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ABSTRACT

Stem cell research for treating or curing myocardial fibrosis has culminated in identifying which
scenario is more important; 1) stem cell differentiation into cardiomyocytes that integrate
electrically with the heart, 2) stem cells that secrete paracrine factors that promote healing by
preventing activation of cardiac fibroblasts and/or inducing cardiac regeneration, or 3) a
combination of both scenarios. Following MI, dead cardiomyocytes are replaced by excess
amounts of ECM proteins secreted by activated cardiac fibroblasts. This increase in ECM
eventually forms a mature scar in the infarct area. While this process is initially reparative, its
long-term effect contributes to fibrosis and myocardial dysfunction. Significant efforts have been
made in the field of stem cell research to treat and cure ischemic heart disease such as
differentiating stem cells into cardiac cells that are capable of inducing myocardial repair and
regeneration through secretion of cardioprotective paracrine factors within the infarcted area.
Previously, we consistently found that unipotent germline stem cells, when removed from their
niche and cultured in the correct medium endogenously express pluripotency genes (Lin28, Oct4,
Klf4, Sox2), which induce them to become human germline pluripotent stem cells
(hgPSCs). Although hgPSCs grow slowly, they can be expanded quickly and indefinitely using a
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germline expansion media (GEM) developed in our laboratory. hgPSCs can be differentiated into
cardiac inducing colonies (CiCs) that not only express cardiac genes but also express and secrete
18 cardioprotective paracrine factors that help induce protection following injury. CiCs express
negative regulators of teratoma formation and when injected into nude mice do not give rise to
teratomas, unlike ESCs and iPSCs. Intriguingly, we find that the cardioprotective factors affect
human cardiac fibroblasts (HCFs) and human cardiomyocytes (HCMs) by suppressing activation
of HCFs and their characteristic feature of myocardial fibrosis. More importantly, we find that
these factors induced significant migration/proliferation of HCMs and HUVECs into the infarct
zone. CiCs also seem to play a role in ECM turnover through regulation of Lysyl oxidase (LOX)
enzyme, which is responsible for collagen fibrillogenesis and cross-linking that contributes to the
stiffness of the scar. Moreover, CiCs help in containment of pro-inflammation, a process that is
dysregulated in fibrosis by inducing timely transition of pro-inflammation to anti-inflammation.
CiCs can fuse and integrate with surrounding cardiac tissue via gap junctions. One important
concept we tested was to show the feasibility of CiCs to be used clinically. Cryopreserving and
thawing CiCs resulted in observed continuous expression of cardioprotective factors and cardiac
genes. The work shown here suggests that secreted cardioprotective factors from CiCs could help
tip the balance from fibrosis towards myocardial repair.
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CHAPTER 1. INTRODUCTION
According to WHO, an estimated 17.9 million people died in 2015 from cardiovascular disease
(CVD), representing 31% of all global deaths. Of these deaths, 85% were due to sudden cardiac
arrest (SCA). A condition where the heart abruptly stops beating, SCA risk increases within the
first 30 days after an MI. A significant problem remaining to be solved to prevent SCA is
identifying the parameters and/or inductive signals that are necessary for repairing heart muscle
damaged by ischemia. Following acute MI, the most effective form of treatment for minimizing
infarct size and salvaging the surviving myocardium is myocardial reperfusion, which involves
re-introducing blood supply to the infarcted area in order to promote recovery. However,
reperfusion can paradoxically cause cardiomyocyte death and exacerbate pro-inflammation
response also known as myocardial reperfusion injury (1). Following an MI, the heart tries to
repair the injured area through a process called cardiac fibrosis whereby the infarcted area is
replaced by a collagenous-based scar. This initial scar helps to prevent ventricular rupture, but
eventually, because scar tissue cannot generate beating force, ventricular arrhythmias evolve
leading to HF and SCA (2).

Figure 1. Scar formation followed by myocardial infarction.
Source: Sciarretta, S. et al. J Am Coll Cardiol. 2018; 17(18):19992010
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Cardiac Fibrosis is characterized by massive accumulation of ECM proteins secreted by
‘activated’ cardiac fibroblasts in the injury site (2,3). During the first phase, necrosis of
cardiomyocytes rapidly activates the innate immune system triggering a transient inflammatory
reaction where leukocytes/macrophages enter the injury site clearing out all dead cells (2-4). After
clearance, there is a repression of the inflammatory reaction by up-regulation of antiinflammatory players and down-regulation of pro-inflammatory players. The transition of proinflammation to anti-inflammation marks the end of the first phase and the beginning of the
proliferative phase of cardiac repair (2-4). Timely repression and containment of inflammation is a
very critical step in myocardial healing. Prolonged and/or impaired pro-inflammatory signaling
can lead to detrimental effects such as increased matrix breakdown, loss of ventricular integrity
and additional fibrotic effects beyond the initial infarct. Hence, timely activation of antiinflammatory pathways must occur in order to inhibit these detrimental effects and maintain
tissue homeostasis (2,3). Experimental studies have shown that after pro-inflammatory
macrophages (M1) clear out dead cardiomyocytes from the infarct, they transition into reparative
macrophages (M2); however, the signaling leading to this transition remains poorly understood
(2,3)

. Evidence has shown that timely and efficient clearance of necrotic cells can activate signals

that might aid the M1-M2 transition and inhibition of regulatory T cells can also suppress postMI inflammatory response (3). Thrombospondin-1 (TSP-1) has been identified as a secreted
mediator that is considered beneficial in effective resolution of pro-inflammation (3).

During the second phase of repair, after being exposed to mechanical stress, quiescent cardiac
fibroblasts migrate into the infarcted area and transdifferentiate to myofibroblasts (2-4) also known
as cardiac fibroblast activation. These myofibroblasts secrete excessive amounts of ECM proteins
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such as Collagen I and III that potentially form a non-compliant scar for preserving LV integrity
(2-4)

.

Figure 2. Overview of cardiac fibrosis.
Source: Review, Cell and Tissue Research, Talman V et al, 2016
Sep; 365(3):563-81
Apoptosis of the majority of myofibroblasts marks the end of the second phase of cardiac repair
(2-4)

. During the third phase, the collagenous-based scar matures and expands by activating

surrounding resident cardiac fibroblasts in the non-infarcted myocardium (2-4). During this phase,
mature collagen I and III fibers are cross-linked by an enzyme called Lox (lysyl oxidase) along
with other ECM proteins such as Periostin. As time progresses, the scar expansion leads to a loss
of elasticity and abnormal contractile function (2-4).
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Figure 3. Three stages of cardiac fibrosis.
Source: Humeres, C. et al. J Am Coll Cardiol Basic
Trans Science. 2019;4(3):449-67
Based on the ultimate outcome of cardiac scarring after an MI, my hypothesis is to attenuate
cardiac fibrosis and decrease scar size by preventing differentiation of cardiac fibroblasts into
myofibroblasts.

EXISTING THERAPIES IN MYOCARDIAL INFARCTION AND THEIR PROBLEMS
Current therapies in MI include heart transplantation, systemic delivery of anti-fibrotic agents,
localized delivery of stem cells, and naturally derived matrices such as collagen and alginate also
known as biomaterials (5). Heart transplantation has been a viable option, but patients are usually
on a waitlist for a considerable amount of time due to donor scarcity. Anti-fibrotic agents
decrease activity or levels of TGFß (an inducer of cardiac fibroblast activation), Angiotensin-II,
TNFA, and IL-1b (5). Inhibitors to TGFß receptor type 1 and antibodies against TGFß have
shown to decrease activity and amount of active TGFß respectively (5). Angiotensin-converting
enzyme inhibitors and angiotensin receptor inhibitors including losartan have also shown to
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reduce TGFß levels and cardiac fibrosis (5). These drugs are administered either orally or through
systemic injection, an advantage of this approach is convenience (5). However, there have been
issues with drug dosage which decreases overall therapeutic efficiency. Increasing dosage has
shown toxic effects and side effects to other tissues (5). Clinical trials involving intravenous
injection of recombinant human Neuregulin 1 (NRG-1) have been used to treat chronic HF in
China and Australia. NRG-1 is an important cardioprotective factor that enhances cardiomyocyte
proliferation through the PI3/AKT pathway, and it has been proved to enhance heart function and
reverse remodeling. However, although promising, numerous challenges still must be addressed
such as improving the half-life of NRG-1, which is only 30 minutes. This short half-life means
repeated dosages (currently unknown how many) will be required. Attempts have been made to
deliver NRG-1 through controlled administration via encapsulation or by dual administration
along with adipose-derived stem cells on particle scaffolds but due to low penetration of NRG-1
using these approaches, these studies led to sub-optimal results (44). Efforts have been made to use
ADSCs (Adipose derived stem cells) by themselves as a therapy for MI but issues such as their
limited differentiation ability into cardiomyocytes and incidence of tumorigenesis in vivo, which
has resulted in discouraging transplantation outcomes (44).

Localized delivery of biomaterials has been used as an anti-fibrotic therapy where naturally
derived matrices such as collagen, alginate, and synthetic based hydrogels provide mechanical
support to the infarcted tissue (5). These biomaterials provide similar elasticity and stiffness as
that of heart tissue, however, once implanted each has been shown to cause significant
inflammation and, as they degrade, their mechanical properties also decrease (5). Growth factors
including HGF (Hepatocyte growth factor) retained in the matrix help inhibit differentiation of
cardiac fibroblasts to myofibroblasts resulting in significant decrease in collagen deposition and
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overall fibrosis in the area (8,9). The major disadvantage of this therapy is increased immune
response and inflammation upon transplantation, which compromises its overall efficacy (8,9).

EXISTING STEM CELL THERAPIES IN MYOCARDIAL INFARCTION AND THEIR
PROBLEMS
Stem cell research for treating or curing ischemic heart disease has, to date, culminated in three
basic approaches: the use of induced pluripotent stem cells (iPSCs), pluripotent embryonic stem
cells (ESCs), or multipotent adult stem cells (ASCs). Differentiated derivatives of iPSCs and
ESCs are also currently being explored for transplantation but so far, many investigations have
shown that only a small number of cells successfully differentiate into mature cardiomyocytes
(7,14,21)

. The approach of using iPSCs has shown promise in vitro; however, problems still remain

for their use in vivo as teratoma formation, genetic instability, mitochondria aging and cell
memory must yet be resolved (7,14,21). Embryonic stem cells (ESCs) can be differentiated into
virtually every cell type in vitro; however, they pose ethical concerns, immune rejection
problems, genomic instability, inefficient differentiation into cardiomyocytes, and they can
generate teratomas (7,21). ESC-derived cardiomyocytes have been shown to regenerate infarcted
pig hearts, but recently they were shown to induce ventricular tachyarrhythmias (8). To focus on
direct physiological interaction between stem cell-derived cardiomyocytes with surrounding
cardiac tissue, numerous laboratories generated stem cell-derived cardiomyocytes by focusing on
the beating phenotype observed in bona fide cardiomyocytes in vitro. Over time, this beating
phenotype became a gold standard for successful generation of beating cardiomyocytes, but
problems arose as they caused massive arrhythmias and did not fuse with the surrounding
myocardium post-transplantation. Another major problem was the low population of mature
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cardiomyocytes generated from each type of stem cell (13). The majority of cardiomyocytes
generated from iPSCs and ESCs show embryonic beating physiology, which does not rely on
sarcolemma calcium signaling typical of adult cardiomyocytes (12-14).

Multipotent ASCs consist of different types of stem cells isolated from various sources including
bone marrow, blood, and solid resident tissues. Bone marrow mononuclear cells (BMNCs),
hematopoietic SCs (HSCs), Mesenchymal stem cells (MSCs), cardiac stem cells (CSCs), and
endothelial progenitor stem cells (EPSCs) have been the most common cell types used in therapy
for CVDs (6,7,21); however, each has had its problems. HSCs injection into an infarcted
myocardium resulted in induction of hematopoietic fate instead of cardiomyocyte differentiation
as shown by lineage tracing experiments from 145 transplants in normal and infarcted mouse
hearts (22). MSCs and CSCs have been shown to have differentiation capacity issues as they can
only be differentiated into limited types of cells (6,7,21). CSCs are found in very small numbers in
the adult heart and isolating them through invasive myocardial biopsies have been very
challenging (13,14).

Despite these problems, ASCs have been extensively studied for cardiac regeneration potential in
clinical trials for the last 15 years because they are autologous, clinically safe and possess low
tumorigenicity (7,21). Some benefits have been groundbreaking especially with BM-MSCs, which
have been found to attenuate cardiac fibrosis and decrease scar size (9,10). They have been an
attractive cell type for therapeutic use because they are easily accessible and possess no ethical
concerns and can be autologous (9,10). Clinical studies of BM-MSCs-mediated therapy including
BOOST, REPAIR-AMI, PreSERVE-AMI all involving intra-coronary injection of BMSCs have
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helped increase LV function and decrease in infarct size (12,14, 15); however, in each study, there
were issues with cell viability and engraftment within injured myocardium post transplantation
(13,14)

. Lack of optimization of stem cell processing in these clinical studies could partly be the

reason for contradictory results with respect to stem cell engraftment post transplantation (12,13).
BMSCs, however, also possess various disadvantages such as plasticity issues, decline in
regenerative capacity with age, and low available fraction due to heterogeneous traits (12, 14, 19).
From all these clinical studies, it is clear that the cell dosage and method of administration still
needs to be re-evaluated. These unsuccessful trials have led to a long-standing debate if
consuming institutional funds and private funding for these trials should continue on patients with
serious heart conditions, as their effectiveness remains in debate (11).

PARACRINE FACTOR THERAPY AND THEIR PROBLEMS
Recent stem cell research has significantly boosted the idea of paracrine factor therapy where
ASCs release paracrine factors that influence neighboring cells differentially by their
concentration gradients, thus creating a tissue microenvironment that is capable of inducing post
myocardial repair and regeneration (16,17).

Figure 4. Adult stem cell-paracrine factor effects
on different cell types in the heart.
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Gnecchi et al reported that modified MSCs overexpressing Akt (Akt-MSCs) secreted
cytoprotective factors that could re-establish heart function and prevent ventricular remodeling in
less than 72h following MI. Important cardioprotective factors such as VEGF and HGF present in
the conditioned medium derived from Akt-MSCs helped induce angiogenesis, growth of
endothelial cells and anti-fibrotic effects by reducing collagen I and III expression. Akt-MSCs
also expressed immunomodulatory factors such as IDO, IL-10, G-CSF, which help promote cell
survival and suppress inflammation post-transplantation by switching pro-inflammatory
macrophages (M1) to anti-inflammatory phenotype (M2) (17, 18, 23, 24). But, to generate sufficient
amounts of cardioprotective factors and to significantly induce anti-fibrotic, angiogenic effects,
exogenous AKT had to be overexpressed in the MSCs. One of the problems with most of the
paracrine factor studies is they focus on matrix degradation rather than achieving overall ECM
homeostasis. Moreover, these studies do not focus on inhibiting scar formation from occurring in
the first place.

HYPOTHESES
Here, I promote the idea that unipotent germline stem cells are a ‘better’ ASC for cardiac MI
research. When germline stem cells are removed from their niche and cultured in the correct
medium, they endogenously express pluripotent markers such as SOX2, OCT4, LIN28, KLF4
which induce them to become hgPSCs (human germline pluripotent stem cells) that are capable
of differentiating into cell types from all three germ layers (ectoderm, endoderm, and mesoderm)
(25)

. Unlike iPSCs, hgPSCs do not require addition of exogenous pluripotent genes (25).

We have previously shown that hgPSCs can be expanded indefinitely and quickly in our
expansion medium without losing their pluripotency (26). This expansion technology helps
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generate hundreds and thousands of hgPSC colonies potentially solving the cell dosage issues
faced in clinical trials (11).
Here I provide evidence that following a distinct protocol, hgPSCs can be differentiated into
cardiac induced colonies (CiCs) (26) that can infiltrate into cardiac tissue. One important
characteristic of CiCs is that they express DND1, and CDKIs: p18INK4C and p19INK4D, which
are negative regulators of CDK4/6 and teratoma formation (26). CiCs are also capable of secreting
18 cardioprotective paracrine factors that 1) suppress activation of HCFs 2) induce
migration/proliferation of human cardiomyocytes (HCMs) and endothelial cells (ECs) into a
model infarct 3) achieve ECM homeostasis by controlling collagen cross-linking through
regulation of LOX/LOXL2 4) containment and effective resolution of pro-inflammation.
Moreover, to test the clinical feasibility potential of CiCs, we thawed cryopreserved CiCs to see
that they continue to secrete cardioprotective factors. This is one of the first studies that highlights
a comprehensive list of paracrine factors that would help aid in myocardial healing through
precise reparative mechanisms.

AIMS
Aim 1: A) Isolation of human SSCs from testes, de-differentiate into hgPSCs and expand them
indefinitely in germline expansion media (GEM). Further, re-establish them back into hgPSCs
and then differentiate them into cardiac inducing colonies (CiCs).
Aim 1: B) Verify that hgPSC-derived CiCs secrete 18 cardioprotective factors.
Aim 2: A) Test effects of cardio protective factors on human cardiac fibroblasts (HCFs) and
human cardiac myocytes (HCMs) by suppressing/preventing activation of HCFs and/or inducing
migration/proliferation of HCMs into the model MI.
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Aim 2: B) Test effects of cardioprotective factors on crosslinking of fibrotic collagen fibers by
decreasing LOX/LOXL2 (matrix cross-linking enzymes) expression in activated fibroblasts.
Aim 2: C) Test potential effects of cardio-protective factors on pro-inflammation following MI.
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CHAPTER 2. MATERIALS AND METHODS
IDENTIFYING THE SOURCE CELL FROM TESTIS
Testes were acquired from the Washington Regional Transplant Community (WRTC) with
permission from the next of kin. The tunica albica was removed and the seminiferous tubules
were cut into 1g tissue samples and either stored in liquid nitrogen or used fresh (116). Frozen
tissue samples were transferred to a 120ml container with 40ml ice-cold DMEM/F12 (Life
Technologies Cat #11320082) + Antibiotic- Antimycotic (Life Technologies Cat #15240062),
and washed twice. After washing in the medium, 2-3ml of the medium was left in the 120ml
container (on ice) where the sample tissue is sliced by sterile scissors. The tissue was transferred
into a 50ml tube with an additional 40ml ice-cold DMEM/F12 + Antibiotic- Antimycotic. The
tissue was allowed to sediment for 2-5 minutes and the supernatant was removed. A 10ml enzyme
solution of 1x Hank’s Balanced Salt Solution (HBSS) (Life Technologies Cat #14025076) was
prepared with 2.5 mg/ml Collagenase Type IV (Life Technologies Cat #17104019), 1.25 mg/ml
Dispase (Life Technologies Cat #17105041), vortex and filter through 0.22μm syringe filter
(MidSci Cat #TP99722). The solution is added to the tissue sediment. The enzyme solution along
with the tissue sediment was incubated 30mins in a 37 °C water bath with 100rpm shaking.
Afterwards, the enzyme was removed and re-suspended in 10ml human embryonic stem cell
(hESC) medium (500ml DMEM/F12, 20% knockout serum replacement (Life Technologies Cat
#A3181502), 0.1mM beta-mercaptoethanol (Life Technologies Cat #21985023), 5ml Nonessential amino acids (100X) (Life Technologies Cat #11140050), L-glutamine (100X) (Life
Technologies Cat #25030081), and Antibiotic-Antimycotic. A 40μm mesh filter (Sigma Aldrich
Cat #22363547) was placed atop of a 50ml tube and the supernatant and sample were slowly
filtered through it to extract spermatogonial cells. The filtered tissue sample was then centrifuged
(1000rpm/5min). The supernatant was removed and re-suspended in fresh 6ml hESC medium.
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The medium and sample were then seeded into a 6-well tissue culture plate along with 3.5μl of
10ng/ml Recombinant human GDNF (Life Technologies Cat #PHC7045) and the plate was
placed into a 34 °C and 5% CO2 incubator and cultured for 4 days. Originally, we coated plates
with gelatin (Sigma Aldrich Cat #Z707910); however, we later found that hgPSCs could grow
virtually the same in uncoated TPP tissue culture plates (Sigma Inc. #92006).

