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ABSTRACT OF THE DISSERTATION 

Enhancing Myocardial Repair with CardioClusters 

by 

Megan Michele Mendes Monsanto 

University of California San Diego, 2020 

San Diego State University, 2020 

Professor Mark A. Sussman, Chair 

Heart disease leading to cardiovascular failure is a major public health issue in 

the United States with a considerable burden for the health care system. Despite recent 

progress to advance stem cell-based therapy for patients, heart failure carries a five-

year mortality that rivals most cancers. This proposal describes an approach to control 

and pattern three distinct stem cell populations derived from the human heart to promote 

superior repair and regeneration after myocardial infarction. 
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Regenerative capacity of the heart is mediated through multiple distinct 

populations of stem cell types that are the subject of ongoing intense study. In the past 

decade, isolation and characterization of c-kit+ cardiac progenitor cells (CPCs), 

mesenchymal stem cells (MSCs) and endothelial progenitor cells (EPCs) have provided 

substantial insight to the capabilities of stem cells to rebuild the damaged heart and 

advance clinical therapy. Clinical trials have proven the efficacy and safety of autologous 

and allogeneic cell delivery to human patients, yet improvements in cardiac function and 

reduction in scar tissue remain modest and far below that needed for restoration of 

normal functional output.  

The work presented in this dissertation project overcomes these current cell-

based limitations by using a novel method for improving myocardial repair: 

CardioClusters, a three-dimensional microenvironment consisting of CPCs, MSCs and 

EPCs. The innovation of this project is the creation of CardioClusters with the ability to 

capitalize upon beneficial attributes of multiple human stem cells from a single human 

heart providing a clinically relevant translational strategy. Collectively, studies in this 

dissertation will pave the way for interventional approaches to selectively adapt stem 

cell behavior and merge beneficial attributes of stem cell populations found within the 

human heart for prevention of heart failure after cardiomyopathic injury. 
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CHAPTER 1 

Introduction of the Dissertation 
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Cell therapy for cardiovascular disease 

Cellular therapy using stem cells derived from bone marrow and cardiac origin 

are validated to treat damage after myocardial infarction (MI) in both small animal 

models and human clinical trials1-6. Efforts to publicize widespread application of cellular 

therapy are hindered by results of little to no improvement in cardiac function after long-

term follow up studies. The inherent limitation of autologous stem cell therapy is that 

cells derived from aged organs have increased expression of senescent markers and 

acquisition of chromosomal abnormalities leading to undesirable cellular characteristics 

such as slowed proliferation and increased susceptibility to cellular death7. Furthermore, 

based on animal models, cellular survival and engraftment are hindered by adverse 

inflammation, inhibiting the ability of transplanted stem cells to efficiently differentiate 

into cardiac cells. Improvement of stem cell engraftment and survival has been 

attempted by injection of stem cells in biomaterials8, 9, with cytokines and growth 

factors10, or genetic enhancement with pro-survival and anti-apoptotic genes11, 12. Our 

laboratory has established protocols to derive human stem cells from fetal hearts that 

are in the midst of cardiogenesis as well as stem cells from adult hearts13. Routine 

sorting protocols allow for successful isolation of CPCs, MSCs, and EPCs from patients 

of varying age and gender. Firsthand experience has led our group to understand that 

each stem cell type exhibits characteristics that render them desirable to promote 

regenerative repair13. MSCs are multipotent stem cells that give rise to bone, cartilage 

and adipose tissue13, 14. MSC adoptive transfer to the heart supports endogenous 

regeneration by secretion of paracrine factors that activate endogenous stem cells, 

promote angiogenesis, protect cardiomyocytes and reduce scar formation14, 15. 
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Furthermore, MSC transplantation suppresses immune rejection, decreasing 

inflammation after acute MI, due to enhanced secretion of anti-inflammatory factors14, 

16. In animal models, as well as in studies completed by our laboratory, transplanted 

CPCs give rise to cardiomyocytes, smooth muscle and endothelial cells, but lack the 

power of MSCs to activate and recruit endogenous stem cells11, 12. EPCs mobilized from 

bone marrow promote paracrine dependent vasodilation, vasculogenesis and 

angiogenesis, and differentiate into mature endothelial cells17, 18. Combinatorial cell 

therapies have been suggested in hopes of initiating additive or synergistic effects in 

myocardial repair such as with the delivery of MSCs and c-Kit+ CPCs into an infarcted 

swine model19. However, the retention of adoptively transferred stem cells remains quite 

poor regardless of whether it involves single or combinatorial stem cell delivery due to 

adverse inflammation. More importantly, arbitrary transfer of two or more stem cell 

populations together does not ensure stem cell interaction and cross talk that are 

essential for repair of advanced organ damage. Therefore, it is imperative to design new 

strategies of ex vivo cellular manipulation, which will retain naïve phenotypic 

characteristics for enhanced proliferation and survival as well as drive cardiogenic 

commitment after engraftment in the myocardium. 

 

Microenvironments for enhanced stem cell proliferation and regenerative 

potential  

Stem cell self-renewal and differentiation are tightly controlled in defined locations 

of all regenerative tissues, including the heart20, 21. Key functions of microenvironments 

include the maintenance of a quiescent stem cell population sensitive to stimuli such as 
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molecular signaling and extracellular matrix remodeling22. Recapitulation of cardiac 

microenvironments ex vivo, such as with cardiospheres23, 24, allows for enhanced 

cellular communication through gap junction protein connexin 43, improving cell 

propagation and differentiation in vitro20, 25, 26. However, cardiosphere capacity for in vivo 

differentiation is minimal with most improvements arising from paracrine affects27. 

Cardiospheres are composed of a heterogeneous cell population that lack ability to 

directly restore vasculature, as cardiospheres do not retain an endothelial precursor 

cell23, 28. Cardiospheres are formed by random aggregation leading to inconsistent cell 

characterization markers23, 24 variable sphere size and muddled communication within 

the microenvironment23, 24, 28. Based on these observations, the rationally designed 

CardioCluster presents itself as a superior application of microfabrication that will 

enhance stem cell responses to internal and external cues, which are imperative 

properties for stem cell survival and differentiation potential. 

 

CardioClusters the next generation approach to cellular therapy 

Blind application of stem cell populations to treat cardiovascular disease is not a 

sustainable approach, what is needed is a better understanding of stem cell attributes 

for more efficient cardiac regeneration. The heart is composed of diverse cell 

populations where no single cell type can compensate for the great cellular loss following 

MI. To adequately amend acute cell death and replace scare tissue the various cardiac 

cells found within the myocardium have to be restored. MSCs from the bone marrow are 

of interest because of their ability to secrete a diverse assortment of paracrine factors, 

but unfortunately present uncontrolled differentiation into non-cardiac tissue such as 
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skeletal muscle and adipose29-31. EPCs transplanted in vivo are capable of forming 

microvessels but are shown to regress without MSCs to support vessel maturity29. The 

regenerative potential of EPCs and MSCs warrants investigation, as achieving long-

lasting myocardial benefits requires the interaction of multiple cell types. Studies have 

investigated the added benefit of transferring two stem cell populations19, but no one to 

date has attempted to inject multiple stem cells explanted solely from a single human 

heart. Resident CPCs are pre-committed to the cardiovascular fate and can produce 

new cardiogenic cells without inducing arrythmyogenesis, a distinct advantage over 

other cell types for cardiac cell therapy32. Cardiovascular research is at a threshold and 

the CardioCluster proposed in this dissertation will push the field forward by integrating 

unique characteristics from each cell type. CPCs and MSCs prefer hypoxic conditions33, 

34 and will form the central core of the CardioCluster as seen in Figure 1.1. EPCs will 

surround the CardioCluster and provide for endothelial specific differentiation and 

production of tubular networks to reconnect with native blood vasculature, restore blood 

flow and aid in nutrient absorption in the heart29, 35. MSCs will be mixed in the interior 

with CPCs, as MSCs secrete cell adhesion molecules such as integrins and cadherins, 

which are integral to cellular aggregation36. Furthermore, MSCs will be an imperative 

supporting cell type to EPC maturation by secretion of paracrine factors to promote long-

term EPC-dependent vasculogenesis37. CardioClusters form a microcosm that will 

support cell survival and proliferation, making this approach an ideal route for cardiac 

restoration.  
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Figure 1.1. Schematic of study overview. CPCs, EPCs and MSCs can be isolated 
from the human heart, combined in a CardioCluster and re-introduced into the left 
ventricle (LV) for autologous cellular therapy. 
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GOALS OF THE DISSERTATION 
 

Overarching Theme:  In the past decade, identification and testing of stem cells 

to treat myocardial infarction (MI) has proceeded with ferocious intensity. Meta-analysis 

reveals that specific stem cell types promote myocardial repair through distinct 

mechanisms. Even so, despite “priming” of stem cells with growth factors or engineering 

of three-dimensional (3D) cardiac tissues, current approaches fall short of mediating 

myocardial repair that requires harnessing an optimal mix of both paracrine dependent 

secretion and direct commitment of injected cells. Although this deficiency has been 

attacked through combinatorial stem cell delivery, there is no evidence that dual stem 

cell injection provides for direct cellular cross talk to promote stem cell survival and 

proliferation. The field of myocardial regeneration desperately needs innovative, novel, 

and creative solutions building upon our existing knowledge that will raise efficacy of 

repair to a new level, rather than simply reiterating existing approaches providing 

modest improvements. Here I propose a novel manipulation of cardiac interstitial cells 

to enhance myocardial repair. The approach creates CardioClusters, defined as a three-

dimensional microenvironment consisting of three defined cell populations from the 

human heart: cardiac progenitor cells (CPCs), mesenchymal stem cells (MSCs) and 

endothelial progenitor cells (EPCs). CardioClusters will be created with MSCs as a 

support cell, increasing CPC and EPC commitment into cardiac and endothelial 

lineages. CardioClusters will enhance cellular communication and regenerative capacity 

by increasing the ability of adoptively transferred cells to adapt during hypoxia and 
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inflammation, as well as commit and secrete factors to support myocardial structure and 

contractility after myocardial injection. 

Hypothesis: CardioClusters improve regeneration of damaged myocardium 

by enhancing direct and indirect mechanisms of repair compared to current 

approaches using single cell suspension delivery. This dissertation project will 

validate the use of CardioClusters to combine beneficial cellular characteristics for 

cardiac repair. The SPECIFIC AIMS, experimental approaches and hypotheses of the 

proposal are: 

 

Specific Aim 1: CardioClusters exhibit enhanced proliferation, survival and cardiac 

commitment relative to single cell populations. 

 

Experimental approach: Genotypic and phenotypic markers will be analyzed in 

CardioClusters, CPCs, MSCs, EPCs, and the three populations combined (C+E+M). 

 

A. Isolate stem cell populations from the human heart and characterize marker 

expression, proliferation rates, and resistance to apoptotic challenge. 

B. Determine cardiac lineage commitment and paracrine secretion of each distinct 

stem cell population at baseline and following differentiation stimuli. 

C. Apoptosis and cell death are reduced by incorporation of cells into 

CardioClusters. 

D. Paracrine secretion is increased after differentiation stimuli such as co-culture of 

CardioClusters with cardiomyocytes. 
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Specific Aim 2: CardioClusters restore myocardial structure and function after 

intramyocardial injection better than single cell populations or a mixture of the three 

populations (C+E+M) injected combinatorially. 

Experimental Approach: Stem cells delivered following acute myocardial infarction will 

be monitored for reparative potential and stimulation of endogenous regeneration.  

 

A. Survival, engraftment, and persistence of injected cells is improved by 

incorporation of stem cells into CardioClusters. 

B. Cardiac structure and function are enhanced by injection of CardioClusters. 

C. CardioClusters restore cardiomyocyte size and vasculature following myocardial 

infarction injury. 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 



 10 

CHAPTER 2 
 

Concurrent Isolation of Three Distinct Cardiac Stem Cell Populations 

from a Single Human Heart Biopsy 
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INTRODUCTION 

Identification and selection for optimal stem cell type(s) remains a critical issue 

for successful therapeutic implementation of myocardial regeneration in patients 

suffering from heart failure. Cell populations from a variety of tissue sources, including 

bone marrow mononuclear cells, skeletal myoblasts, hematopoietic 

and endothelial progenitors, and induced pluripotent or embryonic stem cells have been 

extensively tested for their ability to regenerate lost myocardium38, 39. However, clinical 

trial outcomes repeatedly fall short of expectations raised by preclinical animal studies40-

45 prompting concern regarding the translational impact of experimental models. 

Nevertheless, there is growing acceptance of the new dogma that the adult mammalian 

heart is capable of cellular replacement throughout life and in response to pathologic 

injury, including the cardiomyocyte population (CM)46. Myocardial regeneration is 

facilitated by resident stem cells that activate endogenous tissue repair by both direct 

and indirect contribution to cellular replacement of CMs, smooth muscle cells, and 

endothelial cells. Considering the heart as a self-renewing organ opens up exciting 

possibilities for therapeutic intervention by cellular activation to promote regenerative 

processes. 

Effective tissue regeneration necessitates not only replacement of CMs, but also 

vasculature comprised of smooth muscle and endothelial cells.  Relative contributions 

of divergent resident cardiac stem cell types must be appreciated and delineated to 

maximize therapeutic potential of cell-mediated repair. Coordinated action of multiple 

cardiac stem cell types forms the basis for normal myocardial biology and therefore will 

likely be essential to achieve clinically meaningful restoration of tissue structure and 
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function in the wake of pathologic damage. Regardless of whether the ultimate effectors 

of repair are derived from an adoptively donated cell population or recruited from the 

endogenous pool(s) of resident cells, it is imperative to establish a working 

understanding of interactions and contributions of the distinct stem cell types 

participating in mediation of myocardial homeostasis and repair. Toward that goal, a 

simple and cost-effective protocol to separate and enrich multiple cardiac stem cells into 

distinct subsets is essential. Based upon established precedents, three such resident 

adult cardiac stem cells include cardiac progenitor cells (CPCs) as well as supportive 

cell types comprised of mesenchymal stem cells (MSCs) and endothelial progenitor cells 

(EPCs) that can be differentially separated based upon surface marker expression 

profiling. 

Cardiac stem cells were originally isolated in the adult rat heart on the basis of 

tyrosine-protein kinase Kit (c-Kit) or CD117 expression and were found to lack 

hematopoietic lineage markers47. A similar population of c-Kit+ CPCs was identified in 

the adult human heart48, 49, prompting clinical testing to assess their potential efficacy 

for enhancing myocardial regeneration50, 51. Early patient results have been encouraging 

showing improved heart function, however advanced age, comorbidities, and genetic 

factors in patients with heart failure constrain the regenerative capacity of CPCs. 

Rejuvenation of senescent CPCs, such as with genetic modification52, 53, repeated cell 

administrations54, or in conjunction with additional supportive cell types55 may improve 

outcomes for a substantial patient population possessing functionally impaired stem 

cells. 
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Stromal MSCs are a supportive cell that contributes to regeneration by secretion 

of paracrine factors that activate endogenous stem cells, promote angiogenesis, protect 

CMs and reduce scar formation56, 15, 57. MSCs are multipotent stem cells that give rise 

to skeletal myoblasts, chondrocytes, and adipose tissue 56, 58. Adherent MSCs express 

cell surface markers CD73, CD105, CD29, CD44, and CD90 while lacking CD45 that is 

expressed by hematopoietic stem cells (HSCs)59. Lack of major histocompatibility 

complex II expression allows MSCs to evade host immune responses and overcome 

host rejection16, 56 leading to their suggested use for allogeneic transplantation into 

patients60, 61.  

EPCs were formerly defined as progenitor cells positive for both the HSC marker 

CD34 and the endothelial receptor known as vascular endothelial growth factor receptor 

2 (VEGFR2)62. Because CD34 is not exclusively expressed on progenitor cells, but also 

on mature endothelial cells, enrichment with an additional early lineage stem cell marker 

CD13363 demonstrated that purified CD133+ EPCs differentiate into endothelial cells in 

vitro64. CD133, also known as prominin or AC133, is a highly conserved antigen with 

unknown biological activity expressed on EPCs but absent on mature endothelial cells65. 

EPCs promote paracrine-dependent vasculogenesis and angiogenesis, and form 

microvessels upon transplantation in vivo17. However, these microvessels regress 

without support from MSCs to allow vessel maturity66. For this reason, combinatorial cell 

therapies have been suggested for the treatment of heart failure in hopes of synergistic 

effects, 55 but isolation and examination of multiple enriched stem cell subpopulations 

from a single human heart has not been previously performed.   
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Knowledge and understanding of myocardial regenerative mechanisms will be 

facilitated by adoption of the protocol to derive three resident cardiac stem cell 

populations from adult heart biopsies procured during left ventricular assist device 

(LVAD) implantation described herein. Our sorting protocol allows for isolation of c-Kit+ 

CPCs, c-Kit+CD133+ EPCs, and c-Kit-CD90+CD105+ MSCs from patients of varying age 

and gender. Here we show these three cell populations maintain their unique phenotypic 

properties during ex vivo cell culture. Phenotypically, these cells show distinct 

morphology, growth kinetics, cell surface marker and gene expression profiles, and 

cardiac lineage potential. Isolation of multiple cells types from a single tissue source will 

allow for concurrent study of cell interactions, empower studies using cells derived from 

the target human heart failure population that will be involved in regenerative therapy, 

and expand the repertoire of possibilities for manipulation and modification of stem cells 

to treat cardiovascular disease. Therefore, the protocol and initial characterizations in 

this report represent an important and valuable technical advance in the development 

of novel techniques to facilitate understanding and implementation of regenerative 

medicine.  
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METHODS 

Human Cardiac Stem Cell Isolation 

Cardiac biopsies were obtained from patients undergoing LVAD implantation. 

NIH guidelines for human subject research are consistent with Institutional Review 

Board (IRB) exemption based upon the use of tissues that are waste discards from 

normal and routine clinical procedures of LVAD surgery (45 CFR 46.101). After excision, 

cardiac tissue remained on ice in cardioplegic solution until processed. Fatty tissue was 

excised and remaining cardiac tissue was suspended in Basic Buffer (15 mL) and 

minced into 1 mm3 pieces. After mincing, tissue and Basic Buffer were collected in 50 

mL Falcon tube. Digestive solution containing collagenase, type II 225 U/mg dry weight 

(Worthington, catalog #LS004174, Bio Corp, Lakewood, NJ) was dissolved in Basic 

Buffer (2-2.5 mg/mL) and incubated with tissue pieces for 1.5-2 hours at 37°C with 

continuous shaking. Digestion solution was refreshed at the one-hour time point and 

resulting suspensions were centrifuged at 350 g and resuspended in CPC media (see 

Table 1). Final suspension was filtered through a 100-µm filter (Corning, Inc., catalog 

#352360) followed by a 40-µm filter (Corning, Inc., catalog #352340) and centrifuged at 

150 g for 2 minutes to collect CMs. The supernatant was collected and centrifuged at 

350 g and resuspended in CPC media and incubated overnight at 37°C in CO2 

incubator. 

