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Over the past several decades, coronary heart disease leading to myocardial infarction 

(MI) and subsequent heart failure has continued to the leading cause of death in the Western 

world and worldwide.  Sudden death and limited renewal of cardiomyocytes post-myocardial 

leads to progressive expansion of tissue necrosis, negative left ventricular remodeling, and loss 

of function eventually causing heart failure.  Treatments for end-stage heart failure, heart 

transplants and left ventricular assist devices, are hampered by healthy organ availability, 

limited medical resources, and negative impacts on patients’ quality of life, thus prompting the 

need for novel therapies.  Amongst hydrogel therapies, Injectable extracellular matrix (ECM) 

hydrogels derived from decellularized porcine left ventricular tissue have rapidly developed into 
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a leading injectable hydrogel therapy based on shown therapeutic potential post-myocardial 

infarction demonstrated in both small and large animal models.  To continue developing this and 

general decellularized platforms, improved understanding of the underlying cellular mechanisms 

contributing to the observed myocardial repair is needed.  Based on previous transcriptomic and 

histological assessments, further examination into the cellular response of cardiomyocyte and 

immune cell populations is studied to determine their involvement in the observed tissue repair.  

We show with pre-labeling methods to track events of DNA synthesis and proliferation in in vivo 

and in vitro models, respectively, that myocardial matrix material properties relevant to 

supporting proliferative characteristics in cardiomyocytes.  Additional examination of immune 

cell populations has determined that the myocardial matrix supports a dynamic pro-inflammatory 

to pro-remodeling immune response indicative of induced tissue repair.  Finally, we determined 

the involvement of mast cells in the biomaterial induced tissue repair, highlighting this 

understudied cell type for the field to consider when developing new biomaterial therapies.  
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INTRODUCTION 

Cardiovascular Disease 

Ischemic heart disease contributing to the development of myocardial infarction (MI and 

subsequent heart failure is the is both the leading cause of death in the western world1 and 

worldwide accounting for 15.5% mortality in 20152.  Progression towards heart failure elicits 

changes to the 3D tissue structure from negative left ventricular (LV) remodeling and changes to 

the extracellular microenvironment due to extracellular matrix (ECM) degradation by increased 

matrix metalloproteinase activity and collagen deposition by myofibroblasts during scar 

formation3.  Current solutions for the ever-growing patient population with end-stage heart 

failure are heart transplantation and LV assist devices4.  However, the medical field is constantly 

under heavy demand for healthy donor tissue with over 10,000 patients added annually to the 

organ transplant waitlist, which was over 110,000 in the United States in 20165. These methods 

are also hampered by burden on medical personnel and resources6, and impact of patient 

quality of life 7, thus prompting the need for alternative therapies.   

  

Importance of Biomaterial Bioactivity for Treating Cardiovascular Tissue Diseases 

As opposed to replacing damaged tissue and function with heart transplant and LV 

assist devices, several therapies under investigation are designed to counteract mechanisms 

involved in negative LV remodeling and promote mechanisms of repair.  The design versality 

and variety of material-based therapies has driven growing interest in their development for 

chronic tissue injury and disease treatments.  Biopolymers are defined as naturally derived 

monomer subunits that combine through covalent bonds to form larger polymeric biomolecules 

such as proteins and polysaccharides8.  These materials, in comparison to purely synthetic 

alternatives, provide favorable biocompatibility, biodegradability, and non-cytotoxic degradation 

products that are advantageous for translation to the clinic.  However, synthetic materials offer 

greater control of specific material characteristics, thus, chemical alterations or composite 
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materials utilizing synthetic components are often utilized.  In contrast to pharmacological and 

cellular therapies, biopolymers can provide physical, biomechanical, and biochemical cues in 

tandem for stimulating endogenous responses.  Further advantages include longer retention at 

the site of deployment for more sustained treatment, and greater storage capability compared to 

cellular therapies given upstream culture and maintenance requirements9.  The structure of 

biopolymers as porous scaffolds can further act as a vehicle for delivery of additional 

therapeutics promoting greater sustained delivery and retention.  Material properties such as 

charge and sequestering ligands can further improve retention of factors within the material.  

These benefits and flexibility of the biopolymer platform allow for an assortment of potential 

approaches to develop novel therapies for treating heart failure.    

Initial studies examined biopolymers in the heart for their potential to improve cell 

transplant survival.  While this early work involving injection of fibrin glue did show an injectable 

biopolymer could improve cell survival, the most interesting result of these experiments were 

that the biopolymer alone (without cells) improved cardiac function10, 11.  Since this time, 

numerous injectable biopolymers have been examined for treating MI and heart failure12-15.  An 

early hypothesis in the field for the mechanism of action of such injectable biomaterials was that 

they acted as a structural support to increase wall thickness, thereby reducing wall stress.  This 

thinking was based on the principles of the Law of Laplace where stress in the heart wall is 

perpetually increased from continued ventricular dilation and thinning of the LV wall during heart 

failure progression supporting cellular responses that promote pathological LV remodeling16.  

Alginate hydrogels have been the most extensively pursued based on this mechanism of action 

hypothesis leading to two that reached clinical trials, IK-5001 (originally named BL-1040) and 

Algisyl-LVR.  However, clinical outcomes have been mixed and not fully reflective of the 

expected efficacy from preclinical testing similar to results with LV restraint devices, such as 

CorCap (NCT00630266)17, 18 and HeartNet (PEERLESS-HF: NCT00291551, NCT00382863)19-

22, which were likewise developed as structural supports.   
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While modeling studies have suggested wall stress is reduced immediately following 

polymer injection23-25, in vivo studies have suggested that this does not result in long term 

effects on negative LV remodeling26, 27.  One issue with studies with biopolymers is that they all 

have some type of bioactivity, which makes it difficult to delineate their structural vs bioactive 

effects. For example, while IK-5001 was designed as a structural support, it also leads to 

increases in myofibroblasts28.  In contrast, when a bio-inert poly(ethylene glycol) hydrogel was 

evaluated to specifically determine whether thickening of the heart wall and subsequent reduced 

heart wall stress based on the Law of Laplace provided therapeutic benefit, no benefits in 

cardiac function or reduction in negative LV remodeling was observed 6 weeks with magnetic 

resonance imaging post-injection compared to injection of saline despite an increase in wall 

thickness26.  Other studies utilizing injections of calcium hydroxyapatite microspheres in 

carboxymethylcellulose gel carrier as a tissue filler for reducing local stress patterns in the 

infarct wall post-MI have similarly noted that these materials elicit a number of localized cellular 

responses that could be responsible for observed functional improvements from altered 

mechanotransduction27.   