PRODUCTION OF HGPSCS FROM SSCS
After isolation, SSCs were cultured in hESC medium along with 3.5μl of GDNF for 4 days to
stimulate growth and colony formation. They were incubated at 37 °C and 5% CO2. Media was
changed every other day. After the 4th day of incubation, the hESC medium plus GDNF was
replaced with hESC medium supplemented with 10 ng/ml fibroblast growth factor (bFGF)
(Peprotech Cat #100-18C-10UG). Colonies must be cultured for at least 10 days to form hgPSCs
(116)

.

HGPSC CULTURE IN MODIFIED GEM (GERMLINE EXPANSION MEDIA)
hgPSCs were expanded in germline expansion medium (GEM: Complete DMEM high glucose
(500ml) supplemented with 10% human serum (Sigma Aldrich Cat #H4522) and 100X Pen/Strep
(Life Technologies Cat #11995040). (100X) Ham’s F12 nutrient mixture (Life Technologies Cat
#1165054), 0.13μg/ml Hydrocortisone (Sigma Aldrich Cat #H0888-10G), EGF (Life
Technologies Cat #PHG0313), 5mg/ml Insulin (Sigma Aldrich Cat #91077C-1G), 11.7μM
Cholera Toxin (Sigma Aldrich Cat #C8052-5MG), 10mg/ml Gentamicin (Life Technologies Cat
#15710072)) containing 5mM ROCK inhibitor (Y-27632) (Axxora Inc Cat #ALX-270-333M005) for 7-10 days (120).
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Note: We did not use the J2 cell component found in the protocol by Suprynowicz et al (120). We
also replaced fetal bovine serum with human serum to remove all animal products. The ROCK
inhibitor assists in the increased proliferation of hgPSCs to enhance colony population for later
differentiation into cardiomyocytes (121).

REESTABLISHING HGPSCS FROM EXPANSION IN GEM AND DIFFERENTIATION
INTO CICS
After expansion, GEM was replaced with hESC medium containing bFGF. This medium was
replaced every other day. Colonies spontaneously and consistently formed within 5-10 days. Unexpanded or previously expanded hgPSCs were cultured in hESC medium and 0.25μM
Cardiogenol-C Hydrochloride (Sigma Aldrich Cat #C4866-5MG) for 10 days. After
differentiation, the media was replaced into complete DMEM medium supplemented with 20%
human serum. This medium was considered post- differentiation medium where the cardiac
clusters could be cultured for up to 30 days.

CONFOCAL ANALYSES
Colonies were isolated using Dumont #5 forceps and fixed in 4% paraformaldehyde for 1 hour,
followed by permeabilization with 1% Triton-X-100 for 30 minutes. After two washes in PBS,
areas were blocked with 2% BSA in PBS and 1% Tween 20. Primary (1:100) and secondary
(1:800) antibodies were diluted in blocking solution, and colonies were incubated with each
antibody for 1 hour at 37˚ C or overnight at 4oC. In the final step, colonies were moved directly
from secondary antibody into a DAPI solution at 2μg/mL. Colonies were then mounted onto
slides with anti-fade and sealed with coverslips. Confocal images of colonies were taken on an
Olympus Fluoview 500 Laser Scanning Microscope (Olympus America Inc., Melville, NY) using
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the accompanying Fluoview image acquisition and analysis software (version 4.3). Cells within
areas were imaged using a 1.3 numerical aperture, 40X Olympus objective. Primary Antibodies:
Sox2 [488nm] (Goat; Santacruz SC #17320), Nanog [594nm] (Mouse; Abcam ab 62734), Oct 4
[647nm] (Mouse; Santacruz SC 5279) and Lin28 [647nm] (Rabbit; Cell Signaling A177 Cat
#3978S). Secondary Antibodies: Donkey-anti-mouse Alexa fluor 647 nm (Abcam Cat #
ab150107), Donkey-anti-rabbit Alexa fluor 594 nm (Abcam Cat #ab150076) and Donkey-antigoat Alexa fluor 488 nm (Abcam Cat #ab150129). Resident, Activated, rPF and Conditioned
media treated HCFs were also fixed and stained with the following Primary antibodies: Periostin
(Abcam Cat #ab14041), Collagen I (R&D Systems Cat #AF6220), Collagen III (NEB Cat
#NB600-594), Alpha smooth muscle actin (Abcam Cat #ab5694), LOX-PP (Novus Biologicals,
Cat #NBP1-30327) and Vimentin (Abcam Cat #ab137321). Secondary antibodies: Donkey-anti
mouse alexa fluor 647nm (Life Technologies Cat #A-31571), Donkey-anti- rabbit alexa fluor
594nm (Life Technologies Cat #A21203), Donkey-anti-goat alexa fluor 488 (Life Technologies
Cat #A-11055). Untreated HCMs and CiC-CM treated HCMs were fixed and stained with the
following primary antibodies: Cyclin D2 (Novus Biologicals, Cat #NBP2-14460-25ul),
Phalloidin (Life Technologies, Cat #R415), Vinculin (Proteintech, Cat #66305-1-1g), Rac-GTP
(NewEast Biosciences, Cat #26903), PCNA (Santacruz Biotech, Cat#sc-56).

EMBRYO AND HEART TUBE PROCUREMENT AND CELL FUSION
Female FVB mice were gonadotropin primed. E9.5 Embryos were collected from the uterine
horns using Dumont #5 forceps to tease away fetal membranes; a modified version of previously
described protocols (122-123). Embryos were transferred to organ culture dishes (No. 3037, Falcon
Inc., Lincoln Park, NJ). Beating hearts were isolated using two Dumont #5 forceps, one to spread
the head away from the tail of the embryo, the other forceps was used to snip the heart from the
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body at the most caudal and rostral ends of the heart. Fetal hearts were then placed into a well of
a 96 well plate and incubated at 37 °C and 5% CO2. Hearts could beat for 72-96 hrs without
distortion of morphology. Mature CiCs were transiently transfected with uncut 5ul of cMHC-GFP
DNA for 24 hours in 6-well dishes using Lipofectamine transfection kit (Life Technologies Cat
#L3000001). cMHC-GFP (a kind gift from Dr. Eugene Kolossov (126)) transfected colonies were
picked using a 10μl pipette tip and placed into a holding well containing differentiation medium
(above). They were then seeded into crevasses of fetal hearts using a hand-drawn glass needle
attached to a mouth pipette. Excess GFP-positive colonies were laid on top of beating fetal hearts.
The 96 well plate was then incubated at 37 °C and 5% CO2 for 48hrs. Fetal hearts and colonies
were analyzed first using a Leica stereoscope equipped with a fluorescent light source to globally
identify areas of GFP within heart tissue. Those that appeared positive were fixed in 4%
paraformaldehyde (Electron Microscopy Sciences Cat# 15714-S) for 2 hrs and then quenched in
1% glycine/PBS for 30min. Fetal hearts were then permeabilized with 1% Triton-X-100 for 2hrs.
After three 30min washes in PBS, hearts were blocked with 2% BSA in PBS and 1% Tween 20.
Primary CNX43 antibody (Rabbit Cell Signaling Cat #3512) and secondary antibodies
(Peroxidase Affinipure Donkey Anti-Rabbit- Cat #711-035-152, Jackson Immunoresearch Labs)
were diluted in blocking solution 1:100 and 1:800 respectively, and hearts were incubated with
each antibody overnight 4˚ C. In the final step, hearts were moved directly from secondary
antibody and incubated in a DAPI (Cat #D1306, ThermoFisher Scientific) solution at 2μg/mL.
Hearts were then mounted onto slides with anti-fade and sealed with coverslips. Confocal images
of colonies were taken on an Olympus Fluoview 500 Laser Scanning Microscope.

WESTERN BLOT ANALYSES
Isolated undifferentiated, differentiated CiCs, untreated HCFs, TGFß treated HCFs, PF/CiC-CM
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treated HCFs (each comprised of ~1 x 103 cells) were immediately placed into sample buffer
(62.5 mM Tris-HCl, pH 6.8, 2% SDS w/v, 1mM ß-mercaptoethanol, 10% glycerol) (127). Samples
were placed into a 95 degrees heat block for 5 min and then loaded onto 4-20% gradient
polyacrylamide gels (BioRad Inc. Cat #4561094) with molecular weight markers (BioRad Inc Cat
#1610374) and separated by SDS-PAGE. Proteins were transferred to PVDF membrane and
blocked with blocking reagent (5% dry milk [Bio Rad Cat #170-6404] in PBS, pH 7.4, with 0.1%
Tween 20) at room temperature.

The blots were challenged with primary antibody at dilutions of 1/500-1/1000 in block overnight
at 4 °C, followed by washing 3 times with PBST (1x PBS + 0.1% Tween 20) at room temperature
and challenge with appropriate secondary antibody (1/5,000-1/10,000) conjugated to horseradish
peroxidase (Jackson Laboratories) for 2 hours followed by washing 3 times with 1X PBST at
room temperature. The blot was then visualized under chemiluminescence in an ECL Imager
(Thermo Scientific) using Clarity Western ECL Substrate (Bio Rad Cat #170- 5061). Primary
Antibodies- Desmin (Rabbit) (Cat #5332P, Cell Signaling), Periostin (Abcam Cat #ab14041),
Pro-Collagen I A1 (Sigma Aldrich Cat #ABT257), Alpha smooth muscle actin (Abcam Cat
#ab5694), Fibronectin EDA (Adipogen Life Sciences, Cat #AG-20B-6001PF-C100), LOX-PP
(Novus Biologicals, Cat # NBP1-30327), and Vimentin (Abcam Cat # ab137321). Secondary
Antibody- Peroxidase Affinipure Donkey Anti-Rabbit (Cat #711-035-152, Jackson
Immunoresearch Labs), Peroxidase Affinipure Donkey Anti-Mouse (Cat #, Jackson
Immunoresearch labs)
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RT-PCR ANALYSES
SSCs, hgPSCs, CiCs, Thawed CiCs were picked, and mRNA was extracted using the miRNeasy
Mini Kit (QIAGEN® cat. No. 217004). cDNA was generated via the iScript cDNA synthesis kit
(BioRad Cat #1708890) using a 20μl mixture (5x Supermix (4μl), 5x iScript reverse transcriptase
(1μl), Nuclease-free water (5μl), and RNA template (10μl). RT-PCR analysis was performed by
using a 22μl mixture (MyTaq Supermix (BIOLINE PCR Kit®) 12μl, Forward (2μl) and Reverse
(2μl) primers, (2μl) Nuclease-free water, (4ul) cDNA template). These experiments were
conducted at a melting temperature of 56 °C and for 40 PCR cycles. No RT control was
performed using Maxima H Minus First Strand cDNA Synthesis Kit (Thermo Fisher Scientific
Cat #K1651). Primer sequences for each gene are listed in Table 3. List of recombinant proteins
in rPF cocktail are included in Table 2.

QUANTITATIVE PCR (QPCR)
RNA from 0h (resident inactivated HCFs), 24h, 48h, 72h TGFß and Paracrine factor induced
HCFs were isolated using RNEasy isolation kit from Qiagen (Cat #217004). Using iScript cDNA
synthesis kit (Cat #1708890) from Bio-Rad, we made cDNA from all of the RNA isolated. Primer
sequences for Periostin, Collagen Type I,, CD90 and alpha smooth muscle actin were obtained
from IDT technologies. PCR reaction was carried out in CFX 96 Biorad thermal cycler machine
at 35 cycles and the qPCR kit used was Biorad iTaq SYBR green PCR kit (Cat #1725121). Each
gene was done in triplicate for each sample and gene expression levels were calculated from
DDCT and compared to untreated HCFs. Control gene was GAPDH.
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DETECTION OF SECRETED PROTEINS USING IMMUNOPRECIPITATION AND
SILVER STAINING
Paracrine factors secreted into the medium were detected by two methods. First, ~150 cardiac
differentiated colonies were grown in 1ml of differentiation medium (containing serum
replacement instead of human serum). Media was then isolated at 12hrs, 24hrs, and 48hrs and
frozen. Antibodies to specific paracrine factors were then added to the thawed medium along with
10ml of protease inhibitor cocktail (Sigma Aldrich Cat #P8340) overnight at 4˚ C with rocking.
The next day, magnetic beads (10μl) coated with g-protein (Life Technologies Cat #10003D)
were added directly to the medium containing the primary antibodies. The slurry mixed for 2 h at
4˚ C. Using a magnet, the beads were washed 5x with PBS. Sample buffer was added to the
beads, which were then heated at 95oC for 5 min. 15μl of each time-point sample was added to a
lane of a 4-20% polyacrylamide gel and the subjected to SDS-PAGE.

The resultant gel was silver-stained (Bio Rad Cat #1610449) to observe the bands. The second
method, ethanol precipitation of proteins [modified from (126-128)], was used to analyze proteins
that were either too close to the molecular weight of the antibody heavy chain or were not
compatible with Immunoprecipitation (I.P). In this case, 1ml samples of media taken at 12, 24,
and 48hrs were subjected to four volumes of 100% ethanol and precipitated overnight at -80oC.
The next day the samples were centrifuged at 14,000rpm for 5 min and the supernatant was
discarded. The remaining pellet was allowed to dry for 30min-1hr after which a sample buffer
was added and heated to 95oC for 5 min. 15μl of each time-point sample was added to a lane of a
4-20% polyacrylamide gel and the subjected to SDS-PAGE. The gel was then used for Western
Blot analysis to detect the paracrine factors.
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ELISAS
TGFß secreted into the medium was detected by Human TGFß1 Platinum ELISA kit (Cat #
BMS249-4, Life Technologies, Inc). Medium cultured in differentiated CiCs at 0h, 12h, 24h and
48h were tested along with TGFß standards (31pg/ml- 2000pg/ml) at 450nm. A standard curve
for TGFß was plotted using OD values from standards. The concentration of circulating TGFß of
each time point was calculated from the standard curve and then multiplied by a dilution factor of
30 (samples were diluted 1:30 prior to experiment). The negative controls in this experiment were
0h and hgPSC-CM. Concentration of TGFß was normalized to 0h ES media. Final concentrations
in media cultured in CiCs at the different time points were plotted against normalized values to 0h
and hgPSC-CM using a bar graph. Conditioned media derived from hgPSC-derived cardiac
colonies was collected from Day 11-14 post cardiac differentiation and were tested along with
standards supplied with the kit for various cardioprotective paracrine factors like NRG1
(RayBiotech, Cat #ELH-NRG1b1-1), VEGFA (R&D Systems Cat #DVE00), Angiopoietin-1
(RayBiotech Cat #ELH-Angiopoietin1-1), HGF (Abcam Cat #ab100534), IDO (Novus
Biologicals Cat #NBP2-62765) and TGFß (Cat # BMS249-4, Life Technologies, Inc).

CO-CULTURE OF HCFS/HCMS WITH THE HELP OF IBIDI INSERTS
Human cardiac fibroblasts were purchased from Sigma Aldrich (Cat #306-05A) and grown in
cardiac fibroblast growth media (Sigma Aldrich Cat #316-50033712). Human cardiomyocytes
were purchased from Celprogen Inc (Cat #36044-15) and grown in human cardiomyocyte media
with serum (Celprogen Cat #M36044-15S). In a 24-well ECM coated plate (Celprogen Cat
#E36044-15-24Well), two chambered cell culture inserts (Ibidi Inc Cat #80209) were placed into
each well of the plate. Equal numbers of HCFs and HCMs were seeded into both chambers of the

20

insert and let them sit to the surface for 24 hours. Next day, remove the inserts and add 10ng/ml
TGFß to a set of wells and Conditioned media to another set of wells and observe which cells
migrate into the 500um barrier area induced by the inserts.

DOT BLOT ANALYSES
Conditioned media derived from hgPSC-derived CiCs (CiC-CM) at Day 13 of post cardiac
differentiation was added onto the blots supplied by R&D Systems that contained various
angiogenic and cardioprotective proteins (Angiogenesis array R&D systems, Cat #ARY007) and
(Cytokine array R&D systems, Cat #ARY005B). As negative controls, media straight from the
bottle and hgPSC-CM were also tested on this blot. Comparative analysis was done and each dot
that represented a particular protein was quantified on a bar graph.

HCMS/HUVECS/BEAD MIGRATION IMMUNOFLUORESCENCE
HCMs and HUVECs (purchased from cell culture core at Georgetown University) were plated
separately in one well of the two chambered ibidi inserts placed in wells of 24-well plate. Ionic
beads (Biorad, Cat#143-2446) were soaked in regular media (negative control), 10X rPF cocktail,
CiC-CM separately and then plated in the other well of the ibidi insert. After 24 hours, the inserts
were removed and incubated for another 24 hours. All wells were then fixed and stained for vWF
(for HUVECs, SCBT Cat #sc-53466), Desmin (for HCMs), Rac-GTP, Vinculin and Phalloidin.
DAPI was used to stain the nuclei of cells.
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TUNEL ASSAY ON UNTREATED, RPF, AND CIC-CM TREATED HCFS
In situ cell death detection kit from Sigma Aldrich was purchased (Cat #11684795910) and assay
was performed using assay protocol. For positive control, HCMs were treated with 3000u/ml of
DNAse 1 (Life Technologies, Cat #18068015) for 10 mins and incubated at 15-25oC to induce
DNA strand breaks followed by fixing with 4%PFA followed by addition of TUNEL mixture.