The following day, cells in suspension were collected in 50 mL Falcon tube. Any 

cells attached were dissociated using a 1:1 mixture of Cellstripper (Corning, catalog #25-

056-CI) and TrypLE Express (1X) (Thermo Fisher Scientific, catalog #12604-013). 

Resulting suspension was filtered through a 40-µm filter, centrifuged at 350 g, and 
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resuspended in wash buffer (PBS plus 0.5% bovine serum albumin). To isolate c-Kit+ 

cells, suspension was incubated with c-Kit–labeled beads (Miltenyi Biotec, catalog #130-

091-332) and sorted according to the manufacturer’s protocol. The c-Kit+ fraction was 

divided as such: half the population was suspended in CPC media (see Table 1) and 

the other half was suspended in EPC media (see Table 1). The c-Kit- population was 

further incubated with CD90/CD105–labeled beads and sorted according to the 

manufacturer’s protocol (Miltenyi Biotec, catalog #130-096-253/130-051-201). Cells 

positive for CD90/CD105 were suspended in MSC media (see Table 1). To isolate an 

EPC population, at 1 week the c-Kit+ population plated in EPC media was further sorted 

using CD133–labeled beads and sorted according to the manufacturer’s protocol 

(Miltenyi Biotec, catalog #130-097-049). All cells were cultured at 37°C in CO2 incubator 

in their respective growth media. CPC and EPC were split 1:2 when they reached 60-

70% confluency. MSC were split 1:2 when they reached 90% confluency. Patient 

information for the five cardiac samples used in this study can be found in Table 4. All 

cells used in this study were mid-passage (passages 5–9).  

 

Quantitative Reverse-Transcriptase Polymerase Chain Reaction (qRT-PCR) and 

Bioinformatics 

Total RNA was isolated from cardiac stem cell populations using Quick-RNA 

MiniPrep kit (Zymo Research, catalog #R1055) according to manufacturer’s protocol. 

500 nanograms of RNA were used to generate complementary DNA (cDNA) using an 

iScript cDNA Synthesis kit (Bio-Rad Laboratories, Inc, catalog #170-8891). The 

amplified cDNA was diluted at a ratio of 1:10 in DNase- and RNase- free water. qRT-
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PCR were completed using iQ SYBER Green (Bio-Rad Laboratories, Inc, catalog #170-

8882) on a CFX Real-Time PCR Detection System (Bio-Rad). cDNA was amplified using 

primers specific to genes of interest (listed in Table 3). The comparative or ΔΔCt method 

of qRT-PCR data analysis was used to analyze samples; variability in cDNA 

concentration was normalized using 18S. Hierarchical clustering and supervised 

clustering for gene expression profiling were performed using Expander 7.1 software67.  

 
Immunocytochemistry  

Cardiac stem cell populations were plated on 2-well chamber glass slides (10,000 

cells/well) in their respective growth media (see Table 1) for a minimum of 24 hours. 

After incubation, slides were washed with phosphate-buffered saline (PBS) (Corning, 

catalog #21-040-CV) and fixed in 4% paraformaldehyde for 5 minutes at 4°C. Following 

fixation, the slides were washed twice with PBS and permeabolized in PBS plus 0.1% 

Triton X-100, 0.1 M Glycine for 3 minutes, then washed once with PBS and blocked with 

TNB (1X TN (Tris-HCl, NaCl) Buffer, 5 µg/mL blocking reagent (PerkinElmer, catalog 

#FP1012)) for 30 minutes. Primary antibodies were diluted in TNB (see Table 2) and 

incubated overnight at 4°C. The following day slides were washed twice with PBS. 

Fluorescently conjugated secondary antibodies were diluted in TNB (1:200) and 

incubated 1.5 hours at room temperature. For c-Kit staining a horseradish peroxidase 

(HRP)-linked secondary antibody (1:500) was used, followed by tyramide signal 

amplification (1:50) (PerkinElmer, catalog #NEL753001KT). After washing twice with 

PBS, DAPI was included in a final wash to fluorescently label the nuclei, and slides were 

coverslipped with Vectashield® mounting reagent (Vector Laboratories, catalog #H-
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1000). All slides were imaged using a Leica TCS SP8 confocal microscope. A table of 

antibodies and dilution ratios is available in Table 2. 

  

Cell Morphology Measurement 

Cardiac stem cell populations were imaged using a Leica DMIL inverted tissue 

culture phase contrast microscope. Cell morphology was measured by tracing the 

outline of the cells using Image J software. The three measurements analyzed were 

Area, Roundness, and Length-to-Width (L/W) ratios.  L/W ratios were calculated by 

dividing Feret/Min Feret measurements. A minimum of 30 cells was measured per cell 

line.  

 

Cell Proliferation Assay  

Cell populations were plated in quadruplicate (1,000 cells/well) in a 96-well black 

flat bottom plate with 100 µL/well of their respective growth media. Cell proliferation rate 

was determined using a CyQUANT Direct Cell Proliferation Assay (Thermo Fisher 

Scientific, catalog #C35011) on days 0, 1, 3 and 5. Doubling times were calculated 

based on periods of exponential growth using a population doubling time online 

calculator (http://www.doubling-time.com/compute_more.php). 

 

Flow Cytometry 

For live cell analysis, single cells were suspended in 100 μL wash buffer and 

incubated with primary antibody (see Table 2 for dilutions) on ice for 30 minutes. 

Following, cells were washed with wash buffer and incubated with secondary antibody 

(1:100) for 20 minutes on ice. For fixed cell analysis, cells were suspended in 4% 
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paraformaldehyde for 5 minutes at room temperature and then washed twice with wash 

buffer. For c-Kit analysis requiring permeabilization, cells were washed twice and 

resuspended in PBS plus 0.1% Triton X-100, 0.1 M Glycine for 3 minutes, then washed 

once. Fixed cells were suspended in 100 μL wash buffer and incubated with primary 

antibody on ice for 1 hour. Following, cells were washed twice and incubated with 

secondary antibody (1:100) for 30 minutes on ice. For both fixed and live cells a total of 

300 μl wash buffer was added post secondary incubation and the cells were analyzed 

by flow cytometry with a BD FACS Canto instrument. Unstained and isotype controls 

were used to establish baseline fluorescence levels. Data was analyzed by Flow Jo 

software (BD Biosciences). A minimum of 10,000 cell counts was analyzed. Due to low 

cell count for H13-066 MSC, the c-Kit count was 5,000. 

 

Matrigel Tube Formation   

Growth factor reduced matrigel (Corning, catalog #356231) was used to coat a 

96-well flat bottom plate (50 µl/well) and incubated for 30 minutes at 37°C. Cardiac stem 

cell populations were plated in duplicate (5,000 cells/well) suspended in 100 µL/ well of 

EPC basal medium (see Table 1) and incubated at 37°C in CO2 incubator. Cell tube 

formation was imaged using a Leica DMIL inverted tissue culture phase contrast 

microscope after 12-16 hours. 

 

MSC- Colony-forming unit-fibroblast (CFU-F) Assay 

Cells were suspended in CFU-F assay medium: DMEM-low glucose (Thermo 

Fisher Scientific, catalog # 11054-020) with 10% FBS, 2 mM L-Glutamine and 



 20 

Gentamicin (10 mg/mL) and plated at 200 cells per 100 mm. Medium changed every 3 

days and after 14 days of growth, dishes were washed with PBS and incubated in crystal 

violet at room temperature for 30 minutes. Solution removed by 4 washes of PBS. A 

minimum of 3 dishes plated per cell line. 

 

Multilineage Mesenchymal Differentiation Potential 

The potential for osteogenesis, adipogenesis, and chondrogenesis differentiation 

was assessed for the three cardiac stem cell populations using StemPro Differentiation 

Kits following manufacturer’s protocol (Thermo Fisher Scientific, catalog #A1007201, 

#A1007001, and #A1007101). For osteocyte differentiation cells were stained with 

Alizarian-Red Staining Solution (Millipore, catalog #TMS-008-C), for adipocyte 

differentiation cells were stained with Oil Red O (Sigma-Aldrich, catalog #O0625), and 

for chondrocyte differentiation cells were embedded in optimal cutting temperature 

(OCT) compound, cryosectioned, and stained with Alcian-Blue Staining Solution 

(Millipore, catalog #TMS-010-C). 

 

Statistical Analysis  

Data expressed as mean±SEM. Statistical analyses of multiple groups were 

assessed by 1-way ANOVA with Bonferroni post hoc test. Multiple groups over time 

were analyzed by 2-way ANOVA. Statistical analysis was performed using GraphPad 

Prism version 5.0 software. The Pearson product-moment correlation coefficient was 

calculated using Microsoft Excel 2010. Experiments were performed in triplicate unless 

stated otherwise. A p-value of less than 0.05 was considered statistically significant.  
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RESULTS 

Isolation of Three Distinct Cardiac Stem Cell Populations 

The three different cardiac stem cell populations were isolated and expanded as 

described in the Methods section: Human Cardiac Stem Cell Isolation (Figure 2.1). At 

the time of extraction, the c-Kit- MSC population is relatively abundant in comparison to 

the c-Kit+ cells which are a rare population comprising only 3-5% of the isolated stem 

cells. Of the c-Kit+ cells, roughly half are also CD133+.  

 
Distinctive Cell Morphology among Cardiac Stem Cell Populations 

After expansion ex vivo, mid-passage cells were assessed for morphometrics. 

Phase contrast imaging (Figure 2.2A) measured parameters of Area, Roundness, and 

L/W Ratio. MSC area is significantly larger (23,301±1,018) relative to both CPC 

(7,435±358) and EPC (4,738±202) (Figure 2.2B). EPCs are significantly more round 

(EPC, 0.57±0.016; CPC, 0.26±0.012; MSC, 0.38±0.016) (Figure 2.2C), while CPCs 

show increased L/W ratio (CPC, 4.2±0.16; EPC, 2.0±0.081; MSC, 3.0±0.12). 

Representative examples of cultures of the three cell types show close clustering of 

morphometric parameters with minor variation between individual patients (data not 

shown).  

 

Cell Population Kinetics Vary by Cell Type 

Population growth kinetics was determined by CyQuant proliferation assay 

(Figure 2.3A-2.3C). The MSC population exhibited slowest proliferation rate (doubling 

time: 119±35 hours) in agreement with prior studies using mid-passage MSC 
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populations68-70. CPCs and EPCs show markedly faster proliferation rates (doubling 

times: CPC, 33±2 hours; EPC, 35±7 hours) (Figure 2.3D and 2.3E). Cell type growth 

kinetics varies by patient indicative of heterogeneity in cell biology between patient 

isolates. 

 

Flow Cytometry Analysis of Markers Expressed upon In vitro Culture 

Persistence of markers used to isolate the cardiac subpopulations was analyzed 

by flow cytometric analysis of single cell suspensions with fluorescence signal 

comparison between the differentially enriched cell types (Figure 2.4 and Figure 2.5) 

and variance among patients (Figure 2.6). All cells were negative for HSC marker CD45 

(CPC, <1%; EPC, ~3%; MSC, <1%) (Figure 2.6) as expected for cardiac-derived cell 

populations. CPCs and EPCs were initially isolated for c-Kit surface expression, 

however the extent of c-Kit expression and internalization varied among the three 

populations: CPC were ~97% positive for c-Kit, while EPC were ~43% and MSC were 

~27% (Figure 2.4A). CPCs internalized c-Kit, while c-Kit expression did not change upon 

permeabilization for EPCs and MSCs (Figure 2.7). These observations are consistent 

with prior studies showing surface c-Kit expression is variable71-73, a characteristic of 

rapidly cycling receptors. 

MSC populations were ~100% positive for both mesenchymal markers CD90 and 

CD105, with insignificant change between live (Figure 2.4B and 2.4C) and fixed cells 

(Figure 2.6). While ~99% of CPCs expressed CD105, only a little over half (~64%) 

expressed CD90 (Figure 2.4B and 2.4C). Of the three cell populations, EPCs had the 

lowest parentage of cells positive for mesenchymal markers (CD105: ~56%; CD90: 
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<1%) (Figure 2.4B and 2.4C). Whereas fixation did not alter the percent of MSCs 

positive for CD90 and CD105, fixation did decrease the percent of CPCs and EPCs 

positive for these two mesenchymal markers (CD90: fixed CPC, ~40%; fixed EPC, <1% 

and CD105: fixed CPC, ~28%; fixed EPC ~11%) (Figure 2.6). CD133 could not be 

detected on live cells; with fixation CD133 could be identified on all cell populations 

(EPC, ~67%; CPC, ~63%; MSC, ~92%) (Figure 2.4D and Figure 2.6). 

 

Immunocytochemistry Corroboration of Flow Cytometry Data 

Immunofluorescence microscopy was utilized to assess endogenous expression 

levels of the panel of markers used for stem cell isolation. Expression of c-Kit in CPCs 

was uniformly high, whereas c-Kit expression was comparatively low in MSCs. While a 

subset of the EPC population (marked by asterisks) expressed high levels of c-Kit, the 

majority expressed low to undetectable levels (Figure 2.8A). CD133 was prominently 

expressed by all three cells types (Figure 2.8B), consistent with flow cytometry data. 

Antibody labeling confirmed clear expression of mesenchymal markers CD90 and 

CD105 by the MSC population. Both mesenchymal markers were barely detectable 

above background in the EPC population with very low immonolabeling for CD105. 

While CPCs expressed CD105, CD90 level in CPCs was relatively low in comparison to 

the MSC population (Figure 2.8C).  

 

Gene Expression Profiles Show EPCs Diverge from CPCs and MSCs 

Transcriptional signatures for each cell type from various patients was performed 

using quantitative qRT-PCR focused upon three groups of genes: 1) growth factors and 
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cytokines 2) extracellular matrix (ECM) proteins and 3) inflammatory factors (Table 3). 

Results of qRT-PCR were subjected to bioinformatic analyses by hierarchical clustering 

for 45 samples (5 patients x 3 cell types x 3 replicates). Supervised clustering analysis 

revealed that CPCs and MSCs have closely related transcriptional profile, whereas 

EPCs are divergent. Two groups of genes differentiate EPCs from CPCs and MSCs: 

one group showed elevated gene expression (ANGPT2, PECAM1, COL3A1, HGF, 

IGF2, IRF1, TIMP1 and TNF) whereas another showed diminished gene expression 

only in EPCs (COL1A1, FGF2, HBEGF, IL1B, IL6, MMP1, NRG1 and CXCL12) (Figure 

2.9A and 2.9B). Pearson product-moment correlation coefficient heat map matrix of 

individual patients revealed that four out of five patients showed high gene expression 

correlation (>0.82), meaning although there is inherent heterogeneity among patient 

samples, individual cell types display characteristic profiles (data not shown).  

 

In Vitro Lineage Assessment and Comparison to Non-Cardiac Controls 

Tube formation assay using growth factor-reduced Matrigel demonstrates 

angiogenic potential of the three cardiac stem cells in vitro. Ability to form tubular 

networks varied among patients as well as cell types, with only a few CPC lines being 

able to form rudimentary tubules (Figure 2.10A), EPCs were able to form robust tubular 

networks within 15 hours (Figure 2.10B) similar to HUVEC control (data not shown), 

whereas MSCs could not form tubular structures, instead producing “star-burst” 

structures (Figure 2.10C).  

Multilineage mesenchymal differentiation assays were performed to determine 

adipocyte, chondrocyte, and osteocyte potential (Figure 2.11). Similar to bMSC, the 
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cardiac derived MSC were able to differentiate into these three lineages, whereas EPCs 

and CPCs were unable to fully commit, demonstrating distinctly different cell lineages. 

Cardiac derived MSCs also showed comparably low levels of major histocompatibility 

complex (MHC) molecules, both MHC Class I, Class II, as well as co-stimulatory 

molecules as bMSC (Figure 2.12) and were successfully able to give rise to colony 

forming units (data not shown).  

HUVECs and bMSCs were used to assess the potential of cardiac stem cell 

commitment toward angiogenic or smooth muscle fate. HUVECs and EPCs expressed 

the highest levels of PECAM-1 (HUVEC, 1,967±106; EPC 181±47) with respect to either 

CPCs (1.9±0.69) or MSCs (0.85±0.25) (Figure 2.10D). SMA is expressed by both 

bMSCs (1.0±0.12) and cardiac MSCs (52.67±10.06), and to a lesser extent CPCs 

(18.60±7.27). Both the EPCs and HUVECs expressed near undetectable levels of SMA 

(EPC, 0.04±0.01; HUVEC, 0.01±0.01) (Figure 2.10E). GATA4 is expressed by the adult 

CMs (22.19±0.06) and to a lesser degree by the CPCs (3.6±0.91). The other cell types 

showed decreasing expression of GATA4 (EPC, 3.09±0.31; MSC, 1.57±0.34) (Figure 

2.10F).  
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DISCUSSION 

Unbiased sampling of tissue biopsies from heart failure patients undergoing 

LVAD implantation represents an ideal source for tissue to isolate and study 

characteristics of CPCs, EPCs, and MSCs in the context of decompensated heart 

failure. LVAD recipients on “destination therapy” are desperately in need of regenerative 

therapy as the only other available option for treatment is cardiac transplantation. In an 

effort to improve the rather modest outcomes of current cell-based regenerative 

medicine intervention, the use of multiple cell types in combination or sequentially could 

enhance efficacy. Indeed, experimental animal studies support the premise of 

combining CPC and MSC to enhance beneficial effect55 and ongoing clinical trials are 

moving this concept into patients. However, these studies are focused upon allogeneic 

approaches that limit survival, engraftment, and persistence of the donated cell 

population. The protocol described in this report allows for simultaneous isolation of 

three distinct cell populations from a single tissue sample: CPC, MSC, and EPC. Each 

cell type exhibits characteristics that render them desirable to promote regenerative 

repair. EPCs promote vasculogenesis and angiogenesis and differentiate into mature 

endothelial cells. In vivo, MSCs have been shown to contribute to endogenous 

regeneration by secretion of paracrine factors that activate endogenous stem cells, 

promote angiogenesis, protect CMs and reduce scar formation56, 15, 57. In animal models, 

transplanted CPCs give rise to CMs, smooth muscle cells, and endothelial cells11, 74, but 

lack the power of MSCs to activate and recruit endogenous stem cells. For this reason, 

combinatorial cell therapies have been advanced in hopes of initiating synergistic effects 

in myocardial repair, but no one to date has attempted to inject multiple stem cells 
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expanded solely from the human heart. With this protocol, combinatorial studies can be 

performed using three cardiac cell populations isolated from a single heart. These cells 

can be studied combinatorial or individually to better elucidate how these distinct cell 

populations regulate and/or contribute to cardiac regeneration following ischemic injury. 

Cardiac stem cell populations play intrinsically distinct roles in cardiac regeneration. 

Insight into what makes each cell type unique will translate to superior clinical application 

depending upon disease state of the patient. For example, for chronic ischemia the 

primary intent may be to salvage the CMs and improve blood supply. Consequently, 

using a cell type that induces vascular regeneration such as EPCs would be important. 