Collectively, results from these studies and clinical trials have shown lack of translation 

efficacy based on the Law of Laplace hypothesis suggesting alternatives reasons likely explain 

the observed improved outcomes for alginate hydrogels at preclinical stages.  Although 

designed around a physical and mechanical concept for mitigating negative LV remodeling, 

these therapies, ultimately, require downstream cellular responses to biomechanical cues from 

or elicited by these methods to promote endogenous repair.  Qualities of substrate stiffness and 

dynamic forces in the extracellular environment have been shown to influence cell maturation, 

differentiation, and function29-31.  One study directly compared methacrylated hyaluronic acid 

gels with different compressive moduli, similar and significantly greater than cardiac tissue 

stiffness ranging around 5 kPa and 45 kPa, respectively, in an ovine acute MI model32.  Tissue 

evaluation found increased apical and basilar infarct wall thickness compared to nontreated 
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controls at 8 weeks post-MI.  The higher stiffness material further had a significant decrease in 

infarct area at this timepoint, potentially from differences in mechanotransduction.  However, no 

significant changes from echocardiographic measurements in normalized end-diastolic volume 

and end-systolic volume, ejection fraction, and cardiac output among the materials groups and 

infarct control were found at 2 and 8 weeks post-MI32.  Alternatively, studies have suggested 

that maintaining biomechanical cues representative of the post-gestational cardiac tissue helps 

to sustain regenerative potential from these early development stages33.  Therefore, while these 

materials are not commonly attributed for their bioactivity, delineating the relationship of altered 

biomechanical cues and material properties characteristic of induced cardiac repair at these 

preclinical studies is critical for determining whether this method is viable for successful clinical 

translation  

Delving further into the concept of environmental cues influencing cellular responses, 

other biopolymers have alternatively focused on counteracting pathological signals from the 

damaged and unstable microenvironment during heart failure progression.  In particular, the 

ECM, which is compositionally altered due to degradation and scar formation, plays a critical 

role in maintaining tissue homeostasis through both biomechanical and biochemical cues while 

destruction of this native microenvironment can be considered a hallmark of heart failure 

progression.  Single component biopolymer platforms consisting of collagen34, fibrin10, 11, 34, and 

chitosan35-38 were some of the initial demonstrations of biopolymer bioactivity alone contributing 

to lesser negative LV remodeling and improved cardiac function with favorable tissue responses 

such as being proangiogenic34, 37, 38.  Notably, biopolymers derived from ECM proteins have 

mechanical stiffnesses lower than the native myocardium39-41, further suggesting the material’s 

bioactivity is the main contributor for inducing tissue repair rather than structural support to the 

tissue.  
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Immunomodulatory Influence of Biomaterials for Promoting Tissue Repair 

The functionality of the immune system acting both as a protective barrier to foreign 

materials and a coordinator of tissue remodeling mechanisms makes it a critical response to 

evaluate for new biomaterial therapies.  The immune response is a dynamic process involving 

recruitment, cytokine signaling, and phenotypic polarization of a plethora of cell populations.  In 

particular, cell polarizations are considered indicators of the type of immune response elicited.  

For example, macrophage polarize between type 1 pro-inflammatory (M1) and type 2 pro-

remodeling (M2) phenotype that correlate with the production of cytokines such as TNFα, IL-6, 

and IL-1β versus IL-12, IL-23, and IL-10, respectively42.  Similarly, T-helper cells can polarize 

between type 1 (Th1) and type 2 (Th2) polarizations that release high levels of cytokines such 

as IL-2 and IFNγ versus IL-4, IL-5, IL-10, and IL-13, respectively43.  Alternative categorizations 

of macrophage and T-helper cell polarization have also been designated based on their specific 

roles in the immune response44, 45.  However, these strict designations are a classic and 

oversimplified representation of the in vivo immune response.  In vivo responses also involve 

multiple states of polarized cells simultaneously, mixed phenotypic characteristics, and shifts in 

polarization over time based on environmental cues46-48.  Changes to polarized response have 

been further associated with downstream tissue repair such as a dynamic M1 to M2 

macrophage shift observed in healing tissue and enhanced biomaterial vascularization49, 50.  

Thus, proper controls and assessment of multiple markers at different timepoints during 

experimental evaluations are necessary to distinguish the overall response elicited.   

Biomaterials modulate the immune response based on their biocompatibility and 

material characteristics.  Immune cell populations respond to surface51, physical52, mechanical53, 

54, degradative55, 56, and biochemical57-59 material properties influencing the degree and timing of 

immune cell recruitment, subsequent polarization, and type of downstream tissue resolution.  

For non-biocompatible biomaterials, the immune response stimulates rapid recruitment and 

differentiation of immune cells leading to a high-density of pro-inflammatory polarized immune 
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cells to breakdown and reject the transplanted material.  These cells include pro-inflammatory 

M1 macrophage, Th1 cells, natural killer (NK) cells, cytotoxic T cells, and foreign-body giant 

cells60.  In contrast, biocompatible materials elicit milder immune cell recruitment along with 

alternatively polarized immune cell populations such as M2 macrophages and Th2 cells61.  In 

comparison to bioinert materials that commonly form a fibrous capsule that walls off the 

material62, bioactive materials seek to promote tissue ingrowth and endogenous repair 

mechanisms through these immune cell populations.  Response of immune cells to biomaterial 

properties promote secretion of cytokines that influence downstream endothelial cell and 

fibroblast populations for promoting vascular development and restoration of a physiological 

ECM microenvironment59, 63, 64.   Thus, the assessment of the immune cell populations can be 

utilized to determine whether specific downstream tissue remodeling resolutions will be 

effectively elicited by a biomaterial therapy.  

 

Decellularized Myocardial Matrix Hydrogels for Eliciting Cardiovascular Repair 

While research has attempted to combine different materials65, 66 or incorporate naturally 

derived protein modifications67 for improved efficacy, a major advancement in the creation of 

complex composite biopolymer materials is the development of decellularization methods to 

isolate the native ECM scaffold.  As the ECM is heavily altered during heart failure, 

decellularized ECM materials provide a convenient shortcut to creating materials faithfully 

representative of the native extracellular microenvironment that is unattainable by current 

engineering methods.  As these materials isolate the ECM itself, these materials can 

theoretically elicit a greater spectrum of tissue remodeling host processes and better represent 

the therapeutic efficacy of restoring extracellular cues from the healthy microenvironment.  