QUANTIFICATION AND STATISTICAL ANALYSES
Quantification of western blots was done using Image J and Photoshop. Standard error of the
means was calculated from N > 3, which were then analyzed by student t tests. A p < 0.05 or better
was considered significant.
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CHAPTER 3. RESULTS
IDENTIFYING THE SOURCE CELL FROM TESTIS
Recent investigations have demonstrated that when isolated and cultured in the proper medium,
germline stem cells can be induced to form cell/tissue from all three germ layers (i.e., ectoderm,
mesoderm, and endoderm) (116-118, 129). Identifying the stem cells within the human testes that
give rise to hgPSCs has been somewhat elusive. To begin identifying this stem cell population,
we first generated single cell suspensions assaying them for clonal expansion, which is accepted
as a primary characteristic of stem cells. We used this approach first because, particularly in
humans, a molecular or cellular target for identifying the actual stem cell population within the
testes remains a debated topic in the literature. Consequently, we initially used cell size as a
marker for isolating and identifying this population of stem cells.
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Figure 5. Identifying the stem cell within testes that gives rise to clonal hgPSCs.
A) Acting as a positive control, a single mouse E14 strain embryonic stem cell gives
rise to a colony within 7 days of culture. B) After enzymatic digestion and filtration of
human testes tissue, distinctive size differences among cells were clearly evident.
Small (<5-7μm), medium (~8-12μm), and large (>12-20μm) cells were isolated using a
mouth pipette and placed into a well of a 96 well plate. After 14 days of incubation
wells were assessed for clonal growth. Only medium size cells produced colonies. C-F)
Removing bFGF from the hESC medium to induce differentiation by 10 and 14 days,
respectively. Arrowheads in C and D point to individual cells within a colony, while
the white circle in D outlines one cell within the colony. By ~21 days of differentiation,
RT-PCR showed expression of genes from all three germ layers; AFP (Alpha Fetal
Protein-Endoderm), BMP4 (Bone morphogenic protein 4-mesoderm), and NES
(Nestin-neuroectoderm). However, hgPSCs did not express any of the genes from all
three germ layers. GAPDH was our RT-PCR control gene. E) A central mass of
differentiated cells (Arrow) are surrounded by fibroblasts, which do not show
expression of these three specific genes (arrowheads in E and fibroblasts in F). G)
Table quantifies colony formation from the three sizes of cells. F and insets in B) Using
antibodies directed against previously explored SSC markers, SSEA4 but not Gpr125
or Gfr1α identified the cells that produced colonies of hgPSCs. SSEA4 positive cells
are 8-12μm in diameter, while Gfr1α are much smaller. The large cells were mostly
vimentin positive most likely representing Sertoli cells.

Using a hand-drawn glass pipette connected to a plastic filtered mouth suctioning tip, small (1220µm) cells were placed one by one into wells of a 96 well plate (Figure 5). As a reference, a
typical, single mouse ESC cell expanded into a colony very quickly after plating (Figure 5A).
Different cells isolated from the human testis (Figure 5B) did not all expand in vitro. After 10-14
days of culture, only medium-sized cells grew into colonies capable of being differentiated and
expressing markers from the three embryonic germ layers (Figure 5 C-F). Although the table in
Figure 1G reports that only 32% of medium-sized cells actually grew into distinctive colonies
identical to that seen in Figure 5E, we concluded that this methodology was useful for confirming
that a specific sub-population of cells within the SSC-enriched fraction could grow clonally and
generate cells from all three germ layers. To apply a more rigorous approach for identifying
which cell type could grow clonally into colonies of hgPSCs, we relied on data from many
independent laboratories that had previously analyzed candidate markers for SSCs (publications
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found in (130)). Different laboratories had previously analyzed candidate genes as markers for the
testicular stem cells pinpointing SSEA4, GFR1α and GPR125 as putative SSC markers
[publications found in (130)]. To confirm or refute clonal growth of cells expressing each marker,
we isolated immunofluorescently tagged cells from a testicular isolate using the same mouth
pipette procedure as above, again placing each cell into its own well in a 96 well plate. Cells were
labeled with primary antibodies directed against SSEA4, GFR1α, GPR125, or vimentin (130),
followed by fluorescently labeled secondary antibodies. The insets in Figure 1 show examples of
fluorescent single cells within each well. Interestingly, SSEA4+ cells not only formed colonies,
but they were also the same size as the medium cells previously seen to form colonies.
Conversely, Gfrα1+ cells were much smaller and did not form colonies while the larger cells
were only able to divide a few times in culture and resembled fibroblasts. Most of the larger cells
were vimentin positive suggesting they were Sertoli cells or cells from the lamina propria. As a
result, these data confirmed that SSEA4+ cells are most likely the hgPSCs that acquire the ability
to not only grow clonally when isolated from the testes and grown in a specified hESC medium,
but also form cells/tissues from all three germ layers.

HGPSC COLONY-DERIVED CARDIAC-LINEAGE CELLS EXPRESS
CARDIOPROTECTIVE PARACRINE FACTORS
One approach that is gaining momentum for improving cardiac function after ischemic injury is
the delivery of paracrine factors that can reprogram or induce repair of existing cardiac tissue. To
identify if hgPSCs could be induced to form CiCs that secrete cardioprotective paracrine factors,
we subjected them to a protocol used for human ESCs documented by (131), followed by assaying
by gene expression analysis using RT-PCR.
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Figure 6. Cardiac lineages can be produced from hgPSCs.
A). Cells of the SSC-enriched fraction are cultured in medium containing GDNF for four
days. The fraction is full of cells positive for various SSC markers including SSEA4. B)
After four days, the medium is switched to a basic hESC medium containing bFGF and
serum replacement. Cells are incubated for at least 10 days, after which rt-PCR shows
evidence of all four Yamanaka factors plus nanog and CD73. C) Switching hESC
medium for cardiac differentiation medium results in growth and morphologically darker
looking colonies. RT-PCR shows expression of 9 out of 10 cardiac genes within 10 days
of differentiation. D-I) Confocal analyses show protein expression of specific cardiac
genes including nuclear staining of Nkx2.5 (F arrows). Arrows in D and E point to areas
positive for cardiac troponin (cTNT), while arrowheads point to nuclear Nkx2.5 staining.
Dapi staining in E identifies the nuclei. Arrows in G and H point to distinct filaments of
cardiac actin. The DIC image in H reveals the actin fibers within healthy cells. J-M)
Transfection of colonies with a cMHC-GFP further confirms cardiac gene expression.
Arrow in J points to a GFP positive colony. Arrowheads point to untransfected colonies.
These untransfected colonies serve as an internal control ruling out autofluorescence. L)
Arrows point to cells within the colony expressing cMHC-GFP. K and M) Phase contrast
views show healthy colonies.
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The procedure begins with 1g pieces of human testes tissue. Individual tissue samples are thawed,
and the SSC-enriched fraction (Figure 6A) is isolated using the protocol from (116) and expressed
SSC markers in Figure 6A’). Each sample yields ~500 hgPSC colonies. SSCs undergo dedifferentiation to form hgPSCs when cultured in hESC medium for 10 days. Distinct hgPSC
colonies begin to form after 2-3 days and each Yamanaka factor (SOX2, OCT4, LIN28, KLF4) as
well as other stemness factors, NANOG and CD73, are expressed (Figure 6B). CD73 represents a
marker for newly described endogenous plastic somatic cells (ePSCs; (132) Figure 6B’). All are
detected in colonies after 10-14 days in culture. It is important to note that unlike iPSCs, which
need exogenous expression of Yamanaka factors, these same factors are endogenously expressed
and regulated in hgPSCs. Upon differentiation of hgPSC colonies, expression of cardiac genes is
usually detected ~10 days of culture (Figure 6C-C’). Confocal microscopy verified distinct
cardiac protein expression (Figure 6D-I), while transient transfection with a cardiac MHCpromoter reporter construct confirmed induction of the cardiac lineage (Figure 6J-L).

To test the ability of hgPSC-derived CiCs to express cardioprotective paracrine factors, we
utilized the cMHC-GFP construct to pick cardiac-lineage colonies from the surrounding
fibroblast-like cells.
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Figure 7. Day 10 cardiac colonies express pro-cardiac regenerative
paracrine factors.
A) RT-PCR shows expression of seven pro-cardiac regenerative paracrine
factors. B-D) Immunofluorescent and DIC analyses using antibodies
directed against IGF-1 and NRG-1 show colonies staining positive for both
paracrine factors. Arrowheads in B and C point to regions of variable
staining within colonies. Asterisks highlight fibroblasts that can emanate
from colonies. They show no fluorescent staining. E) Expression of most
pluripotency genes is below the level of detection in differentiated
colonies. NANOG and CD73 are expressed; however, nanog expression has
been reported at low levels by [133] and CD73 expression has been reported
as necessary for cardiac development [137]. F) Genes known to inhibit
teratoma formation are expressed in hgPSC-derived cardiomyocytes.
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We then assayed for cardio-protective paracrine factor expression (99, 104). Strong gene expression
of each paracrine factor was detected (Figure 7A), while protein expression for two paracrine
proteins in particular, IGF-1 and NRG1, was also very strong (Figure 7B-D). Expression of IGF-1
and NRG-1 has recently been shown to be important for inducing surrounding healthy cardiac
tissue to both proliferate and differentiate into the ischemic region (99, 104). NRG-1 is of special
interest because of its potential for translation into the clinic for treating infarcts (99). These data
reveal that expression of paracrine factors is relatively robust within hgPSC-derived cardiac
lineage cells after 21 days of differentiation. To our knowledge, this is the first evidence that
hgPSC-induced CiCs express these factors.

DIFFERENTIATED HGPSCS SHOW LOSS OF PLURIPOTENCY AND TERATOMA
FORMATION
For quality-control issues, it was important to confirm that hgPSCs lost their ability to form
teratomas. First, using RT-PCR, we verified that virtually all of the pluripotency genes were
down regulated (Figure 7E); however, there was weak expression of Nanog and CD73 in
cardiomyocytes. Through literature search, we found that Nanog can be expressed in the
myocardium of rats (133) and CD73 is needed for successful differentiation into cardiomyocytes
(134)

(Figure 7E). Equally as important to identifying loss of pluripotency was identifying

molecularly, the ability (or loss of) of these cells to form teratomas. The RT-PCR data in Figure
7F clearly show expression of three genes, DND1 and p19 CDKI and p18ink4C in hgPSCs–derived
cardiomycoytes (135). The expression of these genes is consistent with the loss of teratoma
formation in hgPSCs and CiCs (135-136). As a result, cardiomyocytes differentiated from hgPSCs
are molecularly incapable of forming teratomas. We also performed a no- RT control on p18INK4C
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primers because they sit on one exon and observed that there was no genomic DNA
contamination in both hgPSCs and CiCs.

QUICK, EFFICIENT EXPANSION OF HGPSCS USING HGPSC EXPANSION MEDIUM
(GEM)
The data preceding figure 8 were acquired from primary hgPSCs and cardiac cells
differentiated directly from primary hgPSC colonies. However, we found that while hgPSCderived cardiac cells showed much promise for eventual cardiac repair, it was somewhat
painstaking to accumulate the number of cells that would be needed for injection into a patient.
Months were needed to generate enough biological material from 1g biopsy-sized pieces of testes.
As a result, we modified a cellular reprogramming technique by (120) and applied it to hgPSCs to
determine if we could expand the hgPSC population more quickly (and using no animal
components) when compared to conventional expansion protocols.
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Figure 8. Rapid expansion of hgPSCs in GEM without the loss of stemness.
A) hgPSC colonies grown in hESC medium lose their colony structure
beginning ~5 days post switching to GEM (B). By day 10, most colonies
become individual layers of cobble-stone shaped cells (C-white outline shows
region of cobblestone pattern of cells), which can be expanded indefinitely.
Switching GEM for hESC medium, colonies begin to re-form within 5 days
(D), and by day 10 hgPSC colonies fully return (E). F-G) RT-PCR shows that
these colonies express all the same stem cell factors prior to expansion, which
is confirmed by confocal microscopy. Nuclear staining of OCT4 (647 nm- Far
red), NANOG (594 nm/ Rhodamine- Red), SOX2 (488nm/FITC- Green), and
LIN28 (647 nm- Far red) is prevalent (G). H) 21 days post differentiation, large
dark colonies form, which are all positive for paracrine factor gene expression
(I). J) Western Blot analysis of the colonies shows they are positive for the
cardiac intermediate filament desmin similar to the mouse heart.
Undifferentiated gPSCs are negative for desmin as are mouse embryonic
fibroblasts (MEFs).
Figure 8 illustrates the process of germ cell expansion and subsequent re-establishment of
hgPSCs, followed by their differentiation into cardiac lineages. By day 10 in GEM, the cells
within colonies took on a cobble-stone appearance typical of previous reports (120). While in
GEM, these cells could be expanded indefinitely and quickly; that is, one colony placed in a 96
well plate would typically be split into two wells of a 96 well plate within 7 days.
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Figure 9. Expansion of hgPSCs by traditional conditions
(i.e., by trypsinization and passaging 1:2) or in GEM.
Comparing two different patients, no marked difference was
observed until the second and third passages where GEMgrown hgPSCs grew ~2X faster than conventional growth. By
the fourth passage, GEM-grown colonies re-generated close to
4X more colonies when compared to conventional growth and
passaging. More importantly, those ~4x more colonies were
obtained in almost half the time.
Comparing expansion rates of primary hgPSCs to expanded hgPSCs grown in GEM from two
patients, we found that upon re-establishment in hESC medium, ~4X more colonies were
obtained by the fourth passage when compared to primary hgPSCs grown in conventional culture
medium. More importantly, it took 30 days less time to expand hgPSCs in GEM compared to
primary hgPSCs grown in conventional medium (Figure 9; Table 4). We have expanded hgPSCs
in GEM at least 20X. Re-establishing hgPSC colonies is accomplished by replacing GEM with
hESC medium. Usually within ten days of culture, gene expression patterns match primary
hgPSCs including the expression of all Yamanaka factors, NANOG ((132); Figure 9F). Confocal
microscopy of colonies provided further evidence that these cells retained pluripotent markers
(Figure 9G).
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These re-established hgPSC colonies could then be differentiated down the cardiac pathway
resulting in an expression pattern of paracrine factors similar to that observed in cardiac cells
differentiated from primary hgPSCs (Figure 9H, I). As a result, we conclude that re-established
cardiac colonies are virtually identical to cardiac colonies generated from fresh primary hgPSCs.

18 PARACRINE FACTORS ARE SECRETED BY RE-ESTABLISHED CARDIAC
COLONIES
While it was important to show that cardiomyocytes derived from hgPSCs expressed cardiac and
paracrine factor genes (see Table 1 for paracrine factor list and functions), it was further
necessary to identify their physiological ability to secrete those paracrine factors. A consensus of
at least six paracrine ‘effects’ categories has been endorsed within the literature (99, 109, 137, 138) (see
Table 2). These categories include (Surviving surrounding myocyte survival, myocyte and
endothelial cell proliferation, angiogenesis, and vascularization). Secretion of paracrine factors
would mean they can affect surrounding tissue. To detect secretion, two different methods were
employed. First, after culturing day 21-differentiated CiCs for 0hrs, 12hrs, 24hrs and 48hrs, the
entire complement of medium (1.0 ml) from each time point was directly tested by
immunoprecipitation (IP) using antibodies to specific paracrine factors, followed by antibody
isolation using magnetic protein G-coated beads. The pull-down products were subjected to SDSPAGE, followed by silver stain of the gels. This highly sensitive approach revealed VEGFA,
CTGF, IGF-1, and TGFβ all increasing in concentration over a 48hr period of incubation (Figure
10).
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Figure 10. Immunoprecipitation and western blot analysis of CiC-CM
shows paracrine factor secretion.
A) Silver stained SDS-PAGE gel detected IGF-1 by IP after 12hrs of
culture, increasing in intensity through 48hrs of culture. B). Silver staining
shows TGFß secretion within 12hrs becoming more intense after 48hrs. C)
VEGF is detectable by about 24hrs of culture. D) Western analysis of
CTGF secretion is detected within 24hrs while NRG-1 secretion (E-F) is
detected after 48hrs of culture. Cardiac differentiation of hgPSCs from two
patients are shown for Nrg1. All IP experiments were run with a lane
containing IgG alone to identify the heavy and light chain bands. 2μl from
all samples were analyzed using a nano-drop ND-8000 (Thermo Fisher Inc.)
to normalize protein concentrations. G) ELISA bar graph data shows
quantitative amounts of TGFβ secretion detected within 12-48 hours of
culture. ELISA data confirm the silver stained SDS PAGE gels, which
detected a similar secretion pattern as found in the ELISA.
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The second method we used to detect secreted proteins involved precipitation of proteins from the
medium using 4 volumes of ice-cold ethanol (as published in (126-128)), then separating them by
SDS-PAGE, and probing by Western blot using antibodies directed against each paracrine factor
(Figure 10E and F). This Western blot approach was employed primarily where the antibodies
had not been tested for applications such as I.P.

Here, we found that CTGF and NRG-1 were secreted into the medium by 24-48hrs. When
combined, these data provided strong evidence that hgPSC-derived CiCs secrete paracrine factors
known to be pro-angiogenic and pro-cardiogeneic (99, 104, 139). It is difficult to quantify these data
because secreted “housekeeping” genes are not well characterized for these cells; however, we do
know that the lower level of protein detection for silver-stained gels is in the ~ 1-10ng range. In
an attempt to confirm and quantify what we observed from our silver stain data, we analyzed
media by ELISA (Figure 10G). Since, sensitivity of both ELISA and silver stain are similar (0.110ng of protein), the ELISA data confirmed what we observed in the silver stains; TGFβ is
secreted within the 1-10ng/ml range within 48 hrs of culture. More specifically, our silver stain
results showed that from 10µl of sample media loaded into each well, ~5.0 x 105 cells secrete
paracrine factors in the 1-10ng/ml range by 48 hrs of culture. Figure 10G illustrates ELISA data
showing a gradual increase of TGFβ from 0h to 24h, with very little change in secretion between
24h and 48h of incubation. According to Beck et al (140), the active form of TGFβ can last for over
a day after which it is subjected to various types of degradation. This observation by Beck et al
(140)

may be the reason for the slight decrease we see at 48 hours compared to 24 hours as some of

the TGFβ might have started to degrade by 48 hours. Most importantly, however, is that these
TGFβ ELISA data confirm the silver stain results. The concentration of each paracrine factor is
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well within range for effecting of surrounding tissues (Figure 10). These data are the first to show
that hgPSC-derived CiCs not only express, but also secrete cardio-protective paracrine effectors.

Figure 11. A-F) ELISA analyses performed on CiC-CM collected from Day 11-Day 14
of cardiac differentiation.
Each bar (grey, green, blue and red bars) represents 24h, 48h and 72h timepoints where
media was added from Day 8-13 of cardiac differentiation. Concentration of each paracrine
factor was measured in pg/ml or ng/ml (Y-axis) and compared to two negative controlsregular CiC media (0h) and CM derived from hgPSCs (hgPSC-CM). There was a significant
difference between hgPSC-CM and CiC-CM from Day 14. A) NRG1b B) Active TGFß C)
VEGF D) Angiopoietin-1 (Ang-1) E) Hepatocyte growth factor (HGF) F) Insulin growth
factor- 1 (IGF-1) (ng/ml). Additional cardioprotective factors were identified using
angiogenesis dot blot arrays (G) and cytokine dot blot arrays (I) in CiC-CM compared to
regular CiC differentiation media (0h). A pair of black spots signify expression levels of
each cardioprotective factor. Black boxes are positive and negative controls, white boxes are
the additional factors found in both arrays, purple boxes are proteins that did not change, and
red boxes are proteins that were shown in the ELISAs. H and J) Black spots were quantified
from Angiogenesis array (H) and Cytokine array (J) as pixel intensity using photoshop.
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To ‘quantify’ the paracrine factors secreted by CiCs, 1.5 mls of cardiac differentiation media
were added to ~300-350 CiCs in separate wells from Days 8 through Day 13 of culture and
incubated for 24h, 48h and 72h. Subsequently, CiC-CM samples were collected at Day 11-Day
14 of cardiac differentiation. 50-100ul of CiC-CM were assayed by multiple ELISAs and
concentrations of paracrine factors were calculated in pg/ml or ng/ml and plotted as bar graphs.
CiC-CM samples collected at Day 11- Day 14 of differentiation were compared against CM
derived from hgPSCs (hgPSC-CM) and 0h (DMEM+20%SR). Figure 11A-F shows various
paracrine factors including NRG-1b, TGFß, VEGFA, ANG-1, HGF and IGF-1 detected in CiCCM. From these data, we observed that all paracrine factors were stably secreted from Day 11Day 14 of cardiac differentiation. The secretion levels for all P.F.s observed at Day 14 were
significantly higher than levels observed in CM derived from hgPSCs and 0h media
(DMEM+20%SR only). These results suggested that CiCs continuously secrete increasing levels
of all 6 paracrine factors for multiple days. This observation led to the hypothesis (To be tested
below) that CiCs can create a cardioprotective microenvironment in and around the infarcted
area.