On the other hand, if the goal were to replace lost CMs, perhaps CPCs supported by 

MSCs would favor activation of endogenous cardiomyocytes as well as exhibiting 

inherent cardiomyogenic potential. Alternatively, co-injection of all three cardiac stem 

cell types may provide the most robust reparative and regenerative outcome. Achieving 

long-lasting myocardial benefits likely requires the interaction of multiple cardiac cell 

types and testing this hypothesis is the focus of ongoing experimental studies.  

The CPC, MSC, and EPC populations can be reproducibly isolated using 

samples obtained from multiple patients with varying age and disease etiologies up to 

84 years of age. Patients presented with a range in cardiomyopathies and comorbidities 

including diabetes and coronary artery disease, and/or heavy smokers and drinkers. 

Success rate of isolating the three cell populations was 80-90 percent. For a minority of 

patient samples received the ex vivo culture resulted in outgrowth from only two 

populations, which we attribute to a number of possible factors including tissue size, 
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culture error, or absence of a particular cell type in the biopsy sample received. Not to 

be overlooked, another potential explanation for inability to expand a particular cell type 

could be correlated patient etiology and will be interesting to examine in future studies. 

We were unable to establish such relationships owing to the relatively small number of 

patients assessed in our isolation sampling. While showing some variation, consistent 

trends are evident with regard to cell morphology (Figure 2.2), growth kinetics (Figure 

2.3), and gene profiles (Figure 2.9). Specifically, gene expression levels for cytokines, 

extracellular matrix proteins, paracrine and inflammatory factors clustered based on the 

three cardiac stem cell lineages. EPCs were transcriptionally distinct from CPCs and 

MSCs that possessed more similar profiles (Figure 2.9). Transcript profiles of EPCs 

isolated from the heart were comparable to observed profiles in HUVECs (an 

established endothelial cell line) and cardiac EPCs also retain the capacity to form 

tubular networks on Matrigel, consistent with endothelial cell phenotypic properties 

(Figure 2.10).  

This protocol provides detailed culture procedures that will allow for stem cell 

maintenance evidenced by preservation of stem cell markers (Figure 2.4 and Figure 

2.8). Key factors for successful propagation and expansion ex vivo are culture conditions 

and growth medium.  Each cell type has its own preferential plating density and 

depending on cell type, differentiation and/or senescence can occur with prolonged 

culture52, 68 or due to cell-cell contact if cultured to confluency75, 76. CPCs and EPCs are 

successfully cultured at 50-70% confluency. On the other hand, MSCs prefer close 

contact with neighboring cells (70-90% confluency), appear cytopathic, and grow 

extremely slow when cultured below 60% confluency.  
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Observations when working with these cells have shown that while initially the 

relative abundance of MSCs is higher compared to either CPCs or EPCs, the latter two 

populations proliferate quickly (Figure 2.3) and senesce at a later passage than MSCs. 

For a majority of patients, the MSC population begins to show decreased proliferation 

around passages 8-10 and will completely senesce a few passages later. From a cell 

manufacturing point of view, we are able to obtain roughly 100 million cells by passage 

10. The majority of CPC and EPC lines will continue to proliferate until passages 15-20, 

and thus hundreds of millions of cells can be obtained.  

The protocol described herein is a highly reproducible and straightforward 

method independently conducted by multiple individuals at varied training levels ranging 

from graduate to post-doctoral level. Additionally, the procedure is amenable to being 

performed under a wide variety of experimental conditions. An example already initiated 

in our laboratory includes: splitting a single cardiac biopsy in half and conducting initial 

isolation under normoxic versus hypoxic conditions to study altered oxygen 

concentration and resulting phenotypic changes that occur in the isolated cardiac stem 

cell populations. Other applications could include variation in media formulation, such 

as glucose or growth factor supplementation, or examining differences caused by 

extracellular matrices and biologically coated surfaces.  

Desperate unmet need to alleviate the suffering and burden of heart failure has 

understandably prompted a rapid progression into clinical trials while necessarily 

foregoing a deeper fundamental understanding of cardiac stem cell biology or 

identification of which cell or combination of cells yields the most efficacious outcome to 

mediate repair and regeneration in vivo. Initial clinical trials performed using bone 
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marrow-derived stem cells were quickly pursued, in part owing to relative ease of 

isolation and established protocols, but yielded generally disappointingly modest 

myocardial recovery.77 The challenging frontier for myocardial regenerative medicine 

with the ever-expanding tapestry of potential interventional strategies requires careful 

analysis of critical factors in cell biology such as self-renewal potential, survival, and 

mechanisms that allow particular cell population(s) to repopulate the damaged 

myocardium more effectively than others. Each individual cell type may be specialized 

to perform in a specific context, and combinations of cell types likely will exert actions 

through concerted cooperative networking that any one single cell type cannot provide. 

Equipped with this basic understanding, secondary considerations of cell dosage, timing 

and delivery approach will need to be optimized. These concepts represent a small 

sampling of the nearly limitless conceptual possibilities that lie ahead for myocardial 

regenerative research. All journeys begin with a single step, and this protocol paves the 

way by isolating multiple cardiac cell populations that can be studied individually or 

combinatorial so that the field of cardiac stem cell therapy can come to a better 

understanding on which stem cell population(s) hold the most promise for cardiac 

regeneration.   
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TABLES 
 
Table 2.1. List of Media 

 

 Component Catalog Number 

C
ar

di
ac

 S
te

m
 C

el
l 

M
ed

iu
m

 

F12 HAM’s (1x)  SH30026.01, HyClone 

10% ES FBS 16141079, Gibco 

1% Penicillin-Streptomycin-Glutamine (100X) 10378016, Gibco 

5 mU/mL human erythropoietin E5627, Sigma-Aldrich 

10 ng/mL human recombinant basic FGF HRP-0011, Biopioneer 

0.2 mM L-Glutathione 66013-256, Sigma-Aldrich 

En
do

th
el

ia
l P

ro
ge

ni
to

r C
el

l 
M

ed
iu

m
 

EBM-2 Basal Medium CC-3156, Lonza 

EGM-2 Kit Supplements and Growth Factors: 
• 0.5 mL Human Epidermal Growth Factor 
• 0.5 mL Insulin-Like Growth Factor-1 
• 0.5 mL Vascular Endothelial Growth 

Factor 
• 0.5 mL HEPARIN 
• 0.5 mL Gentamicin Sulfate Amphotericin-B 
• 0.5 mL Ascorbic Acid 
• 2.0 mL Human Fibroblast Growth Factor-B 
• 2.0 Hydrocortisone 
• 10 mL FBS 

CC-4176, Lonza 

M
es

en
ch

ym
al

 
St

em
 C

el
l 

M
ed

iu
m

 

10.1 g/L MEM Eagle, Alpha Modification M0644, Sigma-Aldrich 

20% FBS FB-01, Omega Scientific, 
inc. 

1% Penicillin-Streptomycin-Glutamine (100X) 10378-016, Gibco 

Cell Culture Grade Water  

B
as

ic
 B

uf
fe

r  

11 g/L MEM Eagle, Joklik Modification M0518, Sigma-Aldrich 
3 mM HEPES H3375, Sigma-Aldrich 
1% Penicillin-Streptomycin-Glutamine (100X) 10378-016, Gibco 

10 mM Taurine T0625, Sigma-Aldrich 

Insulin, solvate in 3% Acetic Acid/PBS I-5500, Sigma-Aldrich 
1% Amphotericin B 15290-018, Invitrogen 
50 mg Gentamicin G1397, Sigma-Aldrich 

Cell Culture Grade Water  
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Table 2.2. List of Antibodies 
 

Antibody Vendor Catalog Number Dilution 
Flow 

Dilution 
Slides 

C-Kit (CD117) R&D systems AF1356 1:33 1:200 
Thy-1 (CD90) Biolegend 328109 1:33 1:200 
Endoglin (CD105) Biolegend 323203 1:33 1:200 
Prominin-1 (CD133) Thermo Fisher Scientific PA5-38014 1:50 1:600 
CD34 Santa Cruz Biotechnology Sc-9095 1:33 - 
PTPRC (CD45) Biolegend 368507 1:33 - 
DAPI Sigma-Aldrich D9542  - 1:10,000 
Phalloidin Thermo Fisher Scientific A12379 - 1:1,000 
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Table 2.3. List of Primers 
 

 Target Fwd Primer Sequence Rev Primer Sequence 
G

ro
w

th
 F

ac
to

rs
 a

nd
 C

yt
ok

in
es

 

ANGPT2 TCCAAGCAAAATTCCATCATTG GCCTCCTCCAGCTTCCATGT 

NRG1 GCCAATATCACCATCGTGGAA CCTTCAGTTGAGGCTGGCATA 

PECAM1 CCAAGCCCGAACTGGAATCT CACTGTCCGACTTTGAGGCT 

FGF2 CTGGCTATGAAGGAAGATGGA TGCCCAGTTCGTTTCAGTG 

GATA4 CTCAGAAGGCAGAGAGTGTGTCAA CACAGATAGTGACCCGTCCCAT 

HBEGF ACAAGGAGGAGCACGGGAAAAG CGATGACCAGCAGACAGACAGATG 

HGF GGCTGGGGCTACACTGGATTG CCACCATAATCCCCCTCACAT 

IGF2 GACCGCGGCTTCTACTTCAG AAGAACTTGCCCACGGGGTAT 

SMA CCCAGCCAAGCACTGTCAGGAATCCT TCACACACCAAGGCAGTGCTGTCC 

CXCL12 CAGTCAACCTGGGCAAAGCC AGCTTTGGTCCTGAGAGTCC 

TGFβ1 

(TGFB1) 
AAGGACCTCGGCTGGAAGTGC CCGGGTTATGCTGGTTGTA 

EC
M

 
Pr

ot
ei

ns
 

FN1 GAAGGCTTGAACCAACCTACG TGATTCAGACATTCGTTCCCAC 

MMP1 CTCAATTTCACTTCTGTTTTCTG CATCTCTGTCGGCAAATTCGT 

COL1A1 GTCGAGGGCCAAGACGAAG CAGATCACGTCATCGCACAAC 

COL3A1 GGTGCTCGGGGTAATGACG TCCAGGGAATCCGGCAGTT 

TIMP1 TGCCGCATCGCCGAGAT ATGGTGGGTTCTTGGTG 

In
fla

m
m

at
or

y 
Fa

ct
or

s 

IL1B CCCTAAACAGATGAAGTGCTCCTT GTAGTCGGATGCCGCCAT 

IL6 TCGAGCCCACCGGGAACGAA GCAGGGAAGGCAGCAGGCAA 

TNF GCCGCATCGCCGTCTCCTAC AGCGCTGAGTCGGTCACCCT 

IRF1 TTTGTATCGGCCTGTGTGAATG  AAGCATGGCTGGGACATCA 

MHC Iα GCCCACTCACAGACTGACC CTGGATGGTGTGAGAACCGTC 

MHC Iβ CCTGAGATGGGAGCCGTCTT CTCCGATGACCACAACTGCT 

MHC II DQα TGTCTGGCAGTTGCCTATGT TCAGGAACCTCATTGGTGGC 

MHC II DQβ CCTCCACCAGCAGGACTC GCAGCTAGGAATTCTGGGCA 

MHC II Trans AGAGCACATAGGACCAGATGA GCTTCCAGTGCTTCAGGTCT 

CD40 ACCCTTGGACAAGCTGTGAG TAAAGACCAGCACCAAGAGG 

CD80 GCAGGGAACATCACCATCCA TCACGTGGATAACACCTGAACA 

CD86 GGGACTAGCACAGACACACG CTGAAGTTAGCAGAGAGCAGGAA 

 18S CGAGCCGCCTGGATACC CATGGCCTCAGTTCCGAAAA 

 
 



 34 
 

Ta
bl

e 
2.

4.
 C

lin
ic

al
 P

ro
fil

e 
of

 P
at

ie
nt

s 
Us

ed
 fo

r S
te

m
 C

el
l I

so
la

tio
n 



 35 

FIGURES 

  

Figure 2.1. Cardiac stem cell isolation protocol  
Schematic representation of the process used to isolate cardiac cells from LVAD tissue. 
Following open-heart surgery, the tissue plug is digested to the single cell level and, following 
centrifugation to remove the CMs, plated overnight at 37°C in CO2 incubator. Day 2, the single 
cell suspension is incubated with microbeads conjugated to c-Kit and magnetically sorted. C-
Kit+ cells are split in half with a portion being plated in CPC media and the other half being 
plated in EPC media. The c-Kit- fraction is further sorted for CD90 and CD105 with positive cells 
being plated in MSC media. 1 week later, the c-Kit+ cells plated in EPC media are further 
enriched for CD133. Red cells indicate mesenchymal stem cell (MSC) population; green cells 
indicate cardiac progenitor cell (CPC) population; blue cells indicate endothelial progenitor cell 
(EPC) population; yellow cells indicate non-specific cell population. 
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Figure 2.2. Isolation of three distinct cardiac stem cell populations from LVAD patients  
A, Representative phase contrast images for the three isolated cardiac cell populations. B-D, 
Cell morphometric parameters measuring Area (B), Roundness (C), and Length-to-Width (L/W) 
ratio (D) (n=4-5 patients, minimum of 30 cells traced per cell type per patient). Data are 
presented as 1-way ANOVA, *p<0.01, **p<0.001, ***p<0.0001. Scale bar, 50 uM. 
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Figure 2.3. Cardiac stem cell populations exhibit distinct growth kinetics 
A-C, Cardiac cell proliferation measured using CyQuant assays at Day 0, Day 1, Day 3, and 
Day 5 for CPC (A), EPC (B), and MSC (C). D, Bar graph of doubling times calculated using 
periods of exponential cell growth for each cell line. E, Bar graph of mean doubling time for each 
cell type (n=5 patients). Data are presented as 1-way ANOVA, •p<0.05. 
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Figure 2.4. Flow cytometry analysis of markers expressed upon in vitro culture  
A-D, Single cell suspensions stained with antibodies for the markers used in cell isolation. Flow 
cytometry analysis of cardiac cell populations sorted for the presence of c-Kit (A), CD90 (B), 
CD105 (C), and CD133 (D) (n=3 patients per marker). Data are presented as 1-way ANOVA, 
*p<0.05, **p<0.01, ***p<0.001. 
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Figure 2.5. Flow cytometry analysis of stem cell markers  
Representative flow cytometry plots analyze the percent of c-Kit, CD90, CD105, CD133, and 
CD45 expression in the three cardiac cell populations. 
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Figure 2.6. Analysis of markers used for stem cell isolation  
A-C, Flow cytometry data from individual patient lines showing percent c-Kit, CD90, CD105, and 
CD133 expression in CPC (A), EPC (B), and MSC (C) fixed in 4% paraformaldehyde (PFA). D-
F, Flow cytometry data from the same three patient lines showing percent of CD90, CD105, and 
CD45 expression of live CPC (D), EPC (E), and MSC (F). 



 41 

 
 
 



 42 

 
 
Figure 2.7. C-Kit Internalization occurs more readily in CPC than other cardiac stem cell 
populations A-C, Representative flow cytometry plots showing the percent of CPC, EPC, and 
MSC that express c-Kit when antibody labeling live cells (A), cells fixed in 4% paraformaldehyde 
(B), or cells that were both fixed and permeabolized (C). 
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Figure 2.8. lmmunofluorescence imaging of stem cell markers  
A, Representative florescence microscopy showing c-Kit localization in CPC, EPC, and 
MSC (red, c-Kit; green, Phalloidin; white, Nuclei (DAPI)). B, lmmunofluorescence 
labeling of the mesenchymal markers CD90 and CD105 showing varying degree of co-
localization for these two markers in the three cell populations (red, CD90; blue, CD105; 
green, Phalloidin; white, Nuclei (DAPI)). C, CD133 expression revealed by 
immunofluorescence in the cardiac cells (blue, CD133; green, Phalloidin; white, Nuclei 
(DAPI)). Scale bar, 100 um. Asterisks (*) indicate cells positive for c-Kit. 
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Figure 2.9. Supervised cluster analysis of gene expression levels in cardiac stem cells  
A-B, Heatmaps representing differentially expressed genes in three different cell types. A, A 
cluster of genes showing specific up-regulation in EPC, but not CPC and MSC. B, A second 
cluster showing specific down-regulation in EPC, but not CPC and MSC (n=5 patients). 
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Figure 2.10. In vitro lineage assessment and comparison to established cell lines  
A-C, Representative images of tubular network formation when plated on growth factor reduced 
matrigel for CPC (A), EPC (B), and MSC (C). D-F, Bar graphs using established cell lines, 
HUVECs, bMSCs and adult CM, to assess the potential of cardiac stem cells to commit to an 
angiogenic (D), smooth muscle (E), and cardiogenic fate (F) (n=3 patients). Data are presented 
as 1 Way ANOVA, **P<0.001, ***p<0.0001, versus cell type used for normalization. Scale bar, 
200 um. CM indicates Cardiomyocytes; GATA4, GATA binding protein 4; PECAM-1, Platelet 
endothelial cell adhesion molecule; and SMA, a-smooth muscle actin (SMA). 
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Figure 2.11. Mesenchymal stem cell differentiation potential  
A-C, Differentiation potential for osteogenesis, adipogenesis, and chondrogenesis was 
assessed for the three cardiac stem cell populations relative to bMSC. For osteocyte 
differentiation cells were stained with Alizarian-Red Staining Solution (A), for adipocyte 
differentiation cells were stained with Oil Red O (B), and for chondrocyte differentiation cells 
were embedded in optimal cutting temperature (OCT) compound, cryosectioned and stained 
with Alcian-Blue Staining Solution (C) (n= 3 patients). 
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Figure 2.12. Expression levels of MHC Class I and Class II and co-stimulatory molecules 
A-H, Relative expression of cardiac derived MSC for co-stimulatory molecules CD40, CD80, and 
CD86 (A-C), MHC Class II molecules (D-F) and MHC Class I molecules (G and H) (n=5 patients) 
compared to control bMSCs. Data are presented as t test, *p<0.01, ***p<0.0001. 
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Chapter 2, with slight modifications, is a reprint of the material as it appears in 

Circulation Research, 2017.  Concurrent Isolation of Three Distinct Cardiac Stem Cell 

Populations from a Single Human Heart Biopsy. Monsanto MM, White KS, Kim T, Wang 

BJ, Fisher K, Ilves K, Khalafalla FG, Casillas A, Broughton K, Mohsin S, Dembitsky WP, 

Sussman MA. The dissertation author was the primary author and investigator on this 

manuscript.   
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CHAPTER 3 
 

Enhancing Myocardial Repair with CardioClusters 
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INTRODUCTION 

Cellular therapy continues to be pursued as an experimental approach to treat 

cardiomyopathic damage following infarction in both preclinical animal models and 

human clinical trials40, 42-45, 50, 78-80. While promising, cellular therapy has been hindered 

by marginal improvement in cardiac function, in part due to low engraftment and 

persistence of the transplanted cells38, 81. As such, improving cell retention and survival 

has been a major area of research using a plethora of techniques, including 

biomaterials8, 9, cytokines and growth factors10, repeated administration of cells54, or 

genetic enhancement with pro-survival and anti-apoptotic genes11, 12. Combinatorial cell 

therapies are an additional conceptual approach intended to promote additive or 

synergistic effects in myocardial repair19, 82-84; however, cell retention and survival 

remain poor whether single or combinatorial cell delivery is attempted. Furthermore, 

coincident delivery of multiple cell populations does not ensure effective cell interaction 

and cross talk following injection. Therefore, novel strategic approaches to prolong cell 

retention and survival are highly sought after, preferably also favoring cell phenotypic 

characteristics that promote short-term mitigation of injury and long-term recovery of 

myocardial structure and function.   