Decellularized ECM is isolated from tissue by detergents, enzymes, physical agents, and/or 

lysing and solubilizing solvents68.  Further processing steps can also package the isolated ECM 

into various forms for delivery including patches, particles, particulates, and hydrogels.  These 
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properties make isolated ECM an attractive platform for promoting physiological tissue 

remodeling as the ECM is known to influence numerous cellular responses including migration, 

proliferation, differentiation, metabolism, and maturation69.  Since first demonstrated, a wave of 

research has produced decellularized ECM from various tissue sources to study their 

therapeutic potential for treating tissue diseases12, 70.   

Although numerous tissues could be attempted as sources for creating decellularized 

materials, theoretically, material derived from healthy myocardium would provide alternative 

tissue specific cues of the physiological extracellular microenvironment.  The myocardial matrix 

hydrogel is a minimally invasive injectable hydrogel therapy made from decellularized porcine 

myocardium that can be delivered by percutaneous transendocardial injection.  Safety and 

efficacy of myocardial matrix has been extensively supported in small murine animal and large 

porcine animal preclinical studies.  Safety evaluations have been demonstrated for this material 

regarding hemocompatibility71, favorable immune resolution71, and being non-arrhythmogenic72.  

Hemocompatibility addressed concerns of potential leakage into the LV lumen as is common 

with transendocardial delivery and was determined to not cause platelet activation in human 

blood samples at standard concentrations with minimal activation at high concentrations 

tested71.  Finally, testing by electrical stimulation through a pacing electrode determined that 

assembly of myocardial matrix hydrogels in cardiac tissue did not induce greater incidence of 

ventricular tachycardia compared to saline controls indicating the material was not 

proarrhythmogenic72; Holter monitoring post-injection in a porcine MI model likewise showed no 

evidence of arrhythmias71.    

Evaluations of efficacy in a rat ischemia reperfusion model treated by direct 

intramyocardial injection of myocardial matrix 2 weeks post-MI determined attenuation of 

negative LV remodeling and loss of cardiac function at 6 weeks post-MI compared to baseline 

values measured 1 week post-MI by magnetic resonance imaging72.  In contrast, saline treated 

controls had significantly increased end-systolic volume and end-diastolic volume, and 
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decreased ejection fraction between 6 weeks post-MI and baseline values.  In a large animal 

porcine MI model study, myocardial matrix was injected 2 weeks post-MI by transendocardial 

delivery performing 14-15 injections throughout the infarct area and borderzone based on 

guidance by NOGA mapping71.  Assessments of matrix treatment versus saline or noninjected 

controls utilizing echocardiography showed significantly greater ejection fraction and global wall 

motion index, a measure of regional function, and lesser end-systolic volume and end-diastolic 

volume for myocardial matrix compared to controls measured at 3 months post-injection.  

Significantly less change in ejection fraction, end-diastolic volume, and end-systolic volume at 3 

months post-injection from healthy pre-MI values were also determined for matrix treated 

compared to control animals.  Change in end-systolic volume compared to pre-injection values 

was also significantly decreased compared to change in the control group.  These preclinical 

studies have supported the investigation of myocardial matrix material at the clinical stage. 

Clinical evaluation of myocardial matrix hydrogels (VentriGel) has completed a phase I, open 

label and single group, clinical trial (NCT02305602) evaluate safety and feasibility in selected 

patients experiencing progression towards heart failure with an ejection fraction between 25-

45%.  

Along with determination of safety and efficacy of this material therapy, further research 

into the underlying mechanisms supporting the improved tissue conditions have also been 

investigated. Insight into the mechanism of action was provided by microarray analysis of 

myocardial matrix hydrogels versus saline controls in a rat ischemia reperfusion model treated 1 

week post-MI73.  This analysis determined early changes of numerous pathways including 

upregulation of vessel formation, oxidative metabolism, mitochondrial biogenesis, and cardiac 

development while apoptosis, hypertrophy, and fibrosis were downregulated.  Confirmation by 

staining has determined significantly increased density of arterioles, c-kit+ cells, mast cells and 

PGC1α+, an energy metabolic marker, cardiomyocytes 1 week post-injection with significantly 

reduced interstitial fibrosis and hypertrophy based on cardiomyocyte area73.  
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Immunohistochemistry analysis has also determined preservation of the damaged myocardium 

with significantly greater areas of cardiomyocytes retained in the infarcted tissue at 5 weeks 

post-injection in a rat ischemia reperfusion model compared to saline treated hearts72.  

Histological analysis of myocardial tissue isolated at the 3 month post-injection timepoint 

determined a significantly greater endocardial muscle layer and lesser infarct collagen content71.   

 

Scope of the Dissertation 

 Currently, myocardial matrix therapy has demonstrated bioactivity, safety and efficacy as 

a therapy post-myocardial infarction.  As discussed in the previous section, analysis of the 

tissue has supported the tissue repair mechanisms that can be responsible for the observed 

repair.  However, several of the observed results are not conclusive such as the potential of this 

material for forming new cardiac muscle and whether the influence on the immune response is 

further indicative of supported tissue repair.  Furthermore, increased infiltration of mast cells is 

an unexpected observed result as these cells have most commonly been related to the allergy 

responses and pathological tissue remodeling.  Several recent studies correlating mast cell 

presence with physiological tissue development and repair have raised questioned on whether 

mast cells play an expanded role in immune responses74-76.  As a highly understudied cell type 

in the biomaterials, investigation into their contribution in biomaterial induced tissue repair could 

highlight another important cell type to focus on eliciting responses for biomaterial induced 

tissue repair.  Based on these previous studies, our hypothesis for this thesis dissertation is that 

the myocardial matrix hydrogel supports tissue repair by promoting increased cardiomyocyte 

populations and modulation of the response of immune cell populations interacting with the 

material. 
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Thesis Goal and Outline 

 Chapter 1 examines whether myocardial matrix therapy post-myocardial infarction elicits 

responses in vitro and in vivo indicative of supporting cardiomyocyte renewal.  We provide 

histological and transcriptional evidence that myocardial matrix material provides a 

microenvironment supportive of proliferative phenotypic characteristics of cardiomyocytes along 

with determination of material characteristics related to reactive oxygen species scavenger 

activity that could be responsible for these effects based on studies indicating reduction of 

oxidative stress maintains proliferative characteristics in cardiomyocytes. 

