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ABSTRACT 

Acute damage to the heart, as in the case of myocardial infarction (MI), triggers a robust 

inflammatory response to the sterile injury and requires a complex and highly organized 

wound healing processes for survival. Cortical bone stem cell (CBSC) therapy has been 

shown to attenuate the decline in cardiac function associated with MI in both mouse and 

swine models. However, the cellular changes brought about by CBSC treatment and their 

relationship to inflammation and the wound healing process are unknown. We observed 

that CBSCs secrete paracrine factors known to have immunomodulatory properties, most 

notably Macrophage Colony Stimulating Factor (M-CSF) and Transforming Growth 

Factor-b, but not IL-4. Macrophages treated with CBSC medium containing these factors 

polarized to a hybrid M2a/M2c phenotype characterized by increased CD206 expression 

but not CD206 and CD163 co-expression, increased efferocytic ability, increased IL-10, 

TGF-b and IL-1RA secretion, and increased mitochondrial respiration in the absence of 

IL-4. Media from these macrophages increased proliferation and decreased a-Smooth 

Muscle Actin expression in fibroblasts in vitro. In addition, CBSC therapy increased 

macrophages, CD4+ T-cells, and fibroblasts while decreasing myocyte, macrophage, and 

total apoptosis in an in vivo swine model of MI. From these data, we conclude that 

CBSCs are modulating the immune response to MI in favor of an anti-inflammatory 

reparative response, ultimately reducing cell death and altering fibroblast populations 

resulting in smaller scar and preserved cardiac geometry and function.   
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Let me fare like my peers, 

The heroes of old, 

For sudden the worst turns best for the brave. 

Then welcome each rebuff, 

That makes Earth’s smoothness rough, 

Each sting that bids not sit nor stand 

But go, 

Dare, fear not the throes. 

 

-Walter Hobby, 1942 
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1. INTRODUCTION 

1.1 Heart Disease 

Heart disease is the single largest killer of people in the United States and accounts 

for approximately 33% of all deaths in a year [1]. It is responsible for more deaths than 

all forms of cancer and Chronic Lower Respiratory Disease combined [1]. Financially, 

heart disease places a massive burden on society, costing Americans $351 billion dollars 

in 2015 with projections placing the total cost over $750 billion in 2035. 

Heart disease is a broad spectrum of individual diseases comprised of afflictions of 

the heart itself, the vasculature of the heart, the pulmonary and renal systems, and stroke, 

among others. Of the various forms of heart disease, Coronary Heart Disease (CHD), or 

disease associated with the blood vessels of the heart itself, accounted for a plurality of 

43.2% of deaths attributable to cardiovascular disease in 2016 [1]. Furthermore, up to 

68% of heart failure (HF) patients can attribute their disease to initial CHD [2]. These 

facts highlight the importance of studying the pathology of CHD and potential therapies.  

CHD occurs when the blood vessels that supply blood to the heart become narrow or 

blocked, usually by atherosclerotic plaque. As CHD develops, the atherosclerotic plaques 

become more susceptible to rupture. A ruptured plaque can trigger clotting mechanisms 

resulting in an embolism that can completely block the coronary artery. When blood is 

prevented from flowing to the heart, the tissue downstream of the blockage becomes 

ischemic and dies, resulting in an acute myocardial infarction (MI), commonly referred to 

as a heart attack. An untreated MI can quickly lead to deadly ventricular arrhythmias that 

result in cardiac arrest and death.  
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1.1.1 Myocardial Infarction 

Blockage of blood flow to myocardial tissue triggers a rapid progression of cellular 

processes leading to cell death. Initially, when the metabolic demands of a functioning 

myocyte are not met, reactive oxygen species accumulate in the cell, triggering cell 

membrane peroxidation, calcium overload, and disruption of the mitochondrial 

membrane [3]. The necrosis of myocytes can quickly result in impaired cardiac 

functioning and death. Patients that survive acute MI are left with lasting damage to the 

heart that can become progressively worse and lead to the global loss of pump function, 

compensatory structural remodeling of the left ventricle (LV), and an overall decline in 

health associated with the development of HF [4]. 

The current standard of care for treating MI is re-opening the blocked vessel by 

primary percutaneous coronary intervention (PPCI) along with adjunctive therapies like 

anti-platelets and anti-coagulants, statins, angiotensin converting enzyme (ACE) 

inhibitors, and b-blockers. The adoption of these evidence-based strategies has reduced 

the 1 year mortality rate of acute MI from 21% to 13.3% [5]. However, the 5 year 

mortality rate for patients diagnosed with heart failure remains above 50% [6]. These data 

again highlight the need for treatments aimed at slowing or preventing the progression to 

HF that can occur after cardiac damage from MI. 

Despite the undoubtedly positive aspects of PPCI, reperfusion of ischemic tissue can 

induce cardiac cell death and further cardiac injury beyond the damage caused by 

ischemia alone, termed reperfusion injury RI. Immediately upon reperfusion, myocytes 

undergo a series of physiologic and metabolic changes that can shock the cells into 

hypercontracture and induce cell death [3]. Reoxygenation of the cells induces the 
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production of reactive oxygen species and oxidative stress, which alone can trigger cell 

death in addition to reducing the availability of nitric oxide, a known cardioprotective 

compound [7, 8]. In addition to oxidative stress, reperfusion rapidly increases 

intracellular calcium in myocytes resulting in intracellular and mitochondrial calcium 

overload, mitochondrial permeability, hypercontracture and cell death [9]. While 

experimental treatments aimed at reducing oxidative stress or calcium overload have had 

success in experimental animal models, clinical trials intervening at these points in RI 

pathology have not yielded successful therapies [3]. 

In addition to the rapid intracellular changes occurring, reperfusion also triggers a 

robust inflammatory response to the release of damage associated molecular patterns 

(DAMPs), reactive oxygen species (ROS), and inflammatory cytokines [3]. This response 

is also known to induce a secondary injury to the myocardium and it’s suggested that  

that RI can account for 30-50% of the final infarct size in patients [10]. The damaged 

tissue is replaced by scar that does not contribute to the pumping ability of the heart. The 

scar tissue contracts over time as it matures, changing the geometry and dimensions of 

the LV and resulting in LV dilation common among HF patients. Reducing RI as a means 

to improving wound healing, decreasing infarct size, and improving patient outcomes is a 

viable strategy being investigated by labs around the world [10]. However, inflammation 

is also necessary for the proper healing of the infarct, as the healing process relies in part 

on the initial inflammatory response to cardiac damage [11]. Successful therapies to treat 

cardiac damage from MI will need to balance attenuation of inflammation with 

alterations to the wound healing process as a whole. In this way, the heart may heal more 

efficiently, scar size may be reduced, and function can be preserved. 
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1.2 The Immune System, Inflammation, and Myocardial Infarction 

Research in the last few decades has shown that a complex, coordinated response by 

innate and adaptive immune cells to MI is absolutely required for the proper healing of 

cardiac tissue [11]. Generally, the immune response to MI is considered biphasic; an 

initial wave of DAMPS, ROS, and inflammatory cytokines trigger the recruitment and 

infiltration of inflammatory immune cells that, over the first week after MI, give way to 

anti-inflammatory immune cells involved in coordinating the deposition of fibrous scar 

by activated fibroblasts. Dysfunction of these processes is generally associated with 

inhibited cardiac wound healing and adverse events post-MI. 

1.2.1 The Inflammatory Phase of Cardiac Wound Healing 

The first wave of responses to cardiac damage occur through inflammatory pathways 

that primarily recruit immune cells to the site of injury and break down extracellular 

matrix (ECM). Neutrophils are widely considered the first immune cells to respond to 

and infiltrate the ischemic area [12]. DAMPs trigger the release of cytokines and 

chemokines that attract neutrophils to the site of injury rapidly after reperfusion of the 

infarct. Neutrophils contribute to cardiac damage and RI by releasing proteolytic 

enzymes and ROS that injure surrounding myocytes. However, In the context of cardiac 

wound healing, neutrophils are necessary for the proper recruitment of monocytes, and 

while they may contribute to reperfusion injury, depletion of neutrophils during or after 

MI reduces cardiac function and impairs cardiac wound healing [13, 14]. In addition, the 

phagocytosis of apoptotic neutrophils in the tissue is instrumental in inducing a pro-

reparative macrophage population that secretes Interleukin-10 (IL-10) and Transforming 

Growth Factor-b (TGF-b) [13]. Some groups have reported that neutrophil depletion 
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during reperfusion decreases infarct size [15]. However, the clinical use of anti-integrin 

and other strategies aimed at reducing neutrophil involvement in the infarct have been 

unsuccessful. The mechanisms governing neutrophil entry into the tissue and their role in 

the healing of the myocardium is still debated and outside the scope of this dissertation 

[16]. In any case, it appears that experimentally, the complete and sustained ablation of 

the neutrophil response to MI does not improve cardiac wound healing.  

Beginning in parallel to the recruitment of neutrophils, monocytes from the blood, 

spleen, and bone marrow rapidly respond to cytokines and chemokines released after 

myocardial injury [11, 12]. Monocyte chemoattractant protein-1 (MCP-1, also known as 

CCL2) is a potent chemoattractant released by a variety of cell types upon injury, 

attracting primarily monocytes as well as T-cells to the site of cardiac damage [17]. Upon 

infiltration of the tissue, monocytes undergo a poorly understood maturation process, 

differentiating into macrophages by the influence of the growth factors Macrophage-

Colony Stimulating Factor (M-CSF) and Granulocyte Macrophage-Colony Stimulating 

Factor (GM-CSF); both crucial for macrophage survival and function [18, 19]. Similar to 

neutrophils, monocytes can propagate inflammatory signals and potentially contribute to 

reperfusion injury before transitioning into macrophages. Two distinct subsets of 

monocytes are recruited in response to cardiac injury: an acute recruitment of proteolytic, 

inflammatory monocytes that are necessary for proper debris removal of dead tissue, 

followed later by non-inflammatory, pro-angiogenic monocytes that are required for 

myofibroblast differentiation and proper scar formation [20].  
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It is not known definitively if these monocyte subsets give way to the corresponding 

inflammatory and anti-inflammatory macrophages of the healing heart. Strong evidence 

suggests that inflammatory monocytes give way to inflammatory macrophages [21]. It is 

possible, however, for an existing inflammatory monocyte/macrophage to change its 

phenotype through interactions with anti-inflammatory signals [21]. The exact 

mechanisms governing monocyte differentiation to macrophages in the tissue and their 

roles in cardiac wound healing remain unknown and are the current subject of a large 

body of research.  

1.2.2 The Role of Macrophages in Wound Healing After MI 

After the accumulation of monocytes and their differentiation to macrophages occurs, 

the inflammatory response begins to fade, and certain cell populations begin to proliferate 

rapidly. Macrophages are instrumental in the transition from the inflammatory phase to 

the proliferation and reparative phase of cardiac wound healing, playing different roles at 

different times during the healing process.  

Macrophages are highly plastic cells, encompassing a wide range of phenotypes and 

profiles. The polarization states of macrophages are commonly referred to as M1, or pro-

inflammatory, and M2, or anti-inflammatory. However, decades of research have shown 

this classification represents only the far ends of a phenotypic spectrum on which a 

macrophage can exist. Physiologically, macrophage phenotype is a complex web of 

surface marker expression, metabolism, cytokine secretion, and function that arises from 

the integration of numerous signals present in the tissue. Adding to the complexity, 

macrophages appear to be semi-plastic cells in that their phenotype is reversible in the 

presence of different stimuli [22].  
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Macrophage activation in the infarct plays a large role in determining the cytokine 

milieu and inflammatory status of the tissue. Inflammatory M1 macrophages promote the 

break-down of ECM by stimulating the activity of matrix metalloproteinase-9 (MMP-9) 

through the IL-1b signaling cascade [23]. Inversely, anti-inflammatory M2 macrophages 

can inhibit MMP activity by inducing tissue inhibitor of mettaloproteinase-1 (TIMP-1) 

through TGF-b signaling. Furthermore, certain M2 macrophages can secrete IL-10, 

inhibiting a number of inflammatory signals including IL-1b, tumor necrosis factor-a 

(TNF- a), and IL-6. Beyond their activation state, macrophages have a variety of 

functions in the ischemic myocardium and may be a cell population primarily responsible 

for the resolution of inflammation.  

In the context of MI, a critical function of macrophages as professional phagocytes is 

the uptake and clearance of dead cardiomyocytes and apoptotic neutrophils from 

ischemic cardiac tissue. Disrupting macrophages’ ability to properly clear the cellular 

debris of the infarct leads to insufficient wound debridement and reduced fibroblast 

activation [23, 24]. The process of the phagocytosis of apoptotic cells is termed 

efferocytosis. During this process, macrophages may change their polarization from M1-

like macrophages to M2-like macrophages and secrete TGF-b and IL-10 [11]. It has been 

suggested that efferocytosis and the release of these paracrine factors could play a key 

role in the resolution of the inflammatory response [25]. Indeed, both IL-10 and TGF-b 

have potent anti-inflammatory properties and can inhibit inflammatory signals [26, 27].  
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In support of this theory, preventing neutrophil infiltration or removing neutrophils post-

MI has adverse effects on scar formation and cardiac function after MI in part because 

macrophages have been deprived of a large number of apoptotic cells to efferocytose 

[13]. 

TGF-b and IL-10 are necessary for the resolution of inflammation and the activation 

of fibroblasts that leads to mature scar [11]. These factors’ origination from macrophages 

underscores the importance of the macrophage response to cardiac injury and highlights 

the macrophage/fibroblast interface as a potential path to novel therapeutics.  

1.2.3 The Adaptive Immune Response in Cardiac Wound Healing 

The adaptive immune system, consisting of T-cells and B-cells, also plays critical 

roles in the immune response to cardiac injury. However, the roles of these cells are not 

yet well defined. B-cells are only recently being seriously looked at as mediators of 

cardiac injury and wound healing and their role in the healing infarct is beyond the scope 

of this work [28]. T-cells have been studied more thoroughly, but their exact roles remain 

unclear. Studies have shown that Recombination Activating Gene 1 (RAG1) knockout 

mice deficient in CD4+ T-helper cells displayed significantly smaller infarcts than 

controls [29]. However, CD4+ T-regulatory cells are beneficial for infarct healing and 

modulate the differentiation of macrophages in the infarct [30]. Like monocytes, the 

initial inflammatory phase is characterized by the infiltration of inflammatory T-cells that 

secrete inflammatory signals capable of activating and recruiting other innate 

inflammatory cells [29]. Eventually regulatory T-cells secrete anti-inflammatory 

cytokines including IL-10 and IL-13 that suppress inflammation, aiding in the resolution 

of the inflammatory response to MI.  
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Similarly, CD8+ T-cells are considered cytotoxic and are well known inducers of cell 

death. However, there exist different CD8+ T-cell phenotypes that play positive and 

negative roles in wound healing and inflammation [29]. Future studies and the use of new 

technology will shed more light on the complexities of the adaptive immune system in 

cardiac wound healing and MI. 

The multi-faceted process of inflammation in cardiac wound healing presents unique 

challenges alongside unique opportunities for developing therapeutics: understanding the 

process as a whole will take decades of work and technological developments, but each 

cellular interaction in the wound healing process provides an opportunity for therapeutic 

intervention. The wound healing and cardiology fields have been working to alter the 

normal response to injury and cardiac wound healing without significant clinical success. 

Because so many different cell types and processes are involved, targeting therapeutics to 

one specific cytokine or cell surface protein may be insufficient. Instead, therapeutic 

development could focus on using complex cellular machinery that can sense the 

ischemic environment, secrete factors beneficial to the wound healing response 

accordingly, and survive in the patient’s body until the healing process wanes. Stem cell 

therapy achieves these goals and has been shown to be safe in clinical trials for treating 

MI and HF.  