Further analyses were carried out to calculate approximate secretion levels of each paracrine
factor. Table 5 shows the amount of each paracrine factor secreted by 1 CiC at Day 14 of cardiac
differentiation. Dot blot assays were then employed as a medium-throughput assay to identify a
larger cohort of cardioprotective factors secreted by CiCs (Figure 11G and I). To quantify spot
intensity, a bar graph was generated to compare different protein amounts between 0h and Day 13
CiC-CM samples (Figure 11H and J). Factors including TSP-1, TIMP-1, SERPINE1, SERPINF,
IGFBP 1-3, MCP-1, IL-8 and Pentraxin were all significantly increased in Day 13 CiC-CM
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compared to 0h. Table 1 defines known function/s of each identified protein in resolving cardiac
fibrosis
HGPSC-DERIVED CARDIOMYOCYTES CAN INTEGRATE TO BEATING CARDIAC
TISSUE IN VIVO
We next wanted to determine if hgPSC-derived CiCs could fuse with beating heart tissue. Many
different animal models have been utilized, with rodent hearts being the most prevalently used
model system, to demonstrate infiltration and integration-ability of various types of stem cells
within cardiac tissue (112, 141). One problem with rodent model systems for human stem cell
research, however, is that the normal beat-rate for mouse hearts can vary between 400-600
beats/minute. The dramatic difference between human cardiac cells and rodent hearts has been
reported to create incompatible physiological variances that can skew results (112). As a result, we
chose the mouse fetal heart as a ‘better’, more physiologically compatible model system for
transplanting cardiac-specific, GFP labeled, hgPSC-derived CiCs. This model system is better
than adult cardiac model systems because the mouse fetal heart beats at ~60-70 beats/min, which
is very similar physiologically to the human heart.
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Figure 12. hgPSC-derived cardiac colonies can fuse with beating cardiac
tissue.
A-B) E9.5 fetal hearts were isolated from mouse embryos using Dumont #5
forceps. 10-15 fetal hearts were placed in one well of a 96 well plate and cMHCGFP positive colonies were mouth pipetted into crevasses within the beating heart
or simply overlaid onto the hearts. 24 hours later, hearts were analyzed live using
a Leica stereoscope equipped with fluorescence. Hearts containing green areas
were then fixed, stained for CNX43, and Dapi and visualized by confocal
microscopy. C) Multiple GFP-positive regions were evident (arrows). D-E)
Higher magnification clearly showed GFP positive cells fused to cardiac tissue
via gap junctions (Arrowheads) on the same focal plane as surround heart tissue.

cMHC-GFP-positive hgPSC-derived CiCs were physically isolated by mouth pipette using a
Leica Fluorescent stereoscope. GFP+ Colonies were then pipetted into tight crevices within the
heart tube so that they could not fall away from the beating heart tube. Each well of the 96 well
plate contained 10-15 fetal hearts, which forced virtually all loose cardiac colonies to remain in
close contact with cardiac tissue. After 48hrs of incubation, fetal hearts were observed live using
the same fluorescent stereoscope to identify GFP (+) areas. Upon detection, fetal hearts were
fixed in 3.0% formaldehyde for 2hrs, followed by processing for immunofluorescence using an
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antibody for the cardiac gap junction protein Connexin43 (CNX43). Multiple areas of GFP
labeled cells were visibly co-stained with the gap junction protein CNX43 providing evidence
that the hgPSC-derived CiCs directly fused with the mouse cardiac tissue. Fusion of GFP labeled
cells was observed in 8 out of the 10 fetal hearts.

RECOMBINANT PARACRINE FACTOR COCKTAIL SIGNIFICANTLY REDUCES
FIBROTIC GENE/PROTEIN LEVELS IN TGFß-ACTIVATED HCFS
The rationale behind this experiment was to create an in vitro cardiac fibrosis disease model that
would help mirror the sequence of events that occur after an MI in the adult heart. To achieve
this, human cardiac fibroblasts were treated with 10ng/ml recombinant human TGFß for 72 hours
to induce activation (77).
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Figure 13. qPCR on untreated HCFs, 72h TGFß treated HCFs and 72h TGFß plus all
paracrine factor treated HCFs probing for cardiac fibrosis genes.
ASMA (Alpha smooth muscle actin) (A), PER (Periostin) (B), COL I (Collagen 1) (C),
CD90 (Cluster of Differentiation 90) (D). Gene expression levels (ddct) were measured
relative to GAPDH and were compared to untreated HCFs (positive control). Gene
expression levels in 72h TGFß HCFs were significantly higher compared to untreated HCFs
and 72h TGFß all (p<0.001) whereas ASMA and CD90 gene expression levels in untreated
compared to 72h TGFß+ all PFs were not statistically significant (ASMA p value= 0.72;
CD90 p value= 0.096). Western blot analyses were performed on 0h HCFs, (24h-72h) TGFß
treated HCFs and (24-72h PF treated HCFs) probing for COL 1 (140kd) (E), PER (100kd)
(E) and ASMA (42kd) (H). Vimentin was used as a loading control in these experiments.
All three fibrotic protein expression levels were quantified as: Periostin/Vimentin band
density ratio (F), Collagen 1A1/Vimentin band density ratio (G), ASMA/Vimentin band
density ratio (I) using Image J. Significant increase was observed in 72h TGFß compared to
0h HCFs (p<0.0001). Additionally, there was a significant decrease observed in 72h PF
treated HCFs compared to 72h TGFß treated HCFs (P<0.0001). No significant difference of
all three proteins were observed between PF treated HCFs and 0h HCFs.
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From figure 13, qPCR analyses provided evidence that after 72h of TGFß treatment, there were
increased gene expression levels of all cardiac fibrotic markers including ASMA (A), PER (B),
COL I (C) when compared to resident cardiac fibroblasts (untreated/inactivated HCFs). CD90
expression, a marker for resident inactivated cardiac fibroblasts is completely lost in TGFß
treated HCFs (Figure 13D).

It has been reported that various paracrine factors can counteract HCF activation (6,18,19). Using
this information, we combined a unique set of paracrine factors to identify the efficacy of a
paracrine factor cocktail in suppressing HCF activation. Treatment of HCFs with TGFß, followed
by culturing in recombinant paracrine factor cocktail (rPF) (Table 2), decreased all fibrotic gene
expression after 72hrs (Figure 13A-D). These data provide evidence that activation of HCFs is
prevented or reversed when treated with recombinant PFs. Furthermore, CD90 expression levels
that were lost in TGFß treated HCFs were restored in rPF treated HCFs. Confirming our qPCR
analyses, a concomitant check of protein levels showed significant suppression levels of fibrotic
markers in rPF treated HCFs (Figure 13E-I).

HGPSC-CIC DERIVED CONDITIONED MEDIA (CIC-CM) SIGNIFICANTLY
REDUCES FIBROTIC GENE/PROTEIN LEVELS IN TGFß ACTIVATED HCFS
Next, we tested whether the effects of conditioned media taken from hgPSC-derived cardiac
inducing colonies (CiC-CM) were similar to the effects exerted by rPFs using in vitro activated
HCFs. Positive control wells consisted of treating HCFs with 10ng/ml recombinant TGFß
followed by extracting RNA after 72h treatment. For the experimental wells, we added CiC-CM
to TGFß treated HCFs (TGFß/CiC-CM) and then incubated for 72h followed by RNA extraction.
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Figure 14. qPCR on 0h HCFs, 72h TGFß treated HCFs and 72h TGFß +
CiC-CM treated HCFs probing for cardiac fibrosis genes.
A-D) qPCR was performed on 0h HCFs, 72h TGFß treated HCFs (72h
TGFß) and 72h TGFß + CiC-CM treated HCFs (72h CiC-CM) probing for
cardiac fibrosis genes ASMA (A), COL 1(B), PER (C). CD90 (D) is expressed
primarily in 0h HCFs and is lost in TGFß treated HCFs. Gene expression
levels (ddct) were measured relative to GAPDH and were compared to
untreated HCFs (positive control). Gene expression levels in 72h TGFß HCFs
were significantly higher compared to 0h HCFs and 72h CiC-CM HCFs
(p<0.0001) whereas ASMA and CD90 gene expression levels in untreated and
72h CiC-CM HCFs were not statistically significant (ASMA p value= 0.14;
CD90 p value= 0.338). E, F, I) Western blot analyses performed on untreated
HCFs, 72h TGFß HCFs and 9 different samples of 72h CiC-CM HCFs
probing for Periostin (100kd) (E), Collagen 1A1 (140kd) (F), Alpha smooth
muscle actin (42kd) (ASMA) (I). Vimentin was used as a loading control in
all western blot experiments. F,H, J) All three fibrotic protein expression
levels were quantified as: Periostin/Vimentin band density ratio (F), Collagen
1A1/Vimentin band density ratio (H), ASMA/Vimentin band density ratio (J)
using Image J. There was significant increase in all three fibrotic proteins
observed in 72h TGFß compared to untreated HCFs (p<0.0001). Additionally,
there was a significant decrease observed in 72h CiC-CM treated HCFs
compared to 72h TGFß treated HCFs (P<0.0001).
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HCFs treated with TGFß for 72 hours, followed by culture in CiC-CM express significantly
decreased levels of ASMA, PER, and COL 1 as compared to 72h TGFß treated HCFs (Figure 14
A-C). CD90 expression was restored in CiC-CM treated HCFs when compared to untreated
HCFs (Figure 14 D). Fibrotic protein expression levels in TGFß treated HCFs compared to
TGFß/CiC-CM treated HCFs were measured in Figure 14 E-J. ASMA, PER, COL I protein levels
in TGFß/CiC-CM treated HCFs were significantly downregulated compared to TGFß treated
HCFs.

Figure 15. Tunel assay on HCFs after treatment with paracrine factors (P.F.s) or
CiC-CM.
A-I) Examples of fluorescence Tunel results show virtually no Tunel-positive nuclei
in untreated (A-C) or 24hrs of CiC-CM treatment (D-F). The positive control treated
with 3000 u/ml of DNAse 1 for 10 min at 15-25 degrees results in a vast number of
Tunel positive (green) nuclei (G-I). J) graph quantifies the percent of Tunel positive
nuclei at each time point.
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To safely conclude that decline in fibrotic proteins observed in Figure 13-14 were not due to
apoptotic death of HCFs caused by rPF and CiC-CM, a TUNEL assay on untreated HCFs, rPF
treated HCFs and CiC-CM treated HCFs showed virtually no cell death caused by both treatments
compared to positive control (Figure 15A-J).

RECOMBINANT PARACRINE FACTOR COCKTAIL AND CIC-CM DECREASES
COLLAGEN I/III, AND PERIOSTIN EXPRESSION IN HCFS IN A MODEL MI
The data found in Figure 13 identified the effects of an rPF cocktail on statically grown HCFs.
Although informative, those data did not tell us how a rPF cocktail could affect HCFs in an MI
setting. As a result, we tested the effects of rPF cocktail on Collagen I expression within
migrating HCFs.
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Figure 16. rPF cocktail and CiC-CM decreased collagen I/III and Periostin
expression in activated HCFs in model MI.
A) Equal amounts of HCMs and HCFs were plated in an ibidi insert in a 24 well plate.
After 24 hours of plating, the inserts were removed. One set of wells (left) were treated
with recombinant TGFß for 48 hours. The other set of wells (right) were treated with
TGFß followed by recombinant paracrine factor cocktail (rPF) for 48 hours. Both sets
of wells were then fixed and stained with antibodies against Collagen 1 (red) and
Vimentin (green). White lines created by the ibidi inserts outline the 500um area
(model MI). TGFß treated co-culture showed increased number of collagen/vimentin
(+) HCFs migrated into the 500um area whereas rPF treated co-culture showed a
smaller number of collagen/vimentin + HCFs. DAPI stained nuclei of HCFs and
HCMs. B) Collagen/Vimentin (+) HCFs from both treatments were counted from the
500um area and plotted as a bar graph. Statistical analyses showed that there was a
significant decrease in collagen/vimentin (+) HCFs in the 500um area in rPF treated coculture compared to TGFß treatment. C) Untreated HCFs (left panel), 72h TGFß
treated HCFs (middle panel) and 72h TGFß followed by CiC-CM treated HCFs (72h
CiC-CM treated HCFs) (right panel) were fixed and stained for antibodies against
Collagen III (C) and Periostin (D). C’-D’) Vimentin staining for both Collagen III and
Periostin was performed for all three treatments as a control. Phase contrast imaging
was done to show that HCFs looked healthy and normal.

Culturing HCFs in ibidi inserts mimicked the formation of a model MI post clearance of dead
cardiomyocytes. All wells of a 24-well plate were coated with proprietary fibronectin network
similar to that found in the heart. HCFs are key players during the process of post MI clearance as
they migrate into the wound and lay down new ECM, which eventually leads to a collagenous
scar. After plating equal amounts of HCFs in both chambers, the inserts were removed after 24
hours. The space coated with fibronectin is analogous to the formation of a 500um model MI
area. TGFß was then added to all wells and cells were cultured for 48 hours. Another set of wells
were treated with rPF cocktail and cultured for 48 hours. Both sets of wells were fixed and
stained for Collagen and Vimentin. A significant difference was observed and measured for
Collagen/Vimentin between TGFß-treated and rPF treated HCFs within model MI (Figure 16AB). This set of data provided evidence that there were significantly fewer Collagen/Vimentin (+)
HCFs in the model MI in rPF treated wells as compared to TGFß treated wells.
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In another set of experiments, three sets of HCFs were used: Set 1: Untreated HCFs; Set 2: 72
hour TGFß treated HCFs; Set 3: 72h TGFß/CiC-CM treated HCFs. All three sets were fixed and
stained for Collagen III/ Vimentin, Periostin/ Vimentin, Alpha Smooth Muscle Actin (ASMA)/
Vimentin (Figure 16C-D). These sets of data provided evidence that there is a decreased
expression of Collagen III, Periostin and ASMA in 72h TGFß/CiC-CM HCFs compared to 72h
TGFß HCFs. Vimentin staining was done for each treatment as an internal control for HCFs
(Figure 16C’-D’).

CIC-CM EFFECTS ON MIGRATION OF HCFS AND HCMS INTO THE MODEL MI
Based on the HCF activation data (Figure 13), we next wanted to identify if HCF activation could
suppress HCM migration into a MI model. This result would be important because it would
identify an in vitro model for initiation of a myocardial scar.
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Figure 17. CiC-CM effects on migration of HCFs and HCMs into the model MI.
A) Equal amounts of HCFs and HCMs were plated in ibidi inserts in wells of a 24-well plate.
After removal of inserts, set of wells (top panel) were treated with TGFß, set of wells (middle
panel) were treated with TGFß followed by recombinant paracrine factor cocktail (rPF), set of
wells (last panel) were treated with TGFß followed by CiC-CM. Wells were then fixed and
stained with antibodies against vimentin (green) and desmin (red). White lines outlined the
500um area (model MI) that was created after inserts were removed. Another area was marked
with black lines (left panel) which was the 200um area. Top panel: TGFß treated co-culture:
more vimentin (+) HCFs (green) and fewer desmin (red) (+) HCMs migrated into the 500um
area (left) and these HCFs migrated deeper into the model MI (higher magnification of 200um
area- top right panel). Middle panel: rPF treated co-culture: presence of vimentin (+) HCFs,
however, more desmin+ HCMs that migrated into the 500um (middle left panel) and 200um
area (higher magnification- middle right panel). Bottom panel: CiC-CM treated co-culture:
presence of vimentin + HCFs, but increased number of desmin + HCMs in the 500um and
deeper into the model MI (200um area) (Bottom right). Desmin (+) HCMs and Vimentin (+)
HCFs were counted from the 500um (B) and 200um area (C) from all treatments and plotted
as a ratio.

To test this idea, equal numbers of HCFs and HCMs were cocultured in both chambers of ibidi
inserts. Three sets of cells in a 24-well dish were tested. Set1: TGFß treated co-culture; Set 2:
TGFß+rPF treated co-culture; Set 3: TGFß+CiC-CM added to co-culture. After 24 hours, the
inserts were removed from all of the wells. 48 hours later, all the wells were fixed and stained
with Vimentin and Desmin. In the 48 hours TGFß treated co-culture, higher numbers of vimentin
(+) (green) HCFs migrated into the model MI compared to PF treated co-culture and CiC-CM
treated co-culture (Figure 13A). Conversely, greater numbers of desmin (+) HCMs had migrated
into the area in both rPF and CiC-CM treated co-culture when compared to TGFß treated coculture. The data from Figures 11, 13-14 provided mechanistic evidence for these migration
results: the CiC-CM does not prevent fibroblasts from entering the model MI; however, CiC-CM
does prevent HCF activation when compared to TGFß treatment alone. To quantify HCM/HCF
distribution, desmin (+) and vimentin (+) cells were counted in the model MI (500um) and a
deeper 200um area and plotted as ratios (HCMs:HCFs) from all three treatments (Figure 17B and
C). The 200um area is outlined in this experiment because it was essential to assess how deep
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HCMs could migrate into the model infarct. Normalizing the number of HCFs to 1, it was found
that in both rPF and CiC-CM treatments, significantly more HCMs migrated deep into the infarct
(200um area).

CIC-CM EFFECTS ON HCM CELL CYCLE
Based on the HCM migration data (Figure 17), cells could enter the MI model by cell division,
cell migration or both.
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Figure 18. CiC-CM effects on HCM cell cycle.
A-D) Cell cycle analysis using antibodies to PCNA show CiC-CM pushes HCMs into the
cell cycle. A) HCMs treated with DMEM media alone shows a few nuclei staining
positive for PCNA (red). B) rPF treated HCMs show significantly more nuclei staining
positive for PCNA than untreated HCMs. C) HCMs treated with CiC-CM also show
significantly more PCNA positive nuclei when compared to untreated HCMs. D) Graph of
each treatment illustrates the percentage of PCNA-positive nuclei for each experiment
(N=3) and the average for each experiment (Avg). Green staining = desmin. E) qPCR
analyses were done on untreated HCMs, 72h TGFß HCMs, 72h CiC-CM HCMs probing
for CDK-1 (blue), CYCLIN D1 (orange), CYCLIN B1 (grey) genes. Gene expression levels
were plotted relative to GAPDH and expression levels seen in untreated HCMs were
normalized to 1. F-K) CYCLIN D2 was analyzed in HCMs moving into a model MI using
immunofluorescence after culturing for 24hrs in CiC-CM or control DMEM. F-H) Few
CYCLIND2 positive cells (Red) are present after 24hrs within the 500um region in control
DMEM treatment. I-K) Markedly more HCM nuclei were positive for CYCLIN D2 within
the 500um region. Arrows point to examples of positive nuclei. L) Number of CYCLIN
D2+ nuclei were counted from the 500um area for both treatments and number of
CYCLIN D2+ nuclei were significantly higher in CiC-CM treatment were significantly
higher than control DMEM treatment.