 Chapter 2 demonstrates the immune response of macrophages and T cells in wild-type 

and immune system humanized mouse model.  From these assessments, we determined a 

dynamic polarization response from a pro-inflammatory to pro-remodeling phenotype of both 

macrophages and T cells indicative of induced tissue repair. Notably, the stronger response of 

human T helper cell subpopulations with type 2 dominant characteristics to porcine derived 

compared to human tissue derived material supports use of this xenogeneic material for clinical 

use.  Finally, as this was the first demonstration of a biomaterial evaluation in a immune system 

humanized mouse model based on our literary reviews, this demonstrated the potential of this 

type of model for improved representation of the human immune response to biomaterial 

therapies. 

 Chapter 3 delves into investigation of the influence of mast cells on the 

immunomodulatory effects of myocardial matrix on surrounding immune cell populations.  

Through analysis of shifts in polarization in wild-type versus knockout and mast cell 

reconstituted rescue mice, this study demonstrated the importance of this cell type to proper 

polarization progression that deviated in a gender specific manner.  The importance of this cell 

population for eliciting the expected physiological immune polarization progression supports 

further focus on this cell type for biomaterial induced tissue repair. 
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 The final chapter summarizes the results of this dissertation and provides discussions on 

the contribution these results have on the overall scientific field.  Finally, further potential work is 

also suggested based on these results that could provide improved understanding the 

underlying mechanisms supporting myocardial matrix and general biomaterial induced tissue 

repair. 
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CHAPTER 1: Matrix material supports a proliferative microenvironment for cardiomyocytes 

1.1 Introduction 

Traditionally, the adult mammalian heart was considered to have no significant ability to 

regenerate damaged cardiac muscle tissue.  However, studies in both mice and porcine cardiac 

injury models have determined that the mammalian heart during the fetal and immediate post-

gestational neonatal stages can regenerate large regions of ligated ventricular myocardium 

without significant scar tissue formation77-80.  These results have suggested that the mammalian 

heart had some mechanism of significant myocardium regeneration during early life stages that 

is rapidly lost with aging.  Research determining shifts from expected 14C content incorporation 

in health heart cardiomyocyte resulting from a pulse caused by increased atmospheric 

concentration from nuclear bomb testing provides potential evidence suggesting low levels of 

basal cardiomyocyte turnover maintained in adult human hearts.  Turnover rates were estimated 

at less than 2% per year and decreased with age suggesting a mechanism of adult 

cardiomyocyte renewal81.  Proliferative bursts at pre-adolescence have also been suggested82, 

83, however, difficulty replicating these results suggest raise questions on the validity of these 

results84, 85.   

Based on available cell sources, a dominant hypothesis suggests that either pre-existing 

cardiomyocytes or endogenous progenitor cells contribute to renewal in adult hearts.  Research 

to determine why adult cardiomyocytes lose regenerative capability suggested cell cycle 

progression is arrested shortly after birth due to changes in hypoxia and metabolic demands of 

mature cardiomyocytes.  Compared to fetal and neonatal hearts, adult heart tissue is less 

hypoxic making it more susceptible to oxidative DNA damage from heavy reliance on oxidative 

phosphorylation to support normal cardiomyocyte contractile activity86.  Demonstrations of 

extensive cardiomyocyte dedifferentiation in zebrafish after cardiac injury87 has also led to 

theories that hypoxic stress limits support for normal cardiomyocyte function eliciting an 

adaptive response by returning to an immature proliferative cardiomyocyte phenotype with lower 
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energy demands, lesser DNA damage and greater robustness88, 89. Dedifferentiation in 

mammalian cardiomyocytes has been demonstrated in vitro and ex vivo suggesting 

dedifferentiation could be inducible and potentially contributes minimally to native cardiac 

repair90.  Based on these principles, hypoxia fate mapping techniques found proliferative 

cardiomyocytes in hypoxic heart regions, termed Hif-1α cardiomyocytes.  These cardiomyocytes 

maintain immature characteristics and turnover rates similar to previously determined rates in 

human hearts suggesting their contribution91.  Studies have also suggested involvement of 

endogenous progenitor cells populations native to the heart92 or from alternative cell 

populations93.  However, studies utilizing lineage tracing methods bringing into question the 

validity of the cardiomyocyte progenitor marker, c-kit, 94, 95 have led to investigation that 

determined the falsity and retraction of the initial studies supporting the use of c-kit as a 

cardiomyocyte progenitor marker. 

Studies have tried to determine whether these endogenous cell populations can be 

induced to support repair post-MI.  Investigation in the adult mice hearts post-MI produced 

conflicting results on whether pre-existing cardiomyocyte or progenitor cell populations formed 

new cardiomyocytes96, 97.  However, results were hindered by low cell numbers considering 

limited native repair in the adult heart.  Clinical results with cardiosphere-derived cell therapies 

found significant increases in cardiac muscle mass in treated patients based on magnetic 

resonance imaging analysis98.  Further investigations in transgenic mouse models showed 

minimal cardiosphere-derived cell engraftment after one to two weeks and evidence of 

cardiomyocyte formation from both cardiomyocytes and endogenous progenitor cells, 

suggesting some paracrine mechanism based repair response99.   

Similar to cardiosphere-derived cell results, an increased endocardial muscle layer was 

observed in a disease pig model treated two weeks post-MI with myocardial matrix hydrogels 

when evaluated 3 month post-injection.  In contrast, saline injected and non-treated controls 

contained minimal cardiac muscle100.  Larger clusters of cardiomyocytes within the infarct region 
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in myocardial matrix versus saline groups were also observed in MI rat models after 4 weeks 

post-injection72.  Mechanistic evidence from microarray analysis supported that myocardial 

matrix promotes reduced cardiomyocytes apoptosis, shifted cardiac metabolism and greater 

cardiac development73.  Previous in vitro experiments also demonstrated that myocardial matrix 

promotes cardiomyocyte viability under oxidative stress.  Since previous research suggests 

hypoxia favors an immature cardiomyocyte phenotype86, preservation in the hypoxic infarct 

environment might support survival of Hif-1α cardiomyocytes and/or dedifferentiation of mature 

cardiomyocyte88 that proliferate to form new cardiomyocytes.  However, previous in vitro work 

determined myocardial matrix also supports cardiac progenitor cell growth and differentiation101.  

