
in culture for 10-15 days to allow colony formation to begin prior to initiation of time-
lapse imaging. In approximately 5 days-worth of video obtained from 5 time-lapse
cultures, no example of cardiomyocyte division was observed. It must be noted,
however, the difficulties in keeping the cells alive due to pH imbalances occurring in the
time-lapse microscope incubator may have prevented the cells from undergoing cell
division at the same rate that they would have in a better environment. Nevertheless,
the complete absence of cell division suggests that the rate of cardiomyocyte
proliferation may be lower than we had initially believed based on our colony count
data.
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Figure 4. Comparison of colony formation in Wnt5a-hMSC + IGF-1 co-cultures with Wnt5a-
hMSC alone, hMSC + IGF-1, and hMSC co-culture alone. A) Line graph depicting the number
of colonies formed in each of two experiments as a function of the number of days in culture.
B) Number of colonies formed on culture day 15 in the same two experiments depicted in
(A).
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Figure 5. Large spherical colonies of fibroblast-like cells in a cardiac myocyte culture. The
fibroblast colonies (arrows) can be distinguished from the cardiac myocyte colonies
(arrowheads) by their large size, almost perfectly spherical shape, and the large number of
small cells that comprise the colonies.
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Figure 6. Number of cardiac myocyte colonies formed after incubation with a-FSP antibody
in each of two separate experiments. A) In the first experiment, a-FSP or a-FSP followed by
complement was added to cardiac myocytes co-cultured with Wnt5a-hMSC and
supplemented with IGF-1. The antibody to FSP decreased colony formation to levels seen
with hMSC co-culture alone. B) The second experiment confirmed the result of (A) and
showed that a-FSP could virtually eliminate colony formation in hMSC co-cultures at 14 days.
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3.1.4 Discussion

An ELISA assay confirmed expression of Wnt5a in transfected hMSCs. This
plasmid had also been previously validated in our laboratory and was known to be
effective. Co-culture of Wnt5a-hMSCs with adult canine cardiomyocytes produced a
small increase in cardiomyocyte colony formation compared with plain hMSC co-
cultures in one experiment and no increase in a second experiment (Figure 4).
However, the addition of IGF-1 to the culture media in Wnt5a-hMSC co-cultures
reproducibly resulted in a dramatic increase in cardiomyocyte colony formation
compared with plain hMSC co-culture or co-culture with Wnt5a-hMSCs without IGF-1
(Figures 2, 4, and 6). To investigate whether this effect could be attributed solely to the
IGF-1, two additional experiments were performed with IGF-1 and plain hMSCs
compared with Wnt5a-hMSCs with and without IGF-1 and hMSCs without IGF-1. In
neither of these experiments did IGF-1 produce an increase in cardiomyocyte colony
formation compared with hMSCs alone (Figure 4). A large increase in colony formation
was only seen in cultures with Wnt5a-hMSCs supplemented with IGF-1. These results
strongly indicate that Wnt5a and IGF-1 work together to increase colony formation. In
fact, this is consistent with the results from Fraidenraich et al.>! suggesting that Wnt5a
and IGF-1 together were responsible for stem cell-mediated rescue of cardiomyocyte
proliferation in their thin-walled heart model of cardiac development.

However, our results do not allow us to rule out additional roles for other
paracrine factors released by hMSCs. Since cell-cell contact between hMSCs and
cardiomyocytes was prevented by the porous membrane keeping the hMSCs suspended
one millimeter above the cardiomyocytes, we can be confident that any additional
signals coming from the hMSCs were paracrine in nature, and not contact-dependent.
Experiments were attempted in which purified Wnt5a and IGF-1 were added to culture
media used to grow cardiomyocytes without hMSCs, but colony formation was not
observed in these experiments (data not shown). This result is difficult to interpret
since we could not confirm that the recombinant Wnt5a protein was active. Wnt
proteins are dependent on palmitoylation for their activity,** and we cannot be sure
whether the recombinant Wnt5a protein used was so activated or stable in powder
form.

In an attempt to confirm that cardiomyocyte colonies were forming as a result of
cardiomyocyte proliferation, colonies were stained for Ki67, a nuclear marker of
proliferating cells (Figure 3C), and sarcomeric a-actinin, a marker of myocytes (Figure
3D). Staining for Ki67 with a DAB detection kit showed positively stained nuclei in the
colonies. Similar colonies showed evidence of sarcomeric a-actinin, indicating that the
cells were myocytes. The cells had lost their characteristic striated sarcomeric a-actinin
staining pattern, indicating that their sarcomeres had become disorganized or
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completely disassembled. This is consistent with observations by others that
proliferating cardiomyocytes dedifferentiate and lose their sarcomeric structure.®
Despite exhaustive efforts, however, acceptable fluorescent labeling of Ki67 could not
be achieved above the levels of autofluorescence of the cardiomyocytes. As a result,
dual fluorescent staining could not be performed to allow for devconvolution of Z-stack
images to confirm colocalization of Ki67 and sarcomeric a-actinin.

Since primary cardiomyocyte cultures are invariably contaminated with
fibroblasts which may explain the presence of Ki67" cells in the colonies, attempts were
made to eliminate the fibroblasts from the cardiomyocyte preparations. This involved
the use of an antibody against fibroblast surface protein (a-FSP), which prevents the
attachment of fibroblasts to culture vessels (Raymond Page, PhD, personal
communication). Furthermore, by treating the cells with rabbit complement following
incubation with the antibody, fibroblasts can be actively killed.*® The use of a-FSP or a-
FSP followed by complement prior to plating cells was highly effective in reducing
fibroblasts from the cultures, though a small number of fibroblasts survived and
proliferated. When the cardiomyocytes cultured with Wnt5a-hMSCs and IGF-1 were
pretreated with a-FSP, colony formation was severely diminished compared with the
same culture conditions without a-FSP (Figure 6A). Colony formation in hMSC co-
cultures without IGF-1 was eliminated by pretreatment with a-FSP (Figure 6B). There
are at least two possible explanations for this observation. The first is that fibroblasts
were participating in colony formation and may have even been contributing a
significant amount of the cell mass to the colonies. The presence of multiple cells in the
colonies which stain positive for cardiomyocyte markers, however, (Figure 3D)shows
that fibroblasts could not account for the colonies in their entirety. Another explanation
might be that cardiomyocytes are dependent on the fibroblasts to provide a “feeder”
layer in order to proliferate, similar to embryonic stem cells. In any case, the possibility
that the Ki67" nuclei in the colonies represented fibroblasts proliferating cannot be
ruled out.

In an effort to obtain more definitive evidence of cardiomyocyte mitoses, time-
lapse microscopy on co-cultures with Wnt5a-hMSCs + IGF-1 was performed. The
resulting images showed no examples of cardiomyocytes proliferating. However, it is
important to note that the conditions in the microscope incubator were not ideal for cell
growth, and most cells (including fibroblasts) died within 48 hours. This was presumably
due to the fact that the pH of the media became elevated over time because of an
inability to adequately control the level of CO2 inside the incubator chamber.
Therefore, the absence of mitoses may simply reflect suboptimal cell growth conditions.
In the first several hours of time-lapse, however, some of the cardiomyocytes appeared
to move around the plate slightly, apparently riding on the more mobile and rapidly
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proliferating fibroblasts. This leaves open the distinct possibility that the colonies of
cardiomyocytes formed by aggregation, with fibroblasts serving as the “glue,” rather
than by proliferation.