We first looked at cell division, HCMs were plated in Ibidi inserts and treated with CiC-CM.
After 48 hours, they were then fixed and stained for PCNA (Figure 18A-C). PCNA (also known
as proliferating cell nuclear antigen) is a non-histone nuclear protein expressed in proliferating
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cells throughout the cell cycle. PCNA staining identified ~22% +/- 2.5% of PCNA (+) nuclei in
CiC-CM treatment and 20% +/- 2.0% of PCNA (+) nuclei in rPF treatment. Interestingly, both
treatments were significantly higher than the ~4% +/- 0.5% of PCNA (+) nuclei observed in
untreated HCMs.

Adult human cardiomyocytes have been shown in vivo to re-enter the cell cycle following
myocardial injury by activation of nuclear cyclin D2 (28). Using the same experimental setup as
Figure 16, we observed significantly more CYCLIN D2 (+) HCMs within the model MI after
treatment with CiC-CM for 24 hours compared to untreated HCMs (Figure 18E-J) and CYCLIN
D2+ HCMs were counted in the 500um area and compared to untreated HCMs in Figure 18L.

In addition to cyclin D2, recent work done by Srivastava et al provided evidence that four cell
cycle regulators (Cyclin D1, Cyclin B1, CDK1 and CDK4) combinatorially induce cell division
in post-mitotic human cardiomyocytes. These four genes induce re-entry of surviving
cardiomyocytes into the cell cycle after damage (84). The work shown by Srivastava et al led us to
hypothesize two things: 1) CiC-CM possessed the ability to induce expression of some of these
cell cycle regulators in cultured HCMs leading to re-population of the model MI, 2) Upon
removal of CiC-CM, HCMs should revert or exit the cell cycle once they have re-populated the
model MI. Figure 18K shows significant increase in CYCLIN D1, CYCLIN B1 and CDK-1 gene
expression in 24h CiC-CM treated HCMs compared to untreated HCMs. Upon removal of CiCCM from cultured HCMs (24h CM 24h no CM), gene expression levels of all three cell cycle
regulators drastically decrease to almost similar levels to untreated HCMs. Taken together these
data suggest that CiC-CM induce nuclear translocation of Cyclin D2, increase gene expression
levels of CYCLIN D1, CYCLIN B1and CDK-1 in HCMs thereby stimulating them to enter the cell
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cycle, which contributes to their re-populating the model MI. Interestingly, replacing CiC-CM
with differentiation media results in down-regulation of these cell cycle regulators.

CIC-CM EFFECT ON MIGRATION OF HCMS AND HUVECS INTO THE MODEL MI
HCMs could also populate the model MI by migration.
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Figure 19. CiC-CM effects on HCM migration into model MI.
Equal amounts of HCMs were plated in ibidi inserts placed in wells of a 24-well dish. After
removal of ibidi inserts, wells were treated with two different CiC-CM (CM #60 and CM #35)
for 24 hours. Consequently, treated and untreated wells were fixed and stained for antibodies
against rhodamine phalloidin (red) and vinculin (green). A) Vinculin staining of untreated
HCMs; B) Rhodamine-Phalloidin staining of untreated HCMs. C) Merged
(Vinculin/Rhodamine) staining of untreated HCMs. Fewer Rhodamine/Vinculin (+) HCMs
migrated in the 500um area in (A-C). D) Vinculin staining of CiC-CM (CM #60) treated
HCMs. E) Rhodamine-Phalloidin staining of CiC-CM (CM #60) treated HCMs F) Merged
staining of CiC-CM (CM #60) treated HCMs. Increased Vinculin/Rhodamine staining on the
leading edges of HCMs that migrated into the 500um area compared to untreated HCMs. G)
Vinculin (+) HCMs found in the 500um area were counted in all three treatments and plotted
as a bar graph and averaged. Statistical analyses showed that there was a significant increase in
migration of vinculin (+) HCMs in both CiC-CM treatments compared to untreated. H-I) CiCCM treated HCMs were stained with an antibody against RAC1 GTP. Several HCMs
migrating deeper into the model MI (200um) expressed RAC1 GTP on the leading edges
(arrow heads). J) GTP RAC1 positive HCMs were counted in the 200um area in untreated,
CiC-CM (CM #35) and CiC-CM (CM #60) treated samples and plotted as a bar graph and
averaged. Statistical analyses showed that there was a significant increase in GTP RAC1(+)
HCMs in both CiC-CM treatments compared to untreated.

To delve further into HCM migration potentials, equal amounts of HCMs were plated in ibidi
inserts for 24 hours. The inserts were removed and HCMs were treated with and without CiC-CM
for 24 hours. HCMs were then fixed and stained with Vinculin (actin binding protein that binds to
focal complexes at the leading edges of HCMs/periphery of HCMs) and Rhodamine Phalloidin
(binds to F-actin network) (Figure 19A-F). While untreated HCMs stained positive for both
vinculin and phalloidin and migrated into the model MI (Figure 15A-C), significantly higher
numbers of vinculin/phalloidin (+) HCMs migrated into the 500um area after treatment with CiCCM (Figure 19D-F). Number of vinculin/phalloidin (+) HCMs in the model MI in two different
CiC-CM treatments were quantified as a bar graph and were significantly higher compared to
Untreated (Figure 19G). Using the same experimental setup from Figure 19A-G, HCMs were
then fixed after 24 hour treatment with CiC-CM and stained with an antibody directed against
active RAC and DAPI. HCMs treated for 24hr with CiC-CM exhibited active RAC expression
around the leading edges as they moved into the model MI area in Figure 19H and 19I. RAC (+)
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HCMs were counted in the 200um area in untreated and both CiC-CM treated HCMs in Figure
19J. Higher numbers of active RAC positive HCMs were detected in the model MI area in both
CiC-CM treated HCMs as compared to untreated HCMs. As a result, the data suggest that CiCCM treated HCMs migrate into the model MI through actin polymerization orchestrated by
activation of Rac.

To test our earlier hypothesis that CiCs could set up a cardioprotective microenvironment, we
next devised a set of experiments to confirm the ability of CiCs to chemically “attract” HCMs.
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Figure 20. CiC-CM was tested for its ability to attract HCMs using ionic
beads. HCMs were grown in an Ibid Inc. insert to localize cells to a single
region of a 24-well dish. Ionic beads were then placed in the opposite well of
the Ibid Inc. insert. A-C) Beads that were soaked for 1 hr in PBS + all five
paracrine factors, followed by 3 washes in PBS revealed HCMs surrounding
each bead (arrowheads) after 24hrs of culture. The focal plane is roughly on
the equator of the beads. D-F) Beads were soaked in CiC-CM for 1hr,
followed by 24hrs of culture with HCMs. Virtually every bead was
surrounded by HCMs (arrowheads). G-I) Beads (arrows) soaked in DMEM
(+20% serum replacement) showed virtually no HCMs attached to them. J)
Graph show the average number of HCMs/bead measured roughly around the
bead equator. Significantly more HCMs were attached to CiC-CM-treated
beads compared to DMEM (20%SR) only. K) Proof of point ELISA
experiment shows that the beads soaked in VEGF for 1 hour secrete that
paracrine factor into the medium in pg amounts after 15 minutes. After 2hrs,
ELISA showed that the amount of VEGF detected in the medium triples.
Specifically, ionic beads were soaked for 1 hour in either rPF cocktail (rPF), CiC-CM or control
DMEM + 20%SR (Figure 20A-I). These beads were then plated in one of the chambers of an
Ibidi insert and HCMs were plated in the other chamber. Inserts were then removed. After
incubation for 24 hours, we observed a marked number of desmin positive HCMs surrounded
each bead in rPF treatment (Figure 20A-C); however, beads soaked in CiC-CM resulted in
virtually every bead surrounded by desmin (+) HCMs (Figure 20D-F). As a negative control,
beads soaked in regular DMEM+20% SR media for 1 hour resulted in few HCMs attached to the
beads (Figure 20G-I). Quantifying HCMs/bead for each treatment revealed significantly more
HCMs attached to CiC-CM and rPF soaked beads compared to control DMEM+20%SR-soaked
beads (Figure 20J). To show that these soaked ionic beads have the capability to secrete either
rPF or factors from CiC-CM that caused HCMs to migrate towards them, we performed a proof
of point ELISA experiment (Figure 20K). Soaking beads in 100ng/ml VEGF for 1hr and then two
washes in PBS resulted in beads secreting 18.52 pg/ml of VEGF into the medium at 15 minutes
and triple the amount 34.57 pg/ml after two hours (Figure 20K). Based on these data, the ionic
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bead model system provides good evidence that CiCs themselves could be used to attract HCMs
into the model MI.

To take this a step further, we used the same model system and experiment setup to test if CiCCM could also attract HUVEC migration into the model MI.

Figure 21. Conditioned media (CM) was tested for its ability to attract
HUVECs using ionic beads.
HUVECs were grown in 24 well dishes at 1 X 104 cells/well. Ionic beads were then
placed in the wells. A-C) Beads were soaked in CM for 1hr, followed by 24hrs of
culture with HCMs. Virtually every bead was populated by HUVECs (arrows point
to Dapi stained nuclei). B) Same beads and cells as in A except staining with antiVon Willebrand factor to identify the cells as HUVECs (Arrowheads point to
punctate VWF staining. C) Merged A and B images. D) Beads that were soaked for
1 hr in PBS + all five paracrine factors, followed by 3 washes in PBS revealed
HUVECs attached to many beads (arrowheads) after 24hrs of culture. The focal
plane is roughly on the equator of the beads. E) Beads soaked in DMEM (+20%
serum replacement) showed few HUVECs attached to them. F) The graph shows the
average number of HUVECs/bead measured in the same focal plane. Significantly
more HUVECs were attached to CM-treated beads compared to DMEM only.

Figure 21 showed that CiC-CM (Figure 21A-C) and recombinant PF cocktail-soaked beads
(Figure 21D) attracted more vWF (+) HUVECs compared to control media-soaked beads (Figure
21E). Average number of cells/ bead was counted in all treatments and it was shown that there
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were significantly higher number of HUVECs attached to CiC-CM and rPF treated beads
compared to control media treated beads (Figurer 21F).
Next, we tested the mechanism of our CIC-like model system to attract HCMs into the model MI.

58

Figure 22. HCMs were attracted to CiC-CM soaked ionic beads through focal adhesion
sites.
HCMs were grown in an Ibid Inc. insert to localize cells to a single region of a 24-well dish.
Ionic beans were then placed in the opposite well of the Ibid Inc. In this experiment, HCMs
were cultured in DMEM (20% SR) control medium (A-B) or CiC-CM (C-D) for 24 hrs and
then probed for Vinculin (green) and rhodamine phalloidin (red). A-B). HCMs were observed
near control beads, but few were observed aligned with or physically attached to them.
However, HCMs cultured with beads soaked in CiC-CM (C-D) clearly showed HCMs trekking
towards or near beads. Insets show vinculin-positive puncta (arrows) representing focal
adhesion contact sights. The focal plane for this experiment was under the beads using an
inverted TEVO microscope. This focal plane shows the attachment of HCMs to the dish and to
the beads. Numerous focal adhesion contact puncta are visible in HCMs near CiC-CM-treated
beads while few focal adhesion sites were observed in HCMs near control media (20% SR)
treated beads. Actin fibers were also observed at the leading edge of HCMs in the direction of
the CiC-CM-soaked beads (C-D).

Repeating the experiment setup from Figure 20A-K, HCMs were plated in one of the chambers of
the insert and CiC-CM-soaked ionic beads were added to the other chamber (Figure 22C-D). This
setup was also done with control media (DMEM+20%SR) soaked ionic beads (Figure 22A-B).
Inserts were removed and HCMs and beads were incubated for 12 hrs (as opposed to 24 hrs
previously). HCMs and soaked beads were fixed and probed for vinculin and actin. Fewer
HCMs were observed attached and/or migrating towards the control beads (Figure 22A’-B’)
however, significantly more were observed physically attached and/or migrating towards the CiCCM beads (Figure 22C’-D’). Numerous focal adhesion points were seen on the HCMs that were
attached to the CiC-CM-soaked beads as compared to HCMs attached to control media-soaked
beads as shown by vinculin staining. Actin fibers were also observed in the leading edge of
HCMs that were attached to CiC-CM-soaked beads in Figure 22C-D. Combining the data from
Figure 20 and 22, it was concluded that CiCs secrete factors that can attract surrounding HCMs
into a model MI.
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CICS PREVENT COLLAGEN CROSSLINKING (SCAR FORMATION) BY REDUCING
LOXL2 EXPRESSION USING QRT-PCR AND WESTERN BLOT
Hypercrosslinking of collagen fibers leading to excessive collagen deposition is a process
conditioned by LOX enzymes- LOX and LOXL2 leading to LV stiffness and dysfunction.
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Figure 23. CiC-CM effects on collagen crosslinking through downregulation of
LOX/LOXL2.
A) qPCR on Untreated HCFs, 72h TGFß HCFs and 72h CiC-CM HCFs probing for LOX
and LOXL2 were performed. Red bars showed LOXL2 and blue bars showed LOX gene
expression relative to GAPDH in all three samples. There was significant increase in both
gene expression levels in 72h TGFß HCFs compared to untreated HCFs. LOX and LOXL2
gene expression levels were significantly lower in 72h CiC-CM HCFs compared to 72h
TGFß HCFs. LOX and LOXL2 gene expression levels in both 72h CiC-CM HCFs and
untreated HCFs were very similar since statistical analyses showed P>0.05. B) Western blot
analyses on untreated HCFs, 24h-72h TGFß HCFs, and 6 different 72h CiC-CM HCFs
(n=6) samples probing for LOX-PP (35kd) and LOXL2 (100kd) protein expression was
done. Vimentin was used as a loading control. C-E) Images illustrates LOX-PP expression,
localization, and resultant physiology of collagen fibers. C) Untreated HCFs show COL I
expression within cells and a modest network of collagen 1 fibers (arrows), (middle and
right) shows modest staining of LOX-PP (arrowheads) associated with collagen 1 fibers. D)
HCFs cultured for 72 hrs in TGFß resulted in an increase in collagen 1 fibers (left image)
when compared to (C) and clear, elevated staining for LOX-PP (arrowheads in middle and
right images). Arrowheads within white boxes (D’-D’’’) in the merged image identify the
close association of LOX-PP and COL 1 fibers. E) HCFs treated with TGFß for 24hrs
followed by TGFß and CiC-CM for 72hrs resulted in a loose, anastomosing network of
COL 1 fibers (Left image), (middle and right images) LOX-PP expression is markedly
decreased but not completely absent (arrowheads). LOX-PP is observed associated with
fibers (Right merged image) but clearly at lower levels when compared to (C).

To identify if CiCs could reduce Lox and Loxl2 expression, we first tested the effect of CiC-CM
on reducing LOX and LOXL2 RNA by qRT-PCR. Figure 23A showed significantly increased
LOX and LOXL2 gene expression in 72h TGFß treated HCFs compared to resident HCFs (0h).
However, 72h CiC-CM treated HCFs showed significantly decreased lox and loxl2 expression
compared to 72h TGFß treated HCFs. Confirming qRT-PCR data, both LOX pro-enzyme
(~50kd) and mature form (LOX pro peptide LOX-PP) (~35kd) protein were detected at increasing
amounts 24, 48 and 72h TGFß HCFs but both proteins were suppressed in 9 different samples of
CiC-CM treated HCFs compared to untreated HCFs (Figure 23B). We next wanted to determine
LOX-PP localization and collagen fibril assembly and physiology in untreated HCFs, 72h TGFß
HCFs and 72h CiC-CM HCFs. Untreated HCFs showed a modest network of collagen 1 fibers
and LOX-PP associated with collagen 1 fibers within cells. Whereas 72h TGFß treated HCFs
exhibited increased collagen 1 fibers and elevated LOX-PP expression. CiC-CM treated HCFs
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exhibited markedly reduced LOX-PP expression and were associated with a very loose network
of collagen 1 fibers. Taken together these data show that CiC-CM possesses the ability to prevent
‘excessive’ collagen fiber deposition and cross-linking by decreasing both pro-LOX and active
LOX expression in TGFß treated (activated) HCFs.

CIC-CM EFFECT ON SHORT-TERM STAT3 ACTIVATION IN HCMS
During heart development, STAT3 is turned on during late cardiac differentiation and is
responsible for cardiomyocyte differentiation and development. It is a key cardioprotective player
that is activated under acute and chronic stress conditions. Short-term activation of STAT3 in
myocytes is very important as genes like VEGF, BCL-XL are turned on during the sub-acute
phase of MI (34). However, long term activation of STAT3 is detrimental for the heart because it
can lead to aberrant inflammation, which can result in ventricular dysfunction and potential
activation of embryonic genes not conducive to adult cardiac physiology (66,161). Short term
upregulation in STAT3 activity may play an important role in delaying fibrosis by preventing the
heart from oxidative stress and adverse remodeling (33).
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Figure 24. Short term activation of STAT3 in CiC-CM treated HCMs.
A) Untreated HCMs were fixed and stained for DAPI (blue) and P-STAT3 (red) and
merged image (right) showed very weak P-STAT3 staining. B) HCMs treated with CiCCM for 72h revealed some p-STAT3 (+) nuclei (merged image). C) HCMs were first
treated with CiC-CM for 72h followed by withdrawal of CiC-CM for another 24 hours.
CiC-CM treatment followed by withdrawal for 24 hours revealed numerous P-STAT3
(+) nuclei (merged image). D) HCMs were then treated with CiC-CM for 72h followed
by withdrawal of CiC-CM for another 96 hours,which led to a drastic decline in PSTAT3 (+) nuclei. E) P-STAT3 (+) nuclei from all 4 treatments were counted and
plotted as %P-STAT3(+) nuclei and there was a significant increase in both 72h CM
and 72h CM 24h no CM (P<0.001) compared to untreated HCMs. However, there was a
significant decrease in % of P-STAT3 (+) in 72h CM 96h no CM (P<0.01) compared to
untreated HCMs. These sets of data showed that CiC-CM could induce short-term
activation of STAT3, which would potentially lead to turning on of STAT3 target genes
such as VEGFA and Bcl-XL, which are known to be cardioprotective genes.
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Untreated HCMs, 72h CiC-CM and 72h CiC-CM followed by 24h and 96h treatment with CM
HCMs were fixed and stained for STAT3, Desmin and Dapi (Figure 24A-D). Increased
expression of p-STAT3 was detected in nuclei of 72h CiC-CM treated HCMs and a more
dramatic increased expression in 72h CiC-CM followed by 24h CM treatment compared
tountreated HCMs. However, decreased expression of pSTAT3 was observed in HCMs incubated
in 72h CiC-CM followed by 96 hours of media without CiC-CM. Phospho-STAT3/Desmin
double positive HCMs were analyzed and counted in all treatments and plotted in Figure 24E.
There was a significant increase in pSTAT3/Desmin+ HCMs in both 72h CiC-CM and 72h CiCCM followed by 24h CM treatment compared to untreated HCMs. However, there was a
significant decrease observed in HCMs treated for 72h in CiC-CM and then switched to media
without CiC-CM and grew for an additional 96h. This set of data suggests that CiC-CM briefly
turns on p-STAT3 possibly to help induce proliferation of HCMS into the model MI. However, pSTAT3 expression declined in 72h CiC-CM followed by 96h of CiC-free media. The decline in
p-STAT3 expression was important because prolonged STAT3 activation would exacerbate
ventricular dysfunction, inflammation and short-term STAT3 activation would potentially help
delay fibrosis and prevent ventricular remodeling.