These observations and possibilities have investigation of whether PMM treatment is supportive 

of cardiomyocyte renewal from pre-existing cardiomyocyte populations.   

1.2 Results 

1.2.1 Confirmation of PCM-1 as a cardiomyocyte nuclei specific marker 
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Figure 1.1: Validation of PCM-1 Cardiomyocyte Nuclei Specificity.   (A-H) Representative 

images showing PCM-1 labeling overlaps with a cardiomyocyte marker (A) and lack of overlap 

with non-cardiomyocyte cell type markers (B-H). Left column shows staining with the marker 

listed on the left (green). Middle column shows PCM-1 staining (orange).  Right column shows 

merged image. Nuclei staining (blue) is present in all images. Positive staining is indicated with 

an arrow. Scale bar is 10 µm.  
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As a method for tracking events of DNA synthesis and potential cardiomyocyte 

proliferation, thymidine analog incorporation and co-labeling with a cell specific marker is a 

commonly used for in vivo assessment.  However, utilizing common cardimyocyte cytoplasmic 

stains such as Troponin T (TnnT) or α-actinin has risks of determining false positives due to the 

high cellular density and potential for overlapping cellular nuclei in the injured cardiac tissue. To 

address this issue, a previously described cardiomyocyte nuclei marker, pericentriolar material 1 

(PCM-1)81, 102, was selected.  PCM-1 has been used in mice and human cardiomyocyte studies, 

but has not been extensively validated for cardiomyocyte nuclei staining in rat tissue102.  PCM-1 

was co-stained in rat heart tissue sections with another CM marker (α-actinin) along with 

markers for fibroblasts (PDGFR-α, vimentin), endothelial cells (PECAM-1), smooth muscle cells 

(α-SMA), immune cells (CD68, CD45).  Results showed overlapping co-stain with α-actinin and 

no co-labeling with non-cardiomyocytes markers confirming PCM-1 is a cardiomyocyte nuclei 

specific marker103 (Figure 1.1A-H).  Further validation was performed with an alternative 

cardiomyocyte nuclei marker, Nkx2.5 showing colocalization of the two stains supporting 

specific labeling with PCM-1 (Figure 1.2).  As PCM-1 further has a distinct pattern outlining the 

border of cardiomyocyte nuclei that makes it better for identifying a cardiomyocyte amongst 

overlapping nuclei, PCM-1 was selected for subsequent analysis of cardiac tissue for thymidine 

analog incorporation.    
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Figure 1.2: Costaining of PCM-1 and Nkx2.5 in cardiac tissue.  Representative image of PCM-1 

(magenta) and Nkx2.5 (green) stained in infarcted heart tissue samples demonstrating 

colocalization (white arrow) that was observed throughout the tissue. 

 

1.2.2. Assessment of infarct size for assessing infarct size consistency 

For analysis, hematoxylin and eosin staining and quantification of percent infarct area 

was performed to assess for outliers that should be excluded from subsequent analysis.  From 

this assessment, two hearts (one from each group) were immediately excluded due to lack of 

visible infarct.  The remaining hearts (n = 7 per group) were quantified by highlighting the 

infarcted area, tissue area (left ventricle and septum), and excluding area of the lumen for that 

section and recording pixel areas for regions of interest (Figure 1.3A).  Sections for analysis 

were selected by identifying the location with the largest identified infarct and selecting two 

locations outward from that location.  Based on this analysis, no outliers were determined within 

each group and differences in average infarct size were determined to be not significant (Figure 

1.3B).  Thus, these hearts were carried over for subsequent analysis. 

50 um 

PCM-1 Nkx2.5 DAPI 
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Figure 1.3 Percent infarct size analysis.  (A) Image of analyzed heart for percent infarcts by 

highlighting (green) of the infarcted area, tissue area including left ventricle and septum, and the 

lumen area.  (B) Quantified percent infarct size of the matrix versus saline treated hearts. 

 

1.2.3 In vivo incorporation of thymidine analog in cardiomyocyte nuclei 

 For analysis of thymidine analog uptake, co-staining of EdU or BrdU with PCM-1, 

cardiomyocyte nuclei specific marker, was performed in the infarct and borderzone region.  For 

consistently, the borderzone was identified by highlighting the infarct region in stained sections 

and expanding outwards from this highlighted region by 750µm.  Analysis of these two regions 

identified co-staining mainly in the borderzone region (Figure1.4A) with no significant difference 

in the infarct region (Figure 1.4B) and a significantly increased EdU+PCM-1+ density only in the 

borderzone region of matrix treated hearts versus saline treated hearts (Figure 1.4C).  Similarly, 

staining for BrdU+PCM-1+ cardiomyocytes were mainly identified in the borderzone region 

(Figure 1.4D).  Significance was not found from BrdU+PCM-1+ analysis in the borderzone 

regions (Figure 1.4E) and no BrdU+PCM-1+ cardiomyocytes were found in the infarct region.   
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Figure 1.4: Thymidine analog uptake in cardiomyocyte nuclei.  (A) Image of nuclei co-stain of 

thymidine analog EdU (purple) and cardiomyocyte nuclei specific marker PCM-1 (green) labeled 

by a white arrow.  Density EdU+PCM-1+ nuclei in the (B) infarct. (C) infarct borderzone. (D) 

Image of nuclei co-stain of thymidine analog BrdU (green) and cardiomyocyte nuclei specific 

marker PCM-1 (blue) labeled by a white arrow with ToPro-3 nuclear counterstain. (E) Density 

BrdU+PCM-1+ nuclei in the infarct borderzone. (*p < 0.05, unpaired Student’s t-test) 

 

1.2.4. Lack of Early Burst of Thymidine Analog Positive Cardiomyocytes with Matrix Treatment 

and Limitations of Common Standard Proliferative Markers 

 Validation of thymidine analog incorporation is needed as positive staining could be 

indicative of alternative mechanisms such as DNA repair instead of cell cycle progression.  As 

thymidine analog uptake was observed to be increased during the earlier timespan, a set of 

animals (n = 15) following a similar surgical procedure, but delivering EdU only for a week post-

MI was processed similar to the previous set of animals.  However, analysis of these animals 

determined no significant differences between saline and matrix treated animals (Figure 1.5A) 

suggesting that the matrix induced a gradual increase in EdU positive cardiomyocytes.  