In the end, we could only conclude that if cardiomyocyte proliferation was, in
fact, increased by Wnt5a and IGF-1, the increased rate was still below the threshold that
could be detected using the methods described above. It is worth noting, however, that
the baseline estimates for the cardiomyocyte proliferation index are on the order of 2
cardiomyocytes per 100,000 at any given time.* Therefore, even a very significant
increase in the proliferative rate of a cell population that very rarely divides may still
produce a rate too low to be easily detected in vitro, given the finite lifespan of cells in
culture. Thus, while the data presented here do not provide convincing evidence of
increased proliferation, they also do not rule out such an increase. Indeed, there are
published reports which support a role for IGF-1 in cardiomyocyte proliferation during
38,39 and for a combined effect of Wnt5a and IGF-1 in

development.®! Nevertheless, considering the billion or more myocytes that must be

developmenta7 and postnatally

replaced in heart failure, further augmentation of the proliferative rate may be
necessary before cardiomyocyte proliferation can represent a viable therapeutic option.
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3.2 Cardiospheres are derived from fibroblasts

3.2.1 Introduction

[Introduction adapted from Schuldt et al., 2008.%]

In 1961, a population of skeletal muscle progenitor cells (a.k.a, satellite cells or
myoblasts) residing in skeletal muscle tissue was described in the frog,*" followed by its
identification in humans five years later.* Based on the similarities between skeletal
and cardiac muscle, as well as the notion that stem cells conditioned by a cardiac
environment may be best equipped to differentiate along cardiac lineages, more recent
attempts have been made to search for stem cells within the heart itself. The first
evidence for cardiac progenitor cells residing in the heart came from the laboratory of
Piero Anversa in 2003. They identified a population of Lin~ c-kit" cells in the adult rat
heart that could at least partially differentiate into cardiac myocytes, smooth muscle
cells, and endothelial cells both in vitro and in vivo.” These cells expressed cardiac
proteins, including the cardiac transcription factor NKx2.5 and the contractile protein a-
sarcomeric actinin, and improved LV function in a myocardial infarction model in the

rat.9’ 3

Importantly, the differentiated myocytes isolated from the heart after injection
contracted in response to electrical stimulation.” Following publication of these results,
at least three additional populations of resident cardiac stem cells (CSCs) were
described. These were identified by stem cell antigen-1 (Sca-1),** Hoechst exclusion
(i.e., side population [SP] cells),* or the presence of the transcription factor isl1.% 1t is
interesting to note that these different populations of stem cells do not overlap,** with
the exception of the Sca-1" and SP cardiac stem cells, and all are reported to have the
ability to differentiate into cells with varying degrees of cardiomyocyte-like

448 The finding that a tissue long thought to have little potential for self-

phenotypes.
renewal would harbor multiple separate populations of stem cells was indeed
unexpected.*?

Although researchers have provided compelling evidence for the existence of
resident cardiac stem cells, the fact is that these cells are somewhat rare (~1 Lin~ c-kit"
cell/10* myocytes,” and 0.03% of total heart cells are SP cells**). Thus, their therapeutic
potential may be limited by the difficulty of obtaining sufficient numbers of these cells
from a patient’s cardiac biopsy. Although the Anversa laboratory demonstrated vast
proliferative potential in the Lin™ c-kit" rat CSCs,” the number that can be obtained from
a patient’s cardiac biopsy and the amount of time required to expand them may be
prohibitive. It is estimated that at least 1 billion cardiomyocytes are lost in heart
failure.”® As such, the requirements for expansion of these rare cell populations may be
difficult to achieve. However, a method of rapidly expanding a more loosely defined

population of CSCs from adult heart biopsies has recently been described. Messina et
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al.”® collected round “phase-bright” cells migrating out of small pieces of explant
material from human and mouse myocardium and rapidly expanded them via growth in
spherical structures termed “cardiospheres.” The mouse-derived cardiospheres, but not
the human-derived ones, were reported to contract spontaneously in culture.®®
Cardiosphere-derived cells improved LV function after Ml and showed Ca** transients
and spontaneous action potentials in vitro when co-cultured with neonatal rat
ventricular myocytes.”® Unfortunately, no indication of the total number or percentage
of cells producing spontaneous action potentials was given.

While these results were encouraging, a number of questions have remained
unanswered. Although neither group provides any explanation of the number of phase-
bright cells they start with and the number of cardiosphere-derived cells (CDCs)
produced, Smith et al.® does provide a graph of the number of population doublings of
their cells over time starting at the day of cell harvest from the explants. Since they
report that they injected 5x10° cells (after 50 days in culture) into the infarct regions of
mice with surgically-induced Mls, we can conservatively assume that they produced at
least that many cells from a single 21mg biopsy specimen. Their data shows that the
cells underwent an average of 5-6 population doublings over the course of 50 days in
culture.?® Therefore, to produce 5x10° cells after 6 doublings, they would have had to
start with 781 phase bright cells. Using the estimates of 2x10’ cardiomyocytes per gram
of cardiac tissue® and one cardiac stem cell per 10* myocytes,9 we would expect a 21mg
biopsy to contain only 42 cardiac stem cells. Since the authors of these two studies
suggest that the cardiospheres are enriched for cardiac stem cells (Messina et al. goes
so far as to claim that their cardiospheres are clonally-derived), these numbers do not
add up, even using the most conservative estimates of their cell numbers. Considering
that Messina et al. show data suggesting that they obtained approximately 5x10’
cardiospheres from each patient biopsy (and hence, many fold more cells) the numbers
become far more alarming. Taken together, these numbers suggest that the
cardiospheres must be comprised of more than just cardiac stem cells.

Furthermore, both reports describe the phase-bright cells as a population of cells
that egress from the cardiac explants only after the formation of a monolayer of
fibroblast-like cells, over which they migrate. However, neither study offered any
evidence confirming this theory regarding the means by which these cells appeared.
And while both of these studies provided evidence of cardiac differentiation of their
CDCs, neither revealed the percentage of cells that actually took on a cardiac
phenotype.

During our investigations into cardiomyocyte proliferation (see above), in which
primary cardiomyocytes were grown in culture, large spherical colonies of cells
frequently formed in areas that were overgrown by contaminating fibroblasts. Since
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these colonies were always presumed to be derived from fibroblasts, they were initially
considered to be of little significance. However, their resemblance to the cardiospheres
described by the Giacomello and Marban groups was very intriguing. The implications
of cardiospheres actually being derived from fibroblasts were obvious: if cardiospheres
are simply clusters of fibroblasts without any plastic potential, such information would
be critical in informing future decisions regarding clinical trials with these cells. On the
other hand, if cardiospheres represented fibroblasts which had adopted stem cell-like
properties, such a finding would be even more important for its therapeutic potential.
Therefore, we decided to pursue this observation further, giving rise to our hypothesis
that cardiospheres were primarily derived from fibroblasts that had developed plastic
potential.

3.2.2 Methods

Preparation of Explants

Explant cultures were prepared as described by Smith et al.”® and Messina et
al.,?® with the modifications described below. Adult mongrel dogs or Sinclair mini-pigs
were euthanized by an intravenous injection of pentobarbitone (80 mg/kg body weight),
a left thoracotomy was performed, and the heart and aorta were quickly removed. A
piece of dermis was obtained from the thoracotomy site. The brain was exposed and a
small piece of brain tissue was obtained.

Pieces of left ventricular (LV) mid-myocardium, right ventricular (RV)
endocardium, left atrium (LA), dermis, aorta, and brain were minced into approximately
1mm? explants. These explants were partially enzymatically digested (with the
exception of brain) with two 5-minute incubations in “Solution 1” (135mM NaCl, 5.4mM
KCl, 1.0mM MgCl,, 0.33mM NaH,P04, 10mM HEPES, 10mM D-glucose, and 2mg/ml
bovine serum albumin) containing 0.2% trypsin (Sigma) and 0.1% collagenase
(Worthington Biochemical Corp., Lakewood, NJ) at 37°C. Tissue fragments were then
washed 3 times in Solution 1 to remove enzymes and isolated cells. Media was
gradually changed over to “complete explant media” (CEM; Iscove’s Modified
Dulbecco’s Medium [IMDM] supplemented with 10% fetal calf serum, 100 U/mL
penicillin G, 100 g/ml streptomycin, 2 mM L-glutamine) in increments of 25% at 30-90
minute intervals. Explants were plated in fibronectin-coated 60mm culture dishes in 2.3
ml CEM and placed in a 37°C incubator for 3 days to attach. For cardiac explants, 15-18
pieces were evenly distributed in each plate, while aortic and dermal plates received 6-9
and 4-8 explants, respectively. Approximately 20 brain explants were placed in a single
plate. Media changes were performed every three days with 4ml of CEM, except for
brain explants, which received 3ml of CEM.
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Formation of Cardiospheres/Fibrospheres
Cardiosphere forming cells (CFCs) and fibrosphere forming cells (FFCs) were

harvested from the explant plates when the fibroblast monolayer growing out from the
explants reached confluence or near confluence across the plate. Plates were washed
with Versene (Invitrogen) for approximately 1 minute prior to treatment with 0.05%
trypsin (Invitrogen) at 37°C for 2-5 minutes. Trypsin was stopped with a equal volume of
CEM, and the plates were washed once more with CEM, adding the wash to the
collected cells. Cells were centrifuged and resuspended in cardiosphere growth medium
(CGM; 35% complete IMDM/65% Advanced DMEM/F-12 mix containing 2% B27, 10
ng/ml epidermal growth factor [EGF], 80 ng/ml basic fibroblast growth factor [bFGF],
4ng/ml cardiotrophin-1, 1 unit/ml thrombin, 100 U/mL penicillin G, 100 g/ml
streptomycin, and 2 mM L-glutamine). The cells were plated in poly-D-lysine-coated 6-
well plates (cells from one explant plate split among 6 wells). One half of the media was
changed every two days.