Traditional monolayer culture, while both prevalent and convenient, promotes 

loss of cell identity and spatial organization, thereby impacting many cellular aspects, 

including cell morphology, proliferation, differentiation, viability, and transcriptome 

profile85-87. Approaches intended to mitigate deleterious effects of artificial in vitro 

environments through recreating native three dimensional (3D) architecture include 

engineered heart tissue grafts88, organoids89, 90, and 3D bioprinting.91, 92 When grown in 
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3D cells aggregate and form complex cell-cell and cell-matrix interactions that mimic the 

natural environment found in vivo, allowing for cell differentiation and tissue organization 

not possible in conventional two-dimensional (2D) culture systems93. For example, 

cardiosphere formation23, 24 enhances cellular communication through gap junction 

protein connexin 43 fostering signal propagation and cell differentiation20, 25, 26. However, 

cardiospheres are formed by random cell aggregation leading to inconsistent cell 

characterization markers23, 24, variable sphere size, and muddled communication within 

the aggregate microenvironment23, 24, 28. A superior preferable methodology would utilize 

combinations of defined cell populations aggregated in 3D under controlled conditions 

that allow for intact delivery without dissociation of the spherical microenvironment to 

promote preservation of cellular phenotype and optimize cellular retention. This 

combination of desired features formed the rational basis for our novel methodological 

approach distinct in several critical aspects from cardiosphere-derived cell therapy.  

A ‘next generation‘ conceptual approach for a deliverable cell therapeutic based 

upon the aforementioned literature precedents would involve 1) combinations of multiple 

cardiac-derived cell types, 2) ex vivo culture adaptation to a 3D microenvironment to 

maximize cellular interaction, 3) control over cell composition, cell number, and 

aggregate cell volume, and 4) capability to deliver ex vivo formed cell aggregate ‘niches’ 

intact to facilitate preservation of microenvironment biological properties and retention. 

Guided by these stipulated parameters to create a novel artificially engineered cell 

aggregate, inception began with essential methodological studies to isolate and expand 

three distinct cardiac-derived interstitial cell types from a single human heart biopsy as 

previously reported by our group13. Human cardiac tissue of varying age and gender 
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was used as source material to isolate c-Kit+ cardiac interstitial cells (cCIC), 

mesenchymal stem cells (MSCs), and endothelial progenitor cells (EPCs). Having 

isolated and characterized three distinct cardiac interstitial cell types each known to 

possess beneficial properties to blunt cardiomyopathic damage, a protocol was 

designed for spontaneous self-assembly of mixed cell populations into an optimal 

conceptual engineered solution that we have named “CardioClusters.” 

CardioClusters harness the distinct phenotypic attributes of three well defined 

cardiac cell populations. MSCs support myocardial reparative activity through secretion 

of paracrine factors that activate endogenous cells, promote angiogenesis, protect 

cardiomyocytes, and reduce scar formation14, 15. MSCs also secrete cell adhesion 

molecules such as integrins and cadherins integral to cellular aggregation36. EPCs 

promote paracrine dependent vasculogenesis and angiogenesis and differentiate into 

mature endothelial cells17, 18. Prior studies demonstrate EPCs transplanted in vivo are 

capable of forming microvessels, but regress without MSCs to support vessel maturity29, 

94. cCICs distributed in the CardioCluster contribute to support of myocardial 

homeostasis, response to injury, and remodeling. CardioCluster characteristics are 

particularly well suited to mediating myocardial repair in the wake of acute pathological 

damage by providing a more natural niche microenvironment for augmented delivery 

and extended functional activity to improve the outcome of cellular therapy.   

CardioClusters advance the application of combinatorial cell therapy by 

integrating complementary and synergistic properties from multiple cardiac-resident cell 

types into a single injectable product. CardioCluster formation is a rapid, reproducible, 

and controllable process demonstrated in preclinical testing to mediate significant 
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improvements in myocardial structure and function following infarction injury. 

Enhancement of cell therapy with CardioClusters represents an important advance to 

improve clinical application of cell therapy for treatment of cardiomyopathic damage and 

disease. 
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METHODS 

Human Cardiac Interstitial Cell Isolation 

NIH guidelines for human research were followed as approved by IRB review 

(Protocol #120686). Neonatal heart tissue procured from post-mortem infants provided 

by a commercial source (Novogenix Laboratories) was used for isolation of human 

cardiac cells. The protocol detailing cardiac cell isolation can be found in our previous 

publication13. Briefly, fatty tissue was excised and remaining cardiac tissue was 

suspended in Basic Buffer (15 mL) and minced into 1 mm3 pieces. After mincing, tissue 

and Basic Buffer were collected in 50 mL Falcon tube. Digestive solution containing 

collagenase, type II 225 U/mg dry weight (Worthington, catalog #LS004174, Bio Corp, 

Lakewood, NJ) was dissolved in Basic Buffer (2-2.5 mg/mL) and incubated with tissue 

pieces for 1.5-2 hours at 37°C with continuous shaking. Digestion solution was refreshed 

at the one-hour time point and resulting suspensions were centrifuged at 350 g and 

resuspended in cCIC media (see Table 1). Final suspension was filtered through a 100-

µm filter (Corning, Inc., catalog #352360) followed by a 40-µm filter (Corning, 

Inc., catalog #352340) and centrifuged at 150 g for 2 minutes to collect CMs. The 

supernatant was collected and centrifuged at 350 g and resuspended in cCIC media 

and incubated overnight at 37°C in 5% CO2 incubator. The following day, cells in 

suspension were collected in 50 mL Falcon tube. Any cells attached were dissociated 

using a 1:1 mixture of Cellstripper (Corning, catalog #25-056-CI) and TrypLE Express 

(1X) (Thermo Fisher Scientific, catalog #12604-013). Resulting suspension was filtered 

through a 40-µm filter, centrifuged at 350 g, and resuspended in wash buffer (PBS plus 

0.5% bovine serum albumin).  
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To isolate c-Kit+ cells, suspension was incubated with c-Kit–labeled beads 

(Miltenyi Biotec, catalog #130-091-332) and sorted according to the manufacturer’s 

protocol. The c-Kit+ fraction was divided as such: half the population was suspended in 

cCIC media (see Table 1) and the other half was suspended in EPC media (see Table 

1). The c-Kit- population was further incubated with CD90/CD105–labeled beads and 

sorted according to the manufacturer’s protocol (Miltenyi Biotec, catalog #130-096-

253/130-051-201). Cells positive for CD90/CD105 were suspended in MSC media (see 

Table 1). To isolate an EPC population, at 1 week the c-Kit+ population plated in EPC 

media was further sorted using CD133–labeled beads and sorted according to the 

manufacturer’s protocol (Miltenyi Biotec, catalog #130-097-049). All cells were cultured 

at 37°C in 5% CO2 incubator in their respective growth media. cCIC and EPC were split 

1:2 when they reached 60-70% confluency. MSC were split 1:2 when they reached 90% 

confluency. All cells used in this study were mid-passage (passages 5–10).  

 

CardioCluster Formation 

CardioClusters are formed using 96 well, ultra-low attachment multiwell round-

bottom plates (Corning, catalog #CLS7007) in a two-step process. Step 1 generates the 

inner core composed of cCICs and MSCs in a 1:2 ratio. The inner core of cCICs and 

MSCs is seeded in 100 µL/well MSC media for 24 hours at 37°C in 5% CO2 incubator. 

Step 2 forms the outer EPC layer using a cell number equal to the number of cells used 

to create the central core. The EPCs are added in an additional 50 µL/well MSC media 

and incubated at 37°C in 5% CO2 for an additional 24 hours until CardioCluster 3D 
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structure has formed. The radius of a CardioCluster is approximately 150 μm, composed 

of a total of 400±100 cells. 

 

Flow Cytometry 

For live cell analysis, single cells were suspended in 100 μL wash buffer and 

incubated with primary antibody (see Table 2 for dilutions) on ice for 30 minutes. 

Following, cells were washed with wash buffer and incubated with secondary antibody 

(1:100) for 20 minutes on ice. For fixed cell analysis, cells were suspended in 4% 

paraformaldehyde for 5 minutes at room temperature and then washed twice with wash 

buffer. For c-Kit analysis requiring permeabilization, cells were washed twice and 

resuspended in PBS plus 0.1% Triton X-100, 0.1 M Glycine for 3 minutes, then washed 

once. Fixed cells were suspended in 100 μL wash buffer and incubated with primary 

antibody on ice for 1 hour. Following, cells were washed twice and incubated with 

secondary antibody (1:100) for 30 minutes on ice. For both fixed and live cells a total of 

300 μl wash buffer was added post secondary incubation and the cells were analyzed 

by flow cytometry with a BD FACS Canto instrument. Unstained and isotype controls 

were used to establish baseline fluorescence levels. Data was analyzed by Flow Jo 

software (BD Biosciences). A minimum of 10,000 cell counts was analyzed. 

 
Quantitative Reverse-Transcriptase Polymerase Chain Reaction (qRT-PCR)  

Total RNA was isolated using Quick-RNA MiniPrep kit (Zymo Research, catalog 

#R1055) according to manufacturer’s protocol. RNA concentrations were determined 

using a Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific, catalog #ND-
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2000) with 500 ng concentration of RNA used to generate cDNA using an iScript cDNA 

Synthesis kit (Bio-Rad Laboratories, Inc, catalog #170-8891). The amplified cDNA was 

diluted at a ratio of 1:100 in DNase- and RNase- free water. Reactions were prepared 

in triplicate using 6.5 µL cDNA (equivalent to 3.25 ng total RNA) per reaction using iQ 

SYBER Green (Bio-Rad Laboratories, Inc, catalog #170-8882) on a CFX Real-Time 

PCR Detection System (Bio-Rad Laboratories, Inc, catalog #1855201). Samples were 

normalized to 18S and data were analyzed by ∆∆Ct method. Primer sequences are 

listed in Supplemental Table 3. 

 
Cell Morphology Measurement 

Cardiac cell populations were imaged using a Leica DMIL inverted tissue culture 

phase contrast microscope. Cell morphology was measured by tracing the outline of the 

cells using Image J software. The three measurements analyzed were area, roundness, 

and length-to-width (L/W) ratios. L/W ratios were calculated by dividing feret/min feret 

measurements. A minimum of 30 cells was measured per cell line.  

 

Cell Proliferation Assay  

Cell populations were plated in quadruplicate (2,000 cells/well) in a 96-well black 

flat bottom plate with 100 µL/well of their respective growth media. Cell proliferation rate 

was determined using a CyQUANT Direct Cell Proliferation Assay (Thermo Fisher 

Scientific, catalog #C35011) on days 0, 1, 3 and 5.  
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Matrigel Tube Formation   

Growth factor reduced matrigel (Corning, catalog #356231) was used to coat a 

96-well flat bottom plate (50 µl/well) and incubated for 30 minutes at 37°C. Cell 

populations were plated in duplicate (5,000 cells/well) suspended in 100 µL per well of 

EPC basal medium (see Table 1) and incubated at 37°C in CO2 incubator. Images of 

tubular networks were acquired using a Leica DMIL inverted tissue culture phase-

contrast microscope 12 to 16 hours after plating. 

 

Lentiviral Constructs and Cell Transduction  

All cells used for CardioCluster formation were modified by expression of 

fluorescent-peptide fragment tags using a 3rd generation lentiviral vector. cCICs were 

modified with Lenti-PGK-eGFP (Addgene), MSCs were modified with PGK-Neptune-

3XHA, EPCs were modified with PGK-mOrange-3Xmyc, all at multiplicity of infection 

(MOI) 25. Plasmid pLenti-PGK-eGFP was used as a backbone to sub-clone pLenti-

PGK-mOrange-3xmyc and pLenti-PGK-Neptune-3xHA.  

 

Cell Death Assay  

Human cells were plated in a 6-well dish (30,000 cells per well) and incubated in 

starvation media (75% FBS depleted media) with 1% PSG for 24 hours. The cells were 

then treated with 40µM hydrogen peroxide for 4 hours. Cells were dissociated and 

labeled with Annexin V (BD Biosciences; 1:175) and Propidium Iodide (PI;10mg/ml) or 

Sytox Blue (Life Technologies; 1:1,000) to detect apoptosis and necrosis, respectively, 



 59 

by flow cytometry. Data was acquired on a BD FACSAria instrument (BD Biosciences) 

and analyzed with FACS Diva 3 software (BD Biosciences).  

 

CardioCluster Preservation in Liquid Nitrogen and Viability Testing 

CardioClusters were collected, centrifuged at 150 g for 2 minutes, resuspended 

in cold freezing medium (10% DMSO in growth medium), aliquoted into cryogenic 

storage vials, and frozen in an isopropanol chamber stored at –80°C overnight. The 

following day vials were transferred to liquid nitrogen for a minimum of 24 hours prior to 

thaw and cell death analysis with propidium iodide (10mg/ml). Data was acquired on a 

BD FACSAria instrument (BD Biosciences) and analyzed with FACS Diva 3 software 

(BD Biosciences).  

 

Co-culture of Neonatal Rat Cardiomyocytes (NRCMs) with Human Cardiac Cells  

Neonatal rat hearts were excised and scissor minced prior to enzymatic 

digestion. Isolated NRCMs were plated in M199 media (Thermo Fisher Scientific, 

catalog #21157-029) with 15% FBS (Omega Scientific, Inc., catalog #FB-01) at a density 

of 200,000 cells per well of a 6-well culture dish. The following day, myocyte cultures 

were washed with PBS and incubated in M199 with 10% FBS for 24 hours. The next 

morning, the cells were subjected to serum starvation (0.5% FBS in M199) for 24 hours. 

After low serum conditions, human cardiac cells were added to the plate at a ratio of 

1:10 (cCICs, EPC, MSCs, all 3 single cells combined [C+E+M], and CardioClusters) and 

allowed to incubate with NRCMs for an additional 24 hours in low serum conditions. 

Controls for NRCMs included leaving cells in 0.5% FBS M199, adding back 10% FBS 
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M199 (Serum Rescue) or maintaining NRCMS in 10% FBS M199 for the duration of the 

experiment. NRCM size was visualized by staining cardiomyocytes with sarcomeric 

actinin (Sigma-Aldrich; 1:100 dilution) and nuclei with TO-PRO-3 iodide (Molecular 

Probes; 1:10,000 dilution). NRCM relative size was measured using forward scatter on 

a BD FACSAria instrument (BD Biosciences). Separation of NRCMs and human cardiac 

cells was accomplished with fluorescent cell sorting of negative cells (NRCMs) versus 

eGFP+, mOrange+ or Neptune+ cells. After sorting, cells were centrifuged and 

resuspended in RNAse buffer for isolation and quantitation of mRNA from NRCMs or 

human cells. 

 
Single-cell RNA-seq Preparation, Data Analysis, and Data Availability 

Size distribution was quantified for single cell suspensions of cCIC, MSC, EPC 

and dissociated CardioClusters to verify cell size met droplet platform specifications. 

Cells were loaded on a Chromium™ Controller (10x Genomics) and single-cell RNA-

Seq libraries were prepared using Chromium™ Single Cell 3’ Library &amp; Gel Bead 

Kit v2 (10x Genomics) following manufacturer’s protocol. Each library was tested with 

Bioanalyzer (average library size: 450-490 bp). The sequencing libraries were quantified 

by quantitative PCR (KAPA Biosystems Library Quantification Kit for Illumina platforms 

P/N KK4824) and Qubit 3.0 with dsDNA HS Assay Kit (Thermo Fisher Scientific). 

Sequencing libraries were loaded at 2 pM on an Illumina HiSeq2500 with 2X75 paired-

end kits using the following read length: 98 bp Read1, 8 bp i7 Index, and 26 bp Read2. 
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Raw sequencing data was processed with the Cell Ranger pipeline (10X Genomics; 

version 2.0). Sequencing reads were aligned to the human genome hg19. Cells with 

fewer than 1,000 genes or more than 10% of mitochondrial gene UMI count were filtered 

out and genes detected in fewer than three cells were filtered out using Seurat R 

Package (v2.3.4)95. The first 20 principal components were found to be significant to 

perform dimensionality reduction. Preparations derived from in vitro studies yielded 

5659 barcoded cells for analysis, from which 1125, 1717, 1403 and 1414 corresponded 

to CardioClusters, cCICs, EPCs and MSCs, respectively.  Approximately 2,029 variable 

genes were selected based on their expression and dispersion. The first 20 principal 

components were used for the t-SNE projection and unsupervised clustering95. 

Differential expression analysis was done using Wilcoxon rank sum test and selecting 

for an adjusted p-value ≤0.05 and a log (FC)>0.25. Global differential expression 

analysis was done using Loupe Cell Browser 2.0.0. Gene ontology analysis was 

performed using R package clusterProfiler96. 

scRNA-Seq data generated in this study has been uploaded to the Gene 

Expression Omnibus (GEO) database (GSE133832).  

 

Myocardial Infarction and Intramyocardial Injection  

Animal protocols and experimental procedures are approved by the Institutional 

Animal Care and Use Committee at San Diego State University. Animals were 

randomized for treatments that were blinded to personnel carrying out the surgical 

procedures, injections, and physiological function analysis. Appropriate animal sample 

size was determined using sample size calculator 
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(http://www.lasec.cuhk.edu.hk/sample-size-calculation.html). A total of 60 mice were 

used in this study. Myocardial infarctions were carried out on 8-week old NOD.CB17-

Prkdcscid/J female mice (The Jackson Laboratory, catalog #001303) under 2% isoflurane 

(Victor Medical, catalog #NDC 57319-474-06) as previously described97. Briefly, the 3rd 

and 4th ribs were separated enough to get adequate exposure of the operating region, 

but the ribs were kept intact. The heart was squeezed out by pressing the thorax lightly 

and the left anterior descending artery (LAD) was ligated at the distal diagonal branch 

with a 7-0 suture. Infarction was confirmed by blanching of anterior left myocardium wall. 

Following ligation, either CardioClusters (n=17), 2:3:1 ratio of cCIC+EPC+MSC 

(C+E+M; n=15), or a vehicle control (PBS plus 0.5% sodium alginate [NovaMatrix, 

catalog #4209001]; n=16) were delivered intramyocardially at 3 separate sites in the 

vicinity bordering the blanched area. A total of 90,000 cells per heart were introduced 

into CardioCluster and C+E+M animals. The hearts were immediately placed back into 

the intrathoracic space followed by muscle and skin closure. Animals in sham group 

(n=12) received a comparable surgical procedure without LAD ligation or injection. Each 

animal received 20 µL analgesic treatment with 0.3 mg/mL Buprenex (Victor Medical, 

catalog #12496-0757) at time of surgery and 12 hours post-surgery.  