Additionally, follow-up utilizing proliferative markers such as phosphohistone H3 (pHH3) was 

hindered based on observation of high number of positively stained cardiomyocytes in healthy 
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rat tissue, which suggests questionable interpretation of these staining methods in rat tissue for 

this examination (Figure 1.5B). 

 

Figure 1.5: Non-specific staining of pHH3 staining. Density EdU+PCM-1+ nuclei in the (A) 

borderzone in saline and matrix treated hearts with 7 days of EdU labeling post-myocardial 

infarction. (B) Representative images showing several incidents of positive staining of a 

proliferative marker with cardiomyocytes in healthy rat tissue suggesting issues with false 

positive determination with these methods. 

 

1.2.5. Increased proliferation of in vitro encapsulated neonatal cardiomyocytes 

As our assessment of our material stimulating proliferative characteristics was limited 

utilizing standard staining of proliferative markers for rat tissue, we studied the response of cell 

interacting with our material for determining whether myocardial matrix stimulated increase 

cardiomyocyte proliferation.  Utilizing CellTraceTM, proliferation based on dye dilution into 

progeny was utilized to confirm whether cardiomyocyte underwent increased incidents of 

cytokinesis when encapsulated in our myocardial matrix material.  Gating for analysis of 

progeny by dye dilution on a flow cytometer was confirmed by pre-labeling of cardiac cell 

populations in 2D culture on tissue culture plastic.  Sample was collecting during various steps 

of the cell processing and after days of culture (Figure 1.6A).  For specific determination of live 

cardiomyocytes, LIVE/DEADTM Aqua and previously validated PCM-1 stained was utilized.  

Gating for PCM-1 flow cytometry was validated by fluorescent minus one and IgG isotype 

control (Figure 1.6B).  Analysis of encapsulated cardiomyocytes with these optimized gates 

determined a significant decrease in the original generation 1 cardiomyocyte population and a 
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significant increase in cardiomyocyte progeny of the third generation relative to progeny 

distribution in collagen controls demonstrating increased proliferative characteristics of neonatal 

cardiomyocytes were maintained (Figure 1.6C). 

 

Figure 1.6: Increased cardiomyocyte progeny with encapsulation in myocardial matrix. (A) 

Samples for optimizing gating for proliferative analysis based on CellTraceTM FarRed.  Gating 

was based on non-label cells, immediately labeled cells, pre-labeled cells following 2 days of 

culture, and 4 days of culture demonstrating distinct clustered dye dilution representing 

increased generation of progeny. (B) Representation gating scheme for distinguishing live 

singlet cells based on forward and side scatter and LIVE/DEADTM Aqua signal.  PCM-1 gating 

with fluorescence minus one and isotype control peaks for distinguishing the cardiomyocyte 

positive peak and distribution of progeny. (C) Percentage of cardiomyocytes over two progeny 

generations after 3 days of culture encapsulated in collagen or myocardial matrix hydrogels. *p< 

0.05, ****p< 0.0001). 

 

1.2.6. Decellularized Myocardial Matrix Function as a ROS Scavenger  

Matrix interaction with ROS was examined based on studies demonstrating that reduced 

oxidative stress promotes proliferative characteristics in cardiomyocytes during the neonatal and 
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adult stages 104-106.  Incubation of H2O2 myocardial matrix hydrogels versus collagen gel controls 

over a time course study.  Measurements over 5 days was also taken showing a significantly 

continuing decrease in H2O2 concentration for the myocardial matrix versus both PBS and 

collagen controls.  Collagen also had a significant decrease to PBS, though the difference 

plateaued after a day, while H2O2 in PBS was relatively consistent (Figure 1.7A).  Further 

confirmation and relative strength to an antioxidant reagent was assessed with a Cayman 

Chemical’s Antioxidant Assay kit for comparison with antioxidant Trolox standard.  In 

comparison to scavenger activity of Trolox, a 0.240 ± 0.0215 mM for 0.06mg myocardial matrix 

or 4.00 ± 0.359 mM Trolox/mg myocardial matrix compared to 0.0255 ±0.0627 for 0.025mg 

collagen or 1.02 ± 0.84 mM Trolox/mg collagen (Figure 1.7B).  As myocardial matrix is a mixture 

of proteins, general ROS scavenger activity of protein mixtures is commonly linked to specific 

chemical groups such as thiol groups found in available cysteine amino acids.  Utilizing a 

Cayman Chemical® Thiol Detection Assay Kit, thiol content was determined based on a 

glutathione standard curve, which similarly showed around a 4x amount compared to collagen 

of 75.77 ± 13.16 nmol/mg myocardial matrix versus 21.96 ± 10.16 nmol/mg collagen (Figure 

1.7C).   
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Figure 1.7: Reactive scavenger activity of myocardial matrix material. (A) 150 µL of 166.7 µM 

hydrogen peroxide diluted in PBS solution was applied to a solution only control (red), and 100 

µL collagen (orange) and myocardial matrix (green) hydrogels (n = 5 each).  Measurements at 

4, 24, 48, 72, 96, and 120 hours of the hydrogen peroxide in the supernatant were measured 

showing a continuing decrease in concentration for myocardial matrix versus PBS and collagen 

controls.  (B) Total antioxidant activity determined relative a Trolox antioxidant standard for 

myocardial matrix versus collagen in solution per mg of material (n = 4) (C) Thiol content was 

determined compared to glutathione standard in myocardial matrix versus collagen per mg of 

material (n = 4 each) (* is significance to PBS, # is significance to collagen gel, *p< 0.05, **p< 

0.01, ***p< 0.001, ****p< 0.0001). 

 

1.2.7. Myocardial Matrix Reduces Effects of Oxidative Stress 

 To determine whether this ROS scavenging environment lead to changes in 

cardiomyocyte phenotype, encapsulated neonatal cardiomyocytes after 2-3 days was treated 

with 2.5mM H2O2 in culture media for 4 hours.  Change in redox metabolic activity was 

measured with alamarBlue assay showing a significantly greater change compared to collagen 

encapsulated gels (Figure 1.8A).  mRNA was then isolated from encapsulated cells and 

expression of cell stress markers that lead to inhibition of cell cycle progression, p19ARF and 

p16, from oxidative stress were measured compared to GAPDH housekeeping gene.  