Preparation of CDCs and FDCs
Cardiosphere-derived cells (CDCs) and fibrosphere-derived cells (FDCs) were

isolated from the spheres by trypsinization. Spheres were collected and transferred to
15ml conical tubes. The spheres were washed with Versene prior to trypsinization for 5
minutes at 37°C with periodic trituration. Isolated cells were centrifuged and
resuspended in CEM.

Culture of Fibroblasts (Lonza)
Normal human dermal fibroblasts (NHDFs) and normal human lung fibroblasts

(NHLFs) were purchased as frozen stocks from Lonza (Basel, Switzerland). These cells
were thawed and plated in 60mm plates or 6-well plates according to manufacturer
recommendations in Fibroblast Media (FBM, Lonza) supplemented with the FGM-2
bullet kit (Lonza). The plates may or may not have been coated with fibronectin prior to
cell plating. After cell attachment, media was changed to CEM in most experiments. In
one experiment, the CEM was supplemented with 10 ng/ml epidermal growth factor
(EGF), 10 ng/ml PDGF, 10 ng/ml TGF-B, or all three of these growth factors plus 80 ng/ml
basic fibroblast growth factor (bFGF).

Membrane-Separated Co-culture of Fibroblasts with Cardiac Explants

Cardiac explants were prepared as described above and transferred to Transwell
permeable support inserts with 3.0 um or 0.4 um pore sizes, approximately 20-24
explants per insert. Transwell plates received 2.5ml CEM media below the insert and
1.5ml CEM in the insert. The inserts were incubated for 4-24 hours to allow the cardiac
explants to begin to condition the media.
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NHDFs or NHLFs were plated in 6-well plates coated with fibronectin as
described above. After cell attachment, media was removed and the Transwell inserts
containing cardiac explants or empty inserts, along with their media, were transferred
to the wells containing the human fibroblasts. The media was allowed to permeate
through the insert membranes to the fibroblasts below, and then 2.5m| CEM was added
to each insert. Media was changed every two days by aspirating ~2ml of the media
below the insert, allowing the media from the top compartment to drain to the bottom,
and adding 2ml fresh CEM to each insert.

Co-culture with Rat Neonatal Ventricular Myocytes
Rat neonatal ventricular myocytes were isolated and cultured as described

previously,50 with minor modifications. Hearts were removed from 2-day old neonatal
rats, chopped into small pieces and digested with 1mg/ml trypsin at 4°C overnight,
followed by four 2-minute incubations with 1mg/ml collagenase. Isolated cells were
strained and pre-plated twice in 10% serum culture medium (M199 media with 10%
fetal bovine serum [FBS], 12uM L-glutamine, 1% B12/penicillin-streptomycin, 3.5 g/L
glucose ) for 45 minutes in T175 flasks to remove fibroblasts.

PDMS rings with a 5mm inner diameter and 7mm outer diameter were placed in
the centers of fibronectin-coated coverglasses in 6-well plates. NRVMs were plated
outside of the PDMS rings at superconfluence and placed in the incubator for 24 hours.
NRVMs were then washed with PBS to remove poorly attached cells, and fresh 10%
culture medium was added. Immediately prior to plating of CDCs, FDCs, CFCs, or FFCs,
the media on the NRVMs was changed to CEM.

CDCs, FDCs, CFCs, or FFCs were harvested as described above and resuspended
in CEM media containing 5ul/ml CM-Dil (Invitrogen). Cells were incubated for 20
minutes in a 37°C water bath, washed three times for 5 minutes at 37°C in CEM, and
resuspended in CEM media. The Dil-labeled cells were plated in the center of the PDMS
rings with or without NRVMs outside and left in the incubator to attach for 1.5to 3
hours. The PDMS rings were then removed to allow the cells to share media.

Adipogenic, Osteogenic, and Chondrogenic Differentiation
CDCs, FDCs, CFCs, or FFCs were harvested as described above and resuspended

in CEM media. For adipogenic and osteogenic differentiation, the cells were plated in 6-
well, 12-well, or 24-well plates. Adipogenic and osteogenic induction was initiated using
kits available from Lonza. For adipogenesis, three to five cycles of the following media
changes were performed: 2-3 days of exposure to adipogenic induction medium
followed by 2-3 days of exposure to maintenance medium. Osteogenic induction was
carried by feeding the cells with osteogenic induction medium every 3-4 days for 2-3
weeks. Chondrogenic induction was performed by pelleting 2.5x10’ cells in
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chondrogenic induction medium containing TGF-B3. Complete media changes were
performed every 2-3 days for 3-4 weeks.

At the end of the induction protocols, the cells were rinsed with PBS and fixed
with 10% formalin. Adipogenesis was assayed using Oil Red O staining. Osteogenesis
was assayed by staining for calcium deposition using Alizarin Red staining.
Chondrogenic pellets were embedded in cryogenic cutting medium, sectioned for
histology, and glycosaminoglycans were stained for using Safranin O.

Immunofluorescent Staining

Cells co-cultured with NRVMs were washed with PBS, fixed for 15 minutes in 4%
paraformaldehyde, permeablized with 0.2% Triton X-100 (Sigma), and washed three
times for 5 minutes with PBS. To detect sarcomeric a-actinin expression, coverglasses
were blocked with 5% horse serum (Vector Laboratories) for 30-45 minutes followed by

incubation for 30 minutes with primary mouse antibody against sarcomeric a-actinin
(Sigma) at 1:200. After washing three times for 5 minutes with PBS, samples were
incubated with secondary goat anti-mouse antibody conjugated to an AlexaFluor 488
fluorophore (1:200) for 30 minutes. Samples were washed three times in PBS and
mounted on glass slides using VectaShield HardSet mounting medium with DAPI (Vector
Laboratories). Slides were imaged for Alexa488 and Dil using an inverted Zeiss Axiovert
200M deconvolution microscope with an AxioCam MRm CCD camera.

Time-Lapse Microscopy of Explant Cultures
Explant culture plates were placed on an Axiovert 200M microscope fitted with a
heated humidified incubator chamber when the cultures were 7 to 15 days old. The CO,

level in the culture chamber was actively regulated to maintain it at 5%. Images were
acquired using phase contrast microscopy and the 10x objective.

Statistics
The “lifespans” of the phase-bright stage of phase-bright cells imaged using
time-lapse microscopy were analyzed by LogRank analysis.
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3.2.3 Results

Origin of “Phase-Bright” Cells
Explants of canine left ventricular (LV) tissue were placed in fibronectin-coated

60mm tissue culture plates and cultured for several days. As described by Messina et
al.?® and Smith et al.,”®

formation of a fibroblast monolayer on the culture plate around the explant (Figure 7).

phase-bright cells were observed to appear following the

The previous investigators described these cells as stem cells migrating out of the
explant tissue on top of the fibroblast monolayer. If this were the case, one would
expect a higher concentration of phase-bright cells around the explant and fewer at
farther distances from the explant as the cells spread out. However, it was observed
that the phase-bright cells were evenly distributed in the culture plate wherever
fibroblasts were present. Furthermore, they also appeared in areas of the plate where
explants had previously detached and were removed from the culture plate, leaving
behind an area populated only by fibroblasts (data not shown). This led to the
hypothesis that the phase-bright cells were derived from the fibroblast monolayer itself.