1.3 Stem Cells as a Potential Therapy for Acute MI 

The original goal of stem cell therapy was to create new myocytes in the heart; an 

otherwise non-proliferative organ. In 1998, skeletal myoblasts were the first stem cell 

type analyzed in animal models for their potential use in humans to treat cardiovascular 

disease [31]. After repeated successful animal studies, the first clinical trial involving 



 10 

stem cells as a cardiovascular therapy began in 2002 using autologous bone marrow 

mononuclear cells [32]. Since then, there have been over 30 different clinical trials 

testing a diverse group of cell types across the world, and while some clinical trials have 

shown promise, the results have been moderate enough to prevent their approval for 

commercial and widespread use [32].  

From these animal and human studies, it has become abundantly clear that stem cell 

therapy does not result in the production of new myocytes at a magnitude large enough to 

exact the functional effects required for clinical use. However, in 2008, it was 

hypothesized that the benefits of stem cell therapy arose not from the cells’ ability to 

differentiate, but from their secretor profile. This hypothesis became known as the 

paracrine hypothesis, and provides a framework with which to study stem cell therapy 

more accurately [33]. Stem cells are now being studied in the context of their ability to 

manipulate and modulate the immune response to disease. For example, the well-

characterized Mesenchymal Stem Cells (MSCs) are known to secrete a number of 

immunomodulatory cytokines and growth factors and are currently being studied in this 

context to treat heart disease [34-36].  

In 2013, our lab reported isolating a novel cell type from the outer cortex of bone and 

successfully used to mitigate damage after MI in a mouse model [37]. Later termed 

Cortical Bone Stem Cells (CBSCs), these cells would prove to be unique in their survival, 

proliferation, and immunomodulatory capacities compared to Cardiac Stem Cells (CSCs) 

and MSCs [38].  
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After proving useful in mouse models, CBSCs were tested in a swine model of MI 

and prevented LV remodeling, functional decline, and myocyte hypertrophy typical in the 

development of HF 3 months post-MI [39]. In addition, the scar size of swine treated 

with CBSCs was approximately 50% smaller than animals treated with saline alone [39]. 

Interestingly, the CBSCs were not found in the tissue at 3 months when these effects took 

shape. Despite their long-term benefits, CBSCs did not provide an acute protective effect 

on cardiac function within the first 3 days post-MI, but were confirmed to be present in 

the tissue at this time [39]. Thus, the primary research question became: through what 

mechanism are CBSCs reducing scar size and maintaining LV function without 

immediate protective effects?  

We hypothesized that CBSCs were inducing a pro-reparative immune profile within 

the myocardium that altered the wound healing process in a way that protected myocytes 

and limited infarct expansion over time, thereby reducing scar size and attenuating the 

progression to HF. By altering the wound healing process at the inflammation/repair 

interface, CBSCs could limit the tissue lost to overzealous inflammation and improve the 

quality of scar produced by activated myofibroblasts. As infarct size is the primary 

function related to changes in LV geometry and remodeling after MI, adverse LV dilation 

and myocyte hypertrophy would be reduced accordingly. A reduction in these factors 

would match the 3-month phenotype observed in the swine model of MI and would 

indicate the potential of CBSCs as a means to delay or prevent the development of 

ischemia-induced heart failure. Importantly, the clinical implications of reducing scar size 

cannot be overstated: scar size is the primary determining factor for patient outcomes.  
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A reduction in scar size clinically would mean a corresponding improvement in heart 

function and quality of life for MI patients. 

To test this hypothesis, we first characterized the paracrine factors secreted by the 

CBSCs relevant to modulation of the immune response. Then, we determined what 

changes in immune cell and fibroblast populations, if any, were occurring with CBSC 

treatment in vivo. Given these data, we then sought to more carefully characterize the 

effects of CBSC-secreted paracrine factors on immune cell function and phenotype in 

vitro.  

Through these experiments, we found that CBSC treatment increases macrophage 

number, alters T-cell populations, decreases cell death, and increases fibroblasts in vivo. 

We then found that CBSC-secreted factors could induce a novel M2 phenotype in 

macrophages, enhancing their efferocytic ability and inhibiting the upregulation of 

inflammatory proteins and cytokines in the presence of inflammatory stimuli in vitro. 

Lastly, we discovered that CBSC-treated macrophages can induce the proliferation of 

fibroblasts while simultaneously inhibiting their activation in vitro. Together, these data 

indicate that CBSCs are capable of altering the wound healing response to MI through 

modulation of the immune response. The changes brought by CBSC treatment aid in the 

resolution of inflammation, decrease cell death, and alter the fibroblasts responsible for 

scar formation. Through these effects, CBSCs are improving the wound healing process 

of the heart and enacting changes at an acute time point that have long lasting effects on 

LV geometry, dilation, pump function and scar size months later. 
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2. METHODS 

2.1 Swine Studies 

All procedures performed on swine and mice contained in this dissertation were 

approved by Temple University Institutional Animal Care and Use Committee (IACUC).  

2.1.1 Animals, Anesthesia, and Maintenance 

Twelve female Göttingen mini-swine were purchased from Marshall Bioresources 

(North Rose, NY, USA) at 9 months of age and 25-30kg. All animals underwent MI 

procedures to induce ischemia/reperfusion injury. Two animals developed ventricular 

arrhythmias that lead to LV fibrillation that could not be resuscitated by electrical 

defibrillation (83.3% survival rate).  

Initial sedation was induced by intramuscular injection of 6.0 mg/kg 

toletamine/zolazapam (Telazol; Fort Dodge Animal Health, Fort Dodge, IA, USA). 

Animals were given 1.5-2% Isoflurane (IsoFlo; Zoetis Inc., Kalamazoo, MI, USA) by 

mask then intubated with a 5.5mm internal diameter endotracheal tube. General 

anesthesia was maintained with Isoflurane at 1-2%. Isoflurane concentration was reduced 

as much as possible to mitigate any effects on blood pressure and organ perfusion.  

2.1.2 Myocardial Ischemia/Reperfusion Injury 

MI in the swine model was induced by percutaneous transluminal coronary 

angioplasty as previously described [39-41]. Briefly, 2mm angioplasty balloon was 

guided through the femoral artery to the lateral anterior descending (LAD) coronary 

artery immediately distal to the first diagonal branch.  
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The balloon was inflated in the LAD for 90 minutes. Location of the balloon and 

confirmation of ischemia were obtained by perfusion of the coronary arteries with the 

radio-opaque contrast solution lopamidol (ISOVUE; Bracco Diagnostic Inc., Milan, Italy) 

and fluoroscopy. 

2.1.3 Left Ventricle Mapping and Intramyocardial Injection of Swine CBSCs 

One hour after completion of the ischemic injury, the left ventricle was mapped using 

NOGA® mapping technology (Biosense Webster, Irvine, CA, USA). Intramyocardial 

injection of CBSCs was performed with a NOGA® injection catheter. GFP-tagged 

CBSCs were injected in parallel with FluoSpheres™ (Invitrogen, Waltham, MA, USA) 

that fluoresce under ultra-violet light and are brightly visible to the naked eye. Each 

animal received a total of 10 injections containing 2x106 CBSCs for a total of 20x106 

CBSCs targeted to the border and infarct zone of the LV. 

2.1.4 Blinding and Treatment Assignment 

Before beginning the study, each animal was given a 4-digit numerical code 

pertaining to their assigned United States Department of Agriculture number. On the day 

of AMI surgery, each animal was randomly assigned to either the Vehicle treatment arm 

or the CBSC treatment arm by an individual not participating in any other aspect of the 

study. The treatment of each animal was unknown to every researcher involved in the 

surgery, data collection, or analysis for the duration of the study. Once the data were fully 

analyzed, the treatment of each animal was revealed in order to perform statistical 

analysis between groups.  
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2.1.5 Serial Echocardiography and Blood Draws 

For all echocardiography and blood draws, animals were sedated with 0.5mg/kg 

Midazolam. Anesthesia was maintained by 2% Isoflurane by mask for the entirety of the 

procedure. 

Echocardiography was performed pre-MI, 1, 3, and 7 days post-MI. All 

echocardiographic imaging was captured on a Vivid q Vet Premium BT’12 

echocardiography machine (General Electric, Boston, MA). 2D long axis and short axis 

views were obtained for each animal. Ejection fraction, end-systolic and end-diastolic 

volumes were measured using EchoPAC analysis software (General Electric, Boston, 

MA, USA).  

Blood was drawn by echocardiographic visualization and puncture of the femoral 

artery pre-MI, 1-hour post-MI and 1, 3, and 7 days post-AMI. The blood was collected in 

heparin-coated collection tubes. The blood was centrifuged at 400g for 10 minutes at 4°C 

to separate plasma, red, and white blood cells. Plasma was extracted and saved in 

CryoFreeze® tubes (VWR International, Radnor, PA, USA) at -80°C. The Buffy coat 

was extracted to obtain all white blood cells, washed in red blood cell lysis buffer to 

remove any remaining RBCs, and stained for flow cytometric analysis.  

2.1.6 Euthanasia, Tissue Collection, and Processing 

On the 7th day after MI, animals were sedated and anesthetized as described for the 

MI procedure. Animals were given 5% Isoflurane to induce deep anesthesia, and the 

thoracic cavity was opened. Euthanasia was completed by removal of the heart. 

Immediately upon removal, the heart was flushed twice by injection of 60mL saline down 

the aorta. The heart was then sliced in 10mm sections.  
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Injection sites were visualized by ultraviolet illumination of FluoSpheres™. Infarct, 

border, and remote zone biopsies were taken by 3.5mm tissue punch and snap frozen in 

liquid nitrogen for later analysis. The third slice of the heart was saved and stained with 

2, 3, 5-triphenyltetrazolium chloride (TTC) for infarct size analysis. Any tissue not taken 

by punch biopsy or stained with TTC was fixed in 10% Formalin (Fisher Chemical, 

Walther, MA, USA).  

Two border and/or infarct zone sections were saved from each animal, digested, and 

filtered to remove all myocytes. All remaining non-myocytes were stained for flow 

cytometry. 

2.1.7 Flow Cytometry Staining and Analysis 

All cells used for flow cytometry (blood and tissue cells) were stained with the same 

procedure after their initial processes as described in previous sections. First, all cells 

were stained with Zombie Aqua™ fixable viability dye in protein-free PBS to exclude 

any dead cells during analysis. All cells were then washed and blocked with FcR 

Blocking Reagent (Miltenyi Biotec, Bergisch Gladbach, Germany) diluted 1:200 in 

FACS staining buffer (5% Bovine Serum Albumin, 0.5% Sodium Azide in PBS) for 30 

minutes. Antibodies were added in two separate panels for analysis of myeloid and non-

myeloid cell populations (Table 3). After 30 minutes, the cells were washed and re-

suspended in FACS buffer for analysis. 

All data collection was performed on an LSR II flow cytometer (BD Biosciences, 

Franklin Lakes, NJ, USA). Data analysis was done using FlowJo software (BD 

Biosciences, Franklin Lakes, NJ, USA). 
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2.1.8 Quantitative Proteomics of Frozen Tissue 

Punch biopsies of myocardial tissue that were frozen in liquid nitrogen during tissue 

processing were saved at -80°C. Samples were sent on dry ice to RayBiotech for their 50-

marker porcine Quantibody® Mulitplex ELISA screen to assess changes in cytokine, 

chemokine, and growth factor production in the tissue. 

2.1.9 TUNEL and Immunofluorescence Staining 

Terminal deoxynucleotidyl transferase dUTP nick end label (TUNEL) staining was 

performed with the DeadEnd™ Fluorometric TUNEL System kit (Promega, Madison, 

WI). The protocol was followed exactly. Briefly, slides were deparaffinized by 

submersion in xylene (Fisher Scientific, Fair Lawn, NJ) and rehydrated in decreasing 

concentrations of ethanol (100%, 90%, 85%, 70%, and 50% sequentially) (Fisher 

Scientific, Fair Lawn, NJ). The slides were then fixed in 4% paraformaldehyde (PFA) 

solution in phosphate-buffered saline (PBS) (Affymetrix, Cleveland, OH). After washing 

in PBS, the tissue was digested by incubation with the proteinase-k included in the 

Promega kit for 8 minutes as per protocol instructions. Slides were then washed and 

incubated with the labelling cocktail for one hour at 37°C. The reaction was then stopped 

with the included SSC solution and the slides were washed. The slides were fixed once 

more with PFA before immunohistochemical staining, the only divergence from the 

protocol. 

After the final fixation, the slides underwent antigen retrieval, blocking, and staining 

for CD45 and α-sarcomeric actinin. Briefly, the slides were washed and submerged in 

10mM anhydrous citrate solution, pH 6 (Sigma-Aldrich Co., St. Louis, MO). 
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They were then microwaved at 100% power for 2 minutes and 50% power for 6 minutes 

for antigen retrieval. After the slides cooled, they were washed in PBS and blocked using 

the TNB blocking solution from the TSA Plus Fluorescence kit (PerkinElmer, Inc., 

Waltham, MA). After blocking, the slides were incubated with primary antibodies 

overnight at 4°C. The next day, the slides were washed in PBS and then incubated with 

secondary antibodies directed toward the primary antibodies: donkey-anti-rabbit IgG 

Rhodamine (TRITC) (Jackson Immuno Research Labs, West Grove, PA); donkey-anti-

mouse IgM Cy-5 (Jackson Immuno Research Labs, West Grove, PA); for one hour at 

room temperature. Slides were then washed and incubated with 1µg/mL 4′,6-diamidino-

2-phenylindole (DAPI) (MilliporeSigma, Burlington, MA) for ten minutes at room 

temperature. They were then cover slipped using Vectashield HardSet (Vector 

Laboratories, Burlingame, CA) and imaged on a confocal microscope (described below). 

Staining for CD4 and Mac-2 were done independently of TUNEL staining. The 

antigen retrieval step consisted of submersion in the same anhydrous citrate solution but 

the slides were microwaved for 3 minutes at 100% power and 12 minutes at 50% power. 

Blocking and antibody incubation were performed as described previously. The same 

secondary, donkey-anti-rabbit IgG Rhodamine (TRITC) (Jackson Immuno Research 

Labs, West Grove, PA) was used to visualize both antibodies on independent slides. 

Cover-slipping was performed as described above. 

2.2 In Vitro Macrophage Experiments 

2.2.1 Animals, Anesthesia, and Euthanasia 

All mouse procedures were performed according to IACUC approved protocols. 

Bone marrow isolation for the culture of BMDMs was performed on female C57BL/6 
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mice (Jackson Laboratories, Cat. # 000664, Bar Harbor, ME, USA) 4-6 weeks of age. 

The mice were anesthetized in an induction chamber with 5% Isoflurane. Upon 

confirmation of unconsciousness, animals were euthanized by cervical dislocation and 

their femur and tibia removed and placed in cold sterile phosphate-buffered saline (PBS).  

2.2.2 Isolation and Culture of Bone Marrow-Derived Macrophages 

Bone marrow was isolated from female C57BL/6J mouse (Jackson Laboratories, Cat. 

# 000664, Bar Harbor, ME) 4-6 weeks of age. Once the femur and tibia were removed 

from the body, muscle tissue was removed, and the head of the femur and tibia flushed 

with sterile RPMI culture medium. The bone marrow was filtered through 100µm and 

40µm filters subsequently to remove any clumps of cells. Red blood cells were lysed with 

lysis buffer (155mM NH4Cl, 10mM KHCO3, 100µM EDTA, pH 7.3 in 1L of ddH2O 

filtered through 0.22µm filter to sterilize) and the cells were plated on sterile Nunclon™ 

Delta Surface 24-well plates at a concentration of 1x106 cells/well in 2mL of RPMI 1640 

+ Glutamax™-I (Gibco Cat. #72400-047, Gaithersburg, MD) with 10% heat inactivated 

fetal bovine serum (ThermoFisher Cat. #10082139, Waltham, MA) and Pen-strep-

glutamine (Gibco Cat. #10378016, Gaithersburg, MD). The media was supplemented 

with 50ng/mL M-CSF (Peprotech Cat. #315-02, Rocky Hill, NJ) to induce a macrophage 

phenotype in the bone marrow cells. The cells were cultured for 6 days with removal and 

replenishment of 0.5mL of media every other day. On the 6th day, all RPMI media was 

removed and 1mL of CBSC-conditioned RPMI or normal RPMI was added to each 

experimental well. The macrophages were incubated in this media for 24 hours. 
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2.2.3 Phagocytosis Assay 

Mature BMDMs were treated as described in section 4.2.2. After 24 hours of 

incubation with either CBSC-conditioned media or normal RPMI, apoptotic myocytes 

were added to each well. Myocytes were isolated from 1-year-old male C57BL/6 mice. 