Difference in cycle number values relative to respective control gels in 10% fetal bovine serum 

supplemented DMEM/F12 media determined a significantly greater expression in collagen 

culture gels compared to matrix suggesting a reduction in activation of oxidative stress 
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pathways (Figure 1.8B). 

 

Figure 1.8: Shielding from oxidative stress with encapsulation in myocardial matrix hydrogel. 

2.5mM hydrogen peroxide in 500µL of basal DMEM/F12 media was applied to 250,000 

encapsulated neonatal cardiomyocytes in 25 µL collagen (orange) hydrogels and myocardial 

matrix (green) hydrogels for 4 hours. (A) Change in metabolic activity was determined with 

AlamarBlue assay, which is known to respond to alterations in redox metabolic activity (n = 4 

each). (B) Assessment into expression of oxidative cell stress markers that inhibit cell cycle 

progression, p19ARF and p16, were determined relative to housekeeping gene, GAPDH (n = 4 

each). (* is significance to PBS, # is significance to collagen gel, *p< 0.05, **p< 0.01, ***p< 

0.001, ****p< 0.0001). 

 

1.3 Discussion 

 As cardiac injury from myocardial infarction is known to lead to sudden and continuous 

cardiomyocyte death, various therapies have attempted to renew the loss cardiomyocyte 

population as a therapeutic strategy.  Although various hypotheses on the potential of new 

cardiomyocytes to form in the adult tissue and source of these cardiomyocytes, the field seems 

to have settled on the following dominant hypotheses that: 1) the mammalian heart up to shortly 

post-gestation has significant proliferative capability77-80, 2) mammalian cardiomyocyte renewal 

occurs from pre-existing cardiomyocytes similar to common non-mammalian animal models 

such as zebrafish studied in cardiac repair 77-80, and 3) the adult mammalian heart maintains has 

a low level of proliferative cardiomyocytes maintained in the adult myocardium 81.  An additional 

hypothesis that has gained momentum is that cardiomyocyte proliferation is hindered by 

increases in oxidative stress based on increase oxidative damage of DNA shortly post-

A B 
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gestation, maintenance of a proliferative phenotype with ROS scavengers or systemic hypoxia 

and increased incidents of proliferative cardiomyocytes localized to sites of hypoxia in adult 

tissue 104-106.   

Based on these observations, cardiomyocyte response to our material in vivo and in vitro 

were investigated for potential to stimulate increased cardiomyocyte renewal and material 

interactions that might be responsible for these effects.  Results suggest that our material 

stimulates a mild increase cardiomyocyte proliferation when directly interacting with our material 

in vitro compared to collagen controls and evidence that increased cardiomyocyte cell cycle 

progression is stimulated in vivo.  Unfortunately, due to results suggesting questionable 

interpretation of common staining methods for proliferation in rat cardiac tissue based on high 

basal expression for cardiomyocytes in healthy tissue despite known lack of cardiomyocyte 

proliferation in healthy tissue, further assessment based on these methods was halted as 

analysis would lead to false positives.  Instead investigation of the material properties has 

highlighted functionality of decellularized myocardial matrix as a ROS scavenger, which is an 

underemphasized role in the biomaterials field.  Given evidence suggesting that reducing 

oxidative stress can help maintain proliferative characteristics in cardiomyocytes and our 

demonstration of cardiomyocyte response encapsulated in our matrix material, these properties 

demonstrate the favorability of utilizing these decellularized material platforms for reducing 

effects of oxidative stress and damage in chronic tissue diseases. 

 

1.4 Methods and Materials 

1.4.1 Preparation of Myocardial Matrix Material for In vitro and In vivo application 

 Injectable aliquots of myocardial matrix material were created and assessed for material 

characteristics based on previously described protocols107.   In brief, fresh porcine hearts were 

excised from adult pigs and the left ventricular tissue was isolated.  Major vessels and fascia 

were removed and remaining muscle tissue was cut into less than 5 mm sized pieces.  Tissue 
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will then be decellularized in 1% sodium dodecyl sulfate solution in 1x PBS under agitation for 4-

5 days until tissue appeared completely white.  An additional day of rinsing in water and 

repeated water rinsing with manual mixing was performed to remove all observable traces of 

SDS.  Decellularized tissue was lyophilized and material from at least three hearts were 

combined to minimize batch-to-batch variability before being milled into a fine powder.  Milled 

myocardial matrix was partially digested with a tenth mass of pepsin relative to matrix material 

in 0.1 M HCl at room temperature for 48 hours.  For in vivo studies, the standard protocol was 

followed by neutralization with 1 M NaOH to a pH of 7.4, reconstitution to physiological salt 

concentration with 10x PBS and dilution to 6 mg/mL with 1x PBS.  For in vitro studies, this 

protocol was modified utilizing neutralization with 10 M NaOH to a pH of 7.4 and solely 

neutralized myocardial matrix was aliquoted based on mass for subsequent experiments.  Both 

preparations of material were frozen in a -80ºC freezer, lyophilized and stored with desiccate for 

long term storage at -80ºC. 

 

1.4.2. In vivo Delivery of Thymidine Analogs Following Myocardial Matrix Hydrogel Delivery 

Post-myocardial infarction 

All experiments in this study were performed in accordance with the guidelines 

established by the committee on Animal Research at the University of California San Diego, and 

the American Association for Accreditation of Laboratory Animal Care.   

Two groups of Sprague Dawley rats (n = 8 per group) underwent a previously described 

ischemia-reperfusion procedures72 accessing the heart by left thoracotomy for 35 minute 

temporary occlusion of the left coronary artery to induce infarction.  After 1 week post-MI, 

animals were randomized for myocardial matrix or saline injection.  Myocardial matrix aliquots 

that were salt reconstituted were resuspended with sterile water into a homogeneous 

suspension before injection.  The heart was viewed through an excision in the diaphragm to 

deliver a 75 µL direct intramyocardial injection into the peri-infarct area72, 73.  Following the 
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injection procedure, Alzet® osmotic pumps were implanted subcutaneously in the dorsal region 

as previously described108 providing continuous delivery of 20 mg/kg/day of 5-Ethynyl-

2'deoxyuridine (EdU) for 1.5 weeks.  Afterwards, the initial pump was replaced with a second 

pump containing an alternative thymidine analog bromodeoxyuridine (BrdU) for an additional 1.5 

weeks.  To account for expected delay of thymidine analog to the heart based subcutaneous 

delivery, intraperitoneal injections of each respective thymidine analog at a concentration of 20 

mg/kg was performed on the day preceding, immediately following, and the day after pump 

implantation.  At day 29 post-infarction, rats were euthanized by 300 µL lethal dose of sodium 

pentobarbital delivered by intraperitoneal injection, excision of the heart, and fresh freezing the 

tissue in OCT for sectioning.  An additional set of animals focusing on an earlier timespan with a 

7 days post-MI EdU delivery was also examined to determine whether a burst increase in 

thymidine incorporation was observed and for obtaining tissue for staining transient markers 

indicative of cell cycle progression.   