 

Echocardiography and Speckle-Tracking Based Strain Measurement 

Transthoracic echocardiography was performed on lightly anesthetized mice 

under isoflurane (1.0-2.0%, Abbot Laboratories) using a Vevo 2100 (VisualSonics). 

Hearts were imaged in the 2D parasternal short-axis (SAX) view, and M-mode 

echocardiography of the mid-ventricle was recorded at the level of papillary muscles to 
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calculate fractional shortening (FS). From the recorded M-mode images the following 

parameters were measured: left ventricular (LV) anterior wall thickness (AWT), LV 

posterior wall thickness (PWT), LV internal diameter (LVID), and LV volume in diastole 

(index: d) and systole (index: s). An LV-Trace of hearts imaged in the 2D parasternal 

long-axis (PLAX) view was performed in B-mode to calculate ejection fraction (EF). 

Strain analysis was conducted using a speckle-tracking algorithm provided by 

VisualSonics (VevoStrain, VisualSonics). In brief, B-mode loops were selected from 

echocardiographic images based on adequate visualization of the endocardial border. 

A minimum of 3 consecutive cardiac cycles was selected for analysis based on image 

quality. Semi-automated tracing of the endocardial and epicardial borders were 

performed and then corrected as needed to achieve good quality tracking throughout 

each cine loop. Tracked images were then processed for strain measurements. Strain 

measurements were averaged over time resulting in curvilinear strain data points. Each 

long-axis view of the LV was divided into 6 standard anatomic segments for regional 

speckle-tracking based strain analysis throughout the cardiac cycle. Global peak strain 

values were averaged across all 6 segments. Regional peak strain values averaged the 

area of injury using segments 3, 5 and 6.  

 

Hemodynamic Analysis  

Invasive hemodynamic data acquisition was performed with an ADVantage PV 

System (ADV500, Transonic Systems Inc.) using a 1.2F PV catheter (Transonic 

Systems Inc., catalog #FTH-1212B-4518). Animals were sedated using 1.2 mg/mL 

Ketamine (VetaKet CIII, Akorn Animal Health, Inc., catalog #59399-144-10), 0.5 mg/mL 
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Xylazine (Anased, Akorn Animal Health, Inc., catalog #59399-110-20) dosed at 10 µL/g 

body weight. PV catheter was pre-calibrated in 0.9% saline for at least 30 minutes at 

room temperature before each measurement. PV catheter was inserted through right 

carotid artery and advanced into LV chamber to record changes in LV pressure and 

volume. Hemodynamic data analysis was performed offline by LabScribe v3 software 

(iWorx). Mice after catheterization were immediately subjected to heart retroperfusion. 

 

Tissue Section Preparation  

Mice were infused with heparin (Sigma-Aldrich, catalog #H3393) at 10 U/g body 

weight and anesthetized using 3% chloral hydrate solution (Sigma-Aldrich, catalog #C-

8383) dosed at 10 µL/g body weight. Hearts were arrested in diastole with 0.1 M 

CdCl2+KCl and perfused with either 1% paraformaldehydes (cryosectioned hearts) or 

formalin (paraffin embedded hearts) for 5 minutes at 80-100 mmHg via retrograde 

cannulation of abdominal aorta. Retroperfused hearts were removed from the thoracic 

cavity and weighed prior to fixation. Hearts were fixed overnight in either 1% 

paraformaldehyde at 4ºC (cryosectioned hearts) or formalin at room temperature 

(paraffin embedded hearts). Hearts fixed for cryosectioning were dehydrated in 30% 

sucrose overnight at 4°C followed by mounting in Neg50 frozen section medium 

(Thermo Fisher Scientific, catalog #6502) on dry ice. Tissues were cryosectioned at 20 

µm thickness at -20ºC. Formalin fixed hearts were processed for paraffin embedding 

and sectioned at 7 µm thickness at room temperature. 

 

Capillary Density Measurement  



 65 

Paraffin sections were immunolabeled with isolectin GS-IB4 conjugated to Alexa 

Fluor 568 (Thermo Fisher Scientific, catalog # I21412; 1:100 dilution) to visualize 

vasculature, in combination with cardiac troponin T conjugated to Alexa Fluor 488 

(Biocompare, catalog #bs-10648R-A488; 1:200 dilution) and 4′,6-diamidino-2-

phenylindole (DAPI). Scans consisted of infarct, border and remote regions for each 

heart analyzed. The analysis software on a Leica TCS SP8 Confocal Microscope and 

Image J software were used to quantitate the number of positive cells in each field of 

view. A minimum of 3 independent fields of view per cardiac region was measured. The 

area of cardiac tissue in each field of view was measured and used to normalize capillary 

numbers per mm2. N=4-6 hearts per group measured at week 20. 

 

Cardiomyocyte Cross-sectional Area Measurement 

Paraffin sections were immunolabeled with cardiac troponin T conjugated to 

Alexa Fluor 488 to visualize cardiomyocytes, wheat germ agglutinin conjugated to 680 

(Thermo Fisher Scientific, catalog #W32465; 1:500 dilution) to outline cellular 

membranes, and DAPI to visualize nuclei. Cardiomyocytes were measured in the infarct, 

border, and remote regions. Cross-sectioned cardiomyocytes with a centrally located 

nucleus were considered. Approximately 50 cardiomyocytes from 3 independent fields 

of view per heart region were measured using the SP8 TCS Leica drawing tool to trace 

cardiomyocyte cross-sectional area. N=4-5 hearts per group measured at week 20.  

 

Infarct Size Quantitation 
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Trichrome Stain (Masson) Kit (Sigma-Aldrich, catalog #HT15) was used to stain 

for collagen deposition in sham and infarcted hearts according to manufacturer’s 

protocol. Staining was visualized using a Leica DMIL6000 microscope using XY stage 

tile scan and automatically stitched by Leica LAS X analysis software. Area of live versus 

dead myocardium was measured using the drawing tool in the SP8 TCS Leica Software 

using scar length over total LV length. Multiple heart sections from apex to mid-wall were 

averaged for scar quantification. N=4-5 hearts per group measured at week 20. 

 

Statistical Analysis  

Data are expressed as mean±SEM. Statistical analyses of multiple groups were 

assessed by 1-way ANOVA with Bonferroni post hoc test (comparison among all 

groups) or Dunnett’s post hoc test (versus single group). Multiple groups over time were 

analyzed by 2-way ANOVA. Statistical analysis was performed using GraphPad Prism 

version 5.0 software. Experiments were performed in triplicate unless stated otherwise. 

A p-value of less than 0.05 was considered statistically significant. 
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RESULTS 

Three distinct cardiac nonmyocyte cell types are used for CardioCluster formation 

CardioClusters are comprised of three cardiac-resident cell populations 

concurrently isolated as previously described by our group with full phenotypic 

characterization13.  Cell surface marker profiling of cell lines used to produce 

CardioClusters were similar to previous findings (cCIC express c-Kithigh, CD90high, 

CD105low, CD133low, CD45neg; EPC express CD133high, CD105high, c-Kitlow, CD90neg, 

CD45neg; and MSC express CD90high, CD105high, c-Kitlow, CD133low, CD45neg; data not 

shown). Commitment toward angiogenic and smooth muscle fates was assessed for the 

three cardiac-derived cell populations relative to control cell lines human umbilical vein 

endothelial cells (HUVECs) and bone marrow-derived MSCs (BM MSCs). Tube 

formation assays demonstrated robust angiogenic responses from both EPCs and 

HUVECs in vitro using growth factor-reduced Matrigel (data not shown). Transcript 

levels of endothelial-related genes CD31 and von Willebrand factor (vWF) were elevated 

in HUVECs and EPCs (p<0.001 versus cCICs; data not shown). Smooth muscle actin 

(SMA) transcripts were highly expressed in BM MSCs and cardiac MSCs (p<0.001 

versus cCICs), with both endothelial populations (EPC or HUVEC) expressing near 

undetectable levels (p<0.05 versus cCICs). GATA4 was expressed by cCICs (1.0±0.05) 

and to a lesser extent by EPCs (0.87±0.03) and MSCs (0.33±0.01), with non-cardiac 

controls expressing undetectable levels (data not shown). Collectively, these three 

cardiac-derived cell populations recapitulate and validate previous results of phenotypic 

characterization for cell types obtained using our published protocol13. Distinct 
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phenotypic properties of these three cardiac-derived cell populations fulfills the 

conceptual design of combining multiple cell types for CardioClusters formation.  

The three distinct cardiac derived cell populations were modified with lentiviral 

vectors to introduce fluorescent proteins for tracking purposes (eGFP tagged cCICs 

[green], mOrange tagged EPCs [blue], and Neptune tagged MSCs [red]; tagging 

efficiency 99.1±0.2%; Figure 3.1 and Figure 3.2, A-B). Distinct morphology for each cell 

population is evident in representative brightfield images with companion 

immunofluorescent images demonstrating corresponding fluorophore expression in 

cCICs (Figure 3.1A), EPCs (Figure 3.1B), and MSCs (Figure 3.1C). Cell morphology 

measurement of area, roundness, and L/W ratio for each cell type confirmed distinct 

phenotypes (Figure 3.1, D-F). MSCs were significantly larger (18,563±1,021) relative to 

both cCIC (3383±121) and EPC (3272±102) (Figure 3.1D). EPCs were significantly 

rounder (EPC, 0.55±0.012; cCIC, 0.19±0.0097; MSC, 0.36±0.015) (Figure 3.1E), while 

cCICs show increased L/W ratio (cCIC, 5.2±0.19; EPC, 2.1±0.063; MSC, 2.8±0.11) 

(Figure 3.1F). Morphometric parameters clustered by cell type, with minor variation 

between heart samples (data not shown). EPCs exhibited a proliferative rate similar to 

cCICs, with both populations showing increased proliferation over MSCs based on 

CyQuant proliferation assays (Figure 3.1G). EPCs were significantly more resistant to 

cell death and retained 92±0.76% cell viability, versus only 54±5.6% for cCIC and 

79±1.5% for MSCs after 4 hours H2O2 treatment (Figure 3.1, H-J). Cumulatively, 

characterization showed phenotypic and biological distinctions between cardiac 

interstitial cell populations fundamental to CardioCluster design and utility, such as 
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elevated resistance to oxidative stress-induced cell death, high proliferative activity, and 

pro-angiogenic nature of EPCs.  

 
Generation of CardioClusters 

CardioClusters are formed in a two-step process (Figure 3.1K and Figure 3.2C). 

cCICs and MSCs are seeded to form the inner core, with EPCs added 24 hours later to 

provide an endothelial cell-enriched outer layer for the CardioCluster. The outer EPC 

layer provides enhanced resistance to oxidative stress relative to the more sensitive 

cCICs and MSCs within the CardioCluster core (Figure 3.1J). Individual cells within an 

assembled CardioCluster were readily visualized with their cognate fluorophore tags, 

obviating the need for antibody-mediated detection (Figure 3.1L and 3.1M). 

CardioCluster size reproducibly and predictably corresponds to cell number seeded per 

microwell (Figure 3.1N). CardioClusters ranging from 100-1000 cells were examined to 

determine changes in size and morphology over a 7 day time period (Figure 3.2D). 

CardioCluster diameter and area increased over 7 days, except for CardioClusters 

seeded with 1000 cells, whose diameter plateaued after day 3. This finding, also 

previously observed with 3D aggregated cells98, is consistent with reduced oxygen and 

nutrient diffusion within dense cellular structures >200 μm99, 100.  

Preserving CardioCluster 3D structural integrity for intramyocardial delivery to 

promote intercellular contact and enhance retention is essential to improve upon typical 

approaches involving dissociated single cell suspensions. Intramyocardial injection for 

cell delivery in murine hearts uses a standard 30-gauge needle with a 159 μm internal 

diameter ([I.D.]), so CardioClusters were engineered for a diameter allowing for injection 
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to preserve 3D structure. The maximum number of cells that could comprise a 

CardioCluster and pass through a 30-gauge needle is 400 cells based on morphometric 

quantitative analysis (Figure 3.1O). EPC, cCICs and MSCs were combined in a 3:2:1 

ratio, based upon the consideration of larger MSC size occupying relatively more volume 

relative to cCIC or EPC (Figure 3.1D). CardioCluster spontaneous self-assembly as 

revealed using time-lapse video microscopy shows the MSC population immediately 

migrating towards the central core (data not shown). cCIC/MSC interaction was allowed 

to progress for 24 hours, at which point EPCs were added to interact with established 

cCIC/MSC cores. Interestingly, EPCs initially form their own clusters instead of adhering 

to cCIC/MSC cores and then subsequently envelop the cCIC/MSC core (Figure 3.2D). 

Architecture of an MSC-enriched core was invariant regardless of seeding sequence, 

as plating of cCIC+EPCs prior to adding MSCs consistently resulted in MSCs migrating 

and localizing within the CardioCluster core rather than surface (data not shown) 

consistent with the preferential localization of MSC to hypoxic environments.33, 34. 

CardioCluster formation consistently occurs with MSCs in the core and cCIC/EPCs on 

the outer layers.   

CardioClusters possess a high percentage of live cells maintained within the 3D 

structure (93.9-98% of cells alive; Figure 3.3). Robust vitality of CardioClusters was 

confirmed by recovery from long term liquid nitrogen storage, where the percentage of 

live cells was comparable to that of control non-frozen CardioClusters (Figure 3.3A and 

3.3B). When cultured on standard tissue culture-treated plastic, cells adhered and 

migrated out from the CardioCluster whether frozen or not non-frozen with comparable 

cell morphology (Figure 3.3C). These findings support “off-the-shelf” feasibility of using 
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frozen banked CardioClusters for therapeutic purposes rather than necessitating de 

novo creation prior to use.   

 

CardioCluster cells undergo reprogramming toward the transcriptome profile of freshly 

isolated cardiac interstitial cells  

Transcriptional profiling of CardioClusters and their monolayer cultured parental 

counterparts reveals significant reprogramming consequential to 3D aggregation. Since 

CardioClusters are heterogeneous cell populations by design, single-cell RNA 

sequencing (scRNA-seq) was employed to reveal cellular transcriptome heterogeneity 

within the CardioCluster at the single cell level with a level of resolution not achievable 

with bulk population analysis. Quality control testing validated parameters of cell size 

distribution, sequence alignment and filtering of multiplets and dying cells (data not 

shown). Dimensionality reduction by t-SNE reveals segregation of CardioClusters 

(orange cluster) distinguished by a unique transcriptome profile separating them from 

their constituent parental populations, which form their own clusters (red, green, blue 

clusters representing MSCs, cCICs and EPCs respectively; Figure 3.4A). Differentially 

expressed genes (DEGs) are increased in the CardioCluster environment (620) relative 

to cCIC (296), EPC (167), or MSC (211) (Figure 3.4B, Supplemental Table 4). Taken 

together, these results demonstrate CardioClusters distinguishing themselves as a 

transcriptionally unique population diverged from parental cell lines.  

Cellular identities of the three constituent parental lines comprising a 

CardioCluster are consistent with detected transcripts in each cell type. EPCs highly 

express ECSCR, ESM1, EGFL7 and RAC2, which are endothelial–related genes 
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important for neovasculature and the angiogenic response (Figure 3.4B and 3.4C). The 

highly specific marker vascular endothelial statin (VE-statin) referred to as EGFL7, 

exhibits near-exclusive expression and action upon endothelial cells101 and is  highly 

expressed in EPCs (Figure 3.4B). In contrast, many secreted angiogenic signaling 

molecules including vascular endothelial growth factor (VEGF) are expressed by 

nonendothelial cell types such as fibroblasts. MSC-enriched transcripts include the cell 

surface marker THY1 (also referred to as CD90) as well as Smooth muscle α-2 actin 

(ACTA2) (Figure 3.4B and 3.4C). Gene ontology analysis of MSCs reveals expression 

of extracellular matrix and adhesion molecules such as COL1A2, TIMP3 and FN1 

(Figure 3.4B and 3.4D). Consistent with preference for hypoxia, MSCs are enriched for 

HIF1A, a transcription factor that plays a key role in response to hypoxic stimuli. Lastly, 

transcripts associated with cell proliferation and anti-apoptotic activity such as BIRC5 

and HMGB1 are differentially expressed in cCICs, as well as the chemotactic signaling 

molecule CXCL12, commonly referred to as stromal derived factor-1 (SDF-1), and 

developmental genes DKK1 and FGF5 (Figure 3.4B). Collectively, these data highlight 

that the 3 parental populations are distinctly different from one another, with EPCs and 

MSCs expressing endothelial and stromal-associated genes.  

Transcriptome profiling of CardioClusters by scRNA-seq reveals several features 

distinct from the three parental cell lines. CardioClusters are enriched for transcripts in 

multiple categories including stem cell-relevant factors (KLF4, LIF, JAK1, SMAD7, 

BAMBI, NOTCH3), adhesion/extracellular-matrix molecules (integrin-α2, laminin-γ1, 

type 1 collagen-α1, BMP1, MMP2), and cytokines (SOD2, SDF-1, FGF2). These 

aforementioned DEGs were similarly enriched in freshly isolated cardiac interstitial cells 
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(Figure 3.4, B-D, 3.4F), suggesting that CardioClusters adopt a transcriptome profile 

with features reminiscent of cardiac interstitial cells present in the myocardium rather 

than cultured cells. Indeed, 89 out of the 448 DEGs present in CardioClusters are also 

found in freshly isolated cardiac interstitial cells (Figure 3.4E and 3.4F), in stark contrast 

to the overlap with the 2D-cultured parental cell lines where only 7 DEGs are shared 

with freshly isolated cardiac interstitial cells (Figure 3.4E and 3.4F). This finding supports 

that standard tissue culture causes expanded cells to lose their identity, unlike cells 

within a 3D microenvironment. Consistent with this observation, the size of cells grown 

within a CardioCluster were smaller relative to 2D cultured parental counterparts 

(p<0.01; data not shown) resembling a size more similar to freshly isolated cells. Thus, 

the 3D microenvironment of a CardioCluster promotes a more native phenotype similar 

to endogenous or freshly isolated cardiac cells. 

 

CardioClusters exert protective effects with serum starvation in vitro assay 

Protective effects mediated by cCICs and MSCs are conferred upon serum 

starved neonatal rat cardiomyocytes (NRCMs) in co-culture102. Similarly, beneficial 

effects mediated by CardioClusters were assessed by co-culture with NRCMs in serum 

depleted conditions relative to effects conferred by cCIC, EPCs, MSCs, and a combined 

mixture of cCIC+EPC+MSC (C+E+M) (Figure 3.5A). NRCMs maintained in low serum 

(0.5%) were smaller relative to NRCMs maintained in high serum condition (10%) 

(Figure 3.5B and 3.5C, Figure 3.6). CardioCluster co-culture with low serum treated 

NRCMs restored cardiomyocyte size within 24 hours relative to all other treatments 

(p<0.05; Figure 3.5B and 3.5C, Figure 3.6) and also increased mRNA expression for 
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Desmin, a muscle-specific type III intermediate filament protein (p<0.001; Figure 3.5D). 