To address this possibility, cardiac explant plates were imaged using a time-lapse
microscopy system which allowed us to carefully control temperature and CO, levels
and keep cells alive indefinitely. The resulting images unequivocally demonstrate
countless phase-bright cells arising from the fibroblast monolayer, undergoing mitosis,
and then returning to the monolayer (Figure 8). The time-course of this series of events
was typically on the order of two hours or less for a given cell, although some cells
remained in their phase-bright stage for 30 hours or more. Often these “long-lived”
phase-bright cells would return to the monolayer without undergoing mitosis. The vast
majority of the phase bright cells observed in the video images could either be verified
to have arisen from the fibroblast monolayer and/or incorporated into it at the end of
their phase-bright stage (although the beginning or end of the phase-bright stage of
cells present at the beginning or end of the video, respectively, could not be
ascertained, and some cells wandered off camera during imaging). These video images
demonstrated a very dynamic and rapidly cycling population of phase-bright cells. In no
instance did a phase-bright cell appear to migrate out of the explants across the
monolayer, as surmised by Messina et al.”® and Smith et al.”® This imaging technique
was repeated several times, including using tissue from various locations within the
heart (left atrium, right ventricular mid-myocardium, right ventricular endocardium),
and the same results were observed each time.
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Figure 7. Phase-bright cells (arrowheads indicate some examples) from a canine LV mid-
myocardium explant imaged on culture day 13. The silhouette of the explant is visible in
the top left corner.
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Figure 8. Time-lapse images from a canine left ventricular mid-myocardium explant culture.
The arrows indicate a cell emerging from the fibroblast monolayer, becoming round and
phase bright (30 min), undergoing mitosis (40 min), and finally returning to the fibroblast
monolayer (100 min). Arrowheads indicate a second cell undergoing the same series of
events (starting at 40 min). Countless examples of these events can be identified over time
throughout the fibroblast monolayer.
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Formation of “Cardiospheres”
To confirm that the cells derived from these cardiac explants were capable of

yielding “cardiospheres,” as described by Messina et al.’® and Smith et al.,” the cells
derived from canine right ventricular (cRV) endocardium explants were collected and
replated in cardiosphere growth medium (CGM) on poly-D-lysine-coated plates as

described by Smith et al.?®
cells were imaged daily and observed for cardiosphere formation (Figure 9). At 4.5

with minor modifications as described in the Methods. The

hours after replating, the cells were attached to the plate and evenly distributed,
displaying a morphology typical of fibroblasts. By 26 hours, the cells displayed a change
in morphology, becoming more spindle-shaped and less flat. At 48 hours, the cells had
begun to migrate toward one another, forming small clusters of cells with early spheres
beginning to form in some clusters. At 72 hours, spheres were clearly evident in the
plates with few cells remaining attached to the bottom of the plate. At 96 hours, some
of the spheres had grown in size and even fewer cells remained attached to the bottom
of the plate.

Since it remained possible that the spheres were formed by a population of
phase-bright cells which are distinct from the fibroblasts but residing in the monolayer
along with them, the phase-bright cells were washed off of the plate, collected, and
replated in CGM media in one well of a 6-well poly-D-lysine-coated plate, while the
fibroblast monolayer was collected separately and divided among the remaining five
wells of the 6-well plate. The phase-bright cells washed off of the plate had not formed
spheres after three days (Figure 10A). The fibroblasts, in the near absence of the phase-
bright cells, formed spheres normally by three days (Figure 10B).

To investigate whether the cardiogenic growth factor cardiotrophin-1 (CT-1) was
necessary for sphere formation, CGM media without CT-1 was used in the sphere
formation protocol in some experiments. Fibroblasts collected from canine cardiac
explant tissue formed spheres normally in the absence of CT-1 (data not shown).
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Figure 9. Representative images showing the formation of spheres from cRV fibroblasts
over time. At 4.5 hours, the cells are evenly distributed and appear typical of fibroblasts. By
26 hours after plating, the cells have become more spindle-shaped and less flat. At 48
hours, the cells have begun to migrate toward one another, forming clusters. By 72 hours,
the clusters pull together into spheres. Relatively few fibroblasts remain attached to the
plate, indicating that most have entered spheres. After 96 hours, the spheres are well-
defined and growing in size. Scale bar = 200 um and applies to all images.
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Figure 10. Sphere formation at day 3 using phase-bright cells washed off of the explant
plate versus fibroblasts collected by trypsinization. A) The phase-bright cells washed off of a
canine RV plate did not form spheres when replated in a single well together. B) The canine
RV fibroblasts formed spheres normally in the near absence of phase-bright cells, which
were washed off of the explant plate prior to trypsinization. C) Phase bright cells washed off
of a canine dermal plate did not form spheres. D) Cells from the canine dermal fibroblast
layer did form spheres in the absence of phase bright cells. E) Phase bright cells washed off
of a canine aorta explant plate did not form spheres, while F) the fibroblasts from the aorta
explant did in the absence of the phase bright cells. Scale bar = 200pum and applies to all
images.
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Phase-Bright Cells from Other Tissues

Other groups have described the phase-bright cells collected from cardiac
28,29

explants as cardiac stem cells. Therefore, we wished to determine whether the
formation of cardiospheres was, in fact, specific to cardiac-derived cells. To this end,
other tissue sources were used to establish explant cultures and investigate the abilities
of the obtained cells to produce spheres (henceforth referred to as “fibrospheres” when

derived from any tissue other than cardiac).

Dermis

Canine dermal explants were cultured under the same conditions as the cardiac
explants. Several days after plating, a monolayer of fibroblasts formed. Phase bright
cells appeared on the fibroblast monolayer, underwent mitosis, and returned to the
monolayer (Figure 11). These fibroblasts were collected by trypsinization and replated
in CGM media on poly-D-lysine-coated plates. The dermal fibroblasts underwent the
same morphological changes and clustering that the cardiac cells did, and fibrospheres
formed by day 3 (Figure 12).

As with the right ventricular explants, phase-bright cells washed off of the plate
and transferred to a single poly-D-lysine-coated well in CGM media did not form spheres
by day three (Figure 10C), while the fibroblasts collected by trypsinization after removal
of the phase-bright cells did (Figure 10D).

Aorta

Canine aortic explants cultured under conditions identical to those of the cardiac
and dermal explants and imaged using time-lapse also displayed the emergence of
phase bright cells from the fibroblast monolayer. These cells also underwent cell
division and returned to the monolayer. Replating of the aortic fibroblasts produced
fibrospheres in the same manner as the cardiac and dermal cells discussed above.
Separate replating of the fibroblasts and phase-bright cells from the aortic explants
resulted in sphere formation in the fibroblasts monolayer fraction (Figure 10F), but no
spheres in the phase-bright cell fraction (Figure 10E).
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Figure 11. Time-lapse images of a canine dermal explant culture. Arrowheads indicate
cells which arise from the monolayer, becoming phase-bright. These cells then undergo
mitosis and return to the fibroblast monolayer. Scale bar = 100um.
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Figure 12. Fibrosphere formation from canine dermal-derived cells. The cells followed the
same pattern of morphological changes and behaviors as the cardiac-derived cells. Scale bar
=200um and applies to all images.
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Brain

As with the cardiac, dermal, and aortic explants, canine brain explants produced
a monolayer of cells which resembled fibroblasts. From this monolayer, phase-bright
cells appeared, underwent cell division, and then returned to the monolayer. Although
spheres could be formed with these cells, they did not form spheres as efficiently as
cardiac-, dermal-, or aortic-derived cells, with many cells remaining attached to the
plates. In addition to the fibroblast-like cells, another population of cells with a more
neural phenotype populated regions of the plates. Although these cells were never fully
characterized, it is believed that they may be neurons, astroglia, or oligodentrocytes.
Due to the mixed population of cells growing out from these explants, further
experiments were not performed using brain tissue.

Porcine Tissue

To ensure that the canine results are not species-specific, and to replicate our
data using the same animal model as the Marban group,?® we investigated the ability of
tissues from the pig to form cardiospheres and fibrospheres. Explants from porcine
right ventricular endocardium, dermis, and brain were cultured under the same
conditions using the same media as described above for canine explants.

Porcine Right Ventricular Endocardium

As with the canine cardiac explants, porcine RV endocardium explants gave rise
to a layer of fibroblasts around the explants upon which phase-bright cells appeared,
divided, and returned to the monolayer (Figure 13). However, in the case of the porcine
tissue, the time-course of monolayer formation was slower. While the canine RV
explants produced a fully confluent monolayer spanning the plate within 7-10 days, the
porcine tissue typically required 14 days or more to produce a confluent layer covering
the entire plate. Consistent with this observation was the fact that the proliferation rate
of the fibroblasts on time-lapse microscopy appeared to be much slower in the porcine
explants. Furthermore, the population of “long lived phase-bright” cells was much more
prominent in the porcine cultures. These cells appeared to persist in the phase-bright
stage for many hours to even days, often without undergoing mitosis. However, a true
sense of the average time in the phase-bright stage of these long-lived cells could not be
ascertained due to the finite nature of the video (in both temporal and spatial terms)
and the mobility of the cells.

Cells harvested from the porcine RV explants and replated in CGM media on
poly-D-lysine coated plates also produced cardiospheres (Figure 14A). However, the
porcine cardiospheres tended to take a day or two longer to form and were often
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smaller in size compared to the canine cardiospheres. Phase-bright cells washed off of
the plates prior to trypsinization did not yield spheres, while the trypsinized fibroblasts
from the monolayer did.