EFFECT OF CIC-CM ON INFLAMMATION AND PRO-INFLAMMATORY PLAYERS
Prolonged inflammation during the first phase of myocardial fibrosis has been shown to extend
ischemic insult leading to detrimental conditions including chamber dilation, adverse
cardiomyocyte injury, and heart failure. We wanted to identify the effects of paracrine factors
found in CiC-CM on inflammation and pro-inflammatory proteins. Fibronectin-EDA also known
as alternatively spliced exon-encoding type III repeat extra domain A (EDA) is highly expressed
in activated cardiac fibroblasts (myofibroblasts). After MI, EDA is also known to function by
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activating leukocytes and causing up-regulation of pro-inflammatory cytokines after ischemic
injury.

Figure 25. CiC-CM effects on containment of pro-inflammation and
immunesuppression.
A) Western blot analyses was performed on untreated HCFs, 24-72h TGFß HCFs, 2472h PFs HCFs probing for FN-EDA (~250kd) and Vimentin (Loading control-55kd).
There was an increase in EDA expression in 24-72h TGFß, however, expression
decreased in 24-72h PF treated HCFs. B) EDA protein expression levels from (A) were
quantified as EDA/Vimentin band density ratios and plotted as a bar graph. Untreated
HCFs were normalized to 1. Statistical analyses showed that there was a significant
increase in EDA expression in 72h TGFß compared to untreated HCFs, however, there
was a significant decrease in EDA expression in 72h PFs HCFs compared to untreated
HCFs (p=0.001). C) Western blot analyses were performed on untreated HCFs, 24-72h
TGFß HCFs, 6 different 72h CiC-CM HCFs samples (n=6) probing for FN-EDA and
Vimentin. There was an increase in FN-EDA expression from 24h through 72h TGFß
treated HCFs, however, expression decreased in almost all 72h CiC-CM HCFs samples.
D) FN-EDA expression levels were quantified from (C) and statistical analyses showed
that there was significant increase in EDA expression in 72h TGFß HCFs compared to
untreated (P<0.05). There was a significant decrease in EDA expression in 72h CiC-CM
HCFs (n=6) compared to 72h TGFß HCFs. E) Indoleamine-2,3-dioxygenase (IDO)
ELISA was performed on 100ul of CiC-CM derived from Day 11- Day 14 of CiC
differentiation and compared with two negative controls: 0h and hgPSC-CM. OD was
measured from 9 different CiC-CMs for each time point and then averaged.
Concentration of each paracrine factor was significantly higher in CiC-CMs compared to
hgPSC-CM and 0h media.
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TGFß treated HCFs expressed a gradual up-regulation of EDA expression (24, 48, 72h time
points); however, PF treated HCFs showed a gradual down-regulation in expression (Figure
25A). EDA expression levels were quantified as band density ratios relative to untreated HCFs
(Figure 25B). Interestingly, we also observed similar results when HCFs were treated with CiCCM. We observed gradual down-regulation in EDA protein expression in 48 and 72h CiC-CM
treated HCFs compared to TGFß treated HCFs (Figure 25C). Quantification data suggested that
there was a significant decrease in EDA expression in 48 and 72h CiC-CM treatment as
compared to untreated and TGFß treated HCFs (Figure 25D).

Another paracrine factor, IDO (indoleamine-2,3- dioxygenase) was identified in CiC-CM. IDO is
known to inhibit regulatory T cells and modulate the immune reaction post myocardial infarction
(6,7)

. ELISA analyses in Figure 21E showed optimum IDO secretion was detected at Day 14 of

CiC differentiation. CiC-CM derived from ~300 cardiac colonies at Day 14 of CiC differentiation
secreted 49.5 nanograms of IDO protein. One CiC could roughly secrete 0.17 nanograms at Day
14. IDO secretion in Day 14 CiC-CM was significantly higher than 0h media. Taken together
these data suggest that down regulation of EDA and upregulation of IDO can prevent prolonged
pro-inflammation, keeping the process more tightly controlled and preventing extended ischemic
insult.

TESTING THE CLINICAL FEASIBILITY POTENTIAL OF HGPSC-DERIVED
CARDIAC INDUCED COLONIES (CICS)
Day 8 differentiated CiCs were frozen down as single cells in 90% human serum and 10%
DMSO.
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Figure 26. Testing clinical feasibility potential of CiCs.
A) Trypan blue staining was done on Day 11 thawed CiCs compared to thawed GEM
expanding hgPSCs (positive control) at three different time points: 24h, 48h and 72h
post re-culture. B-C) RT-PCR analyses showed thawed Day 14 CiCs expressed (B):
teratoma genes (DND1, P18 and P19) and (C): cardiac genes (MLC2A, MLC2V,
Desmin). GAPDH was the housekeeping gene. D-E) ELISA analyses were performed
on CiC-CM derived from Day 14 thawed CiCs and compared to CiC-CM derived
from regular Day 14 CiCs: VEGFA (D), HGF (E). Both concentrations were plotted
in pg/ml. Statistical analyses on both ELISAs showed that there was no significant
difference between thawed CiC-CM and regular CiC-CM in the first two sets of
timepoints (P>0.05). However, last set of time points showed a significant difference
between thawed CiC-CM and regular CiC-CM (p=0.0001). E) Angiogenesis dot blot
array showed that thawed CiC-CM also secrete additional paracrine factors
highlighted in white boxes. F) Dot blot analyses in (E) was quantified as a bar graph
and statistical analyses showed that thawed CiCs secrete significantly higher amounts
of additional paracrine factors compared to undiluted media.
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CiCs were then thawed and re-cultured in cardiac differentiation medium. Trypan blue staining of
CiCs performed at 24h, 48h and 72h post thawing revealed 60% of CiCs stained negative for
trypan blue at 72h post thawing (Figure 26A). RT-PCR analyses on Day 14 thawed CiCs showed
expression of all three negative regulators of teratoma (P18, P19, DND1), which implying that
CiCs would be clinically safe if injected into a patient (Figure 26B). Thawed CiCs also expressed
key cardiac differentiation genes Desmin, MLC2A, MYH7 (Figure 26C).

To identify that frozen CiCs could still serve their primary function of secreting cardioprotective
factors, CiC-CM samples were collected from thawed CiCs at Day 14 and analyzed for VEGF,
HGF by ELISA and dot blot analyses. ELISA analyses showed that thawed CiCs secreted 74.07
pg/ml, 74.74 pg/ml and 79.12 pg/ml of VEGF whereas CiC-CM derived from non-frozen CiCs
secreted 81.48 pg/ml, 85.85 pg/ml and 193.44 pg/ml (Figure 26D). VEGF secretion levels from
thawed CiC-CM were not statistically significant to secretion levels from non-frozen CiCs (p
value= 0.29). Thawed CiCs secreted 25.18 pg/ml, 23.37 pg/ml and 28.06 pg/ml of HGF whereas
non-frozen CiCs secreted 28.78 pg/ml, 26.38 pg/ml and 49.38 pg/ml. No significant difference
between non-frozen CiCs and thawed CiCs was observed in the first two time points. HGF
secretion amounts from thawed CiCs were not statistically significant to secretion amounts from
non-frozen CiCs (p value= 0.28). Figure 26F shows that CiCs also expressed the cardioprotective
factors such as TSP-1, PTX3, IGFBP1-3, SERPINE1 etc. Spot intensities were quantified as a bar
graph in Figure 22G. From these sets of data, we surmise that CiCs can be considered as a
clinically feasible option for allogenic therapies.
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Figure 27. Effects of paracrine factors secreted by CiCs on different
phases of myocardial fibrosis.
1) Cardiac fibroblast activation, 2) ECM homeostasis, 3) Timely
resolution and containment of pro-inflammation, 4) Cardiomyocyte
survival and proliferation and 5) Angiogenesis and Endothelial cell
migration.

Figure 27 summarizes all the paracrine factors secreted by CiCs and their roles in different
reparative events in order to prevent myocardial fibrosis and long-term myocardial remodeling.
Cardioprotective factors helped prevent cardiac fibroblast activation and helped restore ECM
homeostasis, cardiomyocyte proliferation/survival and proliferation, endothelial cell migration,
angiogenesis and resolution and containment of pro-inflammation.
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CHAPTER 4. DISCUSSION
Although optimism remains for investigating stem cells for treating or curing cardiovascular
disease, much disparity remains among the various published approaches and results. In the first
part of my thesis, I show that human SSCs from adult human testes can be de-differentiated to
hgPSCs without addition of exogenous pluripotent genes followed by differentiation into
cardioprotective paracrine factor expressing CiCs. The data show three novel outcomes that could
lead to the production and delivery of paracrine factors known to induce and improve cardiac
function in ischemically injured heart (99,106,107,111). First, hgPSC-derived CiCs express and
secrete cardioprotective paracrine factors. Second, the expansion of hgPSCs can be markedly
amplified when cultured in GEM using human serum; and third, the data provide strong evidence
that hgPSC-derived CiCs can physically incorporate into the cardiac niche.

Since the initial findings that a germ-line stem cell could ‘revert’ to a state that resembled
hESCs/hiPSCs both genotypically and phenotypically, understanding their biology and
therapeutic potentials has been consistently investigated by various laboratories (99, 116, 118, 129, 142).
Defining the ‘stemness’ of germ-line stem cells has been debated (143); however, the study from
the Skutella laboratory has provided the best evidence yet as to their true identity (129). They
reported that hgPSCs are adult stem cells, but they share a gene expression profile that is related
to, but not identical to true pluripotent stem cells. Perhaps the most important finding in (129) was
the confirmation of hgPSC colony plasticity as they were shown to attain the ability to
differentiate into cells of all three germ layers (115, 116, 129, 130, 144). From a swath of previously
identified ‘potential’ SSC markers, two independent laboratories pinpointed SSEA4 as a strong
candidate marker for human SSCs that might be giving rise to hgPSCs. Interestingly, these data
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somewhat contradicted data from other laboratories who had previously suggested GFR1α and
GPR125 as candidate SSC markers (130).
In light of this controversy, research on human testes using various methodologies including
magnetic-activated cell sorting [MACS (145), indirect immunofluorescence (146), and FACS (147)]
provided the evidence that SSEA4+ cells were most likely the best candidates that, when grown
in hgPSC medium de-differentiate and endogenously express pluripotent factors, and
subsequently generate cells from all three germ layers.

In the first part of my thesis, I confirmed that hgPSCs endogenously express all of the pluripotent
Yamanaka factors plus NANOG and CD73 (stemness markers) (116) and that they are readily
down-regulated once differentiation commences. Thus, once differentiated, hgPSCs show
virtually no risk of teratoma formation in vivo. In fact, closer inspection of reports where teratoma
formation was specifically analyzed after injection of naked hgPSCs into nude mice revealed that
tens of millions of hgPSCs over a month were needed to generate a tiny nodule containing
multiple cell types (116). This result was in stark contrast to the teratomas that formed within three
weeks from mere thousands of ESCs injected into the opposing hind flank of the same nude mice.
It is these types of observations, when taken together, that highlight the therapeutic potential of
hgPSCs.

Upon differentiation of hgPSCs, similar to hESC and hiPSC-derived cardiac cells (113, 148, 149), I
found that hgPSC-derived CiCs varied with respect to atrial/ventricle gene expression
representing a mixed population of cardiac cells; however, one aspect that was not shared was
spontaneous beating. Cardiomyocytes derived from human hESCs and hiPSCs consistently show
rhythmic beating; however, hgPSC-derived CiCs did not. Initially, we were discouraged by this
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non-beating phenotype; however, recent revelations within the literature led us to pursue the
alternative, paracrine effector, and regenerative pathway.
Studies involving adult stem cells (ASCs) have shown promise as ejection fractions slightly
improve after beating ASC-derived cardiomyocytes are injected into infarcted heart muscle.
However, one major detriment with many ASC-cardiac repair studies is the potential for
arrhythmias as stem cell-derived cardiomyocytes, in many cases, can beat at their own pace. As a
result, instead of matching stem cell/cardiac tissue electrophysiology, a paradigm shift towards
cardiac tissue regeneration mediated either directly or indirectly by paracrine factors has been
proposed as more beneficial. There have been hundreds of studies investigating if and how ASCs
as well as ESCs and iPSCs function to repair ischemic cardiac tissue (reviewed by (100, 105)). Some
of those studies have resulted in clinical trials; however, the varying outcomes of those trials have
not led to their routine clinical use because the best mechanism for translating their potential in
vivo remains debated. On one hand, generating cardiomyocytes with the ability to electrically
couple within the ischemic region of the heart has resulted in some, albeit good, evidence
showing attenuation of left ventricular (LV) remodeling and improved LV systolic function
(138, 150, 153)

. On the other hand, much of the data where matching stem cell/heart electrophysiology

was a focus of the study, stem cells were found to generate a diverse set of mature and immature
atrial, and ventricle cells periodically resulting in arrhythmic islands of beating cells (148,152). As a
result, although the electrophysiology avenue of research remains ardently investigated among
many different types of stem cells, it was exciting to find that the differentiation potential of
hgPSC-derived CiCs included expression and secretion of key paracrine factors known to be prorepair and pro-regeneration (99, 107).
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hgPSC-derived CiCs revealed that they expressed and secreted 18 paracrine factors that help aid
in preventing cardiac fibroblast activation, ECM homeostasis, myocyte survival and regeneration,
EC migration and angiogenesis, and containment and timely resolution of pro-inflammation.
Furthermore, these cardioprotective factors can either directly or indirectly influence cardiac
tissue via paracrine effects. Although identifying expression and secretion of paracrine factors
was an important step in determining the ability of hgPSC-derived CiCs for potential use in vivo,
it was also important to identify their ability to integrate into cardiac tissue. Without integration
into cardiac tissue, delivery of paracrine effectors would be impaired or highly unlikely. The
model system we employed to identify integration took into consideration both successes and
failures identified by many investigations (109, 137, 149, 153). For example, injecting undifferentiated
adult stem cells or differentiated hESCs/hiPSCs into infarcted rodent hearts has resulted in widely
varying reports from improved cardiac function to little or no attenuation (105, 113, 153]. Efficacy of
integration into the cardiac niche was one characteristic dictating their successes or failures.
Shared gap junctions characteristically represent good integration (154, 155); however, even if gap
junctions are readily observed between endogenous and exogenous cells, problems can still arise
including arrhythmias. Arrhythmic beating can result from injected cells ‘beating’ on their own
and/or because they cannot match the beat-rate of the injected heart (105). Rodent hearts can beat
>400 beats/min. A human heart beating that fast would be considered undergoing tachycardia. On
the contrary, because embryonic hearts beat at ~70 beats/min, we determined they would serve as
a better model system for identifying the integration ability of hgPSC-derived CiCs into a cardiac
niche. hgPSC-derived CiCs expressing a cardiac promoter-driven GFP reporter gene along with
immunofluorescent staining of the endogenously expressed cardiomyocyte gap junction protein
CNX43 clearly showed multiple areas of integration.
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None of these data would have been possible, though, if we had not had enough hgPSC-derived
CiCs to work with. Soon after we began work on the data presented here, a novel technology was
published for growing primary epithelial cells indefinitely (120). That work astonishingly, yet
elegantly showed that a small tracheal biopsy could be grown indefinitely in a specifically
defined medium (>40 passages), followed by complete re-establishment of all cell types within
the trachea when transferred back to a media promoting tracheal development. Their medium was
composed of a DMEM/Hams F12 mix (1:1) containing a ROCK inhibitor and 25% J2 cell
conditioned medium. We found that hgPSCs grew very quickly in the medium defined by (120).
About 100 colonies would grow to confluency in a 6 well dish within ~5 days and could then be
passaged indefinitely; however, we did encounter a problem in about 50% of our experiments.
The cells would fill with small, dark vacuoles that would eventually kill the cells. As a result, I
tried growing cells in medium using various combinations of the components specified in (120)
plus some new agents. Growing hgPSCs in a medium containing ROCK inhibitor without the J2
component did not alter their ability to expand indefinitely. Human serum was employed instead
of animal serum so as to remove all animal products. So far, we have reached ~40 passages of
hgPSCs using GEM while not losing the ability to re-establish colonies positive for all Yamanaka
factors, CD73 and Nanog.

The second part of my thesis investigated the biological functions of all 18 paracrine factors
present in CiC-CM secreted by CiCs on the following processes and their effects on: 1) cardiac
fibroblast (HCF) activation, which is a hallmark event in myocardial fibrosis by downregulating
fibrotic markers , 2) ECM preservation and homeostasis, 3) induce surviving cardiomyocytes
(HCMs) and endothelial cells (ECs) to migrate (through Rac GTPAses) and/or proliferate
(through activation of cell cycle genes) into the model infarct and repopulate the dead area, 4)
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Limiting scar expansion to surrounding non-infarcted myocardium, 5) CiCs can also help induce
a timely resolution of pro-inflammation and contain inflammation within the infarct by reduction
of EDA (DAMP responsible for immune system activation and myofibroblast
transdifferentiation) and secretion of IDO, which is an inhibitor of killer T cells.

In the current field of paracrine-stem cell research, MSCs have been the most popular stem cell
type used, however in the more successful cases, they had to be first engineered through AKT
overexpression to induce secretion of cardioprotective factors like VEGF and HGF (18). In contrast
to MSCs, we show that CiCs once differentiated down the cardiac pathway, do not need genetic
manipulation to secrete a powerful cocktail of cardioprotective factors.

ROLE OF CICS IN CARDIAC FIBROBLAST ACTIVATION
Similar to protocols from other laboratories, we activated HCFs with 10ng/ml of TGFß causing
them to overexpress hallmark fibrotic genes such as COL I, III, PER etc. This treatment models
HCF activation after ischemic insult where inactive TGFß bound to latent associated protein
(LAP) present in the adult myocardium becomes active upon release of LAP. This release is
induced by proteases such as MMP2/9, which are upregulated within the first few hours after MI.
MMP2/9 disrupts non-covalent interactions between LAP and TGFß molecules resulting in the
active form of TGFß. Although TGFß facilitates myofibroblast conversion through the TGFßSMAD2/3/4 pathway, it also activates non-canonical pathways including p38MAPK,
RhoGTPase, TAK-1 etc (29). The canonical TGFß/TGFßR I/II/SMAD pathway results in nuclear
translocation of SMAD4 followed by recruitment of CREB-binding protein and other coactivators to regulate the transcription of ECM genes like ASMA, COL 1, III, Periostin, and ET-1
(29)

. TGFß induced amplification of fibrillar and non- fibrillar collagen causes scar formation and

75

contributes to ECM remodeling, which ultimately leads to heart failure (29). However, in our work,
TGFß seems to also play a cardioprotective role when secreted along with other paracrine factors
from CiCs. Because latent form of TGFß is stored in the myocardium; it is possible that low
levels of TGFß activity is crucial to preserve overall cardiac function (30). TGFß has been shown
to be anti-inflammatory as it promotes M2 polarization and suppresses pro-inflammatory
cytokines (26,30). In our study, the evidence suggests that although CiCs secrete TGFß, they also
produce 17 other paracrine factors that counteract the detrimental effects of elevated TGFß on the
cardiac fibroblasts, i.e., preventing their activation and thus tipping the balance from fibrosis
towards repair. The evidence suggests that CiCs most likely alter TGFß-mediated effects on
surrounding non-infarcted healthy myocardium by preventing activation and scar expansion (30).
Conditioned media derived from CiCs help ‘restore’ the quiescent state of fibroblasts through
upregulation of CD90 (surface marker for quiescent fibroblasts) while simultaneously decreasing
fibrotic gene and protein levels as shown in Figure 14. TUNEL assay from Figure 15 showed that
rPF and CiC-CM did not cause any cell death to HCFs and hence the decline in fibrotic proteins
observed in both treatments was real. In TGFß activated co-cultures of HCFs and HCMs in
Figure 17, HCFs migrated into the infarct and became activated, preventing HCMs from
migrating in. However, CiC-CM almost completely reversed this phenotype. HCFs still migrated
but they were not activated, which was confirmed in Figures 13 and 14. From (54), others have
clearly shown that NRG1b prevents myofibroblast differentiation by reducing phosphorylation
levels of SMAD3 (55). NRG1b from the CiC-CM is most likely preventing myofibroblast
differentiation. From our co-culture experiments, CiC-CM seems to be preventing HCFs from
activating, and simultaneously enabling significantly higher numbers of myocytes and ECs to
migrate into the model MI. Conditioned media derived from CiCs (CiC-CM) secreted VEGFA,
NRG-1b, ANG-1, etc from Day 11-14 of differentiation as shown in the ELISA data (Figure 11).
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We could conclude that CiCs stably secrete paracrine factors from Day 11 through Day 14 of
cardiac differentiation. Secretion levels of all paracrine factors are significantly higher than
conditioned media derived from hgPSCs. We anticipate that stable secretion of these paracrine
factors would potentially help stimulate myocardial healing by creating a cardioprotective
microenvironment in the infarcted area once CiCs are injected into the myocardium.