Furthermore, CardioCluster co-culture increased mRNA for Sdf-1 (p<0.05; Figure 3.5E), 

a cardioprotective cytokine and chemotactic factor for MSCs that plays an additional role 

in recruitment of EPCs important for angiogenesis103, 104. Importantly, CardioClusters 

offered significantly greater protection upon NRCM than actions exerted by any 

individual parental population (cCICs, EPCs, MSCs) or the combined C+E+M mixed 

population. Collectively, these results demonstrate superior protective effects of 

CardioClusters for NRCM in response to serum starvation challenge.  

 

Paracrine gene expression is increased in CardioClusters after NRCM in vitro co-culture  

Paracrine factor action is considered a primary mechanism for 

cardioprotective105, so mRNA transcript level expression for growth and 

immunomodulatory factors was assessed after CardioCluster co-culture for 5 days with 

serum depleted NRCM (Figure 3.7A). mRNA levels for CardioClusters, parental cells, 

and the C+E+M mixed population were measured by separating fluorescently tagged 

cells away from the NRCM population using flow cytometric sorting (Figure 3.6). mRNA 

transcript levels for insulin-like growth factor (IGF) and interleukin-6 (IL-6) were highly 

elevated in CardioClusters co-cultured with NRCMS relative to any of the individual 

parental population (cCICs, EPCs, MSCs) or the combined C+E+M mixed population 

(p<0.001 and p<0.05 respectively, versus cCIC; Figure 3.7B and 3.7C). IGF exerts 

chemotactic and growth-stimulatory effects105 in addition to anti-apoptotic properties106-

108. Early release of anti-inflammatory cytokines such as IL-6 after acute cardiac damage 

has been shown to be beneficial by signaling protective responses in local tissue and 
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initiating wound healing109. Additionally, the cardioprotective cytokines SDF-1 and 

hepatocyte growth factor (HGF), both trended towards increased expression in 

CardioClusters following co-culture experiments (Figure 3.7D and 3.7E). HGF 

stimulates cell proliferation, motility, morphogenesis, angiogenesis and importantly 

tissue regeneration108, 110. Collectively these results show that at the transcript level 

CardioClusters induction of paracrine factors IGF and IL-6 exceeds that of parental cell 

populations or C+E+M group when co-cultured with serum depleted NRCMs. 

Several mRNAs associated with lineage specification were analyzed following 

co-culture of CardioClusters or parental cell populations with NRCMs. GATA4 showed 

the highest expression in cCIC co-culture. Predictably, EPCs displayed the largest 

induction of endothelial marker CD31, whereas MSCs induced SMA gene expression 

after 5 days of co-culture with NRCMs (Figure 3.7, F-H). Neither CD31 nor SMA were 

significantly upregulated in CardioCluster group (Figure 3.7G and 3.7H).  

 

CardioClusters are resistant to oxidative stress by in vitro assay 

CardioClusters were substantially more resistant to cell death induced by 4 hours 

of H2O2 treatment after overnight low serum culture (Figure 3.8). Dying cells were 

divided into groups of early apoptosis, late apoptosis, and necrosis based on Annexin V 

and Sytox Blue staining (Figure 3.9). CardioClusters showed significantly fewer cells in 

necrosis relative to any individual parental population (cCICs, EPCs, MSCs) (p<0.05 

versus cCIC; Figure 3.8B and Figure 3.9F) as visually evidenced by fewer cells rounding 

up and detaching from the tissue culture dish (transparent arrows; Figure 3.8C and 
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3.8D). These results demonstrate superiority of CardioClusters to survive oxidative 

stress challenge in vitro. 

 

CardioClusters improve myocardial structure and function following infarction injury  

Therapeutic efficacy of CardioClusters was assessed in a murine experimental 

myocardial infarction injury model of permanent coronary artery occlusion. Xenogenic 

human cell treatment into NODSCID recipient mice was performed at the time of infarction 

with direct comparison between CardioClusters and the C+E+M combined population 

group administered as a single cell suspension mixture. Myocardial structure and 

function were assessed by parasternal long axis echocardiography for four experimental 

groups: non-injured sham, CardioCluster, C+E+M, and vehicle-treated (Figure 3.10A). 

All groups had comparable reduction in cardiac function at 1 week post injection (wpi) 

demonstrating consistency of infarction injury (Figure 3.10, B-D, F-G and Table 6) with 

average EF for all infarcted groups of approximately 30% (CardioCluster, 27±2.9%; 

C+E+M, 32±2.2%; Vehicle, 29±2.0%; Figure 3.11). The CardioCluster-treated group 

showed significant cardiac functional improvement starting 4 wpi, which was sustained 

throughout the 20-week time course, with increased fractional shortening (FS; Figure 

3.10B) and ejection fraction (EF; Figure 3.10C) versus C+E+M treatment 4 and 8 wpi 

and was significant at study completion for EF. In comparison, EF and FS improvements 

in the C+E+M treated group only began to appear at 12 and 16 wpi, respectively (Figure 

3.10B and 3.10C). Terminal EF measurements at 20 wpi show EF value is highest in 

the CardioCluster group relative to vehicle only or C+E+M groups (40±1.9% versus 

16±1.0% or 30±4.5%, respectively; Figure 3.11, B-D). CardioCluster treatment shows a 
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45±7% improvement in EF at study completion relative to the starting value at week 1. 

In contrast, EF at study completion relative to week 1 for the C+E+M or vehicle only-

treated groups decreased by 5±14% and 46±3%, respectively (Figure 3.10E). 

Furthermore, CardioCluster treatment group exhibits significantly smaller left ventricular 

internal diameter both in systole (LVID;s) and diastole (LVID;d), as well as reduction in 

LV end systolic and diastolic volumes (LV Vol;s and LV Vol;d). Heart rate was not 

significantly different among treatment groups (Figure 3.10, F-G and Figure 3.12, A-C). 

Structural and functional data are detailed in Table 6.  

Speckle-tracking based strain analysis is a highly sensitive echocardiographic 

technique for assessing left ventricular (LV) function111, 112. LV function was similarly 

reduced in all infarcted mice at 1 wpi (Figure 3.13A). Progressive changes consistent 

with adverse ventricular remodeling occur in vehicle-treated animals in agreement with 

conventional echocardiographic measures of function (Figure 3.10). LV systolic 

deformation in the CardioCluster-treated group showed significant improvement starting 

at 8 wpi and progressing through 20 wpi compared to vehicle-treated animals (p<0.001; 

Figure 3.13, B-D). Radial strain measurements at 8 and 20 wpi confirmed significant 

functional benefit provided by CardioCluster treatment versus 2D cultured parental 

C+E+M mixed population (p<0.01; Figure 3.13C). Peak longitudinal strain was improved 

in the C+E+M treated group versus vehicle alone (p<0.05; Figure 3.13D). Regional 

strain measurements assessing the area of injury further demonstrate significant 

improvement in LV function for CardioCluster-treated animals (Figure 3.13E and 3.13F). 

In the area of injury, the absolute difference in radial strain (week 1-to-week 20) for 

CardioCluster-treated group was 7.59±1.28% which was significantly improved relative 
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to C+E+M and vehicle-treated groups (-1.56±1.96% and -1.88±1.61% respectively, 

p<0.01 versus CardioCluster group, Figure 3.13F). Similar improvement was seen for 

absolute difference in longitudinal strain 20 wpi. 

CardioCluster superiority for restoring myocardial structure and function relative 

to the mixed population C+E+M is further reinforced by tissue morphometry and 

hemodynamic measurements. Cardiac hypertrophy was not a contributing factor to 

increasing anterior wall thickness (AWT) at 20 weeks in the CardioCluster-treated group 

(Figure 3.10D) as heart weight to tibia length ratios did not increase (HW/TL; Figure 

3.10H) relative to the sham-operated control. In contrast, a significant increase in HW/TL 

is present in both vehicle control as well as C+E+M treatment groups. Fibrotic area is 

significantly smaller in CardioCluster-treated mice compared to vehicle at 20 wpi 

(38.4±4.5% of CardioCluster LV versus 55.3±4.3% of vehicle LV; Figure 3.10, I-M) 

although infarct size is not significantly different between hearts receiving C+E+M or 

CardioClusters. Invasive hemodynamic measurement validates functional superiority of 

the CardioCluster-treated group showing significantly improved developed pressure 

over time (dP/dT) versus vehicle (Figure 3.12D), in addition to increasing left ventricular 

developed pressure (LVDP) and Pmax-Pmin (Figure 3.12E). Collectively, these findings 

are evidence that CardioClusters offer significantly greater benefit for restoration of 

myocardial performance in this murine myocardial infarction injury model.  

 

CardioClusters engraft and persist in the myocardial wall following intramyocardial 

injection 
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Characteristics of CardioClusters including multicellular 3D architecture and 

enhanced survival are attractive features to mediate increased persistence following 

delivery compared to dissociated single cell suspensions such as the C+E+M mixed 

population. CardioCluster persistence in vivo was longitudinally assessed over a 4-week 

period by confocal microscopy (Figure 3.14). CardioCluster localization was tracked with 

co-injection of DiI tracking beads in pilot studies to confirm the delivery site in tissue 

sections (Figure 3.14A). Cryosectioned hearts allowed for direct visualization of 

fluorophore tags without antibody labeling. All three constituent cell types were readily 

visualized in the myocardial wall, with MSCs at the center of the CardioCluster 

surrounded by a layer of cCICs and EPCs, similar to architecture observed in vitro 

(Figure 3.10H). With CardioCluster localization confirmed coincident with the injection 

site, subsequent injections and imaging were performed without DiI tracking beads for 

long-term functional studies. CardioClusters were clearly visible within the myocardium 

at serial time points: 1, 3, 7 and 28 days post injection (Figure 3.14, B-F). Antibody 

labeling confirmed CardioCluster persistence at day 7 and day 28 (Figure 3.14E and 

3.14F).  

 

CardioClusters increase capillary density in the infarct area  

Capillary density was measured in the infarct, border zone, and remote regions 

at 20 wpi. Non-injured controls (sham) serve as the control group compared to injured 

hearts (Figure 3.15). Notably, the CardioCluster group exhibited significantly more 

isolectin labeled vessels in the infarct region at 20 wpi versus both vehicle and C+E+M-

treated groups (Figure 3.15, A and E–G). CardioCluster group capillary density in the 
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infarct region increased 62% or 83% versus the C+E+M or vehicle only control, 

respectively. Within the infarct border zone at 20 wpi, both CardioCluster and C+E+M-

treated groups trended toward increased capillary density versus vehicle control, but not 

achieving significance (Figure 3.15B). The remote region did not significantly increase 

capillary density in either CardioCluster or C+E+M groups relative to vehicle or sham 

(Figure 3.15C and 3.15D). Taken together, these data demonstrate a superior level of 

microvascularization prompted by CardioCluster treatment relative to dissociated mixed 

cell preparation or vehicle only control groups. 

 

CardioCluster treatment antagonizes cardiomyocyte hypertrophy in the border and 

remote regions and preserves cardiomyocyte size in the infarct region 

Cell therapy reduces hypertrophic remodeling following pathologic injury to blunt 

progression of heart failure after MI. Treatment groups receiving either CardioClusters 

or the C+E+M mixed population both exhibited normalized cardiomyocyte size in the 

infarct region nearly identical to uninjured sham control hearts at 20 wpi (Figure 3.16A). 

Cardiomyocytes within the border zone proximal to infarction or in remote regions from 

the injury site were significantly smaller in the CardioCluster treatment group compared 

to either C+E+M or vehicle only control groups (p<0.001; Figure 3.16, B-C and E-G). 

Indeed, cardiomyocyte size in remote regions was normalized in the CardioCluster 

group to values similar with non-injured controls (Figure 3.16C and 3.16D). Individual 

cardiomyocyte cross-sectional area was traced (Figure 3.17, A-C) along with average 

cardiomyocyte cross-sectional area for infarct, border zone, and remote regions (Figure 

3.17, D-F). Collectively these data validate the action of CardioCluster treatment to blunt 



 81 

hypertrophic cellular enlargement better than dissociated mixed cell preparation or 

vehicle only control groups. 
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DISCUSSION 

The preceding decade of cardiac cell therapy has produced substantial 

knowledge regarding optimization as well as limitations of current therapeutic 

interventions. In a field sometimes overshadowed by contentious debate113-117, it is 

important to remember that there are also many points of consensus. Specifically, all 

parties agree that inefficient cell delivery to the site of injury, low cell retention and 

modest efficacy of cells that do remain within the tissue are factors hampering 

advancement. Technical reinvention building upon prior success by incorporating ‘next 

generation’ approaches to surmount these established barriers represent the frontier of 

cell therapy research.  CardioClusters introduced in this report are a novel and effective 

solution that integrates multiple cardiac-resident cell types into a single injectable 

product. The evolutionary advance offered by CardioClusters is mitigation of single cell 

delivery challenges through spherical self-assembly of a larger 3D structure, which 

provides enhanced retention to mediate repair after delivery. Inspiration for 

CardioClusters is drawn from prior studies showing superiority of combinatorial cell 

therapy19, 82-84 and enhanced functional properties of cells grown in 3D environments118-

120. The multicellular structure and composition of CardioClusters represents a distinctly 

unique in vitro engineered platform to enhance the outcome of cellular therapeutics as 

demonstrated in preclinical testing using an established murine infarction injury model 

treated with a xenograft of human cardiac-derived cells.  

CardioClusters were deliberately designed with multiple features anticipated to 

enhance efficacy. Among these properties, the essential combination of multiple cardiac 

cell types was enabled by our prior methodological studies to isolate and expand three 
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distinct cardiac-derived interstitial cell types from patients with end-stage heart failure 

undergoing implantation of a left ventricular assist device (LVAD)13. End stage heart 

failure patients such as LVAD recipients represent likely candidates for interventional 

autologous therapy using cells derived from their own cardiac tissue. Combinatorial 

approaches harnessing beneficial attributes of multiple adult cell types are gaining 

acceptance as a method to enhance biological properties and efficacy based upon the 

tenets that: 1) no single cell population possesses all the requisite attributes for effective 

repair, and 2) both cardiomyogenic and non-cardiomyogenic cells contribute to 

myocardial repair and regeneration. Combining multiple cell types with complementary 

roles more efficiently mediates repair in preclinical experimental animal models of heart 

failure19, 82-84 and is currently being assessed in the CONCERT clinical trial with patients 

receiving mixtures of MSCs and cardiac progenitor cells (cCIC)121. Similarly, induced 

pluripotent stem cell-derived cardiomyocytes combined with vascular cells122 or 

MSCs123 potentiates myocardial repair, likely due to enhanced stimulation of 

endogenous repair mechanisms. Efficient isolation and expansion of three distinct 

cardiac-resident non-myocyte populations brought together ex vivo to form 

CardioClusters is now technically feasible (Figure 3.1) 13. CardioCluster biological 

variability depending upon the source, condition, and pathologic state of donor tissue is 

an important and intriguing unresolved issue to be addressed in follow-up studies based 

upon the proof-of-principle provided in the present report.   

Another enabling feature of CardioClusters is the profound influence of 

aggregation upon phenotypic and biological properties of the constituent cell 

populations. Specifically, CardioClusters foster a transcriptional profile more consistent 
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with freshly isolated cardiac interstitial cells compared to their monolayer counterparts 

(Figure 3.4). Even relatively short-term in vitro expansion of cCIC in 2D monolayer 

culture results in loss of identity marker gene expression and decreased population 

heterogeneity by single cell RNA-Seq transcriptome profiling87. And although cells 

derived from typical 2D monolayer cultures are used to seed CardioClusters, the 

transcriptome signature of CardioCluster cells collectively resemble each other far more 

than original parental cells. The CardioCluster microenvironment promotes intercellular 

coordination initiated within a 3D environment, unlike traditional monolayer expansion85-

87. Increased expression of collagen type I and III, integrins (ITGA2, ITGB1, ITGA11, 

ITGA1, ITGAV), fibronectin, and matrix remodeling enzymes (MMP-1, MMP-2, MMP-

14, TIMP-1, TIMP-2) in CardioClusters is consistent with enhanced matrix remodeling 

capacity of cells maintained in a 3D microenvironment124. Transcript data for 

CardioClusters also showed elevated expression of Notch3 that exerts an important 

regulatory role in the contexts of development and tissue regeneration for maintenance 

of a progenitor pool and tissue homeostasis125. Elevated Notch expression and 

superiority of 3D aggregation culture relative to conventional 2D conditions is consistent 

with results using pediatric cCICs cultured in 3D spheres of approximately 1500 cells, 

wherein 3D aggregated cCICs exert enhanced repair with increased notch signaling 

compared with their 2D counterparts in a right ventricular heart failure model.98  

Restoring fresh and/or youthful characteristics to isolated cells expanded in vitro52, 126-

128 may be one way that CardioClusters provide functional benefits to the collective 

population. 
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A third enabling feature of CardioClusters is cardioprotective action, particularly 

under conditions of environmental stress. In vitro testing in co-culture assays is an 

established protocol to assess the potential of candidate cell types to inhibit 

cardiomyocyte death from pro-apoptotic challenge102, 129. Superior ability of 

CardioClusters to blunt NRCM death relative to single parental cell types supports the 

rationale for culturing the mixed cell population together in a 3D configuration (Figure 

3.5).  Cardioprotective action of CardioClusters is likely mediated by secreted factors 

such as IL-6, IGF, and SDF-1 (3.7 and 3.8) known to exert pro-survival effects123, 130, 131. 

These findings establish the justification for subsequent in vivo testing and a potential 

paracrine mechanistic basis for CardioCluster action.  

Superior restoration of structure and function following cardiomyopathic injury is 

evident from comparative testing with either CardioClusters or the dissociated cell 

mixture of C+E+M in xenogenic treatment of NODSCID mice (Figure 3.10). Empirical 

control of CardioCluster size to <160 μm (Figure 3.1N and 3.1O) allowed for injection 

through a 30-gauge needle without dissociation into single cells. Improvement in FS and 

EF was observed starting at week 4 and maintained during the entirety of the 20-week 

study, with CardioCluster-treated animals showing significantly improved myocardial 

wall structure compared to C+E+M-treated animals concomitant with increased capillary 

density (Figure 3.15) and preserved cardiomyocyte size (Figure 3.16). CardioClusters 

persisted within the myocardial wall, with the 3D structure clearly visible up to a week 

post-injection (Figure 3.14). Meta-analysis examining cardiac stem cell (CSC) and MSC 

ability to treat MI in animal models found that treatment culminated in an absolute 

difference in EF ranging from 8-10.7% compared to control animals132, 133. In 
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comparison, by 20 weeks CardioCluster treatment showed a 24.2% increase in EF 

compared with vehicle treatment. Our data shows the significant 2-fold improvement 

possible with CardioClusters versus traditional single cell therapy approaches. “Off-the-

shelf” potential of CardioClusters preserved in liquid nitrogen demonstrated high viability 

and structural integrity indistinguishable from non-frozen counterparts (Figure 3.3). 