Porcine Dermis

It typically took on the order of a month or more for a fully confluent monolayer
to cover the plates of the porcine dermal explants. However, the canine dermal tissue
produced a confluent monolayer in roughly half that time with a similar amount of
explant tissue. This is consistent with the observation that 7.1 cells/hour became phase-
bright in a single 0.565 mm? field of view in time-lapse images of the porcine dermal
explants, while 9.9 cells/hour became phase-bright in the canine dermal explant plate in
the same size field of view. This suggests an approximately 40% increased proliferation
rate of the canine dermal cells compared to the porcine dermal cells.

“Survival curves” of the length of time cells remained in their phase bright stage
were compared between canine and porcine dermal explants (Figure 15). Although the
mean time in the phase bright stage was virtually identical in the two cultures (canine =
63 + 6 minutes; porcine = 62 + 17 minutes), the overall survival curves were significantly
different (p<0.001 by LogRank analysis). This can be attributed to the typically shorter
“lifespan” of most of the porcine phase-bright cells (median value = 36 minutes vs. 46
minutes for canine), and by the occurrence of two cells that remained phase-bright for
exceptionally long times in the porcine culture (762 and 1624 minutes). In contrast, no
canine cells remained phase bright more than 400 minutes.

Cells collected from the porcine dermal fibroblast monolayer also produced
fibrospheres when replated on poly-D-lysine-coated plates in CGM. This process also
took longer than in the canine dermal fibrospheres, with spheres typically beginning to
form on day three or four. Porcine dermal fibrospheres were smaller in size than their
canine counterparts (Figure 14B), but enlarged over time.
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Figure 13. Time-lapse images of porcine RV explants. Arrowheads indicate individual
phase-bright cells arising from the fibroblast monolayer, dividing, and returning to the
monolayer. Scale bar = 100um.
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Figure 14. Cardiospheres and dermal fibrospheres derived from porcine tissue. A)
Cardiospheres from porcine RV after 4 days of culture in CGM on poly-b-lysine-coated
plates. B) Fibrospheres from porcine dermis after 4 days of culture in CGM on poly-b-
lysine-coated plates. Note the smaller size of the porcine dermal fibrospheres compared to
canine dermal fibrospheres (Fig. 12).
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Figure 15. “Survival analysis” of canine versus porcine dermal phase-bright cells. The curves
represent the time that 100 phase-bright cells in each group remained in the phase-bright
stage before returning to the fibroblast monolayer. Although the median time spent as a
phase-bright cell was shorter in the porcine cultures than the canine, the mean values were
the same, due to the two cells that remained phase bright for over 700 minutes in the porcine

culture. P<0.001 by LogRank analysis.
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Human Fibroblasts
Human right atrial appendage tissue was obtained from two patients undergoing

cardiac surgery, and explants were prepared for culture as described above. The tissue
obtained from these patients was very fibrotic, with little muscle tissue present. Explant
cultures produced a monolayer of fibroblasts, although the layer was not as dense as
that seen with canine or porcine tissue. Time-lapse microscopy revealed the
appearance of phase-bright cells from the monolayer which underwent mitosis and
returned to the monolayer (Figure 16). The appearance of these phase-bright cells was
less frequent than in the canine or porcine cultures. The occurrence of cells remaining
in the phase-bright stage for several hours was also lower than observed in the canine
cultures and much lower than in the porcine cultures. Most of the long-lived phase-
bright cells in the human cultures could be observed to either return to the monolayer
or undergo apoptosis. The cells obtained from one of these cultures were replated in
CGM media on poly-D-lysine-coated plates and did not form cardiospheres.

To test cells from other human sources, cryopreserved primary fibroblasts were
purchased from Lonza (Basel, Switzerland). These included cells from three adult
human tissue sources: normal human dermal fibroblasts (NHDFs), normal human lung
fibroblasts (NHLFs), and aortic adventitial fibroblasts (AoAFs). Co-cultures were
established in which NHDFs were cultured with explants from canine RV or LA separated
by a porous membrane. Control cells were cultured alone. Co-culture of NHDFs with LA
tissue resulted in fibrosphere formation when the NHDFs were re-plated under sphere-
forming conditions. Likewise, NHLFs co-cultured with human RA tissue separated by a
porous membrane produced fibrospheres. Control NHDFs and NHLFs that were
cultured alone instead formed a confluent layer of cells in the poly-D-lysine-coated
plates which subsequently lifted off of the plate as one large mass. It was later
determined that some fibroblasts from the cardiac explants were able to pass through
the 3um pores in the membrane. Nevertheless, the majority of the cells in the lower
compartments of the plates were most likely NHDFs or NHLFs for the following reason:
these cells would be expected to proliferate at roughly the same rate as the control cells
without cardiac explants. The fact that the control cells grew to confluence prior to
harvest indicates that the cells co-cultured with cardiac tissue would have also grown to
confluence independent of any contribution from canine cardiac explant cells.
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Figure 16. Time-lapse images from a human RA explant culture. Phase-bright cells arise from
the fibroblast monolayer, undergo mitosis, and return to the monolayer in the same fashion
described for canine and porcine tissue. However, the frequency of phase-bright cell
appearance was lower in the human RA explant cultures than the canine or porcine cardiac
cultures. Scale bar = 100um.
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In some instances, NLHFs cultured alone produced a small number of spheres at
the periphery of the poly-D-lysine plates from cells left behind after the large mass of
cells detached (Figure 17A). A repeat of the experiment in which NHLFs were co-
cultured with canine LA separated by a membrane with 0.4um pores (which cells do not
pass through) produced no spheres using the standard protocol. However, the cells did
begin to undergo the morphological changes which precede sphere formation, in which
they became more spindle-shaped and less flat and began to gather into clusters.
However, due to cell proliferation preceding this change, the clusters were all
interconnected. This resulted in a single large mass of cells detaching from the plate.
Trituration of these cells at the stage of cluster formation resulted in many fibrospheres
(Figure 17B).

NHDFs were also cultured under conditions recommended by Lonza in fibroblast
media (containing basic fibroblast growth factor; bFGF) or alternatively in CEM
supplemented with either transforming growth factor- (TGF-B), platelet-derived
growth factor (PDGF), epidermal growth factor (EGF), or all four of these growth factors
for 13 days in the absence of explant tissue to see if any of these growth factors or the
combination of all four could activate the fibroblasts to form spheres. Upon replating
these cells in separate poly-D-lysine coated plates in CGM media without CT, none of
them formed spheres.

Differentiation of Sphere-Derived Cells

To test the cardiogenicity of the cells derived from the spheres, a modification of
the protocol used by the Marban group® to drive cardiac differentiation was employed.
Cardiosphere-derived cells (CDCs) were co-cultured with rat neonatal ventricular
myocytes (NRVMs) for 4 to 6 days. Likewise, fibrosphere-derived cells (FDCs) from
dermal explants were tested for their ability to differentiate into cardiomyocytes. To
further test the plastic potential of the CDCs and FDCs, adipogenic, chondrogenic, and
osteogenic differentiation protocols were also employed.

Cardiac Differentiation of CDCs

Canine CDCs co-cultured with rat NRVMs showed evidence of differentiation into
cardiac myocytes with sarcomeric structure. Staining for sarcomeric a-actinin
demonstrated clear sarcomere formation in a small number of CDCs (Figure 18). It is
estimated that 1 in 500 to 1 in 1000 cells showed evidence of cardiac differentiation in
these cultures. The maturity of the sarcomeres (i.e., degree of organization) varied from
highly organized striations to mostly disorganized sarcomeric a-actinin staining. This
differentiation was reproduced in six of six cultures of canine CDCs. Results from
porcine CDCs were identical to those seen with canine cells.
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Figure 17. Fibrosphere formation with NHLFs. A) NHLFs cultured alone produced a small
number of fibrospheres at the periphery of the poly-D-lysine-coated wells from cells left
behind after the large mass of cells detached from the plate. B) NHLFs grown in membrane-
separated co-culture (0.4um pores) with canine LA tissue formed fibrospheres when the cells
were triturated after clusters began forming on the bottom of the poly-D-lysine-coated plate.
Without trituration, the clusters became interconnected, resulting in a single large cell mass,
rather than individual spheres. Scale bar applies to both images.
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Figure 18. Cardiac differentiation of cardiosphere-derived cells. A) Dil label used to track
CDCs. B) Sarcomeric a-actinin staining. C) Merged image showing co-localization of the Dil
and sarcomeric a-actinin indicating cardiomyocyte differentiation of the CDC.
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Images of NRVMs in the same cultures taken using the same microscope settings
and exposure times demonstrated that these cells to not autofluoresce in the spectral
range of the Dil label at levels sufficient to cause exposure in the short times used for
imaging Dil (typically 35-100 msec). Furthermore, several instances of brightly Dil-
labeled CDCs that had migrated into the area of NRVMs were observed, and in no
instances did the surrounding NRVMs take up significant levels of Dil.