ROLE OF CICS IN PRESERVATION OF ECM HOMEOSTASIS
Secreted proteins found in the CiC-CM including thrombospondin-1 (TSP-1), TIMP1,
SERPINF1 and SERPINE1 are responsible for preventing ECM breakdown which would
otherwise lead to cardiac rupture and ventricular dysfunction (56-63). TSP-1 interacts with procollagen and potentially helps normalize the collagen matrix by regulating collagen trafficking,
processing and fibril assembly. TSP-1 that is bound to collagen in ECM not only helps preserve
ECM homeostasis but also prevents myofibroblast differentiation. From (58), it was found that
TSP-1 binds to Lysyl Oxidase (an enzyme that cross-links mature collagen to form fibrils that
contribute to scar formation) and prevents its activation. Similarly, SERPINE1 prevents ECM
degradation by inhibiting MMP activation whereas SERPINF1 reduces ECM deposition in the
infarct border zone (78-79). The qPCR confirmed that CiC-CM decreased both LOX and LOXL2
gene expression in CiC-CM treated HCFs, which could be due to increased expression of TSP-1
observed in the dot blot analyses (Figure 11G and I). There is evidence of increased LOX in both
scar area and the border zone leading to increased cardiac stiffness derived from ‘excessive’
collagen cross-linking (73,80). LOX and LOXL2 contribute to cardiac ECM crosslinking leading to
increased deposition of insoluble collagen in the scar area and border zone (73,80). The Western
blot data shown in Figure 23B also confirmed that CiC-CM markedly reduced LOX pro-enzyme
and LOX-PP, which is the mature form of LOX enzyme similar to levels observed in untreated
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HCFs. Furthermore, CiC-CM induced a very loose collagen fiber assembly as opposed to the
collagen network seen in activated HCFs. From these observations, we conclude that CiC-CM
possibly helps degrade collagen build up caused by HCF activation and potentially help restore
the balance between soluble and insoluble collagen, which is important for restoring ECM
homeostasis.

ROLE OF CICS IN ENDOTHELIAL CELL MIGRATION AND CARDIOMYOCYTE
PROLIFERATION/MIGRATION
CiC-CM was consistently observed to effect endothelial cell migration (Figure 21) and
cardiomyocyte proliferation/migration (Figure 19 and 22) into the infarct. In the Dot blot data, we
observed increased expression of SERPINE1, which has been shown to promote endothelial cell
migration (61-62). Other highly secreted proteins such as MCP-1, Pentraxin, SERPINF1, IL-6 and
IL-8 have been shown to induce re-endothelization of injured arteries via EC recruitment and
suppression of capillary permeability (34). MCP-1 increases migration and proliferation of
endothelial cells through VEGF (36,37) and has also been shown to induce myocyte survival
through the JAK/STAT/MAPK pathway acting as an anti-apoptotic protein on myocytes (35).
Angiopoeitin-1 (ANG-1) detected in the CiC-CM is a very essential cardioprotective factor that is
responsible for interacting with myocytes through integrins to mediate cell survival, angiogenesis
and activate anti-apoptotic signaling pathways (46). It has been reported that Ang-1 enhances
migration of vascular ECs with the help of VEGFA and proliferation of subepicardial immature
ECs (47). Similarly, Hepatocyte growth factor (HGF), also found in the CiC-CM, has been shown
to promote cardiomyocyte survival preventing them from undergoing apoptosis via activation of
PI3/AKT and p38 MAPK pathways (40). HGF is also anti-fibrotic as it weakens TGFß-SMAD
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signaling in cardiac fibroblasts (40). Along with VEGF, HGF helps endothelial cell mobilization,
proliferation, and neovascularization in vivo (40).

HCMs were not only consistently found entering in the model MI area, but also moving deeper
into the model MI area (200um). One of the important observations made in the HCFs-HCMs coculture experiments was that upon treatment with TGFß, higher ratios of HCFs migrated into the
model MI compared to myocytes. In contrast, co-cultures treated with CiC-CM enabled both
HCFs and myocytes to migrate into the model MI.
Another important paracrine factor detected in the conditioned media was NRG-1b, which is
essential for cardiomyocyte proliferation and survival.

Three paracrine factors secreted by CiCs NRG-1b, IGF-1 and SDF-1 have been shown by many
independent laboratories to promote cardio protection and/or regeneration. Several papers have
shown that NRG1b binds to ErbB4 receptors on the surviving myocytes inducing proliferation
and survival via PI3K/AKT and ERK/MAPK pathways, followed by upregulation of antiapoptotic gene BCL-2 (41). NRG1b has been shown to stabilize blood vessels and vascular
homeostasis through paracrine expression of vessel stabilizing factors like Angiopoeitin-1 (48).
Reports demonstrate that NRG1b also activates Src/FAK, which is critical for cell motility and
FAC (focal adhesion complexes) formation suggesting that NRG1b could possibly induce
myocytes to move into the model infarct. There has been recent evidence that NRG-ErBb4
pathway controls cell mobility in addition to proliferation and survival through PI3/AKT pathway
(44)

. NRG-1b has also been shown to stimulate mononuclear mature cardiomyocytes to re-enter

the cell cycle by inducing cytokinesis through CDK4/Cyclin D and it has shown positive results
in HF animal models (44,45).
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Similarly, IGF-1 has also been shown to induce enhance cardiomyocyte proliferation and
survival. IGF-1 works individually as well as synergistically with NRG1 during heart
development via PI3/AKT pathway and we think that both IGF-1 and NRG1b may be working
together to induce proliferation of HCMs into the infarct area (43). IGF-1 along with SDF-1
(stromal derived factor-1) induce endogenous stem cell mobilization to the infarcted
area and subsequently, they contribute to myocardial repair. SDF-1 has been shown to induce
migration of cardiomyocytes in zebrafish hearts via SDF1A/CXCR4b signaling (46). SDF-1 is
known to be chemoattractant that stimulates migration of cardiomyocytes and arterial
endothelial cells since both express CXCR4 receptors (46).

From the immunofluorescence data, we show that CiC-CM increased RAC-GTP expression in the
leading edges of HCMs as they moved into the model MI area (Figure 19). Activation of Rac
leads to assembly of vinculin+ focal complexes distributed around the entire leading edge of the
induced lamellipodium of HCMs that were treated with CiC-CM. Rac has been shown to
stimulate new actin polymerization through Arp 2/3 complex, which binds to actin nucleation
factors to form a branching actin network (67). CM treated HCMs migrate into the model MI
through actin polymerization orchestrated by activation of Rac. Figures 19 and 20 also confirmed
the ability of CiCs to attract both HCMs and ECs through activation of Rac using ionic beads.
Moreover, CiC-CM soaked ionic beads can be perceived as a model system by mimicking CiCs
themselves and their ability to attract surviving HCMs and ECs to migrate and repopulate the
infarcted area under in vivo conditions.

ROLE OF CICS IN CARDIOMYOCYTE CELL CYCLE
HCMs could use two processes to enter the model MI: movement and/or proliferation. From the
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cell cycle analyses data in figure 18, we used a proliferation marker PCNA and showed
significantly more stained nuclei in conditioned media treated HCMs compared to untreated
HCMs. We further showed that CiC-CM treated HCMs were positive for nuclear Cyclin D2
implying that CiC-CM induces HCMs to enter the cell cycle. Cyclin D2 has been shown to
become activated in HCMs in model MI models (29). Our data support Pasumarthi et al, and
highly suggest that HCMs can be coaxed to repair an MI region partly through proliferation. In
line with the work shown by Srivastava et al (84), we showed that CiC-CM turned on three more
cell cycle regulators (CDK1, CYCLIN D1, CYCLIN B1) in HCMs that are migrating into the
model MI but once they re-populate the area followed by withdrawal of CiC-CM, those migrated
HCMs exit the cell cycle and as a result there is drastic decrease in all three cell cycle
genes. After CiC-CM withdrawal, cell cycle gene expression levels return back to levels similar
to untreated HCMs implying that these surviving HCMs would exit the cell cycle after
repopulating the infarct.

From the cytokine array dot blot in Figure 11I-J, we also showed that IL-6 is found in the CiCCM. IL- 6 has been shown to regulate the cell cycle in cardiomyocytes through Cyclin D- STAT3
pathway (65) and CiC-CM could be turning on the same pathway in HCMs. During heart
development, STAT3 is turned on during late cardiac differentiation and binds to promoters of
Tbx 5, GATA4 and Nkx 2.5, which are responsible for cardiomyocyte differentiation and
development (30). STAT3 is a key cardioprotective player known to be activated under acute and
chronic stress conditions. Short-term activation of STAT3 in myocytes is very important as key
target genes of STAT3 like VEGFA, BCL-XL are turned on during the sub-acute phase of MI (34).
It has been shown that deletion of STAT3 during the first 11-24 days after MI results in
exacerbated cardiac function, cardiac fibrosis and up-regulation of fibrotic genes due to increased
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death of myocytes (32). However, STAT3 activation must be kept under control. Long-term
activation of STAT3 in myocytes seems to be detrimental for the heart because it can lead to
disproportionate inflammation, which can result in ventricular dysfunction. STAT3 has also been
shown to be responsible for timely resolution of inflammation by polarizing M1 macrophages to
reparative M2 macrophages (66). Consequently, evidence suggests that it is important to have an
intrinsic level of STAT3 activity present so as to control fibroblast proliferation and prevent
adverse cardiac remodeling (33). Short term upregulation of active STAT3 signaling would lead to
activation of key target genes such as VEGFA and BCL-XL and this would play an important role
in delaying fibrosis by protecting the heart from oxidative stress. Furthermore, one of the ways
CiC-CM would induce HCMs to enter the cell cycle would be through nuclear translocation of
CYCLIN D2, which is also known to be a STAT3 target gene (74-76). We speculate that from all the
paracrine factors detected in the conditioned media, NRG1b, SDF-1, and IL-6 would possibly be
inducing HCMs to proliferate and migrate into the 500um area. Additionally, VEGFA,
Angiopoietin-1, SerpinE1, MCP-1, Pentraxin, SERPINF1, and IL-8 found in the conditioned
media would possibly play a role in EC migration, angiogenesis, and vessel stabilization in the
model MI area.

ROLE OF CICS IN TIMELY RESOLUTION OF PRO-INFLAMMATION
From the work shown here, CiCs could also play a role in inducing timely resolution and
containment of pro-inflammation in cardiac fibrosis. During the inflammation phase, necrotic
cells release danger signals known as DAMPs (danger associated molecular patterns) such as
EDA (Fibronectin extra domain III), which bind to PRRs (pattern recognition receptors) of the
immune system of surviving parenchymal cells and infiltrating leukocytes (38). EDA is essentially
a glycoprotein present in the ECM and produced by cardiac fibroblasts in response to injury
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(38)

. Once the immune system is alerted following injury, these infiltrating leukocytes clear up the

dead cells from the infarct area, which leads to activation of a robust inflammation cascade.
Aberrant regulation of this step causes ventricular dysfunction and adverse cardiac remodeling.
From the Western blot data in Figure 25A-D, we showed that TGFß treated HCFs expressed
significantly higher amounts of EDA compared to untreated HCFs; however, upon treatment with
CiC-CM, EDA expression decreases significantly. These data suggest that CiCs would help
control pro-inflammation by limiting macrophage migration (key players in adverse cardiac
remodeling) to the infarct. EDA is an alternate splice form of fibronectin, which is a glycoprotein
present in the ECM and produced by cardiac fibroblasts in response to injury (38). EDA expression
is upregulated at Day 3 and 7 post MI (38). It binds to TLR2/4 on surviving cardiac fibroblasts and
activates downstream signaling pathways like MAPK and NFKB, which in turn drives expression
of a large panel of pro-inflammatory genes such as IL-1B, TNFA and IL-18 (38). Additionally,
EDA is responsible for inducing myofibroblast differentiation and function (38). According to (38),
EDA levels come back to normal after long-term survival, which is 28 days after MI first
occurred. The fact that CiC-CM reduces EDA expression provides further evidence that CiCs
could induce repair rather than scarring.

During the inflammatory phase of cardiac fibrosis, pro-inflammatory cells home to the infarct
zone and clear out dead cardiomyoctes resulting in a surge of pro-inflammatory cytokines such as
TNFA, IL-1b and monocyte/macrophage recruitment. Post clearance of all cellular debris from
the infarct zone, there is a downregulation of pro-inflammatory genes with a simultaneous
upregulation of anti-inflammatory genes. The switch from pro- to anti-inflammation is
characterized by polarization of M1 macrophages (pro-inflammatory macrophages) to M2
(reparative/anti-inflammatory macrophages), which causes downregulation of TNF1A, IL1b with
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simultaneous upregulation of IL-8, TGFß, HGF, TSP-1 within the infarct microenvironment. The
pro- to anti-inflammation switch is an essential process for timely containment and resolution of
inflammation because dysregulated/prolonged pro-inflammation causes adverse ventricular
dysfunction and remodeling. Hence, we show that CiC-CM secretes proteins that could
potentially help contain and regulate pro-inflammation. TSP-1, TGFß, and IL-8 were found in the
CiC-CM as shown in the immunoblot and ELISA data. TSP-1 has shown to help limit
propagation of inflammation into the non -infarcted myocardium and prevent long-term
inflammation (58-60). IL-8 prevents neutrophil recruitment and helps polarize M1 to M2
macrophages. Additionally, TGFß also acts as an anti-inflammatory player and helps mediate
polarization of M1 to M2 macrophages in the MI zone. NRG-1 plays a role in inflammation by
activating ErBb4 receptors on macrophages and downregulating PI3/AKT signaling and
phosphorylation of STAT3 in macrophages (42). This further leads to decrease in release of proinflammatory genes, which will ultimately suppress inflammation. NRG-1 not only decreases
activity of macrophages but also decreases recruitment of new monocytes thereby promoting
timely resolution of pro-inflammation (42).

Indoleamine 2,3 Dioxygenase (IDO) is another cardioprotective factor that has been shown to
modulate immune suppression and promote polarization of M1 to M2 macrophages by other
laboratories (6,7). There has been evidence that IDO is responsible for preventing recruitment, and
activation of pro-inflammatory lymphocytes (7) and expansion of regulatory T cells to induce
allograft tolerance (81). Our ELISA data showed that CiCs also secrete IDO (indoleamine 2,3
dioxygenase), which is an enzyme that catalyzes the degradation of tryptophan, along the
tryptophan-kyurenine metabolic pathway (39). IDO is responsible for subduing T cell response to
autoantigens by inducing T-cell apoptosis (39). Immunosuppression is the result from depletion of
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tryptophan and the accumulation of tryptophan metabolites (39). IDO could possibly help modulate
the pro-inflammatory reaction in addition to the others mentioned here. HGF expressed in the
CiC-CM also plays a role in immunomodulation. HGF helps promote differentiation of
macrophages into immunosuppressive dendritic cells which favor the expansion of IL-10
producing regulatory T lymphocytes thus maintaining T cells in a low state of activation (40).
Together our data shows that CiCs could potentially help modulate and contain inflammation
through upregulation of anti-inflammatory players and suppression of pro-inflammatory players.

TESTING CLINICAL FEASIBILITY POTENTIAL OF CICS
How many CiCs would it take to cause an effective cardioprotective microenvironment in vivo?
Based on figures 18-19, CiC-CM derived from ~350-400 CiCs induced surrounding HCMs to
migrate and proliferate into the model MI within 24 hours of CiC-CM treatment. Furthermore, in
figures 19-20 and 22, resin beads (40-100um in size) mimicked the ability of CiCs to attract
HCMs and ECs into the model MI. Evidence from (85) showed that concentration of VEGFA in
tumor interstitium is approximately 1125 pg/ml based on vascular permeability between tumor
and blood vessel and from figure 7C, we showed that 300 CiCs secreted ~2000 pg/ml of VEGFA.
Putting all these sets of data together, we anticipate injecting ~150-200 CiCs into an infarct,
which would yield ~1000 pg/ml- 1300pg/ml of VEGFa in addition to the other 17
cardioprotective factors. After injection, we expect the CiCs to secrete sufficient amounts of
cardioprotective factors in order to create a cardioprotective microenvironment around the
infarcted area that would allow fibroblasts to migrate in but prevent them from activating and
instead enabling surviving HCMs and ECs to migrate and repopulate the infarct.
To make CiCs clinically feasible, we tested a few freezing protocols (shown in Table 6) to show
that frozen CiCs could be sent to the clinics and then be thawed and injected into the MI of a
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patient. Upon thawing, CiCs seemed to survive better when frozen down as single cells rather
than colonies. The freezing medium composition of 90% human serum and 10% DMSO seemed
to be more suited to the CiCs as the rate of survival was 60%. We are currently testing a few
more freezing protocols to increase the survival rate of CiCs to 70-90%. Upon culturing CiCs in
differentiation medium, CiC-CM samples were collected at Day 14 of cardiac differentiation and
performed VEGF, and HGF ELISA tests. Thawed CiCs secreted both VEGF and HGF similar to
levels secreted by CiCs that were not frozen down. In addition to VEGF and HGF, thawed CiCs
also expressed other cardioprotective factors including SERPINE1, SERPINF1, TIMP1, IGFBP13 etc similar to CiCs that were not frozen down. Furthermore, these freeze/thawed CiCs
continued to express cardiac genes such as DESMIN, MLC 2A, MYH7 and negative regulators of
teratomas from the PCR data. These results show that CiCs could be frozen and then thawed upon
arrival at a clinic.
Although CiCs could be used as an allogenic cell therapy, we anticipate the patient to be on an
immunosuppressive regimen for a certain period of time. One of the commonly used
immunosuppressants that have shown significant successes in organ transplantation is
Cyclosporine (82). Cyclosporine inhibits calcineurin, which is a calmodulin-activated serine
phosphatase that is associated with T-cell activation (82). Calcineurin dephosphorylates NFAT
(nuclear factor of activated T cells) that leads to its nuclear translocation and subsequent
activation of other transcription factors such as AP-1, IL-2 and initiation of downstream events
leading to T-cell activation (82,83). Cyclosporine is usually administered in two doses from 8 weeks
to upto three months after transplantation (83). There has been evidence that Cyclosporine has also
been successful in stem cell transplant survival in spinal cord injury (82,83). There was a significant
graft survival and hindlimb functional recovery observed 5 weeks post transplantation (83). We
expect after transplantation of CiCs, the patient would be administered with daily doses of

86

Cyclosporine and since CiCs express IDO, which is known to prevent T-cell activation as well, it
would also help prolong transplant survival. The patient would be gradually weaned off
cyclosporine depending on the response. Alternatively, there are steroid-free immunosuppressive
agents that are currently being used in islet transplantation and other clinical mouse models (48,49)
providing precedent that our differentiation protocol could be clinically feasible.
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CHAPTER 5. SUMMARY OF THIS STUDY
From the work shown here, I show: 1) Human SSCs when removed from their stem cell niche
and cultured in the correct medium can de-differentiate into hgPSCs without the addition of
exogenous pluripotent genes. 2) hgPSCs can be expanded indefinitely and quickly without losing
their pluripotency. 3) hgPSC derived CiCs can integrate with the surrounding cardiac tissue in
vivo and express 18 cardio protective paracrine factors. CiCs would work through the following
mechanisms: 4) Prevent activation of cardiac fibroblasts by downregulation fibrotic genes such as
collagen I and III. CiCs also possibly attenuate TGFß-SMAD signaling in activated fibroblasts. 5)
CiCs limit matrix degradation through upregulation of TIMP1, TSP1 and inhibit activation of
MMPs by SERPINE1. Moreover, CiCs limit collagen scar formation by inhibition of proLOX/LOX-PP expression thereby preventing it from cross-linking fibrotic insoluble collagen
fibers (~200kd), which are secreted by activated cardiac fibroblasts. Prevention of matrix crosslinking, and modulation of matrix turnover would help delay infarct wall thinning and would
perhaps reduce fibrosis in the remote myocardium as well. 6) CiCs induce surrounding
cardiomyocytes to migrate (via Rac GTPases) and proliferate (via Cyclin D2) into the infarct. 7)
CiCs also help prevent expansion of scar to surrounding non-infarcted myocardium with the
secretion of TSP-1. 8) CiCs can also help induce a timely resolution of pro-inflammation and
contain inflammation to the infarct by reduction in DAMPs such as EDA and secretion of IDO. 9)
We anticipate that these CiCs could be injected directly into the infarct after the pro-inflammatory
cells clear out all dead myocytes and debris, which would be after ~3-5 days post MI.