Mice were anesthetized as previously described and the hearts were removed under 5% 

isoflurane. The aorta of the heart was cannulated, and the tissue digested with 

Collagenase Type II. The isolated myocytes were left in low-calcium buffer on the bench 

top over night at room temperature to allow for cell death. 

The following day, the myocytes were stained with the protein-adherent dye 

CellTrace Violet according to the manufacturers’ protocol (ThermoFisher, Waltham, 

MA, USA). The apoptotic myocytes were then washed to remove any free dye and added 

to each well of the macrophage culture at a ratio of 3:1 (macrophages to myocytes). The 

myocytes were incubated on the macrophages for 30, 60, and 120 minutes. After the 

incubations were complete, myocytes were added control wells and the plate was placed 

in a 4-degree Celsius refrigerator for 30 minutes to ensure dye uptake was phagocytosis 

dependent. After this incubation, the supernatant of each well was removed and stored at 

-20 degrees Celsius for later analysis. The macrophages were then removed from the 

plate and stained for flow cytometry.  

2.2.4 Surface Marker Analysis 

Macrophages were cultured as outlined in section 2.2.2. After 24 hours of incubation 

with either normal RPMI or CBSC-conditioned media, the media was removed and 

stored at -20 degrees Celsius for later analysis. The macrophages were then removed 

from the plate and stained as in section 2.2.6.  
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2.2.5 Metabolic Analysis of Macrophages 

Metabolism was measured using the Seahorse XFe96 (Agilent, Santa Clara, CA, 

United States) system to measure extracellular flux. Macrophages were isolated as 

outlined in section 4.2.2. Instead of being cultured in 24-well plates, macrophages were 

plated at 20,000 and 40,000 cells/well in the provided Agilent Seahorse XF 96-well 

plates. Macrophages were supplied with supplemental M-CSF and brought to maturity as 

outlined in section 4.2.2. Once the macrophages were mature, the Seahorse assay was run 

according to the manufacturer’s protocol. Three mice were used in each experiment.  

2.2.6 Stimulation of macrophages with LPS 

BMDMs were isolated, cultured, and matured according to section 2.2.2. LPS stimulation 

was performed initially as a titration of 1, 5, 10, 50 and 100 ng/mL LPS (Invitrogen, 

Carlsbad, CA, USA). 50ng/mL LPS was determined to elicit the maximal activation of 

macrophages without inducing cell death. 50ng/mL LPS was added to BMDMs in either 

normal RPMI control medium or CBSC-conditioned medium for 24 hours. After 24 

hours, the cells were removed and stained for flow cytometry analysis as outlined in 

section 2.2.7 for CD80 and CD86. The supernatant of each well was saved and frozen at -

20 degrees Celsius for later analysis of TNF-a by ELISA as outlined in 2.2.8.  

2.2.7 Staining Procedure for FACS Analysis of Macrophages 

All in vitro macrophage experiments involving FACS analysis underwent the same 

processing, staining, and data collection protocol. First, macrophages were removed from 

the tissue culture plates by scraping with a plastic spatula on ice in ice cold PBS. Cells 

were then centrifuged at 400g for 5 minutes and resuspended in cold PBS on ice. For 

studies with Zombie Aqua Live/Dead staining, the stain was added in the cold PBS at a 
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dilution of 1:1000 for 15 minutes. The cells were then washed by centrifugation at 400g 

and resuspended in FACS staining buffer containing 1% bovine serum albumin (BSA) 

and .05% sodium azide. The cells were blocked with Mouse FcR blocking serum 

(Miltenyi Biotec, Bergisch Gladbach, Germany) for 30 minutes. After blocking, an equal 

volume of the cocktail of conjugated antibodies for a given experiment was added to the 

blocking solution containing the cells at a 2x concentration, have a final concentration of 

1x when added to the blocking solution. The cells were incubated in the antibodies and 

blocking solution for another 30 minutes. They were then washed and resuspended in 200 

microliters FACS buffer for analysis. All FACS experiments were run on a BD LSRII 

flow cytometer and all data were analyzed using FlowJo FACS analysis software.  

2.2.8 Protein Quantification of Macrophage Supernatants 

All quantification of proteins in macrophage supernatant was performed by enzyme-

linked immunosorbent assay (ELISA). An ELISA kit for a specific protein (M-CSF, 

TGF-b, etc.) was purchased from the specified vendor. All protocols were followed 

exactly as described by the vendor. Absorbance of each plate was performed on an 

SpectraMax M3 plate reader (Molecular Devices, San Jose, CA, USA). The standard 

curve and data were fit to a 4-parameter equation of best fit.  

2.2.9 Statistical Analysis 

Study design and power analyses were performed based on previously gathered and 

published data using the swine model and similar in vitro methods [39].  

All statistical analysis was performed using GraphPad Prism 8 (GraphPad Software, 

Inc. San Diego, CA, USA). For all comparisons between only Vehicle and CBSC (for in 

vivo) or CBSC vs RPMI (for in vitro), a two-tailed unpaired t-test was performed to 
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assess differences between the two groups. Significance is reported using the exact p-

value of the test, and groups were considered statistically different with a p-value < 0.05.  

For all comparisons of 3 or more groups (ex. Fig. 3), a one-way analysis of variance 

(ANOVA) was performed with Bonferroni’s post-hoc correction for multiple 

comparisons. Again, p-values are reported using exact values, except in cases where 

p<0.0001 or otherwise noted in the figure legend. Statistical significance was determined 

at an adjusted post-hoc p-value < 0.05.  
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3. RESULTS 

3.1 Immunomodulatory Paracrine Factors of CBSCs 

To understand how CBSCs may be altering the wound healing process after MI, it is 

crucial to analyze the type and quantity of factors they secrete. Previous work on CBSCs 

has shown they have unique immunomodulatory, survival, and expansion capabilities 

[38]. To expand on these data, a full analysis of CBSC-secreted factors has been 

performed. 

First, to get a broad understanding of what CBSCs were primarily secreting, we 

performed dot-blot densitometry for 36 cytokines, chemokines, and growth factors 

relevant to the immune response to MI (Table 1). Of these 36 factors, 3 were present in 

significant quantities compared to the rest: (M-CSF), CXCL12 (Stromal-cell Derived 

Factor-1, SDF-1), and Tissue Inhibitor of Metalloproteinase-1 (TIMP-1). Additionally, 

although not included in the dot blot screen, CBSCs also produce large amounts of TGF-

b (Table 2). Their function and relevance are briefly summarized in the following 

sections.  

Table 1. Screen of CBSC paracrine factors present in conditioned medium. 

Factor Expression Function 
CXCL13 - Chemokine selective for B1 and B2 B-cells. [42] 
C5/C5a - Primary component of the Compliment system, important for chemotaxis. 

[43] 
G-CSF - Bone-marrow growth factor that stimulates survival, growth, and 

proliferation of neutrophil precursors. [44] 
GM-CSF - Broad growth factor stimulating many cell types, primarily macrophages 

and eosinophils. [45] 
CCL1 - Chemoattractant for monocytes, NK cells, B-cells and dendritic cells. [46] 
CCL11 - Chemoattractant selective for eosinophils. [47] 
CD54 - Integrin involved in the adhesion and infiltration of immune cells. [48] 
INF-g - Inflammatory cytokine released by T-helper cells and NK cells to activate 

macrophages, inducing MHC-II expression. [49] 
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Table 1. Continued  
Factor Expression Function 
IL-1a - Inflammatory cytokine secreted by many cell types, integral in inducing 

inflammation in and the production of TNF-a 
IL-1b - Primarily secreted by macrophages, critical to inflammasome formation 

and pyroptosis, highly inflammatory. [50] 
IL-1RA - Direct antagonist to IL-1b, anti-inflammatory and produced by 

alternatively activated macrophages primarily. [51] 
IL-2 - Cytokine critical to the development, proliferation, and differentiation of T-

cells. [52] 
IL-3 - Stimulates the differentiation of hematopoietic progenitors, proliferation of 

T-cells, and is secreted by basophils and T-cells. [53] 
IL-4 - Induces differentiation of naïve T-cells, can activate macrophages and 

modulate inflammation. [54] 
IL-5 - Stimulator of B-cells and eosinophils, induces immunoglobulin production. 

[55] 
IL-6 - Extremely versatile immunomodulator, can act as pro- or anti-

inflammatory depending on cellular context and disease. [56] 
IL-7 - Hematopoietic growth factor secreted by stromal cells in the thymus and 

bone marrow. [57] 
IL-10 - Broadly anti-inflammatory cytokine that can suppress different cell types 

and functions, including fibroblasts. [58] 
IL-13 - Immunomodulatory cytokine with many effects overlapping IL-4, secreted 

by many adaptive immune cells. [59] 
IL-12 
p70 

- Cytokine produced by macrophages, dendritic cells, and others that 
stimulates T-cell differentiation and proliferation. [60] 

IL-16 - Chemoattractant and modulator for cells expressing CD4, especially T-
cells. [61] 

IL-17 - Pro-inflammatory cytokine produced by Th17 T-cells after activation. [62] 
IL-23 - Pro-inflammatory cytokine critical for Th17 expansion. [63] 
IL-27 - Cytokine with diverse effects on T-cell differentiation and stimulation, can 

induce IL-10 secretion. [64] 
CXCL10 - Chemoattractant secreted by innate immune cells in response to Interferon-

g. [65] 
CXCL11 - Chemoattractant for activated T-cells, secreted in response to Interferon-g. 

[66] 
CXCL1 - Neutrophil chemoattractant secreted by macrophages, neutrophils, and 

epithelial cells. [67] 
M-CSF + Growth factor critical for the survival and differentiation of macrophages. 

[68] 
CCL2 - Chemoattractant for monocytes, can also attract some T-cells. Secreted by 

various cell types in response to injury or infection. [69] 
CCL12 - Similar to CCL2, attracts monocytes, eosinophils, and lymphocytes. [70] 
CCL5 - Chemokine for lymphocytes, can also stimulate proliferation of NK cells in 

presence of other cytokines. [71] 
CXCL12 + Strong lymphocyte chemoattractant, present in many tissue and upregulated 

in response to inflammation. [72] 
CCL17 - T-cell chemoattractant expressed primarily in thymus. [73] 
TIMP-1 + Inhibitor of metalloproteinases with anti-apoptotic properties. [74] 
TNF-a - Potent pro-inflammatory cytokine released acutely upon injury, induces 

many aspects of inflammatory response. [75] 
TREM-1 - Stimulator of monocytes, macrophages, and neutrophils. [76] 
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3.1.1 Macrophage-Colony Stimulating Factor (M-CSF) 

M-CSF is a hematopoietic growth factor that selectively induces the survival, 

proliferation, differentiation, and activation of mononuclear phagocytes, or monocytes 

[77]. In the context of MI, M-CSF produced in the infarct environment induces the 

differentiation of monocytes to macrophages in the infarcted tissue and can act as a 

chemoattractant to other monocytes patrolling the vasculature [19, 78]. CBSCs produce 

7.8 pg/mL ± 2 within 24 hours of medium replacement and no additional stimulus (Table 

2).   

3.1.2 CXCL12 (Stromal-cell Derived Factor-1) 

CXCL12 is expressed in the heart immediately after the induction of cardiac injury in 

animal models and has been primarily studied for its ability to increase natural stem cell 

homing to injured cardiac tissue [79]. In addition, CXCL12 secreted from stem cells has 

been shown to enhance myocyte protection in ischemic cardiac tissue in rat models of MI 

[80]. Beyond its direct effects on the myocardium, CXCL12 also acts as a potent 

chemoattractant for lymphocytes, specifically T-cells responding to the cardiac injury 

[72]. CBSCs produce 1,096.3 pg/mL ± 258.4 CXCL12 within 24 hours of medium 

replacement and no additional stimulus (Table 2). 

3.1.3 Tissue Inhibitor of Metalloproteinase-1 

TIMP-1 is part of a family of proteins that selectively repress the function of Matrix 

Metalloproteinases (MMPs). MMPs cleave extracellular matrix (ECM) proteins and play 

a role in the degradation of ischemic cardiac tissue necessary to make way for the 

formation and maturation of scar post-MI. TIMP-1 selectively inhibits MMP-9, a 
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collagen IV-specific protease [81]. Beyond mediating ECM breakdown, TIMP-1 is also 

anti-apoptotic, potentially preventing the cleavage of caspases necessary for cells to 

undergo the full process of apoptosis [74, 81, 82]. The exact mechanism by which TIMP-

1 induces its pro-survival effect is not currently known, but studies suggest TIMP-1 can 

interact with receptors that sense the ECM and may modulate signaling pathways at the 

level of tyrosine kinase and mitogen-activated protein kinase (MAPK) activation [74]. In 

addition, TIMP-1 may activate focal adhesion kinase (FAK), a known regulator of 

apoptosis involved in the over-expression of bcl-2, a pro-survival gene product well 

characterized in tumor cells.  

The secretion of TIMP-1 by CBSCs may be important to the processes by which 

CBSCs protect the ischemic myocardium and regulate the wound healing process, 

affecting the outcomes of scar formation. CBSCs produce more TIMP-1 than any other 

factor, averaging 30,421.6 pg/mL ± 2840.7 within 24 hours of medium replacement and 

no additional stimulus (Table 2). 

3.1.4 Transforming Growth Factor-b (TGF-b) 

TGF-b is a family of growth factors that play critical roles in infarct repair, cardiac 

wound healing, and LV remodeling post-MI. The study of TGF-b is complicated due to 

the vastly different effects of TGF-b in different cellular and cytokine contexts [26]. 

What is known, however, is that TGF-b plays a number of critical roles in modulating 

post-infarct repair, including inflammation, fibrosis, wound healing, scar development, 

and LV remodeling. The production of TGF-b by CBSCs could have a number of 

varying effects on the post-infarct myocardium, and these effects are likely determined 
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by other signals present at the time of CBSC injection in vivo. CBSCs produce 2,385.8 

pg/mL ± 647.3 within 24 hours of medium replacement and no additional stimulus (Table 

2). 

Table 2. Quantification of secreted factors present in CBSC supernatant. 

Secreted Factor Conc. (pg/mL) Function 
Macrophage-Colony Stimulating 
Factor (M-CSF) 

7.8 ± 2.0 Growth factor critical for the survival 
and differentiation of macrophages. 
[68] 

Transforming Growth Factor-b 
(TGF-b) 

2,385.8 ± 647.3 Pleiotropic growth factor involved in 
inflammation, fibroblast activation [26] 

Tissue Inhibitor of 
Metalloproteinase-1 (TIMP-1) 

30,421.6 ± 2840.7 Inhibitor of metalloproteinases with 
anti-apoptotic properties. [74] 

Stromal-cell Derived Factor-1 
(SDF-1) 

1,096.3 ± 258.4 Strong lymphocyte chemoattractant, 
present in many tissues and 
upregulated in response to 
inflammation. [72] 

 

3.2 CBSCs Modulate the Immune Response to MI In Vivo 

Prior research on the functional effects of CBSC treatment on the heart in vivo has 

shown that CBSC therapy mitigates the adverse remodeling and functional decline of the 

infarcted heart 3 months after MI [39]. Infarct size is halved, LV chamber geometry is 

preserved, myocyte hypertrophy is lessened, and the ejection fraction is improved 

compared to Vehicle controls [39]. However, CBSCs do not exert protective effects on 

heart function within 3 days of the MI and treatment. To test our hypothesis that CBSC 

treatment is altering wound healing by modulating the immune response, we designed a 

study in a translational swine model of MI that analyzed the development of the immune 

response over the course of the first 7 days after MI and treatment (Fig. 3).  