Adipogenic Differentiation of CDCs

Neither CDCs derived from canine nor porcine cardiac explants differentiated
into fat after several weeks of apidogenic induction. Removal of cardiotrophin-1 (CT)
from the fibrosphere growth medium did not improve adipogenesis.

Chondrogenic Differentiation of CDCs

Two out of six canine CDC cultures tested showed evidence of chondrogenic
differentiation, indicated by positive safranin O staining, after several weeks of
induction (Figure 19). Of the remaining four cultures, three showed no evidence of
cartilage formation, and one was inconclusive. Importantly, control hMSCs undergoing
differentiation in parallel with all four of these cultures also showed no evidence of
cartilage formation, indicating that the induction media may not have been effective in
those experiments. Of the two successfully differentiated cultures, one was derived
from cardiospheres grown in the presence of CT, and the other without CT, suggesting
no correlation between chondrogenic differentiation and CT.

Osteogenic Differentiation of CDCs

Six out of six canine RV CDC cultures showed varying degrees of osteogenic
differentiation after 2 to 6 weeks of osteogenic induction. The cells stained positively
for calcium deposition and showed morphological alterations consistent with osteogenic
differentiation (Figure 20). Success of differentiation did not correlate with the
presence or absence of CT in the cardiosphere growth medium.
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Figure 19. Chondrogenic differentiation of canine cardiosphere-derived cells.
Differentiation was induced using a standard chondrogenic induction kit, and cell pellets
were stained with safranin O. Red staining indicates the presence of proteoglycans,
suggestive of cartilage formation. Cytoplasm stains green, and nuclei stain black. Controls
were maintained in media without chondrogenic induction and subjected to the same
staining protocol. Differentiation of human mesenchymal stem cells cultured in parallel is
shown for comparison. Scale bars = 100um, except for hMSC Control, in which the scale bar
is 200pum.
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Figure 20. Osteogenic differentiation of canine right ventricular CDCs. Red-brown staining
indicates calcium deposition. Osteogenically induced CDCs lost the spindle shape typical of
fibroblasts and took on a cuboidal morphology consistent with osteoblasts, while control
CDCs maintained their fibroblast appearance. Canine mesenchymal stem cells differentiated
in parallel are shown for comparison. Controls were cultured in parallel without osteogenic
induction and subjected to the same staining protocol. Scale bars = 200um and apply to all
images.
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Cardiac Differentiation of Dermal FDCs

Canine dermal FDCs were co-cultured with rat NRVMs in an attempt to induce
cardiac differentiation. Despite several attempts, staining for sarcomeric a-actinin
revealed only rare instances of cardiac differentiation. It was estimated that only 1in
4000-6000 cells showed any evidence of cardiac differentiation, and in many of these
cases, true co-localization of the Dil label used to track the FDCs and sarcomeric a-
actinin was uncertain in Z-stack fluorescent images.

Adipogenic Differentiation of Dermal FDCs

Adipogenic induction resulted in varying degrees of fat production in 9 out of 10
canine dermal FDC cultures, indicated by positive oil red-O staining (Figure 21). The
degree of differentiation was less than ~20% in 5 of the 9 successful cultures.
Importantly, the degree of differentiation decreased steadily with successive
experiments, suggesting that some change the culture media, supplements, or other
factors may be responsible for the decline.

Chondrogenic Differentiation of Dermal FDCs

One of five canine dermal FDC cultures showed evidence of chondrogenic
differentiation, indicated by weakly positive safranin O staining (Figure 22). For three of
the four cultures that did not differentiate, human MSCs used as a positive control also
failed to differentiate, indicating that the induction procedure may not have been
effective in those experiments. The remaining culture that did not differentiate did not
have an hMSC culture run in parallel, and a previously cultured hMSC control was used
for a staining control. For the culture that did differentiate into cartilage, cardiotrophin-
1 was not included in the fibrosphere growth medium. However, this fact alone does
not explain the ability of this culture to differentiate into cartilage, as later repeats
without cardiotrophin-1 did not differentiate.

Osteogenic Differentiation of Dermal FDCs

Out of six canine dermal FDC cultures subjected to osteogenic differentiation,
four were negative for calcium deposition upon staining, and the other two were
inconclusive. The cells in all of these cultures maintained their spindle-shaped
morphology, further suggesting that they did not differentiate along a bone lineage.
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Figure 21. Differentiation of canine dermal FDCs into fat after adipogenic induction. Qil red-
O staining; red indicates fat deposits. Differentiation of human MSCs is shown for
comparison. Control cells were cultured in parallel without adipogenic induction and were
stained using the same protocol. The dermal FDC image is the best example of adipogenic
differentiation obtained. Scale bars represent 200um.
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Figure 22. Chondrogenic differentiation of canine dermal FDCs. Examples from two
different FDC cultures—with and without cardiotrophin-1 (CT) in the fibrosphere growth
medium—are shown. Differentiation of hMSCs is shown for comparison. Control samples
were cultured in parallel without chondrogenic induction. Due to a low cell yield, a control
sample was not available for the “cDrm FDC — no CT” sample. Sections stained with
safranin 0. Red indicated proteoglycan deposition, suggesting chondrogenic
differentiation. Cytoplasm stains green, and nuclei stain black. All staining was performed
in parallel, and controls were subjected to the same staining procedure. Although the
successfully differentiated culture was derived from fibrospheres grown in the absence of
cardiotrophin-1, subsequent repeats without cardiotrophin-1 also failed to differentiate,
suggesting that the absence of cardiotrophin-1 alone does not explain the successful
differenitiation in this culture.
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Differentiation of Sphere-Forming Cells
The question remained whether sphere formation was a necessary step in

inducing the multipotent potential of the explant-derived cells. To investigate this,
differentiation protocols were used on cells taken directly from the explant monolayer
without replating on poly-D-lysine-coated plates or exposure to cardiosphere growth
medium.

Cardiac Differentiation of Cardiosphere-Forming Cells

Canine RV-derived cardiosphere-forming cells (CFCs) were co-cultured with rat
NRVMs as done with the CDCs. After 5-6 days of co-culture, multiple examples of
sarcomeric a-actinin in Dil-labeled cells (used to track the CFCs) were found (Figure 23).
These cells showed evidence of early sarcomere organization and appeared very similar
to the differentiated cells derived from the CDCs.

Adipogenic and Osteogenic Differentiation of CFCs

Out of two cultures tested, canine RV-derived CFCs did not differentiate into fat
in one and showed a very small amount of adipogenic differentiation in the other. Cells
from this same culture were tested for osteogenic differentiation and stained positively
for calcium deposition, although the majority of the cells retained their spindle shape.

In another experiment, CFCs were replated in CGM on a culture plate without
poly-D-lysine and produced no cardiospheres. The cells were collected after four days
and tested for adipogenic and ostegenic differentiation. The osteogenically induced
cells stained positively for calcium deposition and showed a bone-like morphology. The
cells exposed to adipogenic culture conditions did not differentiate into fat.

Adipogenic, Chondrogenic, and Osteogenic Differentiation of Dermal Fibrosphere-
Forming Cells

Canine-derived dermal fibrosphere-forming cells (FFCs) were tested for their
ability to differentiate into fat, cartilage, and bone. Out of two cultures tested, neither
produced fat or bone. One of these was tested for chondrogenic differentiation and
failed to become cartilage as well, although positive chondrogenic controls (hMSCs) also
failed to differentiate, as described above.
In another experiment, dermal FFCs were replated in CGM on uncoated plates or
replated in CEM on poly-D-lysine coated plates for four days. Neither of these
conditions promoted sphere formation, and neither of these groups of cells showed
adipogenic differentiation. The FFCs plated in CEM on poly-D-lysine did not show
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positive staining for calcium deposition, and the cells remained spindle-shaped (Figure
24). The cells plated in CGM on uncoated plates showed positive staining for calcium
deposition and a bone-like morphology after six weeks of induction. This was the only
dermal-derived culture (with or without sphere formation) to show a bone-like
morphology. After only five weeks of osteogenic induction, they stained positively for
calcium, but did not have a bone-like morphology.