CiCs could help provide a cardioprotective microenvironment that influences surviving myocytes
and endothelial cells within the infarct as well as the surrounding myocardium to undergo
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myocardial repair and regeneration. Once there is an improvement in ejection fraction and other
vitals, we expect to see CiCs undergoing apoptosis and get cleared out from the infarct eventually.
As mentioned in the first part of my thesis, I believe that the GEM expansion technology could
speed up the time needed for treatment from months to weeks as cell dosage is one of the key
determinants for successful clinical trials. The expanded hgPSCs retained pluripotency markers
and expressed them endogenously and re-attained their differentiation potential. There has been
evidence from the Tilly laboratory that hgPSCs also exist in the ovary (156-157), so this work
presented here is not male-centric. The comprehensive list of 18 cardioprotective factors found in
my research would help highlight different ways of repairing an ischemic heart and myocardial
repair and regeneration. Given the unique features of this cell type, I believe that CiCs could be an
alternative cell therapy treatment for myocardial fibrosis.
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CHAPTER 6. FUTURE DIRECTIONS AND LIMITATIONS OF THE STUDY
We next want to determine the effect of CiCs in an in vivo cardiac fibrosis mouse model by
injecting CiCs into the infarct area so as to allow them to secrete cardio protective factors that
would help create a paracrine factor microenvironment, which would lead to attraction of
surrounding myocytes and endothelial cells and causing them to migrate into the infarct and
repopulate. An in-depth proteomic analysis on CiC-CM would need to be done to help uncover
additional secreted proteins that could also overall myocardial repair and regeneration.
Additionally, we would also need to experimentally narrow down which combination of paracrine
factors would show most success in solving the problem.

●

The paracrine effects of the 18 cardio protective factors on CiCs themselves needs to be tested.

●

The division capacity of CiCs once injected in vivo remains to be investigated.

●

The effects of 18 paracrine factors on immune cells such as neutrophils and M1/M2
macrophages need to be studied.
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APPENDIX. TABLES
Table 1. Cardioprotective factors detected in CIC-CMs using ELISAs and dot blots

Cardioprotective factor
1. Angiopoietin-1

Function
●

(ANG-1/ANGPT1)

It is responsible for interacting with

References
46,47,48

myocytes and mediating cell survival,
vessel stabilization and activating antiapoptotic pathways.
●

Along with VEGF, it stimulates migration
and proliferation of vascular ECs into the
infarct area.

●

ANG-1 also stabilizes blood vessels and
induces vascular homeostasis in the infarct
area.

2. Vascular

●

Plays a role in angiogenesis, vessel

Endothelial growth

stabilization and EC migration in the

Factor -A

infarct area and promotes myocardial

(VEGFA)

regeneration.
●

35,47,40

Also helps prevent ventricular remodeling
and induce neovascularization and
cardiomyocyte proliferation in vivo.

3. Hepatocyte Growth
Factor (HGF)

●

It is responsible for cardiomyocyte survival
through PI3/AKT and p38 MAPK
pathways.

91

40

●

It is anti-fibrotic as it weakens TGFßSMAD signaling in HCFs and induces
myofibroblast death

4. Neuregulin 1b

●

(NRG1b)

It is responsible for inducing survival and

41, 44, 45

proliferation in cardiomyocytes via

and 48

PI3K/AKT and ERK/MAPK pathways
through upregulation of Bcl-2.
●

It has been shown to stabilize blood vessels
and vascular homeostasis through
Angiopoeitin-1.

●

NRG1b also activates Src/FAK, which is
critical for movement of HCMs into the
model MI infarct.

5. Transforming

●

It is known to protect the heart against

68, 69,

Growth Factor Beta

ischemic myocardial damage during the

71,72

(TGFß)

early phase of MI by activating ERK that is
associated with RISK pathway.
●

It also protects myocytes from ischemic
reperfusion injury by modulating TNFA
and ROS.

●

During the early phase of MI, TGFß
protects the heart by inhibiting neutrophils
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from adhering to the endothelium thereby
reducing proinflammatory responses.
●

In cardiomyocytes, TGFß is critical for
maintaining ion-channel gene expression,
sarcomeric kinetics, myocyte survival
through SMAD4-dependent mechanisms.

6. Insulin Growth

●

IGF-1 has been shown to be

Factor- 1

cardioprotective and possess a regenerative

(IGF1)

effect on myocardium through activation of

43, 46, 70

pro-survival pathways such as AKT and
induce HCM proliferation.
●

It also induced endogenous stem cell
mobilization to the infarcted area.

7. Indoleamine-2,3-

●

Dioxygenase

It is an enzyme that catalyzes the
degradation of tryptophan, an essential

(IDO)

amino acid, along the kynurenine
metabolic pathway. Immunosuppression is
a result of depletion of tryptophan.
●

IDO helps increase immunosuppression by
inhibiting T cell proliferation, cytokine
production, NK proliferation and mediate T
cell apoptosis.
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2,3,18,19

8. Thrombospondin 1

●

(TSP1)

It exerts a barrier function in the infarct

58, 59, 60,

border zone to limit propagation of
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inflammation and fibrosis into the noninfarcted myocardium.
●

It prevents long-term inflammation and
excessive remodeling.

●

It inhibits proteolytic activation of
MMP2/9.

●

It is also responsible for regulating
collagen trafficking, processing and fibril
assembly so TSP binds to collagen in ECM
and normalizes the matrix thereby
preventing myofibroblast differentiation.

●

TSP-1 has been shown to bind to pro-LOX
thereby preventing its activation by BMP1.

9. SerpinE1/PAI-1

●

It prevents ECM degradation by blocking
MMP activation and helps prevent cardiac
rupture.

●

PAI-1 deficient mice have shown elevated
collagen I synthesis and increased
myofibroblast population.
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61, 62

10. Serpin F1/ PEDF

●

Inhibits EndMT through beta catenin

63

dependent pathway and inhibits both
activation and translocation of b-catenin in
endothelial cells.
●

Reduces infarct size, suppresses vascular
permeability, ECM deposition in the
infarct border zone and protects vascular
integrity.

●

Reduces cardiac fibrosis by reducing
collagen III expression.

11. Pentraxin

●

(PTX3)

Pentraxin plays a cardioprotective role in

87, 88

acute MI. PTX3 deficient mice show
increased myocardial damage associated
with increased neutrophil infiltration,
decreased number of capillaries and
increased number of apoptotic
cardiomyocytes.

12. Monocyte

●

chemoattractant
protein-1 (MCP-1)

MCP-1 induces proliferation and migration
of endothelial cells through VEGF.

●

It induces myocyte survival and protection
against ischemia via Galpha protein and
JAK/STAT/MAPK pathway.
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36, 37, 38

●

It also has an anti-apoptotic characteristic
through ERK1/2 and BCL-2 family
proteins on myocytes.

13. Insulin growth

●

IGFBP 1 is known to stimulate IGF-1

factor binding

action, protect IGF-1 from degradation and

protein 1-3

transport IGF-1 to peripheral tissues from

(IGFBP 1-3)

the bloodstream.
●

89, 90, 91

IGFBP 2 is known to transport IGF-1 from
the bloodstream to the endothelial cells
(ECs) to facilitate EC migration and
proliferation.

●

IGFBP 3 is the primary stabilizer of
circulating IGF-1. It binds to it directly
thereby prolonging its half-life. It acts as a
trophic factor and exerts an autocrine effect
on cardiomyocytes. IGFBP-3 also induces
EC proliferation.

14. Tissue Inhibitor of

●

Prevents ECM degradation by inhibiting

Metalloproteinase-

MMPs thus exerting matrix preserving

1 (TIMP-1)

actions on cardiac fibroblasts.
●

TIMP1 deficiency leads to accelerated
remodeling and LV dilation.
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56, 57, 92

●

TIMP1 also induces proliferation of aortic
smooth muscle cells through the PI3K
pathway and inhibits myocyte apoptosis.

15. IL-6

●

Has shown to induce cardiomyocyte

35, 65

proliferation in neonatal mice through
cyclin D expression and STAT3.
●

Also improves ventricular contractility and
inflammation in mice and prevent
apoptosis.

16.

IL-8

●

It is responsible for decreased pro-

35, 93

inflammatory reaction by inhibiting
neutrophil recruitment.
●

Helps increase capillary density in the
infarct area by accelerated reendothelization in injured arteries via EC
recruitment.

17.

SDF-1

●

It plays a central role in stem cell homing,
cardiomyocyte survival, proliferation and
angiogenesis.

●

SDF1A/CXCR4 signaling pathway induces
acute and prolonged cardiac repair via
activation of MAPK/ JAK/ STAT3
signaling.
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94, 95

●

SDF-1A significantly reduced apoptosis
and improved overall functional recovery
through activation of STAT3.

18. MIF

●

Local release of MIF activates the

(Macrophage

cardioprotective AMPK pathway via

inhibitory factor)

CD74/CD44 MIF receptor complex to

96, 97

upregulate glucose transport and utilization
that provides for metabolic adaptation to
ischemia.
●

In the ischemic heart, MIF reduces
cardiomyocyte apoptosis and cellular
oxidative stress.

Table 2. List of recombinant paracrine factors and their catalog numbers

Recombinant Paracrine factor

Company and catalog number

1. TGFß

Peprotech, Cat #100-21-10UG

2. VEGFA

Peprotech, Cat #100-20-10UG

3. NRG-1ß

Peprotech, Cat #100-03-10UG

4. IGF-1

Peprotech, Cat #100-11-1MG

5. ANG-1

Sigma Aldrich, Cat #SRP3007-5UG
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Table 3. Primer sequences

CARDIOMYOCYTE PRIMER SEQUENCES (5'-3')
SSC GENE CANDIDATES
F- AAAGCTTGGCGCAGATGTGA
R- TTGCCACGGCATTGGTAAGA
F- TTTACCAACTGCCAGCCAGA
R- TGTTGCTGCAGTCACACCAT
F- GAGAAGCTGTTCCAGATAGTGC
R- CTCAGGGTACATGAAATGGTGG

hESC GENES
F- ATGTACAACATGATGGAGACGG
R- CCACACCATGAAGGCATTCA
F- TTTGCCAAGCTCCTGAAGCA
R- AAAGCGGCAGATGGTCGTTT
F- GAGCATGCAGAAGCGCAGATCAAA
R- TATGGCTGATGCTCTGGCAGAAGT
F- TCAGAGACAGAAATACCTCAGC
R- AGGAAGAGTAAAGGCTGGGG
F- TTCAACCTGGCGGACATCAA
R- TTCAGCACGAACTTGCCCAT
F- GTATTGCCCTTTGGAGGCAC
R- AGGGTCATAACTGGGCACTC

EARLY CARDIAC GENES
F- TTCCAGAACACGATGAGGCA
R- ACCTGTGACAGCTTGGTAGA
F- AAGGTGTCTAGTAAGACAGCAG
R- ATCATTTTGCCTAGCCCACC
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Abbreviation
GPR125

GFR1A

SSEA-4

Abbreviation
SOX2

OCT3/4

LIN 28A

NANOG

KLF-4

CD73

Abbreviation
ALCAM

CHAMP

F- ATGCATTCTGGCGACCATCA
R- ACGCCATTCCCAGTACCTTG

DIFFERENTIATED CARDIAC GENES
F- AGTGGATTGCTCCTTGACGA
R- GGGCACGACCTCATCTTCTA
F- ACCCTAGAGCCGAAAAGAAAG
R- GCCGCACAGTAATGGTAAGG
F- AAGATCTCCGCCTCGAGAAA
R- GCAGAGATCCTCACTCTCCG
F- CTTTGATGAGAGACGTCGGG
R-CTTCCCACTTTTCCGCTCTG
F- GGGGACAGTGGTAAAAGCAA
R- TCCCTGCGTTCCACTATCTT
F- GAGTTCAAAGAAGCCTTCAGC
R- ATCCTTGTTCACCACCCCTT
F- GGTGCTGAAGGCTGATTACG
R- TTGGAACATGGCCTCTGGAT
F- CTGTGGGCTGTTCACCAACT
R- GCCGCAACCAACACATAGG

PARACRINE FACTORS
F- GGGCAGAATCATCACGAAGT
R- TGTTGTGCTGTAGGAAGCTC
F- GAGCCTGCGCAATGGAATAA
R- ATACCCTGTGGGCTTGTTGA
F- TCAACACTCCAAACTGTGCC
R- AGCAAGTGAACTGTGGTCCAT
F- CGACTGGAAGACACGTTTGG
R- TTTGGGAGTACGGATGCACT
F- CACAACAGAGCCAACAGAGTC
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TBX18

Abbreviation
ANP

NKX2.5

CTNI

CTNT

MHC

MLC2A

MLC2V

ISL-1

Abbreviation
VEGFA

IGF-1

SDF-1

CTGF
END-1

R- TCCAGGTGGCAGAAGTAGAC
F- AGAGTGAGTCCAACTCGGTG
R- AGGGCAAAGTCCAGGATCTC
F- GGAGCATATGTGTCTTCAGCTAC
R- AAGCTGGCCATTACGTAGTTTTG

TERATOMA GENES
F- AAGCGGGATTGTGAGCTGTG
R- TGAAGGTCATCATCAGGCGG
F- AAAATGGGGGCGGGTTTTTC
R-CGCTCCCAGTGACAGTTTCT
F- CGGCGAGGAGGAGGGAG
R- GTCCCTGCGATGGAGATCAG

AAMP

NRG-1

Abbreviation
DND 1

P18 CDKI

P19 CDKI

GENES EXPRESSED BY ALL EMBRYONIC GERM
LAYERS

Abbreviation

F- TGCCCAGTTTGTTC
R- ACATCTCCTCTGCAACAGTGCTCA

AFP

F- AGCCATTCCGTAGTGCCATC
R- CAGAAGTGTCGCCTCGAAGT

BMP4

F- CAGGAGAAACAGGGCCTACAG
R- GCACAGGTGTCTCAAGGGTA
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Table 4. Comparing expansion rates of primary hgPSCs grown in GEM

Passa
ge #

P0
P1
P2
P3
P4

56yo Patient 1
Number of gPSC colonies
(No GEM)
500
380
280
113
85

94

10
1

96

P1

455

P2

387
308
30
2

358
310

27
5

28
0

303

28
5

29
5

403

30 287
363
2
28 30 27 26 25 27 28 35
3
1
5
7
8
5
5
5
Total # of colonies: 4,763

317

397
31
0

36
5

35
2

31yo Patient 2
Number of gPSC colonies
(No GEM)
500

P0
P1

385

P2

P4

396

133
10
1

10
2

222
114

88

98

113
84

205

14 127
118
3
88 10 10 11 11 95 10 95
4
2
0
3
1
Total # of colonies: 1,587

235

124

102

Day
0
Day
10
Day
15
Day
21
Day
28

Tim
e

380

286

60

Tim
e

476

Passa
ge #

P3

92

56yo Patient 1
Number of gPSC colonies
Expanded in Conditional Reprogramming Medium (+ GEM)
500

P0

P4

320
235
215
89
108
12
93
105
113
3
58 73 80 93 10 94 76 89 88 91 87
3
Total # of colonies: 1,400
220

163

Passa
ge #

P3

Tim
e
(Da
ys)
0
10
21
35

147
87

11
5

10
3

Day
0
Day
10
Day
21
Day
35
Day
60

Passa
ge #

31yo Patient 2
Number of gPSC colonies
Expanded in Conditional Reprogramming Medium (+ GEM)
500

P0
P1

489

P2

P4

478

287

P3

221
20
5

318
247

21
0

22
2

23
0

Tim
e

276
24
5

337

306

285

30 315
287
7
23 27 24 30 27 30 28 27
7
5
5
1
5
3
9
5
Total # of colonies: 4,143

305
26
3

30
0

26
8

Day
0
Day
10
Day
15
Day
21
Day
28

Table 5. Approximate concentration of each paracrine factor secreted by 1 CiC at Day 14 of
differentiation

TGFß

HGF

VEGFA

NRG-1b

ANG-1

IGF-1

IDO

1.59 pgs

0.4 pgs

9.88 pgs

893.32 pgs

5.83 pgs

13 pgs

167 pgs
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Table 6: List of freezing protocols tested on CiCs

Freezing protocol

% of living CiCs
post thawing

1. Trypsinize CiCs into single

~40%

cells followed by
centrifugation and subsequent
re-suspension in Celprogen
freezing media without DMSO
(proprietary media formulation
sold by Celprogen Inc)

2. Freeze CiCs without

<15%

trypsinization in Celprogen
freezing media without DMSO
3. Trypsinize CiCs into single

~60%

cells followed by
centrifugation and subsequent
re-suspension in 90% human
serum plus 10% DMSO
4. Freeze CiCs without
trypsinization in 90% human
serum plus 10% DMSO
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