Swine hearts bear remarkable similarities to human hearts in size, function, and 

vascular anatomy. These similarities make swine a uniquely translational model in which 
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to study the effects of CBSCs. Using a large-animal model of MI allows us to more 

accurately predict human patient outcomes of CBSC treatment compared to small animal 

and rodent models of MI.  

To study the effects of CBSCs in vivo, we performed closed-chest operations on 

Gottingen Mini-swine in which an angioplasty balloon was used to occlude the lateral 

anterior descending (LAD) coronary artery for 90 minutes to induce an MI. After 90 

minutes, the balloon was deflated and removed to reperfuse the ischemic tissue and 

CBSCs were injected directly into the infarct and border zone of the myocardium using 

NOGA catheter technology. The animals were then monitored and measured for 7 days, 

after which they were euthanized, and the heart removed for analysis. 

3.2.1 CBSCs Do Not Confer Acute Cardioprotection 7 Days After MI 

Previous work using this model showed no functional improvement with CBSC 

treatment 3 days post-MI [39]. The primary phases of the immune response to MI occur 

over the first 7 days after injury. To assess the functional effects, if any, of CBSCs over 

the course of this initial inflammatory phase, we performed serial echocardiography at 

baseline (pre-MI) 1, 3, and 7 days post-MI. In accordance with previous studies, CBSC 

therapy did not change the parameters measured by echocardiography within the first 7 

days post-MI. Ejection fraction, a measurement commonly used to assess LV pump 

function, was similar over the course of seven days (Fig. 1A, p=ns for all timepoints, n=4 

for Vehicle, n=6 for CBSCs). In addition, LV geometry as measured by end-systolic and 

end-diastolic volumes was not different between groups (Fig. 1B-C, p=ns for all 

timepoints, n=4 for Vehicle, n=6 for CBSCs).  
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CBSCs were present in the tissue at 3 days but not 3 months. To detect CBSCs in the 

tissue at 7 days, the same lentiviral green fluorescent protein (GFP)-tagged CBSCs were 

injected and found by localization of fluorescent microbeads at each injection site. The 

fixed injection sites were stained with anti-GFP antibodies and visualized with confocal 

microscopy. In all infarct and border zone sections tested, GFP+ cells were found (Rep. 

Image Fig. 1D). CBSCs appear to be present and engrafted in the tissue 7 days after MI.  

Another critical indicator of patient outcome post-MI is infarct size. In this swine 

model of MI and CBSC therapy, infarct size was not different at 3 days post-MI, but scar 

size was halved after 3 months. To assess any reduction in infarct size 7 days post-MI, we 

performed TTC staining on heart slices taken 15mm from the apex of the heart (Fig. 1E). 

Infarct size quantified by morphometric analysis was not different between CBSC and 

Vehicle treated groups (Fig. 1F, Vehicle = 22.1% ± 10.6, CBSC = 22.6% ± 8.0, p=0.94). 

These data may indicate that the mechanism by which CBSCs confer long term 

protective effects involves wound healing processes that persist beyond the initial 

immune phases of cardiac healing. 
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To ensure consistent and reproducible injuries to all animals, plasma levels of cardiac 

Troponin I (cTnI) were measured by ELISA. Blood was taken 60 minutes after 

reperfusion and centrifuged to separate red blood cells, white blood cells, and plasma. 

Levels of cTnI were not different between groups (Fig. 1G, Vehicle = 5.75 ng/mL ± 2.0, 

CBSC = 6.69 ± 2.8, p=0.58, n=4 for Vehicle and n=6 for CBSC), indicating all animals 

received equivalent injuries to the myocardium. 

  

Figure 1. CBSCs do not confer acute cardioprotection. Serial transthoracic echocardiographic measurement of 
ejection fraction (A.), left ventricle end-diastolic volume (B.), and left ventricle end-systolic volume (C.) of swine on 
day 1 (D1), 3 (D3), and 7 (D7) after MI. Representative image of GFP+ CBSCs in the border zone of CBSC-treated 
swine myocardium. Scale bar=50um (D.). Representative images of TTC-stained heart slices from Vehicle and CBSC 
treated swine hearts. Scale bar=10mm. (E.) and quantification of infarct size (F.). Quantification of cardiac Troponin I 
2 hours after MI by ELISA (G.). n=4 for Vehicle and n=6 for CBSC for all figures.  
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3.2.2 CBSCs Do Not Affect Circulating Immune Cell Populations  

White blood cells were analyzed at baseline (pre-MI), 1, 3, and 7 days post-MI to 

measure any potential changes to blood immune cells with CBSC treatment. The 

paracrine hypothesis of stem cell and, more specifically, CBSC action supports the notion 

that cells injected into the myocardium may release factors that circulate throughout the 

body and cause long-range changes to cells in other organ systems. We were specifically 

interested in changes to circulating monocytes, neutrophils, and T-cells attracted to the 

site of cardiac injury.  

To analyze these cell populations at different time points, we employed multi-color 

flow cytometry panels directed toward surface markers indicative of specific cell 

phenotypes (Table 3). Each blood sample was processed and stained as outline in the 

methods section of this manuscript. Gating strategies for each cell type are outlined in 

Figure 2. 

While major shifts in circulating immune cell numbers were largely absent, there 

were some smaller changes to immune cell subtypes with CBSC treatment. Looking most 

generally at the entirety of the myeloid and non-myeloid populations of the blood, there 

Figure 2. Representative gating strategies for immune cell analysis. Multi-color flow cytometry 
was used to analyze populations of T-cells (A.) and Monocytes/Neutrophils (B.). These gates were 
used for both blood and tissue analysis. 
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appears to be complimentary increases and decreases in these populations over the course 

of 7 days. At baseline, myeloid cells comprise approximately 40% of CD45+ 

hematopoietic cells (Fig. 3A, Vehicle = 36.9% ± 15.1, CBSC = 35.7% ± 15.6, p=0.99, n= 

4 for vehicle n=6 for CBSCs) and non-myeloid cells make up the other approximately 

60% for both groups (Fig. 3B, Vehicle = 62.7% ± 15.2, CBSC = 64.0% ± 15.6, p=0.99, 

n= 4 for vehicle n=6 for CBSCs). 24 hours after MI, circulating myeloid cells 

approximately double (Fig. 3A, Vehicle = 61.2% ± 7.3, CBSC = 72.3% ± 10.5, p=0.69, 

n= 4 for vehicle n=6 for CBSCs) while the non-myeloid cell population shrinks (Fig. 3B, 

Vehicle = 38.3% ± 7.2, CBSC = 27.0% ± 10.4, p=0.68, n= 4 for vehicle n=6 for CBSCs). 

The increase in myeloid cells from pre-MI to Day 1 (Fig. 3A, Pre-MI = 35.6% ± 15.6, 

Day 1= 72.3% ± 10.5, p=0.0019, n=6 for CBSCs) and the decrease in non-myeloid cells 

over the same time frame (Fig. 3B, Pre-MI = 63.9% ± 15.6, day 1 = 27.0% ± 10.4, 

p=0.0017, n=6 for CBSCs) were significantly different for the CBSC group, while no 

difference between days was observed for the Vehicle group. By day 3, levels had 

returned back to baseline values, moving again slightly on day 7 to an approximately 

50% split between myeloid and non-myeloid cells (Fig. 3A-B).  

Looking more specifically at immune cell subtypes of the myeloid and non-myeloid 

populations reveals further differences between the CBSC and Vehicle treatment groups. 

Within the monocyte population, there was no difference in CD14hi classical monocytes 

circulating after MI for any time point (Fig. 3C). However, CD14+CD16+ non-classical  
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Figure 3. CBSCs do not alter blood immune cell populations after MI. White blood cells were collected pre-MI and 
on days 1, 3, and 7 after MI. For all graphs, n=4 for Vehicle and n=6 for CBSC. #=p<0.05 vs Pre-MI. ##=p<0.005 vs 
Pre-MI. Groups compared by ANOVA with Bonferroni’s correction for multiple comparisons. 
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monocytes were increased at Day 1 after MI in the CBSC-treated swine (Fig. 3D, Vehicle 

= 4.1% ± 4.5, CBSC = 18.2% ± 14.2, p=0.039, n= 4 for vehicle n=6 for CBSCs). This 

was also a significant increase from pre-MI baseline (Fig. 3D Pre-MI = 2.87% ± 2.7, Day 

1 = 18.2% ± 14.2, p=0.0092, n=6 for CBSCs), while Vehicle treated animals did not 

significantly increase in non-classical monocyte numbers from pre-MI to Day 1. After 

day 1, levels of CD14+CD16+ monocytes generally return to baseline in parallel with the 

myeloid population as a whole.  

Table 3. Antibodies used in flow cytometric analysis of immune cells. 

T-Cell Panel 
Marker Color Dilution  Comp./Cat. # 
CD172a  FITC 1:100 Abcam ab23772 
CD4 PE 1:100 Thermo Ma5-16855 
CD3 Pe-Cy7 1:100 Novus NBP1-99977 
CD8a AF647 1:100 Novus NBP1-

28237AF647 
Zombie Aqua 525/50 1:1000 Biolegend 423102 

Monocyte/Neutrophil Panel 
CD172a FITC 1:100 Abcam ab23772 
CD16 AF700 1:100 Novus NB500-

523AF700 
CD14 AF405 1:100 Novus NB100-

62994AF405 
CD45 AF647 1:100 BioRad 

MCA1222A647 
Zombie Aqua 525/50 1:1000 Biolegend 423102 

 

Neutrophils followed the expansion and contraction pattern of myeloid cells overall. 

Neutrophils were gated using their expression of CD14 and their higher side scatter 

compared to monocytes (Fig. 2B). Neutrophils were defined as CD172a+, CD14mid, 

SSChi. There were no differences between groups treatment groups (Fig. 3E). However, 

neutrophils were significantly increased in the CBSC treated animals from pre-MI to day 

1 (Fig. 3E, Pre-MI = 27.0% ± 14.5, Day 1 = 60.0% ± 13.3, p=0.0046, n=6 for CBSCs). 
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Within the non-myeloid population, CD3+ T-cells peaked at day 3, although there 

was no difference between Vehicle and CBSC groups (Fig. 3F). There was a trend toward 

increased CD4+ cells as a percentage of total CD3+ T-cells in the CBSC treatment group 

on day 1 (Fig. 3G, Vehicle = 20.1% ± 3.4, CBSC = 33.8% ± 11.7, p=0.065, n= 4 for 

Vehicle n=6 for CBSCs) and day 3 (Fig. 3G Vehicle = 20.7% ± 6.0, CBSC = 34.9% ± 

8.8, p=0.053, n= 4 for Vehicle n=6 for CBSCs). By Day 7, circulating T-cells returned to 

baseline levels. The levels of circulating CD8+ T-cells remained relatively constant 

throughout the 7 days and did not differ between treatment groups (Fig. 3H).  

3.2.3 CBSCs Do Not Change Circulating Paracrine Factors  

In addition to measuring cell population changes in the blood post-MI, we probed the 

plasma of the swine undergoing the same serial blood draws from which we isolated 

blood immune cells. Using a commercially available porcine 50 marker-screen, we 

determined if CBSC injection into the myocardium had effects on the circulating 

paracrine factors relevant to the immune and wound healing response. In general, there 

were no significant changes in cytokine, chemokine, or growth factor circulation between 

groups (Table 4).
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Table 4. Quantification of circulating paracrine factors in swine. 
 

Pre-MI Day 1 Day 3 Day 7  
Vehicle 
pg/mL 

CBSC 
pg/mL 

Vehicle 
pg/mL 

CBSC 
pg/mL 

Vehicle 
pg/mL 

CBSC 
pg/mL 

Vehicle 
pg/mL 

CBSC 
pg/mL 

IL-1b 0±0 1.5±1.7 3.1±5.9 0.8±1.2 0.9±1.1 0.6±0.9 0.9±1.7 1.2±1.7 
IL-4 176.3±218

.5 
41.4±55.0 122.2±136

.3 
37.8±53.5 112.0±123

.9 
25.1±31.9 140.1±154

.3 
23.5±37 

IL-6 53.1±84.8 27.3±38.6 50.7±76.1 26.3±34.3 47.2±79.0 17.6±28.8 N/A N/A 
IL-8 2.9±1.9 6.2±8.5 6.0±7.3 5.7±6.5 6.7±7.8 6.9±8.5 3.4±3.3 6.3±9.8 
IL-10 2.0±2.4 5.0±5.5 6.0±7.3 5.7±6.5 3.2±4.1 2.6±1.8 2.7±2.4 3.7±4.3 
IL-
12p40p 

125.2±117
.1 

189.3±220
.9 

55.0±44.0 156.3±19
9.4 

106.2±152 132.1±10
0.0 

167.3±237
.1 

103.4±1
37.2 

GMCSF 7.7±6.8 30.0±25.9 4.9±6.5 20.6±26.0 10.4±7.1 7.5±6.4 6.1±6 10.1±7.5 
INF-g 19.7±27.5 13.7±16.9 24.4±17.4 14.3±15.2 26.9±25.8 14.2±14.4 34.5±32.9 17.4±26.

1 
TGF-b1 0±0 373.7±632

.7 
257.3±364
.9 

370.5±69
3.0 

79.3±158.
5 

342.3±74
7.0 

100.4±173
.8 

316.5±6
54.6 

TNF-a 0.19±0.36 0.21±0.35 0.26±0.32 0.35±0.39 0.37±0.45 0.12±0.30 0.30±0.36 0.26±0.4
6 

CCL3 L1 173.9±191
.1 

30.5±38.2 109.1±116
.2 

38.0±49.1 174.2±245
.6 

37.7±50.0 128.2±144
.5 

21.2±33.
3 

INFa 13101±20
181 

29089±55
884 

3291±396
4 

18237±31
922 

4911±76.2
7 

25446±52
816 

14933±28
935 

16333±3
2105 

IL-1a 2331.7±15
47.0 

1938.3±14
84.6 

1886.0±11
95.9 

1374.6±1
570.1 

2784.1±23
24.7 

1032.4±1
161.0 

2194.8±23
24.71 

1407.0±
1419.5 

IL-1RA 26088.7±2
9147.0 

8300.9±68
25.5 

34331.2±4
2360.2 

6566.1±3
539.8 

27825.5±3
0853.4 

8182.4±6
928.4 

23757.1±3
2165.3 

9957.7±
9796.8 

IL-13 1942.4±20
90.8 

456.9±328
.5 

911.8±876
.8 

291.0±31
9.3 

861.0±888
.7 

343.4±37
8.5 

887.3±932
.9 

354.2±2
80.6 

IL-17a 182.2±204
.0 

62.4±71.3 125.3±163
.5 

63.1±76.8 115.0±152
.3 

95.4±138.
3 

250.0±213
.5 

221.2±2
62.5 

IL-18 189286.3±
196770.2 

104335.2±
120228.0 

146781.8±
187000.4 

78666.8±
108919.7 

100235.0±
101180.0 

86281.5±
120788.9 

145688.4±
180212.1 

75254.1
±65007.
0 

MIG 
(CXCL9) 

306.5±264
.4 

102.1±98.
3 

240.0±240
.6 

97.2±111.
2 

171.4±110
.1 

85.0±95.3 377.9±484
.8 

50.6±41.
2 

MIP-1b 
(CCL4) 