Frozen/thawed CardioCluster efficacy remains to be tested in vivo, but the ability to 

mass-produce and preserve CardioClusters in frozen storage is attractive for clinical 

implementation planning.   

The conceptual framework of CardioClusters offers almost infinite possibilities for 

modification and optimization for therapeutic use, as well as basic investigation of 

cellular interactions. For example, parameters including cell ratios, cell types, cluster 

size, and number of CardioClusters to inject are all worthy of further consideration. 

CardioCluster contain approximately 300 cells crucial for injectability through the inner 

diameter of a 30-gauge needle, which constrained diameter to <160 μm (Figure 3.1O) 

in murine studies. However, a larger animal could tolerate a larger gauge needle and 

concomitantly scaled up CardioCluster size for a greater total number of cells to be 

injected. Alternatively, ‘mini-CardioClusters’ of 50-100 cells with smaller diameter would 

allow a greater number of individual clusters to be injected. Ability to fine-tune 

CardioCluster size is a benefit distinct from traditional 3D cell aggregates such as 

cardiospheres where diameter is not controllable, necessitating dissociation into single 

cell suspensions of cardiosphere-derived cells for clinical use. Additional strategies to 

further enhance the CardioCluster concept could involve incorporating genetically 

modified cells with pro-survival factors such as Pim-152, 134 or overexpression of 
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chemokine receptor (CCR1) to enhance migration, survival and engraftment135. 

Likewise, culture condition modification using hypoxia to favor cell growth and blunt 

senescence-associated characteristics136 could dramatically alter CardioCluster 

biological properties. Cellular interactions occurring within 3D environments can also be 

tested, such as seeding the three C+E+M founder cell types together rather than 

sequentially, which appears to create a hollow CardioCluster (data not shown, Sussman 

lab). This may be attributable to EPC/MSC interaction allowing for internal cavity 

formation as seen during organ and tissue development137, 138 or may be more similar 

to pericyte/MSC-like endothelial cell interactions139. With knowledge regarding 

combinatorial cell therapy at a rudimentary level 140-142 the ’next generation’ 

CardioCluster approach will benefit from further investigation given the multiple 

possibilities for tweaking the system to enhance the outcome.  

As with any novel technological approach, there are unknowns and limitations 

that need to be resolved for CardioCluster development. A benefit of CardioCluster 

design is the quick formation time of only 48 hours from start to finish, however creation 

of CardioClusters necessitates that the multiple composite founder cell types must be 

ready for utilization in sequence within a short time frame. Since CardioClusters could 

be conceived using a plethora of possible cells, the time required for expansion of the 

parental cells may differ depending on the cell types chosen, particularly if using cells 

isolated from aged patients suffering from cardiomyopathic disease. Allogeneic 

implementation for CardioClusters might incorporate immunosuppressive agents or 

assembly using ‘universal’ donor cells engineered by CRISPR-mediated genome 

editing143 . Prospective preparation and freeze storage of either parental cells or 
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CardioClusters will help ease issues with timing for assembly and delivery. With respect 

to delivery, CardioClusters may present a safety concerns as microemboli if 

administered intravenously, so direct intramyocardial injection will be used, which would 

be the preferred approach regardless to enhance efficacy144, 145. 

This study presents the debut of CardioClusters as a novel technical ‘next 

generation’ approach to improve upon established protocols using dissociated single 

cell preparations proven to be safe for administration to patients but of limited efficacy. 

Unlike other tissue engineering microfabrication approaches, the spontaneously formed 

CardioCluster 3D structure maximizes cellular interaction and allows for defined cell 

ratios, controlled size, and facilitates injectability without dissociation. This combination 

of features makes CardioClusters unique among current cell therapeutic approaches 

with demonstrated superiority over single cell mixed suspensions in mitigation of 

myocardial infarction damage. This initial step toward enhanced cell therapy provides a 

readily manipulatable platform that will benefit from further research development with 

the goal of potentiating cell-based therapeutic efficacy to mediate myocardial repair.  
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TABLES 
 
Table 3.1. List of Media 

 

 Component Catalog Number 

C
ar

di
ac

 In
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tit
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l 

C
el

l M
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m

 

F12 HAM’s (1x)  SH30026.01, HyClone 

10% ES FBS 16141079, Gibco 

1% Penicillin-Streptomycin-Glutamine (100X) 10378016, Gibco 

5 mU/mL human erythropoietin E5627, Sigma-Aldrich 

10 ng/mL human recombinant basic FGF HRP-0011, Biopioneer 

0.2 mM L-Glutathione 66013-256, Sigma-Aldrich 

En
do

th
el

ia
l P

ro
ge

ni
to

r C
el

l 
M

ed
iu

m
 

EBM-2 Basal Medium CC-3156, Lonza 

EGM-2 Kit Supplements and Growth Factors: 
• 0.5 mL Human Epidermal Growth Factor 
• 0.5 mL Insulin-Like Growth Factor-1 
• 0.5 mL Vascular Endothelial Growth Factor 
• 0.5 mL HEPARIN 
• 0.5 mL Gentamicin Sulfate Amphotericin-B 
• 0.5 mL Ascorbic Acid 
• 2.0 mL Human Fibroblast Growth Factor-B 
• 2.0 Hydrocortisone 
• 10 mL FBS 

CC-4176, Lonza 

M
es

en
ch

ym
al

 
St

em
 C
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l 

M
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iu
m

 

10.1 g/L Minimum Essential Medium Eagle, Alpha 
Modification M0644, Sigma-Aldrich 

20% FBS FB-01, Omega Scientific, inc. 

1% Penicillin-Streptomycin-Glutamine (100X) 10378-016, Gibco 

Cell Culture Grade Water  

B
as

ic
 B

uf
fe

r  

11 g/L Minimum Essential Medium Eagle, Joklik 
Modification M0518, Sigma-Aldrich 

3 mM HEPES H3375, Sigma-Aldrich 

1% Penicillin-Streptomycin-Glutamine (100X) 10378-016, Gibco 

10 mM Taurine T0625, Sigma-Aldrich 

Insulin, solvate in 3% Acetic Acid/PBS I-5500, Sigma-Aldrich 

1% Amphotericin B 15290-018, Invitrogen 

50 mg Gentamicin G1397, Sigma-Aldrich 

Cell Culture Grade Water  
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Table 3.2. List of Antibodies 
 

Antibody Vendor Catalog Number Dilution 
Flow 

Dilution 
ICC/IHC 

C-Kit (CD117) R&D systems AF1356 1:33 - 
Thy-1 (CD90) Biolegend 328109 1:33 - 
Endoglin (CD105) Biolegend 323203 1:33 - 
Prominin-1 
(CD133) 

Thermo Fisher Scientific PA5-38014 1:33 - 

PTPRC (CD45) Biolegend 368507 1:33 - 
cTNT Biocompare bs-10648R-A488 - 1:200 
Tropomyosin Sigma-Aldrich T 9283 - 1:200 
eGFP Molecular Probes A-11122 - 1:100 
mCherry Thermo Fisher Scientific M11240 - 1:100 
Isolectin GS-IB4 Thermo Fisher Scientific I21412 - 1:100 
WGA Thermo Fisher Scientific W32465 - 1:500 
Myc tag  Thermo Fisher Scientific PA3-981  1:100 
HA-prope Santa Cruz Biotechnology SC-7392 - 1:100 
DAPI (4′,6-
diamidino-2-
phenylindole) 

Sigma-Aldrich D9542  - 1:10,000 

Phalloidin Thermo Fisher Scientific A12379 - 1:1,000 
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Table 3.3. List of Primers 

 

Target Fwd Primer Sequence Rev Primer Sequence 

PECAM1 CCAAGCCCGAACTGGAATCT CACTGTCCGACTTTGAGGCT 
GATA4 CTCAGAAGGCAGAGAGTGTGTCAA CACAGATAGTGACCCGTCCCAT 
HGF GGCTGGGGCTACACTGGATTG CCACCATAATCCCCCTCACAT 
IGF GACCGCGGCTTCTACTTCAG AAGAACTTGCCCACGGGGTAT 
SMA CCCAGCCAAGCACTGTCAGGAATCCT TCACACACCAAGGCAGTGCTGTCC 
CXCL12 CAGTCAACCTGGGCAAAGCC AGCTTTGGTCCTGAGAGTCC 
IL-6 TCGAGCCCACCGGGAACGAA GCAGGGAAGGCAGCAGGCAA 
18S CGAGCCGCCTGGATACC CATGGCCTCAGTTCCGAAAA 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 92 

 
Table 3.4. Heart Rate and Echocardiographic Data 

 

 
Echocardiographic data represented as mean ± SEM. Heart rate, anterior wall thickness, 
posterior wall thickness, left ventricular volume, ejection fraction and fractional 
shortening were measured at specified times after MI. (N) indicates the number of mice 
used in each group at the given time point 
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FIGURES 
 
Figure 3.1. Three distinct cardiac cell types used to generate CardioClusters 
A-C, Representative brightfield (BF) and immunofluorescent images for cCIC (eGFP+) (A), EPC 
(mOrange+) (B) and MSC (Neptune+) (C). Scale bars: brightfield, 100 µm; immunofluorescent, 
50 µm. DAPI to visualize nuclei (white). D-F, Cell morphometric parameters measuring area 
(a.u.: arbitrary units; D), roundness (E), and length-to-width (L/W) ratio (F; n=3 human heart 
isolations; minimum of 30 cells traced per cell type, per heart). G, Cardiac cell proliferation 
measured using CyQuant assays at day 0, day 1, day 3, and day 5 (n=3). H-J, Annexin V/Sytox 
Blue labeling for apoptotic (H), necrotic (I) and healthy (J) cells following cell death assay: 24 
hours of low serum (75% serum reduction) followed by 4 hours treatment with 30 µM H2O2 in 
low serum medium (n=4). Data are presented as 1-way ANOVA, *p<0.05, **p<0.01, ***p<0.001. 
K, Schematic showing CardioCluster formation using three cell populations isolated from human 
heart tissue: MSC (red), cCIC (green), EPC (blue). L, Live CardioCluster visualized by 
endogenous fluorescent tags showing cCIC (eGFP; FITC channel; green), MSC (Neptune; APC 
channel; red) and EPC (mOrange; PE channel; blue). Scale bar, 75 µm. M, 3D cross section of 
a CardioCluster lightly fixed in 4% paraformaldehyde and stained with 4′,6-diamidino-2-
phenylindole (DAPI; white) to visualize nuclei and cells exhibiting fluorescent tags without the 
need for antibody labeling. Scale bar, 75 µm. N, Representative brightfield images of 
CardioClusters ranging in size from 100-1000 cells cultured over a 7-day period. Scale bar, 100 
µm. O, Determination of cell number enabling CardioClusters to pass through a 30-gauge 
needle, which has an inner diameter (I.D.) of 159 µm. Graph plot of CardioCluster diameters 
averaged over 3 days (n=4-7).   
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Figure 3.2. CardioCluster formation and characterization 
A, Human phosphorglycerate kinase (hPGK) lentiviral backbones of fluorescent protein tags 
used to transduce parental cell lines. cCIC express eGFP, EPC express mOrange (with a 3x 
myc tag), and MSC express Neptune (with a 3x HA tag). B, Representative flow cytometry plots 
showing the percentage of cells expressing their respective fluorescent proteins. C, 
CardioClusters are formed using 96 well, ultra-low attachment round bottom plates in a two-step 
process. The first step generates the inner core composed of cCIC and MSC, and the second 
step forms the outer EPC layer. The inner core of cCIC and MSC is seeded for 24 hours. The 
EPC are added the following day and resulting cell mixture is incubated for an additional 48-72 
hours prior to experimentation. Schematic adapted from previous publication146. D, 
CardioCluster morphometric parameters measuring area (a.u.: arbitrary units.), roundness, and 
length-to-width (L/W) ratio over a 7 day time course for CardioClusters ranging from 100-1000 
cells. E, Still frame images from a video showing CardioCluster formation.  
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Figure 3.3. CardioClusters frozen in liquid nitrogen maintain structural integrity and 
viability 
A, Representative flow cytometry plots showing propidium iodide (PI) gating strategy used in 
freezing assay. B, Brightfield images showing cell outgrowth of non-frozen versus liquid nitrogen 
frozen CardioClusters. C, Quantification of percent necrotic (PI+) cells from non-frozen versus 
liquid nitrogen frozen experimental groups. Data are presented as 1-way ANOVA, *p<0.05, 
**P<0.01, ***p<0.001, versus non-frozen CardioClusters. ns indicates not statically significant.  
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Figure 3.4. CardioCluster single cell RNA-Seq reveals transcriptional profile acquisition 
with increased similarity to freshly isolated cardiac interstitial cells  
A-F, Transcriptional profiling on CardioClusters and parental cells using scRNA-seq. A, t-SNE 
map showing cells grown within a 3D CardioCluster (orange) predominately cluster together, 
while cCICs (green), EPCs (blue), and MSCs (red) primarily cluster into their own individual 
groups. B, Heatmap of differentially expressed genes (DEGs) among CardioClusters and 
parental cells. Selected DEGs for each group are color-coded and shown on the right. C, Violin 
plots of expression distribution for selected DEGs. D, Gene Ontology (GO) term analysis of 
molecular functions that are enriched based on DEGs. E-F, DEGs compared to genes 
expressed by freshly isolated mouse cardiac interstitial cells (mFreshCIC) represented in a Venn 
diagram (E) and heatmap of the gene set coexpressed by freshly isolated cells in comparison 
to CardioCluster and parental cell populations (F). hParental indicates human parental cells; 
hCardioCluster, human CardioCluster cells; BAMBI, BMP and activin membrane bound inhibitor; 
LIF, leukemia inhibitory factor; CXCL12, C-X-C motif chemokine 12 or stromal cell-derived factor 
1 (SDF1); ACTA2, smooth muscle alpha (α)-2 actin; C. Cluster, CardioCluster.  
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Figure 3.5. CardioClusters protect cardiomyocytes against low serum conditions in vitro 
A, Timeline for neonatal rat cardiomyocyte (NRCM) low serum assay over a 4-day (D) period. 
B, Representative images of NRCM conditions: serum starved (48 hours of 0.5% serum), 
rescued (24 hours of 0.5% serum with 10% serum added for additional 24 hours), and 
experimental groups (24 hours of 0.5% serum with addition of either cCIC, EPC, MSC, C+E+M, 
or CardioCluster for additional 24 hours). Cardiomyocytes visualized by staining with sarcomeric 
actinin (α-actinin; red). TO-PRO-3 iodide (Topro; white) used to visualize nuclei. Scale bar, 50 
µm. C, Quantitation of cardiomyocyte size relative to serum starved control. D-E, Gene 
expression of desmin (D) and sdf-1 (E) in cardiomyocytes with and without the addition of cells. 
Data are presented as 1-way ANOVA, *p<0.05 and ***p<0.001, versus serum starved control 
(n=3). 
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Figure 3.6. CardioClusters restore NRCM morphology following serum starvation 
Representative flow cytometry plots showing forward scatter (FSC-A) used to quantitate 
neonatal rat cardiomyocyte (NRCM) mean area. Human cardiac cell populations are excluded 
from analysis by gating out fluorescently tagged cells (represented by pink cells in plots). 
NRCMs included in analysis are represented in blue.  
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Figure 3.7.  CardioClusters have increased paracrine and commitment gene expression 
after in vitro co-culture with cardiomyocytes 
A, Timeline for NRCM co-culture commitment assay. B-H, Gene expression in interstitial cells 
after a 7-day co-culture with NRCMs. B, IGF C, IL-6 D, SDF-1 E, HGF F, GATA4 G, CD31 and 
H, SMA gene expression (n=3 NRCM preps). Data are presented as 1-way ANOVA, *p<0.05, 
**p<0.01, ***p<0.001, versus cCIC.  
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Figure 3.8. CardioClusters exhibit increased protection from oxidative stress 
A-D, Cell death assay performed on cardiac cell populations under 24 hours of low serum (75% 
serum reduction), followed by 4 hours of treatment with 30 µM H2O2 in low serum medium. A-
B, Apoptosis visualized by Annexin V (A) and necrosis visualized by Sytox Blue (B). Data are 
presented as 1-way ANOVA, *p<0.05, **p<0.01, ***p<0.001, versus cCIC (n=3-5). C-D, 
Brightfield images of single cells (C) and CardioClusters (D) 4 hours after H2O2 treatment. 
Transparent arrows highlight adherent (healthy) cells and black arrows highlight cells that have 
rounded up and detached from the tissue culture surface, presumably undergoing cell death.  
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Figure 3.9.  Representative staining for markers of apoptosis and necrosis 
A, Representative flow cytometry plots showing Annexin V/Sytox Blue gating strategy used in 
cell death assay. B-F, Representative flow cytometry plots showing Annexin V/Sytox Blue 
labeling following cell death assay on cardiac cell populations under 24 hours of low serum (75% 
serum reduction) and 4 hours of treatment with 30 µM H2O2 in low serum medium for cCIC (B), 
EPC (C), MSC (D), C+E+M (E), and CardioCluster (F). 
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Figure 3.10. CardioCluster treatment improves left ventricular wall structure and cardiac 
function after myocardial injury  
A, Representative 2D echocardiography images (M-mode) at study completion (week 20). Para-
sternal short-axis view showing LV anterior wall and posterior wall movement.  B-D, Longitudinal 
assessment of LV fractional shortening (FS, %) (B), ejection fraction (EF, %) (C), and anterior 
wall thickness in systole (LVAW;s, mm) (D) over 20 weeks. Data are presented as 1-way 
ANOVA, analyzed per timepoint, **p<0.01 and ***p<0.001, CardioCluster versus vehicle. 
+p<0.05 and +++p<0.001, C+E+M versus vehicle. $p<0.05, CardioCluster versus C+E+M. Sample 
size specified in Supplemental Table 6. E, Percent change in EF from week 1 to week 20. Data 
are presented as 1-way ANOVA, ***p<0.001, versus CardioCluster. ++p<0.01, versus C+E+M 
(n=7–8 mice per group). F-G, Bar graph showing LV volume in systole (Vol;s, µl; (F) and in 
diastole (Vol;d, µl; (G).  Data are presented as 1 Way ANOVA, *p<0.05, **p<0.01, ***p<0.001, 
versus CardioCluster. Sample size specified in Supplemental Table 6. H, Heart weight to tibia 
length ratio (HW/TL; mg/mm) at week 20. Data are presented as 1-way ANOVA, *p<0.05, 
**p<0.01, versus sham (n=4–5 mice per group). I-M, Masson’s Trichrome staining used to 
evaluate LV fibrotic area. Percentage of fibrotic LV in CardioCluster, C+E+M and vehicle-treated 
hearts (I). Data are presented as 1-way ANOVA, *p<0.05, versus CardioCluster (n=4–5 mice 
per group). Representative histology sections of sham (J), vehicle (K), CardioCluster (L), and 
C+E+M (M) treated hearts 20 weeks after MI. Collagen-rich areas (scar tissue) are colored in 
blue and healthy myocardium in red.   
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Figure 3.11. Ejection fraction for individual mice grouped by surgery 
A-D, Longitudinal assessment of ejection fraction (EF, %) over 20 weeks for individual mice by 
surgery type: sham (A), vehicle (B), C+E+M (C), and CardioCluster (D). 
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Figure 3.12. Hemodynamic data confirms CardioCluster treatment preserves cardiac 
function  
A-B, LV internal diameter (LVID) in systole (LVID;s; A) and diastole (LVID;d; B). Sample size 
specified in Supplemental Table 6. C, Heart rates (beats per minute [bpm]) for sham, 
CardioCluster, C+E+M, and vehicle treatment groups shown at baseline, week 1, week 12 and 
week 20. Sample size specified in Supplemental Table 6. D-E, Hemodynamic analysis showing 
developed pressure over time (dP/dt, mmHg/sec; D) and left ventricular developed pressure 
(LVDP, mmHg) and pressure max minus pressure min (Pmax-Pmin, mmHg) shown at week 20 (E; 
n=3-5 mice per group).  Data are presented as 1-way ANOVA, *p<0.05, versus sham.  
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Figure 3.13. Impact of CardioClusters on cardiac function measured by cardiac strain 
A-B, Representative images of long-axis echocardiography recording (left panel), with cross-
sectional segment synchronicity map (middle panels), and radial and longitudinal strain curves 
(right panels) at week 1 (A) and week 20 (B). Strain curves (representing strain measures over 
time) are generated for the 6 standard myocardial regions, with a 7th line (shown in black) 
denoting the average strain. C-D, Speckle tracking echocardiography analysis used to 
determine global peak radial strain (%) (C) and global peak longitudinal strain (%) (D) at week 
1, week 8, and week 20. Data are presented as 2-way ANOVA, *p<0.05, **p<0.01, ***p<0.001, 
versus sham. +p<0.01, ++p<0.05, +++p<0.001, versus CardioCluster. $p<0.05, versus C+E+M 
(n=6–8 mice per group). E, Speckle tracking echocardiography analysis used to determine 
regional peak radial and longitudinal strain (%) in the area of injury at week 1 and week 20. Data 
are presented as 2-way ANOVA, **p<0.01, versus vehicle. +++p<0.001, versus CardioCluster. 
$p<0.05, versus C+E+M (n=6–9 mice per group). F, Total change in regional radial and 
longitudinal strain from week 1 to week 20 in the area of injury. Data are presented as 1-way 
ANOVA, *p<0.05, **p<0.01, ***p<0.001, versus CardioCluster (n=6–9 mice per group). 
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Figure 3.14. CardioCluster show enhanced engraftment and persistence in the 
myocardial wall 
A, Immunofluorescent tile scan of a cryosectioned heart from an animal injected with 
CardioClusters day 3 post-surgery tracked by DiI beads with no antibody labeling required for 
visualization of cells. A’-A’’’, Higher magnification of areas with white dotted boxes. A’, 
Illustrates the removal of the 555nm channel in order to better visualize cCIC (green) and MSC 
(blue), without DiI beads. A’’- A’’’, 555nm channel restored (A’’) and field of view magnified 
(A’’’). B-D, Immunofluorescent images from cryosectioned MI hearts injected with 
CardioClusters at day 1 (B), day 3 (C), and day 7 (D) . E-F, Antibody labeled immunofluorescent 
images from MI hearts injected with CardioClusters at day 7 (E) and day 28 (F). E’, Higher 
magnification of areas with white dotted boxes. Antibody labeling: anti-GFP labels CCIC, anti-
mCherry labels EPC and MSC (E); anti-GFP labels CCIC, anti-myc labels EPC and anti-HA 
labels MSC (F). Scale bars: 1mm (A); 100μm (B-F). 
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Figure 3.15. CardioCluster treatment increases capillary density in the infarct region 
A-C, Quantitative analysis represents measurement of capillary density in the infarct (A), border 
zone (B), and remote (C) heart regions (n= 4-6 mice per group). Dashed line: mean capillary 
density of sham group. D-G, Representative image of isolectin+ vessels in sham (D) and infarct 
regions of Vehicle (E), CardioCluster (F), and C+E+M (G) used to quantitate capillaries (isolectin 
B4; green), cardiac troponin T (cTNT; red), and nuclei (DAPI; white).  Right panels show higher 
magnification of isolectin+ vessels from areas highlighted by yellow boxes. Scale bar, 200 μm. 
Data are presented as 1-way ANOVA, ***p<0.001, versus CardioCluster.  
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Figure 3.16. CardioCluster treatment antagonizes cardiomyocyte hypertrophy in the 
border and remote region and preserves cardiomyocyte size in the infarct region 
A-C, Quantitative analysis represents measurement of cross-sectional area of cardiomyocytes 
from infarct (A), border zone (B), and remote (C) heart regions (n=4-5 mice per group). Dashed 
line: mean cross-sectional area of sham group. D-G, Representative image from sham (D) and 
border zone regions of vehicle (E), CardioCluster (F), and C+E+M (G) used to quantitate 
cardiomyocyte cross-sectional area (wheat germ agglutinin [WGA]; cyan), cardiac troponin T 
(cTNT; red), and nuclei (DAPI; blue). Right panels show higher magnification of areas 
highlighted by yellow boxes. The area of three traced cardiomyocytes per region are shown 
within magnified view. Scale bar, 200 μm. Data are presented as 1-way ANOVA, ***p<0.001, 
versus CardioCluster. +++p<0.001, versus C+E+M. $$$p<0.001, versus sham. 
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Figure 3.17. CardioCluster treatment antagonizes cardiomyocyte hypertrophy in the 
border and remote region and preserves cardiomyocyte size in the infarct region 
A-C, Scatter plots showing cardiomyocyte cross-sectional area for each individually traced cell 
in the infarct (A), border (B), and remote (C) heart regions. D-F, Individual mean for each mouse 
used to quantify cardiomyocyte cross-sectional area in the infarct (D), border (E), and remote 
(F) heart regions shown by scatter plots (n=4-5 mice per group). 
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Chapter 3, with slight modifications, has been submitted for publication. 