To investigate whether the fibroblasts would lose the ability to differentiate if
maintained in culture in the absence of explant tissue, dermal FFCs were grown for six
passages in CEM media. These cells lost the ability to form spheres or to differentiate
into fat upon adipogenic induction. To test whether exposure to explant tissue could
reactivate them, some were cultured with porcine RV in membrane-separated co-
cultures (0.4um pore size), but these cells also failed to make spheres or differentiate.

Adipogenic differentiation of NHDFs following growth factor exposure

NHDFs cultured for 13 days with or without fibronectin and exposure to bFGF,
EGF, PDGF, TGF-B, or all four growth factors did not form spheres when replated on
poly-D-lysine-coated plates in CGM media (described above). Nevertheless, the cells
were collected from the poly-D-lysine-coated plates and exposed to adipogenic
differentiation media. All of these cells showed evidence of adipogenic differentiation
(Figure 25), but the cells grown on fibronectin with all four growth factors differentiated
much more successfully than any of the others (Figure 25E).
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Figure 23. Cardiomyocyte differentiation of canine RV-derived CFCs. A) Image showing Dil
label used to track CFCs. Nuclei are blue. B) Staining for sarcomeric a-actinin (green). C)
Overlay showing co-localization of Dil and sarcomeric a-actinin.
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Figure 24. Osteogenic differentiation of canine dermal FFCs and FDCs. Canine dermal FFCs
were replated in CEM on poly-D-lysine-coated plates, in CGM on poly-D-lysine-coated plates,
or in CGM on uncoated plates for four days. The bottom row of images shows that only the
cells plated in CGM on poly-D-lysine coated plates formed spheres. Only the FFCs plated in
CGM on uncoated plates (top right) showed evidence of calcium deposition in addition to
morphological changes consistent with differentiation into bone. Scale bars = 200um.

78



$3)|d Pa}jRoaUN U0 A - Wigd

“urfgoz

auisA|-a-Ajod uo WOD - wig2

(z Aep) sasaydg

[e11V[e}g]

!uaﬁoa

79



Figure 25. Adipogenic differentiation results from NHDFs cultured with or without
fibronectin and exposure to growth factors. Qil red-O stained images. A) NHDFs cultured
on fibronectin-coated plates and grown in CEM media supplemented with PDGF. B)
NHDFs cultured on fibronectin in CEM with TGF-B. C) NHDFs cultured on fibronectin in
CEM with EGF. D) NHDFs cultured on fibronectin in FBM media (contains bFGF). E) NHDFs
cultured on fibronectin in CEM media with PDGF, TGF-B, EGF, and bFGF. F) NHDFs
cultured without fibronectin in CEM media with PDGF, TGF-B, EGF, and bFGF. G) Control
hMSCs cultured using standard protocols for hMSC culture and exposed to adipogenic
induction media in parallel with the cells in panels A-F. In no instances did controls for
each cell type that did not undergo adipogenic induction show any evidence of fat
formation.
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3.2.4 Discussion

Phase-bright cells are derived from the fibroblast layer

Two papers describe the appearance of “phase-bright” cells in cardiac explant

2829 The investigators claim these cells are a population of cardiac stem cells

cultures.
which can be enriched for based on their poor attachment to poly-D-lysine-coated
plates and their tendency to form spheres in suspension culture. Furthermore, they
state that these phase-bright cells can be rapidly expanded via sphere formation and
can differentiate into cardiac myocytes. The time-lapse recordings of canine and
porcine cardiac explants described in the present work unequivocally show phase-bright
cells arising from the fibroblast monolayer, undergoing mitosis, and then returning to
the monolayer. No phase-bright cells were observed migrating out of the explants
across the monolayer and remaining phase-bright indefinitely. These facts, combined
with the rapid turnover of the phase bright cells (~2-5 new phase-bright cells appearing
per 10x field per hour and many remaining phase-bright for less than an hour), suggests
that the phase-bright cell population does not represent a distinct cell population
separate from the fibroblasts. Instead, these data suggest that the phase-bright cells
are simply fibroblasts undergoing mitosis. Conceptually, this is not a surprising finding
when one considers that cytokinesis would likely necessitate that the dividing cell loses
its adherence to the culture vessel. In so doing, it would become more spherical and
appear phase-bright under phase contrast microscopy (depending on where the focal
plane of the microscope is set).

Following these observations, we asked the question “are the phase-bright cells
responsible for cardiosphere formation?” Two major pieces of evidence suggest that
this is not the case. First, the results showing that the isolated population of phase-
bright cells collected without trypsinization of the plate did not form spheres (Figure
10A), while the trypsinized cells from the fibroblast layer left behind did (Figure 10B),
suggests that the phase-bright cells are not solely responsible for sphere formation. In a
typical culture, the cells collected from the explants were split among six wells when
forming spheres. As a result, the phase-bright cell population was split six ways, and
cardiospheres formed in all six wells. The fact that no spheres formed when the phase-
bright cells were concentrated in one well indicates that these cells do not possess a
unique ability to form cardiospheres. The formation of spheres from the fibroblast
monolayer cells in the absence of phase-bright cells further supports this. These facts
taken together strongly suggest that the vast majority of the cells in the cardiospheres
are, in fact, cells from the fibroblast monolayer, rather than enriched phase-bright cells,
as the Giacomello®® and Marban?® groups suggest. The second piece of evidence comes
from the images taken of cardiospheres forming over time (Figure 9). At 4.5 and 26
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hours after replating the CFCs on poly-D-lysine-coated plates, the majority of the cells
are attached securely to the plate. By 48 hours, the cells have begun to migrate toward
one another, grouping themselves into clusters, with several adherent spheres already
beginning to form from some of the clusters. At 72 hours, clear cardiosphere formation
is apparent, and at 96 hours, very few cells remain on the bottom of the plate. These
observations also suggest that the fibroblasts have not been excluded from the spheres;
instead, the majority of the cells in the cardiospheres are likely fibroblasts. Attempts
were made to confirm the identity of the sphere-forming cells as fibroblasts using
immunofluorescent labeling, but none of the six antibodies tested were shown to have
specificity for canine or porcine tissue.

There are three possibilities then, regarding the nature of the phase-bright cell
population. The first is that they are all dividing fibroblasts with the same degree of
plastic potential that the rest of the fibroblasts have. Second is that this population
does contain some stem cells as well as fibroblasts, and that both of these
subpopulations are undergoing the same process of mitosis. The third possibility is that
the phase-bright cells are all fibroblasts, but that they undergo a transient shift to a
more plastic state while they are in their phase-bright stage, and that these cells are the
ones which undergo differentiation into cardiomyocytes and other cell types. The
second and third possibilities can both be addressed by one observation: the osteogenic
differentiation of the cardiac-derived cells showing most of the cells undergoing
differentiation (Figure 20) suggests that the CDCs do not simply contain a subpopulation

II'

of stem cells able to differentiate, nor a “special” fibroblast subpopulation. While stem
cells may or may not be present, the high rate of success with osteogenic differentiation
indicates that the fibroblasts present in the CDC population also differentiated.
Furthermore, concerning the third possibility, we have shown that the phase-bright
stage is very short-lived for the majority of the cells in the explant cultures (as little as
twenty minutes for some of them). Since four to six days passed between harvest of the
CDCs and initiation of the various differentiation protocols, it would seem highly unlikely

IlI

that any of the phase-bright cells would still be in such a “special” state at the time of
differentiation. As a result, it appears most likely that all of the fibroblasts in the explant
cultures have more or less the same plastic potential and are capable of differentiation

to other mesenchymal lineages.

Cells from other tissue sources can form spheres
Given the evidence that cardiospheres were derived from fibroblasts rather than

cardiac stem cells, we wished to determine whether fibroblasts from other tissue
sources could also form spheres. Explant cultures from canine and porcine dermis,
aorta, and brain were established using the same protocol used for cardiac explant
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cultures. Just as with the cardiac explants, a monolayer of fibroblasts appeared from all
of these tissue types upon which phase-bright cells could be seen. Time-lapse
microscopy confirmed that the phase-bright cells arose from the fibroblast monolayer
for all of these tissues, underwent mitosis, and then returned to the monolayer. Cells
harvested from all three of these tissue types were able to form spheres (fibrospheres)
when cultured under the same conditions as the CFCs. These results further support the
notion that sphere formation is not specific to cardiac stem cells and that fibroblasts are
the predominant cell type in the spheres.