129.8±97.
1 

42.4±22.7 86.1±83.3 37.5±22.7 98.2±111.
3 

58.8±29.1 148.2±145
.1 

52.0±28.
2 

PECAM 59.9±27.3 67.5±31.2 84.5±43.3 73.8±34.6 53.6±13.0 68.6±42.5 73.0±31.0 68.2±33.
6 

Decorin 193.5±232
.3 

76.0±31.5 258.8±103
.7 

525.0±29
9.1 

484.2±254
.6 

424.8±21
4.9 

409.0±175
.6 

457.3±1
81.3 

GASP-1 742.1±266
.7 

977.0±327
.1 

704.5±439
.3 

825.5±23
3.6 

613.3±234
.7 

856.7±27
6.3 

724.7±297
.1 

752.0±1
42.7 

IGF-BP5 38.6±52.0 191.2±269
.0 

40.9±49.8 196.8±25
7.5 

48.8±55.0 162.2±19
3.8 

59.6±67.9 176.8±2
21.4 

IL-15 377.5±500
.0 

205.3±257
.2 

304.8±370
.8 

186.5±23
5.7 

355.9±435
.3 

184.5±20
7.8 

464.0±487
.9 

197.7±2
56.2 

IL-22 9827.8±12
960.2 

13604.8±1
9518.4 

9812.1±13
503.1 

12000.3±
15452.5 

11696.0±1
3888.0 

10610.5±
13880.5 

14406.7±2
1788.5 

11685.0
±15429.
6 

IP-10 7328.2±14
566.2 

109.8±147
.8 

4554.1±90
35.6 

154.9±18
6.8 

1063.3±20
41.4 

117.7±13
3.6 

1198.1±22
70.8 

91.1±11
4.3 
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Table 4. Continued       

 Pre-MI Day 1 Day 3 Day 7 
 Vehicle CBSC Vehicle CBSC Vehicle CBSC Vehicle CBSC 
MCP-1 
(CCL2) 

472.2±391
.8 

113.3±102
.6 

504.9±556
.8 

222.0±23
5.7 

504.5±650
.5 

260.4±25
4.3 

490.9±542
.6 

172.5±1
41.6 

NCAM-
1 

24249.4±3
243.7 

26303.6±5
706.2 

20393.8±8
506.4 

24855.2±
5929.4 

22360.0±4
316.0 

25096.0±
6097.3 

23865.7±9
255.8 

26144.4
±5577.0 

Ang-1 162.0±45.
2 

262.4±80.
8 

168.1±78.
6 

287.9±29
8.8 

322.1±363
.4 

475.1±24
9.3 

144.8±81.
1 

357.9±3
90.3 

IL-17f 1132.9±17
41.3 

5811.4±92
97.5 

1591.4±18
48.6 

7809.5±1
0989.5 

583.0±615
.8 

6007.7±7
721.6 

1130.7±10
15.5 

5932.5±
9078.0 

MIF  0.06±0.13 0.16±0.32 0.35±0.71 0.34±0.60 0.02±0.03 0.35±0.60 0±0 0.45±0.5
3 

PDGF-
BB 

237.9±159
.6 

345.3±308
.6 

366.3±208
.5 

425.7±32
4.8 

656.1±452
.7 

634.2±38
8.8 

200.0±144
.7 

454.0±5
90.4 

RANTE
S 
(CCL5) 

5.22±8.4 2.10±3.2 4.12±7.4 1.43±1.36 1.60±2.83 2.40±1.90 2.3±2.87 2.10±1.6 

TGF-a 7.40±11.0 19.75±20.
0 

8.64±14.3 19.42±29.
9 

9.42±14.7
3 

13.70±20.
1 

10.50±17.
8 

17.5±26.
4 

TIMP-1 3.40±3.6 2.41±2.0 4.62±7.1 6.53±8.85 11.11±20.
5 

1.71±1.1 4.40±2.6 9.73±9.7
3 

TIMP-2 5130.5±11
42.6 

3751.5±13
21.3 

4448.4±13
00.2 

4146.2±1
605.1 

4743.9±19
24.0 

4560.1±1
862.2 

5828.0±13
98.8 

4234.5±
893.6 

VEGF 0.85±0.6 5.5±26.7 3.33±3.8 7.10±7.8 0.43±0.60 5.85±7.6 1.63±1.5 9.11±13.
1 

Eotaxin
-1 

1254.1±17
24.8 

203.90±28
8.3 

453.0±320
.2 

1620.5±3
359.4 

439.2±302
.3 

132.2±16
5.2 

688.4±194
.6 

282.3±2
98.0 

EPO 3.12±6.2 0.25±0.6 18.92±27.
0 

10.50±14.
8 

55.10±65.
6 

11.1±17.9 5.78±7.6 4.31±6.8 

FGF-21 145.5±241
.1 

198.8±312
.1 

165.2±267
.8 

196.2±34
1.2 

172.5±281
.0 

161.9±24
8.2 

127.1±203
.0 

178.15±
269.1 

Galecti
n-9 

334.9±452
.6 

256.5±337
.0 

338.3±455
.7 

184.1±35
9.0 

255.1±327
.0 

225.2±27
1.7 

308.4±417
.9 

244.6±3
60.0 

INF-b 38127.9±6
3508.5 

350.9±322
.9 

22395.1±4
1398.8 

348.2±44
1.9 

19399.6±3
6731.3 

326.9±25
2.0 

9124.9±15
809.8 

394.1±3
96.0 

IGF-2 0±1 1.5±1.8 3.1±5.10 0.8±1.3 0.9±1.2 0.6±0.10 0.9±1.8 1.2±1.8 
IL-21 176.3±218

.6 
41.4±55.1 122.2±136

.4 
37.8±53.6 112.0±123

.10 
25.1±31.1
0 

140.1±154
.4 

23.5±38 

IL-28b 53.1±84.9 27.3±38.7 50.7±76.2 26.3±34.4 47.2±79.1 17.6±28.9 N/A N/A 
PIGF-2 2.9±1.10 6.2±8.6 6.0±7.3 5.7±6.5 6.7±7.9 6.9±8.6 3.4±3.4 6.3±9.9 
SCF 2.0±2.5 5.0±5.6 6.0±7.3 5.7±6.5 3.2±4.2 2.6±1.9 2.7±2.5 3.7±4.4 
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3.2.4 CBSCs Alter Immune Cell Populations in the Myocardium  

Understanding the potential mechanisms by which CBSCs alter wound healing in the 

infarcted heart requires a full examination of changes to the immune response to cardiac 

damage in vivo. To begin this examination, we utilized tissue from a previous study 

during which animals were euthanized 72 hours post-MI and tissue from the animals in 

the current study that were euthanized 7 days post-MI. Analyzing changes over time 

allows us to broaden the scope with which we view CBSC immunomodulation in vivo.  

Fixed tissue from the 3-day and 7-day experiments were first stained with 

immunofluorescent antibodies directed to the macrophage marker Galectin-3 to assess the 

number of macrophages in the infarcted tissue (Rep. Image Fig. 4A). Analysis of the total 

number of nuclei per millimeter in the tissue revealed that after 3 days of reperfusion 

there was no significant difference in total nuclei between groups (Fig. 4B, Vehicle=2317 

±243.1, CBSC=2211 ± 355.4, p=0.68 n=4/group) whereas the CBSC-treated hearts had 

fewer cells as represented by the total number of nuclei/mm after 7 days of reperfusion 

(Fig. 4C, Vehicle=2578 ±110, CBSC=2140 ± 236, p=0.006 n=4 (Vehicle) and n=6 

(CBSCs)). These data do not indicate a reduction in cell infiltration in CBSC groups, but 

they do reinforce the analysis of macrophage numbers as a percentage of total nuclei 

instead of as a function of area analyzed if indeed CBSC treated hearts contain fewer 

nuclei at 7 days.  

Overall, the number of macrophages present in the tissue at 3 days post-MI was not 

different between CBSC and Vehicle treated animals (Fig. 4D, Vehicle=12.9%% ±2.1, 

CBSC=10.92% ±3.8, p=0.39 n=4 for Vehicle and n=6 for CBSCs). However, CBSC-

treated animals had an approximately 7% increase in macrophages in the infarct and 
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border zones compared to vehicle 7 days after MI (Fig. 4E, CBSCs = 22.58 ±4.84, 

Vehicle = 16.4 ± 2.34, p=0.047, n=6 for CBSCs, n=4 for Vehicle). The percentage of 

macrophages in the CBSC group doubled from day 3 to 7, whereas the Vehicle group 

increased by a relatively stagnant 1.28-fold. 

Fluorescence-assisted cell sorting (FACS) staining and analysis strategies were 

employed to reliably, reproducibly, and efficiently measure changes to other immune cell 

populations over the course of the 7-day swine study. Briefly, tissue was isolated from 

Figure 4. CBSCs increase macrophages in the infarcted myocardium. Macrophages and total nuclei were analyzed 
by immunofluorescent staining for DAPI and Galectin-3 (A.) 3 days after MI (B., D.), and 7 days after MI (C., E.). 
Unpaired t-test was performed for statistical analysis. n=4 for all groups for day 3, n=4 for Vehicle and n=6 for CBSC 
for day 7. Scale bar=10um. 
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the infarct and border zones of euthanized swine hearts. The tissue was gently digested 

and filtered to remove all myocytes. The non-myocyte fraction was counted and stained 

according to the panels laid out in Table 3 to analyzed numbers and types of monocytes, 

neutrophils, and T-cells. Gating strategies for the resulting FACS data are the same as for 

the analysis of blood and are presented in Figure 2.  

Overall there was no difference in the number of myeloid cells between groups 

measured by the number of CD172a+ cells as a percentage of total CD45+ cells (Fig. 5A, 

Vehicle = 56.7% ± 21.2, CBSC = 51.1 ± 21.3, p=0.69, n=6 for CBSCs, n=4 for Vehicle). 

Additionally, there was no difference in the number of monocytes or neutrophils present 

Figure 5. CBSCs change the T-cell response to MI. Flow cytometric analysis innate immune cells (A.-C.) and 
adaptive immune cells (D.-G.) was performed on swine heart tissue 7 days after MI. An unpaired t-test was used to 
assess statistical significance between groups. n=4 for Vehicle and n=6 for CBSC for all graphs. Gating strategies used 
for determining groups are outlined in Figure 2.  
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in the tissue at 7 days post-MI between the CBSC and Vehicle treated groups. Monocytes 

were present in both groups (Fig. 5B, Vehicle = 4.32% ± 2.0, CBSC = 3.69 ± 2.5, p=0.70, 

n=6 for CBSCs, n=4 for Vehicle) whereas neutrophils were present in larger but similar 

quantities for both groups (Fig. 5C, Vehicle = 33.42% ± 28.7, CBSC = 41.78 ± 14.7, 

p=0.55, n=6 for CBSCs, n=4 for Vehicle).  

The adaptive immune system is an arm of the cardiac wound healing response that is 

critical to the proper healing of the infarct. To assess any changes to T-cell populations 

arising from CBSC treatment, we performed FACS analysis for CD3+ T-cells overall as 

well as CD4+ and CD8+ T-cell sub-populations. There was no difference in the number 

of non-myeloid cells between groups as a percentage of total isolated cells (Fig. 5D, 

Vehicle = 41.54% ± 20.3, CBSC = 46.8 ± 19.6, p=0.69, n=6 for CBSCs, n=4 for 

Vehicle). There was a trend toward more CD3+ cells in the CBSC-treated animals as a 

percentage of total isolated cells (Fig. 5E, Vehicle = 12.34% ± 2.6, CBSC = 22.5% ± 

13.1, p=0.17, n=4 for Vehicle, n=6 for CBSC). Interestingly, within this CD3+ T-cell 

population, there was a higher proportion of CD4+ T helper cells (Fig. 5F, Vehicle = 

8.75% ± 7.7, CBSC = 29.97% ± 14.2, p=0.026, n=4 for Vehicle, n=6 for CBSC) and a 

lower proportion of CD8+ cytotoxic T-cells (Fig. 5G, Vehicle = 12.46% ± 3.2, CBSC = 

3.51% ± 2.3, p=0.0018, n=4 for Vehicle, n=6 for CBSC).  

We confirmed these data with immunofluorescent confocal imaging of CD4+ cells 

within fixed, paraffin embedded heart tissue taken 3 and 7 days post-MI (Rep. Image Fig. 

6A). CD4+ cells made up approximately 0.12% of total DAPI+ cells counted for both 

groups at 3 days of reperfusion (Fig. 6B). After 7 days of reperfusion however, CBSC-

treated animals had significantly more CD4+ T-cells as a percentage of total DAPI+ cells 
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than vehicle-treated animals and comprised over 3% of the total cells counted (Fig. 6C, 

Vehicle=0.97% ±0.19, CBSCs=3.45% ±1.7, p=.022 n=4 for Vehicle and n=6 for 

CBSCs). CD4+ cells were 28-fold higher from day 3 to 7 in the CBSC group vs. 8-fold 

higher in the Vehicle group, representing a large, time-related change in T-cell infiltration 

dynamics after reperfusion. In addition, the ratio of CD4+ T-cells between vehicle and 

CBSC-treated myocardium remains consistent between methodologies. These data 

indicate that CBSC treatment significantly changes the sub-types of T-cell populations 

within the infarct 7 days post-MI, a critical time in the switch between inflammation and 

wound healing. 

 

Figure 6. CBSCs increase CD4+ T-cells in the myocardium 7 days after MI. Immunofluorescent staining for CD4+ 
T-cells (A.) was performed at 3 days after MI (B.) and 7 days after MI (C.) to confirm the increase of CD4+ T-cells in 
the myocardium. Unpaired t-tests were performed to determine statistical significance. n=4 both groups for day 3, n=4 
for Vehicle and n=6 for CBSCs day 7.  
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3.2.5 CBSCs Influence the 

Paracrine Milieu of the Myocardium 

The infarct and border zones are in 

a constant state of flux during the 

wound healing process after MI. The 

phases of the wound healing process 

are largely coordinated by paracrine 

signals secreted by the cells involved. 

To analyze changes in these paracrine 

factors within the infarct resulting from CBSC treatment, we performed quantitative 

proteomics on tissue and plasma taken from swine in the 7-day study. 50 potential 

cytokines, chemokines, and growth factors were measured. Within the tissue extracted on 

day 7, 2 markers were significantly increased in the CBSC-treated group of animals: IL-

1RA (Fig. 7, Vehicle = 649.1 pg/mL ± 865.39, CBSC = 4,935.3 pg/mL ± 5,053.9, p = 

0.0006, n=3 for Vehicle, n=6 for CBSC) and TIMP-2 (Fig. 7, Vehicle = 3,315.2 pg/mL ± 

1700.6, CBSC = 7,384.9 pg/mL ± 3009.9, p = 0.0014, n=3 for Vehicle, n=6 for CBSC). 

There was a trend toward an increase in TGF-b, CCL2, and CXCL9, though these factors 

did not reach statistical significance. Notably absent from the tissue in amounts 

detectable by the assay were IL-4, IL-6, IL-10, and Interferon-g. TIMP-1, a factor CBSCs 

produce in vitro, was present in the tissue albeit at low concentrations compared to other 

factors (Fig. 7).  

  

Figure 7. CBSCs alter paracrine factors in the tissue 7 days 
after MI. Quantitative proteomics was performed on frozen 
heart tissue from swine 7 days after MI (A.). An ANOVA with 
Bonferroni’s correction for multiple comparisons was 
performed to assess differences between groups. ***=p<0.0001 
vs Vehicle. **=p<0.001 vs Vehicle. n=4 for Vehicle, n=6 for 
CBSCs.  
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3.2.6 CBSCs Reduce Cell Death and Inhibit Macrophage Apoptosis 

Necrosis of myocardial cells in the infarct core occurs rapidly after the onset of 

ischemia and is likely the primary method of cell death in the first hours of MI. 

Apoptosis, a type of cell death requiring programmed signaling interactions within cells, 

occurs more slowly and continues past the initial ischemic insult. Many therapies have 

targeted myocyte death as a means to decrease cardiac damage and improve pump 

function after MI. TUNEL staining along with antibody-based immunofluorescent 

staining was performed on paraffin embedded swine myocardium and visualized with 

confocal microscopy to assess the impact of CBSC treatment on apoptosis in vivo. Hearts 

from animals euthanized 3 and 7 days post-MI were analyzed. Apoptotic myocytes were 

found in all zones of the tissue 3 days post-MI (Rep. Image Fig. 8A), and there were 

fewer TUNEL+ myocytes as a percentage of total nuclei in CBSC-treated animals (Fig. 