Enhancing Myocardial Repair with CardioClusters. Monsanto MM, Wang BJ, Ehrenberg 

ZR, White KS, Alvarez R, Echeagaray OH, Fisher K, Sengphanith S, Gude N, Sussman 

MA. The dissertation author was the primary author and investigator on this manuscript.   
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CHAPTER 4 

Conclusion of the Dissertation 
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The restorative impact of cell therapy to regenerate damaged myocardium is 

muddled by multiple unresolved issues including inefficient cell delivery to the site of 

injury, low cell retention and the seemingly weak effectiveness of the cells that do 

remain within the tissue. These inherent problems likely contribute to the rather modest 

efficacy thus far. The CardioCluster approach presented in this dissertation is intended 

to overcome some of these issues by integrating multiple cardiac-resident cell types into 

a single injectable product, overcoming single cell delivery challenges through spherical 

self-assembly of a larger 3D structure which provides enhanced retention to mediate 

repair after delivery. The restorative impact of cell therapy is hotly debated and remains 

to be fully understood and appreciated113-117. Increased knowledge of cardiac cell 

biology emerges from the use and application of three cardiac-derived cells patterned 

into 3D CardioClusters.  

The development of this therapeutic approach began through methodological 

studies in which three distinct cardiac-derived interstitial cell types were successfully 

isolated and expanded from patients with end-stage heart failure undergoing 

implantation of a left ventricular assist device LVAD13. This is the profile patient 

population that would benefit most from interventional cell therapy, and we wanted to 

develop an approach to utilize three cardiac-resident interstitial cell populations found 

within their heart tissue. Combinatorial approaches harnessing the beneficial attributes 

of multiple cell types have generated interest in the field19, 82-84. It is recognized that the 

heart is composed of multiple cell populations that must work synergistically to mediate 

repair. Straightforward and reproducible protocols to isolate, expand and characterize 

this heterogeneous non-myocyte cell population will help to elucidate their biological 



 116 

significance. We effectively formulated such a protocol in our previous publication13  and 

utilizing this method we routinely isolate CPCs, EPCs, and MSCs. What was initially 

referred to as cardiac progenitor cells (CPCs) has later been referred to as cardiac 

interstitial cells (CICs) due to controversy in the field regarding the potential for CPCs 

to differentiate into full fledge cardiomyocytes113-117. Due to this controversy interstitial 

cells isolated based on c-Kit expression are currently being referred to as CIC as done 

in Chapter 3 and onward of this Dissertation.  

Aggregating the three cardiac interstitial cells as a CardioCluster influences their 

biological properties. Transcriptional profiling showed that single cells grown as 3D 

CardioClusters preserved a more native phenotypic signature than their monolayer 

counterparts. Increased expression of collagen type I and III, integrins (ITGA2, ITGB1, 

ITGA11, ITGA1, ITGAV), fibronectin, and matrix remodeling enzymes (MMP-1, MMP-

2, MMP-14, TIMP-1, TIMP-2) in the CardioCluster is indicative of enhanced matrix 

remodeling capacity of cells maintained in a 3D microenvironment124. Moreover, cells 

grown as a CardioCluster collectively resemble each other far more than original 

parental cells, suggesting strong environmental influences and intercellular coordination 

initiated within a 3D environment, unlike traditional monolayer expansion85-87. Restoring 

isolated cells to a more native state87, 147 may be one way that 3D clustering improves 

cell performance upon injection. Many of the genes expressed by CardioClusters were 

also found to be highly expressed in freshly isolated cardiac cells. This suggests that 

standard tissue culture causes expanded cells to lose their identity, which can be 

reversed by culturing the cells within a 3D microenvironment. 
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Transcript data showed that CardioClusters highly expressed Notch3. Given the 

role of Notch during development and tissue regeneration, this is an important 

mechanism for aspects such as maintenance of a progenitor pool and tissue 

homeostasis125. This finding is in agreement with a recent study98 that found pediatric 

CICs cultured in 3D spheres of approximately 1500 cells increased notch signaling. In 

their right ventricular heart failure model, the 3D aggregated CICs were found to repair 

cardiac injury significantly more than their 2D counterparts, in what the authors believe 

to be a notch-dependent manner. In our scRNA-seq data analyzing CardioClusters we 

also found high expression of two inhibitory SMADs (SMAD6/7) known to negatively 

regulate TGF-β signaling148, 149. Inhibition of TGF-β signaling reduces fibrosis following 

myocardial injury150, and could be a potential mechanism for the smaller scar size seen 

in CardioCluster-treated animals. One additional thought-provoking observation from 

single cell profiling was the upregulation of various heat shock proteins (HSPs) in CICs 

(HSPE1, HSP90AA1, HSPD1, HSP90AB1), EPCs (HSP90AA1, HSPD1), and MSCs 

(HSPB7), while CardioClusters were not found to highly express a single HSPs. HSPs 

are a family of proteins produced by cells in response to exposure to stressful 

conditions. Their decreased expression in CardioCluster suggests a decreased need 

for cells grown in 3D to express HSPs compared to cells isolated and introduced to 

monolayer culture, an environment completely foreign to the freshly isolated cells, once 

again confirming 3D aggregation is beneficial to cells expanded in culture and helps to 

maintain a homeostatic environment.  

The ability to promote cardiomyocyte survival under stress conditions is a critical 

aspect of cell therapy. The ability of CardioClusters to promote cardiomyocyte survival 
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is demonstrated by the in vitro co-culture assay. This assay has previously been used 

to show cardioprotective effects with other cell types102. Stress from serum deprivation 

and acute exposure to hydrogen peroxide showed the protective effects of 

CardioClusters. The cardioprotective effect of CardioClusters is likely mediated by 

secreted factors such as IL-6, IGF, and SDF-1. These factors have previously been 

shown to exert pro-survival effects123, 130, 131. The ability of CardioClusters to promote 

survival better than the single cell mixes demonstrated the superiority of CardioClusters 

for potentiating the protective effect of cell therapy in vitro and also reinforces the 

benefits of culturing the mixed cell population together in a 3D configuration.  

Studies have shown that combining multiple cell types generates better results, 

however, there still has not been a specific combination that has had adequate 

regenerative capacity for clinical translation. In this report, we demonstrate a novel 3D 

approach by using CardioClusters to enhance cellular communication and retention 

upon myocardial delivery. CardioClusters injected into acutely damaged NODSCID hearts 

improved cardiac function and reduced infarct size. Improvement in FS and EF was 

observed starting at week 4 and maintained during the entirety of the 20-week study, 

with CardioCluster-treated animals showing notable improvements relative to their 2D-

cultured single cell counterparts (C+E+M). Specifically, CardioClusters significantly 

improved myocardial wall structure compared to C+E+M-treated animals, concomitant 

with increased capillary density and preserved cardiomyocyte size. Being able to control 

CardioCluster size to <160 μm allowed the cluster to be directly injected through a 30-

gauge needle without the need to dissociate the 3D structure into single cells. 
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CardioClusters persisted within the myocardial wall, with the 3D structure clearly visible 

up to a week post-injection. 

Cell therapy to treat ischemic heart disease has been investigated in clinical trials 

for nearly 20 years151. While multiple cell types have been examined, bone marrow 

mononuclear cells, MSCs, and cardiac stem cells (CSCs) are the most commonly 

investigated. Meta-analysis examining a total of 80 papers using CSC therapy to treat 

MI in both large and small animals133 found that CSC treatment culminated in an 

absolute difference in EF of 10.7% compared with control animals. Pooled observations 

made from large animal studies using MSC and bone marrow mononuclear cell therapy 

show similar results (8.0% and 7.6%, respectively)132. In comparison, at 4 weeks we 

saw a 12.2% difference in EF between CardioCluster-treated animals and vehicle 

control animals, which was significantly greater than the 4.7% difference between 

C+E+M versus vehicle control animals. By 20 weeks CardioCluster treatment had 

pulled ahead to a 24.2% difference in EF compared with vehicle treatment (14.5% 

difference between C+E+M and vehicle). Our data showed the significant improvement 

possible with CardioClusters versus traditional single cell therapy approaches.  

In a feasibility study to confirm off-the-shelf potential of CardioClusters, clusters 

were frozen in liquid nitrogen. The percentage of dead cells was insignificantly different 

from fresh, non-frozen, CardioClusters. Additionally, frozen CardioClusters maintained 

structural integrity when cultured on tissue culture-treated plastic plates, visibly 

indistinguishable from non-frozen counterparts. From a future clinical perspective, the 

ability to mass-produce and preserve CardioClusters frozen in liquid nitrogen is 



 120 

desirable. Testing for comparable efficacy of frozen/thawed CardioClusters in our in vivo 

model system remains to be determined in future studies.  

The highly amenable platform of the CardioCluster can be utilized to better 

understand cellular interactions occurring within 3D environments. An example already 

initiated in our laboratory includes seeding the three cell types at once, which appears 

to create a hollow CardioCluster. This may be attributable to EPC/MSC interaction 

allowing for internal cavity formation as seen during organ and tissue development137, 

138 or may be more similar to pericyte/MSC-like endothelial cell interactions139. While 

the exact pathways are as yet elusive, what is known is that cells aggregate in a 3 step 

process: (1) formation of loose cell aggregates via integrin-ECM binding; (2) a delay 

period for cadherin expression and accumulation; (3) formation of compact 3D 

microenvironments through homophilic cadherin-cadherin interactions152. With this 

understanding, we have begun trying to resolve how EPCs form an exclusively 

endothelial cluster during initial phases of CardioCluster formation. Identification of 

which surface receptors and/or integrins is part of ongoing studies and will help to 

elucidate cardiac cell biology and predict how cells bind to the extracellular matrix and 

interact in a non-cell-autonomous fashion. Potential ways to further enhance the 

CardioCluster concept would be to genetically modify the cells with pro-survival factors 

such as done previously in our laboratory with Pim-152, 134 or in other studies such as 

with the overexpression of chemokine receptor (CCR1) that was shown to enhance 

migration, survival and engraftment of murine MSCs135. Likewise, other applications 

could include varying culture conditions, as we have done previously using hypoxia 

versus normoxia culture136 to study altered phenotypic changes resulting from changes 
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in oxygen concentration. RNA-Seq would be utilized to assess the impact of changing 

conditions upon transcriptional reprogramming.  

There are several limitations with the use of CardioClusters. For example, due to 

their larger size vascular delivery is not feasible with CardioClusters. This being said, 

several studies have shown direct intramyocardial injection is the preferred approach to 

enhance efficacy anyway. Another potential problem is the fact that CardioClusters are 

composed of multiple cells types that must be ready for utilization at the same time. 

Clusters can be formed using a plethora of cells, and depending on the cell types 

chosen, the length required for expansion of the parental cells may differ. To circumvent 

this problem freezing either the parental cells or the CardioClusters once formed are 

feasible options. A benefit of CardioCluster design is the quick formation time of only 48 

hours from start to finish. There is also potential for allogeneic use by combining clusters 

with immunosuppressive agents or the more recent idea of creating a ‘universal’ donor 

cell such as was done with the CRISPR-mediated genome editing of an immortalized 

human erythroblast cell line to create ‘universal’ donor cells for patients with sickle cell 

disease143 . 

Given the highly adaptable nature of CardioClusters there are many aspects that 

can be optimized, such as the best cell ratios, best cell types, optimal cluster size, and 

number of CardioClusters to inject. While the CardioClusters in our study contained 

approximately 300 cells, other applications could include creating mini-CardioClusters 

of 50-100 cells. Their smaller diameter would allow a greater number of individual 

clusters to be injected intramyocardially. This ability to fine-tune CardioCluster size is a 

benefit distinct from traditional 3D cell aggregates, such as Cardiospheres, where 
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diameter is not controllable, and the 3D organization is broken down to CDCs. In our 

murine animal study CardioCluster cell number was crucial. The inner diameter of a 30-

gauge needle constrained CardioCluster diameter to <160 μm. For a larger animal 

system, CardioClusters size could be scaled up to allow for a greater total number of 

cells to be injected. In future studies it will be interesting to see how changes to 

CardioCluster size or cell patterning affect cell interactions and ultimately regenerative 

ability. There is a lot of room for improvement and optimization of the technique. With 

limited knowledge of how combinatorial cell therapy works140-142 this ’next generation’ 

approach requires substantial investigation given the multiple possibilities for tweaking 

the system to enhance the outcome.  

This dissertation work presents the first step of many to show clinical utility of 

CardioClusters. CardioClusters were found to greatly restore cardiac function in a MI 

murine model system and this therapeutic effect was found to be long-term, as 

established by continued perseveration during the 20-week time course. Unlike current 

microfabrication approaches, CardioClusters represent a 3D structure that maximizes 

cellular interaction and allows for defined cell ratios, controlled size, and enabled 

injectability. We were able to demonstrate the superiority of this combinatorial cell 

therapy as a ’next generation’ approach. Overcoming current limitations plus enhancing 

cell biological properties will be required to advance the field from current status. 

Promising approaches of combining cell therapy with bioengineering in novel ways is a 

practical and tractable way to implement improvement of cell therapy.  
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