Purchased primary human fibroblasts (Lonza, Switzerland) from dermal (NHDF)
and lung (NHLF) tissue did not form spheres very efficiently on their own, although they
did undergo the morphological changes that precede sphere formation in the canine
and porcine cells. Rather than forming spheres, the human cells had a tendency to
proliferate to near confluence before detaching from the plate. As a result, they lifted
off of the plate as one large sheet which pulled into a large three-dimensional mass by
the following day. In experiments in which the NHDFs or NHLFs were grown with
cardiac explants in membrane-separated (3.0 um pores) co-cultures, they did form
spheres. However, it was noted that fibroblasts from the cardiac explants were able to
pass through the 3um pores. Nevertheless, the fact that the majority of the cells
harvested and used to form spheres were human fibroblasts suggests that the NHDFs
and NHLFs are at least capable of participating in the spheres. In a repeated experiment
using a membrane with a 0.4um pore size, spheres did not form from NHLFs co-cultured
with canine LA, although the cells did undergo the morphological changes that precede
sphere formation in which they became more spindle-shaped and less flat. The cells
also began forming clusters on the bottom of the plate, although the clusters were all
interconnected by several cells owing to the high cell density. When the plate was
triturated at this stage, many fibrospheres formed (Figure 17B). This suggests an ability
of the NHLFs to form spheres, although they may have to be triturated or split to a
lower density mid-way through the procedure. It is possible that the culture conditions
used by Lonza in preparing their cells and/or the process of cryopreserving the cells for
shipping alters their ability to form spheres. This would explain why the NHDFs did not
form spheres very efficiently, while the canine and porcine dermal cells we prepared
ourselves did.

Fibroblasts can differentiate along multiple lineages
We next sought to confirm whether the CDCs could differentiate into

cardiomyocytes in our hands. Toward this end, we attempted a variation on the
protocol used by the Marban group?® in which we co-cultured the CDCs with rat
neonatal ventricular myocytes (NRVMs) in segregated areas of the culture plate. After
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six days of co-culture, multiple examples of sarcomeric a-actinin positive CDCs with
varying degrees of sarcomeric organization were observed (Figure 18). Although
encouraging, we found that the incidence of cardiac differentiation was rather low in
these cultures. As a result, we cannot be certain that these cells represent fibroblast
differentiation, since we cannot rule out the possibility that the differentiated cells
represent a “contaminating” cardiac or mesenchymal stem cell population. Another
possible explanation for this observation is that the Dil label used to track the CDCs
transferred to some NRVMs, thus causing false positives. However, the fact that co-
cultures of the dermal-derived FDCs with NRVMs did not result in significant numbers of
Dil* cardiomyocytes serves as a good control suggesting that the Dil does not transfer.
Furthermore, the occurrence of brightly labeled CDCs lying among NRVMs without dye
transfer also suggests that the Dil* myocytes are not false positives.

Attempts to differentiate the CDCs to fat were largely unsuccessful, but
osteogenic and chondrogenic differentiation was effective. Unlike the results from the
NRVM co-cultures, the majority of the cells showed evidence of bone differentiation.
This indicates that it was not a subpopulation of stem cells within the cardiospheres
which could differentiate into bone, but that the fibroblasts from the spheres actually
became bone. Dermal-derived FDCs, on the other hand, differentiated very well into fat
(Figure 21), but not bone or cardiomyocytes, and one experiment showed evidence of
chondrogenic differentiation. The fact that the adipogenic differentiation was so
successful again argues against a small population of stem cells in the dermal
fibrospheres that are responsible for the differentiation and suggests that the
fibroblasts became fat in these cultures. The differing results from the dermal and
cardiac sphere-derived cells suggest that there may be some degree of tissue specificity
for differentiation to a given lineage.

Although a novel finding, evidence for differentiation of fibroblasts along other
mesenchymal lineages is not without precedent. A 2007 paper by Sudo et al.”
described the differentiation of cells from purchased primary fibroblast stocks into
bone, cartilage, and fat. Despite very highly successful differentiation results, where the
majority of the cells appeared to differentiate, the authors attributed their results to a
subpopulation of mesenchymal stem cells present in most of their fibroblasts, ignoring
the (potentially more plausible) possibility that their fibroblasts themselves
differentiated.

Is sphere formation a necessary step?
Cardiosphere-forming cells harvested from canine RV explant plates and directly

co-cultured with NRVMs showed an ability to differentiate into cardiomyocytes which
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was comparable to that of the CDCs. However, CFCs appeared to be less effective in
differentiating into bone than the CDCs, showing evidence of calcium deposition, but
failing to take on the cuboidal morphology of bone cells. When the CFCs were exposed
to CGM media for four days on regular tissue culture-treated plates (i.e., not poly-D-
lysine), they did not form cardiospheres but did differentiate into bone. These cells
showed both calcium deposition and a cuboidal morphology typical of osteoblasts.

Dermal fibrosphere-forming cells (FFCs) harvested from dermal explant plates
and exposed to adipogenic differentiation media without prior sphere formation did not
produce fat. When these cells were exposed to CGM media for four days on tissue
culture-treated plates, they, like the CFCs, did not form spheres. These cells failed to
differentiate into fat as well, but they did show evidence of osteogenic induction (Figure
24). Interestingly, this was the only dermal-derived cell culture to undergo osteogenic
differentiation, suggesting that sphere formation may actually inhibit bone formation
with these cells.

NHDFs grown on fibronectin-coated plates in culture media containing the four
growth factors EGF, PDGF, bFGF, and TGF- showed a greatly improved ability to
differentiate into fat compared to the same cells grown with only one of the four
growth factors or all four growth factors without fibronectin. None of these cells
formed spheres when exposed to CGM media on poly-D-lysine coated plates.

Taken together, these data suggest that sphere formation is not necessary
(possibly even inhibitory) for differentiation to some lineages, but it may be beneficial
for some starting cell types. What may be more important than the three-dimensional
organization of the cells in culture are the growth factors that the cells are exposed to.

Proposed mechanism for fibroblast differentiation and future directions

We propose that a critical step in inducing fibroblasts to take on a more plastic
state is exposure to a tissue injury environment. In all of our experiments, the
fibroblasts were collected from minced pieces of tissue kept in culture. This procedure
obviously causes a great deal of tissue damage and essentially creates a tissue injury
model in vitro. It may be that factors released by the injured tissue activate the
fibroblasts to participate in injury repair—a known function of fibroblasts. In their
activated state, they may gain an ability to differentiate into other cell types which they
do not normally have. When fibroblasts are cultured under normal conditions (without
pieces of injured tissue present) they would not exhibit such plastic potential. This
might explain why purchased fibroblasts, which have likely been passaged without
explants present, are less efficient in differentiating into other lineages and why porcine
dermal fibroblasts passaged 6 times in the absence of explants completely lose the
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ability to differentiate into fat (not shown). Extended passaging of the cells used by
Sudo et al.>* was also shown to decrease differentiation potential. This would further
explain why fibroblasts used as controls (presumably purchased cells, although the
source is not specified) in the paper by Smith et al.” do not appear to repair the
infarcted heart as well as the cardiosphere-derived cells, which we have shown are most
likely fibroblasts as well.

In line with this proposal is the observation that NHDFs cultured on fibronectin
with EGF, PDGF, bFGF, and TGF-B were able to differentiate into fat far more effectively
than NHDFs cultured in fibroblast media (containing bFGF) or CEM media supplemented
with only one of the remaining three factors. These growth factors were chosen as part
of an attempt to mimic a tissue injury environment. TGF-p has been shown to be a key
factor in activation of fibroblasts and their transdifferentiation into myofibroblasts,sz'54
important processes during tissue injury repair. PDGF is released at sites of injury55 and
induces chemotaxis® and proliferation®® of fibroblasts. Fibronectin is known to be
important for fibroblast migration and activation during injury repair.”® Therefore, the
improved adipogenic differentiation results obtained with all of these factors may be
attributable to a more closely simulated tissue injury environment compared to that of
the other culture plates.

Future directions for this research include attempts to fully characterize the
factors released during tissue injury and to create more carefully tailored growth media
which can activate fibroblasts in the absence of tissue explants. If this can be achieved,
it could allow for therapeutic options for expansion and differentiation of a patient’s
own fibroblasts for repair of heart disease, as well as countless other disorders for which
stem cell therapies are currently being investigated. Additionally, patch clamping
experiments on the cardiac-differentiated cells should be performed to look for
evidence of cardiac-specific currents and the ability to generate an action potential. The
CDCs should also be implanted in a myocardial infarction model to see if they can
improve cardiac function, as well as implantation into healthy myocardium to see if
differentiation into cardiomyocytes occurs in vivo.
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