8B, Vehicle=0.19% ±0.12, CBSCs=0.011% ±0.009, p=0.023 n=4/group). No apoptotic 

myocytes were found in the border zone or infarct zone of the tissue at 7 days post-AMI. 

These data indicate that CBSC treatment may be saving myocytes in the border zone that 

are on the cusp of apoptosis but have not fully committed. However, myocyte apoptosis 

accounted for approximately 2% of the total apoptosis in the infarcted myocardium and 

less than 0.2% of the total nuclei. While the difference in apoptotic rate between groups 

is small, apoptosis is a transient process. Detecting a difference in the fixed tissue at 3 

days after MI is a small snapshot of the activity in the tissue, and this difference 

compounded over hours, weeks, and months of infarct healing and remodeling may 

account for a portion of the preserved LV functionality seen in CBSC-treated animals 3 

months after MI [39].  
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We next sought to determine if CBSC treatment was reducing apoptosis broadly 

within the infarcted myocardium. Given the fact that CBSCs secrete M-CSF that directly 

stimulates the survival and differentiation of macrophages and we detected an increase in 

macrophage number 7 days after MI, we also examined apoptosis in the macrophage 

population of the myocardium at this time point.  

Three days post-MI there was no difference in the total number of TUNEL+ nuclei as 

a percent of total nuclei counted in CBSC-treated compared to vehicle-treated animals 

(Fig. 8C, Vehicle=0.64% ±0.22, CBSCs=0.84% ±.052, p=0.52, n=4 per group). At 7 days 

after MI, however, the total number of TUNEL+ apoptotic nuclei was lower in the infarct 

zone of CBSC treated animals (Fig. 8D, Vehicle = 2.83% ± 1.6, CBSC = 1.23% ± 0.58, 

p=0.03, n=4 for Vehicle, n=6 for CBSC). These data indicate CBSCs may be altering the 

dynamics of apoptosis in the infarcted heart. 

CBSCs secrete M-CSF that directly stimulates macrophage survival and 

differentiation. Co-staining of TUNEL and Galectin-3 was performed on hearts fixed 7 

days post-MI to assess the pro-survival effects of CBSCs on macrophages in vivo (Rep. 

Image Fig. 8E). Interestingly, there were fewer TUNEL+ Galectin-3+ macrophages in the 

border zone of CBSC-treated animals (Fig. 8F, Vehicle = 1.64% ± 0.3, CBSC = 0.59% ± 

0.5, p=0.0092, n=4 for Vehicle, n=6 for CBSC). These data indicate that CBSCs may be 

protecting macrophages in the border zone and could be an explanation for increased 

macrophages in CBSC treated hearts. Given the evidence for interactions between 

CBSCs and the macrophage populations of the heart, we sought to characterize the 

effects of CBSC paracrine factors on macrophage phenotype in vitro. 
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Figure 8. CBSCs reduce myocyte and macrophage apoptosis 3 and 7 days after MI. Immunofluorescent staining 
for TUNEL and a-sarcomeric actinin was used to determine myocyte apoptosis (A.) and total apoptosis (B.) 3 days 
after MI. Immunofluorescent staining for DAPI, Galectin-3, and TUNEL (D.) was used to analyze total (E.) and 
macrophage (F.) apoptosis 7 days after MI. Unpaired t-tests were performed for B-C to determine statistical 
differences. N=4 for both groups. ANOVA with Bonferonni’s correction for multiple comparisons was used to 
determine statistical differences for E-F. n=4 for Vehicle and n=6 for CBSCs. Scale bars=25um for A. Scale 
bars=10um for D. 
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3.3 CBSCs Polarize Macrophages to an M2 Hybrid Phenotype In Vitro 

CBSC treatment increased macrophage numbers and decreased macrophage apoptosis 

in our swine model of MI. There was also more IL-1RA, an anti-inflammatory factor that 

can be produced by macrophages, in the tissue of CBSC-treated hearts. To assess the 

effects of CBSCs on macrophages, we exposed bone marrow-derived macrophages 

(BMDMs) to CBSC-conditioned RPMI medium after the removal of all CBSCs for 24 

hours in vitro. To get a more complete understanding of CBSC-treated macrophage 

phenotype, we measured surface marker expression, metabolic profile, phagocytic 

function, and cytokine secretion under a variety of conditions. To go beyond determining 

the broad M1 versus M2 profile of CBSC-treated macrophages, we analyzed M2 

classification factors from both M2a and M2c macrophage subtypes. From these studies, 

we determined that CBSC-treated macrophages display profiles and function belonging 

to both M2a and M2c macrophage classifications.  

3.3.1 CBSCs Induce a Global M2 Phenotype 

First, we aimed to get a broad understanding of the effects of CBSC paracrine factors 

on BMDMs. CBSC-conditioned medium does not contain IL-4 or IL-13 in amounts 

detectable by ELISA. These cytokines are the canonical stimuli for alternatively activated 

M2 macrophages [83]. However, CBSCs do produce and secrete TGF-b, which is known 

to have M2-polarizing effects on macrophages through different signaling pathways [83]. 

Flow cytometric analysis of the mannose receptor CD206 and the T-cell co-stimulatory 

protein CD86 was used to assess the polarization of macrophages to M2 or M1 

phenotypes respectively [84-86]. BMDMs exposed to CBSC medium had significantly 

higher CD206 surface expression than BMDMs exposed to RPMI only (Fig. 9A, RPMI = 
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74.08% ± 4.7, CBSC = 92.3% ± 2.7, p=0.0004, n=3). CD86 expression was not different 

between groups (Fig. 9A, RPMI = 20.72% ± 3.1, CBSC = 20.42% ± 2.8, p=0.99, n=3). 

This pattern remained consistent when measured by the median fluorescence intensity 

(MFI) of CD206 (Fig. 9B, RPMI = 1485.2 au ± 194.3, CBSC = 2262.8 au ± 324.6, 

p=0.002, n=3 ) and CD86 (Fig. 9B, RPMI = 972 au ± 10.3, CBSC = 877 au ± 19.5, 

p=0.80, n=3). These data are broadly indicative of a surface marker profile consistent 

with alternatively activated “M2” macrophages that possess anti-inflammatory and pro-

reparative qualities.  

Figure 9. CBSCs induce an M2 phenotype in macrophages in vitro. Flow cytometric analysis of BMDMs to 
quantify CD86 and CD206 expression as a percentage of total BMDMs (A.) and median fluorescence intensity (B.). 
ANOVA with Bonferroni’s correction for multiple comparisons was performed to assess significant differences 
between groups. A Seahorse assay was run to assess the oxygen consumption rate (OCR) of BMDMs as a measure of 
mitochondrial respiration (C.). Statistical comparisons were made by 2-way ANOVA with Bonferroni’s correction for 
multiple comparisons at each time point. Spare respiratory capacity (D.) was calculated as the difference between 
maximal and baseline OCR. Basal respiration (E.) is derived from the values represented in C. For both, unpaired 
t=tests were performed to assess statistical differences. N=3 for all groups.  
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Foundational studies in macrophage metabolism have inextricably linked macrophage 

stimulation with changes in metabolic processes. Alternatively activated macrophages 

stimulated with IL-4 require oxidative phosphorylation and fatty acid oxidation for 

proper functioning [87, 88] and have a characteristically large spare respiratory capacity 

[89]. In contrast, inflammatory macrophages rely mainly on glycolysis [90, 91]. To 

determine the metabolic changes induced by exposure to CBSC media, BMDMs were 

grown in 96-well Seahorse Extracellular Flux analyzer plate, exposed to CBSC media or 

normal RPMI, and analyzed for their oxygen consumption rate (OCR) and extracellular 

acidification rate (ECAR). 

A Seahorse Extracellular Flux analyzer was used to measure the oxygen consumption 

rate of CBSC media treated BMDMs and normal RPMI BMDMs (Fig. 9C). The spare 

respiratory capacity of BMDMs treated with CBSC medium was significantly higher than 

the RPMI control (Fig. 9D, Vehicle = 94.02 pmol/min/au ± 16.9, CBSC = 243.7 

pmol/min/au ± 18.31, p=0.0005, n=3). There was also a trend toward a higher basal 

metabolic respiration in CBSC media treated BMDMs (Fig. 9E, Vehicle= 150.3 

pmol/min/au ± 5.54, CBSC = 180.6 pmol/min/au ± 20.96, p=0.073, n=3). This metabolic 

profile matches that of alternatively activated macrophages and show increased oxidative 

phosphorylation and larger spare respiratory capacity in CBSC-media treated 

macrophages. 

3.3.2 CBSCs Inhibit M1 Inflammatory Activation by LPS 

The polarization of macrophages to an M2 phenotype in the absence of inflammatory 

stimuli is a useful clue in determining the effects of CBSC secreted factors on the innate 

immune system. However, the infarct is a highly inflammatory environment. To assess 
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the ability of CBSCs to suppress the expression of inflammatory macrophage markers, 

thereby having a truly anti-inflammatory effects, we incubated BMDMs with either the 

CBSC-conditioned RPMI or normal RPMI containing 50ng/mL Lipopolysaccharide 

(LPS). LPS is a potent inflammatory signal and a canonical inducer of M1 pro-

inflammatory macrophages [92]. Both CD80 and CD86 are T-cell co-stimulatory proteins 

involved in the priming and activation of T-cells and are up-regulated in response to LPS 

[93]. Multi-color flow cytometry was used to compare surface expression of CD80 and 

CD86 to unstimulated macrophages (Fig. 10A). Upon stimulation with LPS in CBSC-

conditioned medium, the number of cells expressing either CD86 (Fig. 10B, RPMI = 

51.0% ± 1.7, CBSC = 12.2% ± 1.9, p=0.0038, n=3) or CD80 (Fig. 10B, RPMI = 93.2% ± 

2.6, CBSC = 52.8% ± 20.6, p=0.003, n=3) was significantly reduced 24 hours later 

compared to macrophages exposed to 50ng/mL LPS in normal RPMI medium. Again, 

this trend was continued when measuring the MFI of the total F4/80+ macrophage 

population (Fig. 10C).  

 In addition to increasing inflammatory surface markers, LPS induces the rapid 

secretion of TNF-a by macrophages [94]. TNF-a has potent pro-inflammatory effects 

and is a known contributor to decreased LV contractility and increased adverse 

remodeling [95]. We quantified the concentration of TNF-a in the supernatant of 

macrophages that had been exposed to LPS in either normal RPMI or CBSC-conditioned 

medium by ELISA. CBSC-conditioned medium significantly decreased the amount of 

TNF-a compared to the RPMI + LPS control (Fig. 10D, Control = 2,495 pg/mL ± 229.4, 

CBSC = 1,709 pg/mL ± 98.51, p=0.0013, n=3). Both groups had significantly more than 

untreated macrophages exposed to no LPS (Fig. 10D).  
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CBSC-conditioned medium significantly decreased inflammatory co-stimulatory 

surface proteins and the pro-inflammatory cytokine TNF-a. These data indicate that not 

only are CBSCs capable of inducing an M2 phenotype, they are also capable of inhibiting 

inflammatory polarization of BMDMs in vitro.  

3.3.3 CBSC-Treated Macrophages Display Both M2a/M2c Phenotypic Markers 

After determining that CBSC-secreted factors have an anti-inflammatory effect on 

macrophage phenotype, we sought to gain insight into the specific attributes of CBSC-

treated BMDMs as they relate to M2 macrophage subtype. There are four main M2 

subtypes: M2a, stimulated by IL-4 and IL-13 and associated with cell growth and tissue 

repair; M2b, stimulated by Toll-like Receptor (TLR) ligands and IL-1b and associated 

Figure 10. CBSCs inhibit inflammatory activation of BMDMs. Representative 
histograms of flow cytometric analysis of BMDMs treated with LPS in either CBSC or 
control medium (A.). Quantification of the percentage of total BMDMs positive for CD80 
or CD86 gated against the untreated group (B.) and the corresponding median 
fluorescence intensities of each group (C.). Concentration of TNF-a in the supernatant of 
each treatment group measured by ELISA (D.) **=p<0.001 vs Untreated. ****=p<0.0001 
vs Untreated. ####=p<0.0001 vs RPMI + 50ng/mL LPS. N=3 for all groups.   
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with parasitic, bacterial, and fungal infections; M2c, stimulated by TGF-b, IL-10 and 

glucocorticoids and associated with efferocytosis; and M2d, also stimulated by TLR 

agonists and associated with tumor progression [83, 96]. M2b and M2d macrophages are 

less relevant to sterile injury and their role in the infarcted myocardium is not clear at this 

time. M2a and M2c macrophages, however, could play important roles in wound healing. 

CBSCs do not secrete IL-4 or IL-13 and do secrete TGF-b. Therefore, we sought to 

determine if CBSC-conditioned medium was preferentially polarizing BMDMs toward 

an M2c phenotype.  

CD163 is a high affinity scavenger receptor for the hemoglobin-haptoglobin complex 

and its expression is associated with M2c macrophages. Co-staining and flow cytometric 

analysis for CD206 and CD163 was performed after 24 hours of incubation with CBSC-

conditioned medium. CD163 was significantly increased in CBSC-treated BMDMs (Fig. 

11A, RPMI = 3.3% ±0.9, CBSC = 12.6% ± 2.2, p=0.0024, n=3). However, the majority 

of CBSC-treated macrophages expressed only CD206 in the absence of further 

stimulation. These data imply that while TGF-b is present in the CBSC-conditioned 

medium, the medium alone does not elicit a strong M2c phenotypic polarization.  

After failing to induce a strong M2c phenotype with CBSC-conditioned medium 

alone, we probed the macrophage supernatant for IL-1RA. IL-1RA was increased in 

CBSC-treated hearts in vivo and is commonly associated with M2a macrophages [83]. 

Incubation with conditioned CBSC medium increased IL-1RA concentration in the 

BMDM supernatant by 2-fold compared to the RPMI control (Fig. 11B, Control = 1326 

pg/mL ± 544.6, CBSC = 2700pg/mL ± 843.0, p=0.039, n=4).  
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These data may be an indicator that CBSC-treated macrophages display phenotypic 

profiles spanning both M2a and M2c classifications. 

M2c macrophages’ primary function is the uptake and clearance of apoptotic cells 

[96, 97]. This process, termed efferocytosis, is crucial in the resolution of inflammation 

and the transition to the fibroblast proliferative phase of wound healing [25]. 

Furthermore, the resolution of inflammation may arise in part from the consequential 

release of IL-10 and TGF-b during the process of efferocytosis. We assessed the ability 

of CBSC-treated BMDMs to take up dead myocytes and secrete IL-10 and TGF-b by 

exposing BMDMs pre-treated with CBSC conditioned or normal RPMI control medium 

to isolated cardiomyocytes that had been left to die in a low calcium buffer at room 

temperature. The myocytes were dyed with CellTrace Violet (CTV) to visualize their 

uptake by flow cytometry (Fig. 11C).  

BMDMs exposed to CBSC medium were more likely to have phagocytosed myocyte 

debris after 30, 60, and 120 minutes indicated by the percentage of macrophages positive 

for the dye (Fig. 11D, 30 Minutes Vehicle= 14.83% ± 0.45, CBSC= 66.13% ± 1.7, 

p<0.0001, n=3) and appear to have phagocytosed more myocyte debris after 30, 60, and 

120 minutes indicated by the MFI of the dye within the CTV+ macrophage population 

for both groups (Fig. 11E, 30 Minutes Vehicle= 1823.67 au ± 23,  CBSC= 4140.67 ± 

140.32, p<0.0001). These data are indicative of highly efferoytic cells that match the M2c 

ability to phagocytose apoptotic cells. 

As expected, normal macrophages exposed to RPMI only phagocytosed some 

myocyte debris, and the number of CTV+ cells increased by 10% at each time point. 

However, in all cases and at all time points, a larger percentage of the macrophage 



 55 

population had phagocytosed myocyte debris, with 50% more macrophages positive for 

the dye than the RPMI control after 120 minutes. In addition, of those macrophages that 

had taken up dyed myocyte debris, the intensity of the dye was higher in BMDMs 

exposed to CBSC media, indicating that these macrophages had taken up more debris 

than their RPMI counterparts. Importantly, there was little to no dye uptake present in 

macrophages exposed to dead myocytes at 4°C; conditions under which phagocytosis 

does not occur. These data show that macrophages treated with CBSC media are more 

likely to phagocytose apoptotic myocytes and those that do phagocytose more apoptotic 

bodies overall. In addition, dye uptake was phagocytosis-dependent and relied on 

scavenger receptor specificity in contrast to the artificial induction of phagocytosis with 

commercially available coated beads. 

Figure 11. CBSCs induce identifying factors from both M2a and M2c phenotypes. Flow cytometric analysis of the 
co-expression of CD163 and CD206 on BMDMs (A.). Quantification of the concentration of IL-1RA in the supernatant 
of BMDMs by ELISA (B.) Representative histograms of the uptake of dead cardiac myocytes dyed with CellTrace 
Violet (CTV) into macrophage by efferocytosis (C.) and the quantification of the number of BMDMs positive for CTV 
(D.) and the median fluorescence intensity of these positive BMDMs (E.). Quantification of the concentration of IL-10 
(F.) and TGF-b (G.) in the supernatant of BMDMs treated with medium and exposed to dead myocytes by ELISA. 
Unpaired t-tests were used for graphs A-B and F-G to determine statistical differences. 2-way ANOVA with 
Bonferroni’s correction for multiple comparisons was used to determine statistical difference for D-E. ****=p<0.0001 
vs RPMI. N=3 for all groups.  
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Efferocytosis induces the production and release of IL-10 and TGF-b from 

macrophages. The secretion of TGF-β and IL-10 may enhance the polarization of 

macrophages toward an M2 phenotype and bring about the resolution of inflammation 

and the beginning of the reparative, scar producing phase of infarct wound healing [23].  

The supernatant of macrophages treated with control or CBSC media and exposed to 

dead myocytes was probed for IL-10 and TGF-b. Macrophages exposed to CBSC media 

and given apoptotic myocytes produced more IL-10 after 120 minutes than RPMI 

controls (Fig. 11F, RPMI = 89.28 pg/mL ± 23.4, CBSC = 356.4 pg/mL ± 86.9, p=0.0068, 

n=3) and more TGF-b ( Fig. 11G, RPMI = 539.34 pg/mL ± 72.9, CBSC = 2262.12 

pg/mL ± 413.5, p=0.0021, n=3). These data implicate CBSC-macrophage interactions as 

a possible modulator of fibroblast function and wound healing and imply that CBSC-

induced polarization of macrophages could enhance the resolution of inflammation in the 

infarct. In addition, enhanced efferocytosis and the secretion of IL-10 and TGF-b is 

associated with M2c macrophage polarization, indicating that while CBSC-conditioned 

medium may not enhance specific M2c surface markers outright, they do enhance 

functional capabilities indicative of an M2c macrophage.  

Interestingly, CBSC-conditioned medium appears to enhance some, but not all 

aspects, of both M2a and M2c macrophages (Table 5). Most importantly, CBSCs are 

capable of inducing a macrophage phenotype that can reduce inflammation and aid in the 

healing of the infarct. The interaction between CBSCs and macrophages may begin to 

explain the beneficial effects of CBSCs at longer time points. If CBSCs are altering the 

role of macrophages in wound healing, these effects may not be seen until after the 
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wound has healed, the scar is formed, and scar maturation and LV remodeling begins to 

take place. 

Fibroblasts are responsible for the formation of ECM that eventually becomes mature 

scar. We next sought to determine if CBSCs could alter fibroblasts through their 

interactions with macrophages.  

Table 5. Comparison of M2 macrophage phenotypes and their relation to CBSC-treated 
macrophages. 

Factor/Function M2a [83, 96] M2c [83, 96] CBSC-Mac 
CD206+ + + + 
CD163+ - + +/- 
IL-1RA + - + 
IL-10 +/- + + 
TGF-b +/- + + 
TNF-a + - - 
Enhanced Efferocytosis - + + 
Stimulated by IL-4/IL-13 + - - 
Stimulated by TGF-b/IL-10 - + + 

 

3.4 CBSCs Modulate the Macrophage/Fibroblast Wound Healing Interface 

Inflammatory signals like IL-1b inhibit the activation and proliferation of fibroblasts in 

the infarcted myocardium [98]. Upon the resolution of inflammation, fibroblasts become 

activated and transition to a myofibroblast phenotype. Myofibroblasts are capable of 

producing large amounts of collagen I and III, the primary scaffold of the post-MI scar 

[99]. The peak of fibroblast proliferation occurs 3-7 days after MI in animal models, and 

disruption of fibroblast proliferation and activation leads to impaired wound healing and 

cardiac function [100, 101]. In light of the effects of CBSCs on macrophages and the link 

between macrophages, inflammation resolution, and fibroblast proliferation, we 

quantified changes to fibroblasts in vivo in the large animal swine model and in vitro in 

BMDM cultures. 
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3.4.1 CBSCs Increase Fibroblasts In Vivo 

Due to the link between inflammation resolution and fibroblast proliferation, we 

quantified the number of fibroblasts in the infarct of CBSC- or Vehicle-treated swine 

hearts 7 days after MI by immunofluorescent staining for Vimentin (Fig. 12A). CBSC-

treated animals had significantly more Vimentin+ cells in the border zone of the infarct 7 

days after MI (Fig. 12B, Vehicle = 28.7% ± 10.9, CBSC = 51.6 ± 17.1, p=0.046, n=4 for 

Vehicle, n=6 for CBSC). These data suggest that CBSCs, either directly or indirectly 

through their modification of the immune response, may stimulate fibroblast proliferation 

after the resolution of inflammation beyond the normal amounts observed in this phase of 

the wound healing process. It is also possible the resolution of inflammation took place 

sooner after MI due to an anti-inflammatory effect of CBSCs and CBSC-treated animals 

have entered the proliferative fibroblast phase sooner. Further studies are needed to 

examine the effects of CBSC treatment on fibroblast populations in vivo. 

3.4.2 CBSCs Induce Fibroblast Proliferation While Inhibiting Activation In Vitro 

Due to the unique polarization of CBSC-treated macrophages, we sought to determine 

the effects of secreted factors from CBSC-treated macrophages on fibroblast proliferation 

and activation. Media from macrophages that had undergone the uptake of dead 

myocytes after stimulation with CBSC-conditioned RPMI or normal complete RPMI 

medium were isolated and depleted of cells. Human cardiac fibroblasts were then 

exposed to the different medium conditions for 72 hours. Proliferation and activation 

were measured by quantitative fluorescent imaging (Fig. 12C). Medium isolated from 

CBSC-treated macrophages after efferocytosis significantly increased the number of 

DAPI+ fibroblast nuclei (Fig. 12D, RPMI = 1528 DAPI+ cells ± 329, CBSC= 2738 
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DAPI+ cells ± 300, p=0.0002, n=5). Inversely, the same medium in the same wells 

inhibited a-Smooth Muscle Actin (a-SMA) expression in the fibroblasts (Fig. 12E, 

RPMI = 484.1 au ± 73.2, CBSC= 126.7 au ± 19.6, p=0.022, n=5). a-SMA was used to  

 

Figure 12. CBSCs alter fibroblast proliferation and activation. Representative immunofluorescent images of swine 
tissue stained for DAPI, Vimentin, and cardiac Troponin I (A.) and the quantification of the number of Vimentin+ cells 
as a percentage of the total DAPI+ nuclei (B.) 7 days after MI. In vitro characterization of the effects of BMDM 
supernatant after treatment with CBSC or RPMI medium and exposure to dead myocytes on fibroblasts (C.). DAPI+ 
nuclei (D.) and a-smooth muscle actin intensity (E.) were quantified using quantitative confocal imaging. Unpaired t-
test was used to determine statistical difference for B and n=4 for Vehicle and n=6 for CBSC. ANOVA with 
Bonferroni’s correction for multiple comparisons was used to determine statistical difference for D-E and n=5 for both 
groups. SB 525334 is a TGF-b inhibitor used as a negative control.  
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measure fibroblast activation and is upregulated in myofibroblasts. These data show that 

CBSCs’ influence on macrophage phenotype results in conditions under which 

fibroblasts proliferate rapidly without undergoing activation. These changes in fibroblast 

phenotype may also indicate the extent to which macrophage phenotype can determine 

fibroblast phenotype. Overall these data suggest CBSCs possess the ability to modify the 

scar formation and wound healing process through the resolution of inflammation within 

the infarct.  
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4. DISCUSSION 

The goal of this body of work was to identify, characterize, and quantify the changes 

to the immune system brought about by CBSC therapy both in vivo and in vitro. First, we 

screened CBSC supernatant for factors known to modulate various avenues of the 

immune system and inflammation. Then, through intramuscular injections into the 

myocardium of swine after a 90-minute MI, we found that CBSCs increase macrophages 

and CD4+ T-cells, decrease CD8+ T-cells, and increase fibroblasts in the myocardium 7 

days after MI. In addition, we found that CBSCs decreased myocyte apoptosis 3 days 

after MI and macrophage apoptosis 7 days after MI. These data demonstrated the ability 

of CBSCs to alter the immune response in vivo in ways that reduced cell death. They also 

imply that CBSCs may be altering the interaction between immune cells and fibroblasts, 

potentially altering the manner in which cardiac scar is formed.  

CBSCs secrete M-CSF in vitro, increased the number of macrophages in the tissue, 

decreased their apoptosis, and increased the M2 macrophage-associated cytokine IL-1RA 

in vivo. Therefore, we chose to explore the relationship between CBSCs and 

macrophages in more depth in vitro. Through these experiments, we found that CBSCs 

may be inducing a hybrid macrophage phenotype capable of taking on various roles in 

the infarct. Specifically, CBSC factors induce the expression of M2 surface markers, an 

M2 metabolic profile, and the secretion of IL-1RA. Beyond inducing an M2 phenotype, 

CBSCs inhibit the expression of M1 surface markers and the pro-inflammatory cytokine 

TNF-a. Functionally, CBSC-treated macrophages are highly efficient efferocytic cells 

that, upon taking up dead myocytes, secrete more IL-10 and TGF-b than their untreated 
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counterparts. These data in vitro add to the evidence that CBSCs can induce an anti-

inflammatory macrophage phenotype that may enhance the clearance of the cardiac 

wound and bring about the resolution of inflammation earlier and with more intensity.  

The relationship between inflammation and fibroblast activation and phenotype is 

well known [27, 98, 102, 103]. Alongside changes to immune cells, fibroblasts were 

increased in vivo with CBSC treatment. Furthermore, CBSCs had profound effects on 

scar size and thickness 3 months after MI. In light of this, we next studied the potential 

for CBSCs to alter the macrophage/fibroblast interface by studying the effects of CBSC-

treated macrophages on fibroblasts in vitro. Interestingly, we found that compared to 

normal macrophages that also took up dead cells, CBSC-treated macrophages 

significantly increased fibroblast proliferation while simultaneously inhibiting their a-

SMA expression. These data may begin to explain how an increased number of 

fibroblasts could lead to smaller scar and imply that CBSCs/macrophages may also alter 

fibroblast phenotype in the infarct. These changes could affect the type of scar made in 

response to cardiac injury. TIMP-2 was also increased in the myocardium of CBSC-

treated hearts and is a known regulator of ECM formation and breakdown [104-106]. As 

a regulator of ECM dynamics, TIMP-2 may also play a role in the reduced scar 

contraction and LV dilation seen in CBSC-treated swine hearts 3 months after MI by 

modulating scar composition. Indeed, TIMP-2 deficiency leads to increased adverse LV 

remodeling after MI through a dysregulation of MMP activity [107]. 

Overall, this work shows CBSCs are competent immunomodulators. Furthermore, 

their beneficial effects may arise in part from their ability to alter inflammation and the 

wound healing response to MI.  
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4.1 CBSCs Are Capable Immunomodulators  

A multitude of research in the last decade supports the hypothesis that the primary 

effects of cell therapy arise from secreted factors produced and released by stem cells 

[33]. This aptly named “paracrine hypothesis” is the basis for understanding the possible 

mechanisms by which stem cell therapy confers its protective effects on the heart. 

Previous work published on CBSCs showed that CBSCs express levels of 

immunomodulatory factors different from CSCs and MSCs [38]. These studies aimed at 

determining the difference between cell types at the genetic level, and the data show 

CBSCs differ in their expression of immunomodulatory genes. In particular, CBSCs 

express higher levels of TGF-b and lower levels of IL-6 and IL-33 [38]. These 

foundational studies in CBSC biology in combination with the clearly defined functional 

differences between swine hearts treated with saline or CBSCs after MI offered the 

rationale for pursuing immunomodulation as a possible mechanism for cardioprotection. 

First, we chose to expound on these previous data by screening CBSC culture supernatant 

for any immune-relevant cytokines, chemokines, and growth factors. 

Through the 36-marker screen of proteins (Table 1), we found CBSCs secrete 4 

factors that have been found to possess modulatory effects on immune cells (Table 2). 

Two of the factors, M-CSF and TGF-b, are known to have profound effects on 

macrophage phenotype, survival, and proliferation.  

4.1.1 Macrophage-Colony Stimulating Factor 

M-CSF is crucial for the survival and differentiation of macrophages from their 

monocyte precursors in the infarct [19, 78]. M-CSF can also have major effects on 

macrophage phenotype beyond survival and differentiation from monocytes [68]. Bone 
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marrow cells exposed to M-CSF in vitro differentiate into M2-like macrophages with 

high phagocytic ability and low antigen presentation and co-stimulatory ability [108]. 

This is accompanied by an increase in IL-10, a potent immunosuppressive cytokine 

involved in immune suppression and tolerance [109]. Our data supports these findings. 

Exposing macrophages to CBSC-media containing M-CSF increases phagocytic ability, 

does not increase the T-cell co-stimulatory factor CD86, and increases IL-10 after 

efferocytosis. However, it remains unclear as to the necessity of M-CSF produced by 

CBSCs for these changes to occur. Of particular interest to these studies is the fact that 

the macrophages used to study the effects of CBSCs are generated by continual bone 

marrow cell exposure to M-CSF in culture over the course of 7 days. However, the data 

are clear that regardless of the effects M-CSF may have before exposure to CBSC media, 

all M2-polarization factors are greatly enhanced by exposure to CBSC-secreted factors. 

This may also indicate that it is a different factor or the combination of multiple factors in 

the CBSC supernatant that are responsible for the changes seen in CBSC-treated 

macrophage phenotype.  

4.1.2 Transforming Growth Factor-b 

TGF-b is a pleiotropic growth factor capable of inducing, enhancing, and changing a 

large number of downstream cellular effects. Indeed, TGF-b plays a role in many of the 

events associated with infarct healing including immune cell recruitment, granulation 

tissue formation, immunosuppression, fibroblast regulation, and extracellular matrix 

deposition [26]. Additionally, TGF-b has been shown to have extreme effects on 

macrophage phenotype, and is thought to be a major factor in determining macrophage 
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phenotype at the point of the biphasic switch from inflammation to healing after MI [11, 

26]. One theory for the regulation of this switch revolves around the production of TGF-b 

as a direct consequence of phosphatidylserine-dependent phagocytosis of dead cells by 

macrophages in the infarct and border zones [110]. As macrophages engulf dead cells by 

efferocytosis, they produce TGF-b and IL-10, simultaneously suppressing the 

inflammatory response to cardiac damage and ushering in the proliferative phase of 

fibroblasts and endothelial cell expansion. TGF-b further activates fibroblasts to induce 

the myofibroblast phenotype necessary for the production of normal scar [26]. 

Myofibroblasts are primarily responsible for the production of extracellular matrix 

proteins, like collagen I and III, that become crosslinked to form a mature scar in the 

infarcted heart [99]. CBSC production of TGF-b could be influencing many different cell 

types in vivo and is an attractive target for the mechanism of CBSC action. Future studies 

should focus on determining the extent to which TGF-b regulates CBSC-treated 

macrophage phenotype.  

4.1.3 CXCL12 and TIMP-1 

CBSCs also produce CXCL12 and TIMP-1 in relatively large quantities. Both of these 

factors may also be involved in the immunomodulatory properties of CBSCs. However, 

they are better known for chemotactic and ECM regulation properties, respectively [72, 

105]. Interestingly, CXCL12 overexpression in stem cells injected into rats 1 day after 

MI improves cardiac function by the preservation of myocytes and increased vascularity. 

In addition, TIMP-1 has well-characterized anti-apoptotic properties in a variety of cell 

types by inhibiting the cleavage of caspase-1, a major checkpoint in the process of 
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apoptosis [74, 81, 82]. These factors may play a role in the reduction of apoptosis seen in 

CBSC-treated hearts in vivo. Future studies should confirm the role of CXCL12 and 

TIMP-1 in CBSCs’ apparent ability to inhibit cell death.  

4.2 CBSCs May Enhance the Resolution of Inflammation Through Macrophages 

CBSCs increased macrophage numbers in vivo and significantly altered their 

phenotype in vitro. Given their central role in wound healing and regulating 

inflammation, macrophages are an attractive mechanistic conduit for CBSC action in the 

heart. Enhancing the resolution of inflammation in the infarct through macrophage 

modulation could prevent cell death and usher in the fibroblast proliferative phase earlier, 

essentially “jump starting” the wound healing process.  

4.2.1 CBSCs Increase Macrophages and IL-1RA In Vivo 

Through immunofluorescent staining and confocal imaging, we found that CBSC-

treated hearts had increased numbers of Galectin-3+ macrophages. Monocytes and 

neutrophils, both of which are thought to have peaked and declined in number by 7 days, 

were not different between treatment groups. The timing of this increase in macrophages 

is important as well. The number of macrophages was not different between groups at 3 

days, when the tissue is likely to be more inflammatory. By 7 days after MI, 

inflammation is resolving, and the likelihood that the macrophages in the tissue are anti-

inflammatory increases. In support of this, the anti-inflammatory factor IL-1RA was 

increased in the tissue of CBSC-treated hearts. IL-1RA is highly produced by M2 

macrophages and directly inhibits the action of IL-1b [83]. Inflammation, and IL-1b 

specifically, can induce cell death through pyroptosis and inhibits the activation of 

fibroblasts in vivo [98, 111].  Unfortunately, due to the limitations of the large animal 
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model, in-depth characterization of tissue macrophages in the swine was not possible in 

this study. Therefore, we turned to in vitro characterization of CBSC-treated 

macrophages for evidence as to the effects of CBSCs on macrophages in vivo.  

4.2.2 CBSCs Induce A Unique Macrophage Phenotype In Vitro 

To determine the effects of CBSC-secreted factors on macrophages in vitro, we 

exposed BMDMs to CBSC supernatant under a variety of different conditions. First, we 

measured surface marker expression for common M1/M2 markers to get a broad 

generalization of macrophage polarization after exposure to CBSC medium. We found 

that exposure to the conditioned medium increased the expression of the scavenger 

receptor CD206 without having any effect on the T-cell costimulatory marker CD86. 

Phenotypic changes brought about by growth factor, cytokine, and chemokine stimulation 

are necessarily accompanied by changes in metabolic processes [89]. Alternatively 

activated M2 macrophages preferentially utilize mitochondrial respiration and exhibit 

high oxidative spare respiratory capacity, whereas classically activated macrophages 

preferentially utilize glycolysis [112]. We quantified macrophage metabolism using 

Seahorse measurements of OCR to determine the macrophage’s reliance on 

mitochondrial respiration. In accordance with the changes in surface marker expression 

macrophages exposed to CBSC media had higher spare respiratory capacities, higher 

maximal respiratory capacity, and displayed significantly higher basal mitochondrial 

respiration than untreated macrophages. These data support the conclusion that CBSCs 

induce a metabolic phenotype in macrophages consistent with alternatively activated M2 

macrophages. Together with the expression of CD206, these data indicate that CBSCs 

could be broadly polarizing macrophages toward an M2 phenotype. 
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The infarct is an inflammatory environment, and any macrophage in this environment 

would be sensing inflammatory stimuli. To test whether CBSCs could inhibit an 

inflammatory signal, we exposed BMDMs to CBSC-conditioned medium or control 

RPMI medium with 50ng/mL LPS. LPS strongly stimulates a pro-inflammatory M1 

phenotype through TLR activation and upregulates CD80, CD86, and the production of 

TNF-a. In the presence of CBSC-conditioned medium, CD80 and CD86 expression was 

inhibited and the concentration of TNF-a was significantly decreased. Together, these 

data show that not only can CBSC factors induce an M2 macrophage phenotype, but also 

inhibit the induction of an M1 phenotype. 

M2 macrophages can be further classified into 4 distinct subtypes. Of these subtypes, 

M2a and M2c macrophages are the most relevant in cardiac wound healing. M2a 

macrophages are canonically stimulated by the Th2 cytokines IL-4 and IL-13, whereas 

M2c macrophages are canonically stimulated by TGF-b and glucocorticoids [96]. Given 

the fact that CBSCs secrete TGF-b but not IL-4, we expected CBSCs to induce a strong 

M2c macrophage phenotype. To determine if CBSC factors were preferentially inducing 

one subtype over another, we performed a number of tests assessing identifying factors 

from both M2a and M2c subtypes. First, we determined if CBSC factors could upregulate 

CD163/CD206 co-expression. CD163 is associated with M2c macrophages [96]. 

Interestingly, only approximately 15% of BMDMs exposed to CBSC medium co-

expressed CD163 and CD206, implying that CBSC medium alone is not enough to 

induce high co-expression of M2c factors.  
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M2a and M2c macrophages have distinct secretory profiles as well. M2a 

macrophages can secrete IL-1RA along with IL-10 and TGF-b, while M2c macrophages 

primarily secrete IL-10 and TGF-b alone [83]. CBSC-treated macrophages secreted 

significantly more IL-1RA than untreated macrophages, adding to the evidence that 

CBSC-treated macrophages may be polarized toward an M2a phenotype. However, a 

functional test of CBSC-treated macrophages’ ability to phagocytose dead cells showed 

they have efferocytic properties in line with M2c macrophages, including the increased 

secretion of IL-10 and TGF-b. Further studies are needed to determine the exact 

phenotype of CBSC-treated macrophages, but these data provide evidence that CBSC-

secreted factors could act as a novel stimulus for M2 macrophages.  

4.3 CBSCs Inhibit Cell Death Throughout Cardiac Wound Healing 

Infarct size is the best clinical indicator for patient survival and mortality after MI; the 

smaller the infarct, the lower the mortality rate, and the better long-term prognosis for the 

patient [113]. Reducing cell death that occurs after reperfusion should, in theory, reduce 

infarct size, reduce the associated scar size after wound healing, and prevent the 

functional decline of the LV associated with the development of HF. In this study, we did 

not find that CBSCs had an effect on infarct size at 7 days measured by TTC staining and 

gross histology. However, CBSCs did reduce apoptosis in a variety of cell types and at 

different time points of the wound healing process. These data led us to conclude that 

CBSCs may be having a protective effect on the infarcted myocardium at the cellular 

level that could affect long term outcomes of scar size and LV remodeling. 
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4.3.1 CBSCs Inhibit Acute Myocyte Apoptosis 3 Days After MI 

The preservation of myocytes after MI remains the gold-standard for post-MI 

therapies. Preserving functional myocytes directly translates to a preservation of the 

contraction of the LV and the function of the heart as a whole. The relevance of apoptosis 

in myocytes after MI has been debated, and some groups have reported that myocytes do 

not possess the machinery necessary for the process of apoptosis [114-118]. We have 

previously reported the presence of TUNEL+ myocytes after MI as well as the reduction 

of TUNEL+ myocytes in CBSC-treated swine hearts [41]. It is clear that myocytes can 

undergo the process of apoptosis and that therapies like CBSC therapy can reduce this 

cell death. However, the contribution of “saved” myocytes to LV contraction and the 

overall health of the heart has yet to be determined. The difference in myocyte apoptosis 

between vehicle and CBSC-treated swine hearts is approximately 0.2%. Despite a small 

difference, the preservation of any myocytes can be viewed favorably in the context of 

cardiac wound healing and MI. In addition, this difference in apoptosis compounded over 

hours, days, and weeks, may have a larger effect than the staining of one time point can 

reveal. More studies are needed to determine the contribution of fewer apoptotic 

myocytes to overall LV function and dilation after MI.  

4.3.2 CBSCs Reduce Macrophage Apoptosis 7 Days After MI 

Interestingly, but perhaps not surprisingly given their secretory profile, CBSCs 

reduced macrophage apoptosis in the border of swine hearts 7 days after MI. This could 

arise from a pro-survival signal originating from the CBSCs, like M-CSF or TIMP-1, or it 

could be a product of a reduction in inflammation and inflammation-induced cell death. 

Another aspect of macrophage apoptosis to consider is its’ contribution to the increased 
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number of macrophages in the tissue overall. Fewer apoptotic macrophages would 

increase the number of healthy macrophages residing in the tissue at 7 days.  

Together with the reduction in myocyte apoptosis 3 days after MI, these data show 

that CBSCs are capable of reducing cell death during different phases of the wound 

healing response to MI. Again at 7 days, but not 3 days after MI, total apoptosis was 

reduced significantly. While there is some possibility that reducing apoptosis at this time 

may result in an overzealous proliferative response and fibrosis, there is no evidence in 

the hearts of CBSC-treated swine for a fibrotic response in non-infarcted areas of the 

tissue 3 months after MI.  

Overall, the reduction of myocyte, macrophage, and total apoptosis throughtout the 

wound healing process indicates the pro-survival nature of CBSC therapy.  

4.4 CBSCs May Facilitate Fibroblast/Macrophage Cross-Talk 

While the immune system is crucial to proper infarct healing, fibroblasts are the cells 

responsible for the formation of ECM that eventually becomes mature scar. The 

interaction between the immune system and fibroblasts have been elaborated on 

previously, but their collaboration in healing the infarct and preventing LV wall rupture 

cannot be overstated. Due to the changes in immune cells found in vivo and inv vitro with 

CBSC treatment, we sought to determine if CBSCs were having an effect on fibroblasts 

in the infarcted tissue and in vitro.  

4.4.1 CBSCs Increase Fibroblasts In Vivo 

By immunofluorescent staining and confocal imaging for Vimentin, a marker of 

fibroblasts, we determined that CBSCs increased the number of Vimentin+ cells in the 

infarct 7 days after MI. Vimentin is an intermediate filament protein primarily expressed 
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in normal, non-activated fibroblasts [119]. An increase in Vimentin+ cells likely indicates 

an increase in non-activated cardiac fibroblasts. This brings forth the question: how do 

CBSCs reduce scar size while increasing the number of cells responsible for scar 

formation? To begin to answer this question, we again turned to an in vitro analysis of 

CBSCs’ effect on the fibroblast/macrophage interface.  

4.4.2 CBSCs Induce Fibroblast Proliferation and Reduce Activation In Vitro 

Macrophages treated with CBSC supernatant and exposed to dead myocytes produced 

more IL-10 and TGF-b than untreated macrophages. These factors are known to have 

effects on fibroblast proliferation and activation [26]. To determine the effects of CBSC-

treated macrophage factors on fibroblasts, we exposed human fibroblasts to the 

supernatant of macrophages treated with CBSC medium or control medium after 

exposure to dead myocytes. We found that CBSC-treated macrophages induced the 

proliferation of fibroblasts in vitro, doubling the number of fibroblasts in each well on 

average. Simultaneously, CBSC-treated macrophages reduced expression of a-SMA, a 

marker of fibroblast activation, below levels of the control TGF-b inhibitor. These data 

shed light on to how CBSCs and their interaction with the immune system may be 

altering scar formation and fibroblast proliferation after the resolution of inflammation. If 

CBSCs are increasing the number of fibroblasts in the tissue without resulting in their 

overall activation, the make-up of the ECM of the scar could be different from that of 

vehicle-treated hearts. Further studies on the ECM composition of CBSC treated hearts 

would determine if there are differences between the two. However, mass spectrometry 

technology available during this study did not support the analysis of swine scar. More 

studies are needed to determine the phenotype of fibroblasts from CBSC-treated hearts. 
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5. FUTURE DIRECTIONS 

This work represents the beginning of our understanding as to how CBSCs and stem 

cell therapy may be functioning in the healing heart. There are many questions that 

remain to be answered. The role of angiogenesis and CBSCs’ effect on 

neovascularization have not been identified in a large animal model, for example. 

Furthermore, the detailed characterization of immune cells in vivo in the swine model of 

MI is a hurdle that must be surmounted in order to fully understand the role CBSCs are 

playing in the wound healing response to cardiac damage. Further studies may employ 

cell sorting and the thorough characterization of the RNA profiles of different cell types 

from CBSC-treated swine tissue. It is also not clear from these data if CBSCs are altering 

inflammatory cytokine signaling in the tissue before 7 days. While there was not large 

changes in cell populations, that is not necessarily indicative of a lack of activity by 

CBSCs in the tissue. It may be that these effects happening at day 3 or earlier are only 

realized at the cellular level by day 7.  

One area of CBSC biology that is outside the scope of this dissertation but is 

important to understanding CBSCs and stem cells as a whole is their non-traditional 

ligand/receptor signaling capabilities; more specifically, the ability of these stem cells to 

transmit signals through extracellular vesicles (EVs) like exosomes and micro RNAs 

(miRNAs). Current work is being done to characterize the contents of CBSC EVs and 

miRNAs and assess their role and importance in the function of CBSC signaling. Future 

studies may also concentrate on EVs as a way to eliminate cell therapy entirely, should 

the EVs prove efficacious in their own right. However, the data herein provides evidence 
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for strong signaling functions of CBSCs through secreted proteins that would not be 

present in exosomes. The field of EVs and the characterization of CBSC EVs is a new 

endeavor and will take time and resources to fully realize the implications of their 

contents and function.  
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6. CONCLUSIONS 

In this study, we’ve demonstrated that CBSCs have the ability to change the normal 

immune response to cardiac damage acutely and, in doing so, alter the outcomes of scar 

formation, scar contraction, LV dilation, and functionality months after MI. CBSCs 

increase macrophages and CD4+ T-cells, decrease cytotoxic CD8+ T-cells, and increase 

fibroblasts in a translational large animal model of MI. In addition, they increase the anti-

inflammatory cytokine IL-1RA and the ECM regulator TIMP-2 at a crucial point of the 

wound healing process in vivo. In vitro, CBSCs have a profound effect on macrophages, 

potentially inducing a hybrid M2 phenotype that is capable of reducing inflammation 

while efficiently clearing dead cells from the infarct. These changes in macrophage 

phenotype can lead to the proliferation of fibroblasts without their activation. 

These results highlight the potential for stem cell therapy in the treatment of MI. They 

also demonstrate the ability of cell therapy as a potential tool for the control of 

inflammation in other chronic inflammatory diseases as well. Determining the optimal 

dose, delivery, and timing of cell therapy will be crucial to its success clinically. The data 

herein provides evidence for the clinical application of cell therapy, and CBSCs 

specifically, in a way that provides maximal interaction with the immune response to MI.  

CBSCs interact with many facets of the immune response to cardiac damage and 

offer a unique strategy by which to affect many beneficial changes as possible with the 

injection of cells at a singular time point. These interactions may prove to be the path 

forward to treat MI patients and prevent the development of HF. Increasing cardiac 

function over the course of the wound healing process after MI will lead to lower 
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mortality rates for MI and HF patients and an improved quality of life. In addition, it may 

reduce the necessity for heart transplantations which, as of now, are the only true 

treatment for HF patients.  
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