 

1.4.3. Histology and Immunohistochemistry  

Fresh frozen tissue in OCT were cryosectioned to obtain a transverse section of the 

heart.  Cryosections from 12-16 different evenly spaced locations were used for all 

immunohistochemistry.  For infarct size analysis, hematoxylin and eosin staining and 

quantification of percent infarct area by ratio of infarct area to left ventricular and septal area to 

assess for outliers that should be excluded from subsequent analysis.   

For immunohistochemical staining, slides were fixed with acetone or 4% 

paraformaldehyde and blocked with a buffered solution containing donkey serum, bovine serum 

albumin, and triton-X 100 based on the optimized antibody protocol.  The following primary 

antibodies were incubated for 1 hour at room temperature or for 12-18 hours at 4°C for the 

following markers: PCM-1 (1:100 dilution, Sigma-Aldrich), PCM-1 (1:200, Santa Cruz), α-actinin 

(1:800, Biorad), PDGFR-α (1:200, Novus Biologicals), vimentin (1:200, Santa Cruz), Isolectin 
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Griffonia Fluorescein (1:150, Vector Laboratories), smooth muscle cells (1:800, α-SMA), CD68 

(Biorad, 1:200), CD45 (Biorad, 1:200), BrdU (1:100, ThermoFisher Scientific), pHH3 (Sigma-

Aldrich).   The following secondary antibodies were incubated for 30-45 minutes at room 

temperature: anti-rat Alexa Fluor 568 (1:500 dilution), anti-rabbit Alexa Fluor 488 (1:800 

dilution), anti-mouse Alexa Fluor 488 (1:800 dilution), anti-rat Alexa Fluor 488 (1:500 dilution), 

anti-rabbit Alexa Fluor 568 (1:500 dilution), and anti-rabbit Alexa Fluor 647 (1:500 dilution).  

Bright field images were taken with Leica Aperio ScanScope® CS2 and fluorescent images with 

the Leica Ariol® system (Leica).  EdU incorporation was stained by Click-iTTM Plus EdU Cell 

Proliferation Kit for Imaging, Alexa FluorTM 647 dye (ThermoFisher Scientific) following 

secondary antibody staining.  Stained tissue was scanned by Leica Ariol® system.  Selection of 

region of interest around the infarct and confirmation of positive colocalization was drawn and 

visualized, respectively, in Aperio ImageScope software (Leica).  Automated expansion around 

the infarct at 250 µm intervals for designated a borderzone region of interest and automated 

analysis of costaining was performed by custom MATLAB script (Mathworks, Natick, MA). 

     

1.4.4. Material Characterization  

 Capability of myocardial matrix material as a ROS scavenger was investigated based on 

interaction of material with hydrogen peroxide and quantifying components of the matrix 

material.  In brief, 100µL myocardial matrix (6mg/mL) and collagen gel controls (2.5 mg/mL, 

concentration for similar porosity and mechanical strength to matrix gel) was formed overnight in 

a microcentrifuge tube.  150 µL of 166µM H2O2 peroxide solution diluted in PBS was applied to 

each gel (100 µM final concentration). A solution only control to assess degradation of the 

hydrogen peroxide over time was also made.  Samples were incubated at 37°C on a shaker 

plate set to 120 rpm and hydrogen peroxide content was determined by Pierce™ Quantitative 

Peroxide Assay Kit.  Similar procedural set-up was applied to matrix and collagen material in 
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solution along with pre-milled myocardial matrix scaffold material incubation with hydrogen 

peroxide. 

 Total antioxidant activity and thiol content of myocardial matrix material and collagen 

controls was measured by Cayman Chemical’s Antioxidant Assay kit and Cayman Chemical® 

Thiol Detection Assay Kit, respectively.  Results were normalized to mass of material for 

comparison of antioxidant activity and thiol content. 

 

1.4.5. Neonatal Cardiomyocyte Isolation and Hydrogel Encapsulation   

 P1 neonatal rat cardiomyocytes were isolated from Spague Dawley rats pups by 

Neonatal Cardiomyocyte Isolation System (Worthington Enzyme). Following manufacturer 

instructions collecting cardiac cell suspension from neonatal myocardial rat tissue, the cardiac 

cell suspension was pre-plated for 2 hours and the cell in solution were collected to enrich for 

cardiomyocytes.  For assessment of cell proliferation, cells were pre-labeled by CellTraceTM Far 

Red before encapsulation while other cellular experiments proceeded with unlabeled cells.  

Encapsulation of cells was performed with some modifications for this specific cell type based 

on a previously describe protocol 109.  In brief, solely neutralized myocardial matrix in lyophilized 

aliquots were resuspended to a 6mg/mL concentration with cardiomyocyte culture media 

consisting of 1:1 DMEM/F12 solution (Gibco) supplemented with 10% fetal bovine serum 

(Gibco) and 1% penicillin streptomycin (Gibco).  Cells for encapsulation were pelleted by 50 rcf 

centrifugation at 4ºC and resuspended with the matrix culture media mixture.  25 µL gels were 

formed containing 300,000 cells per gel by pipetting the mixture as a collected droplet in the 

center of each well in a 24 well plate and incubating in a 37ºC incubator for 1 hour.  Following 

the 1 hour incubation, gel formation was confirmed by tilting the well plate vertically and 

observing maintained gel structure before adding 600 µL to each well for culture.  Encapsulated 

cells were cultured at 37ºC and 5ºC CO2 with media changed every 2-3 days.   
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1.4.6. Flow Cytometry Analysis    

 CellTraceTM prelabeled cells from encapsulations were removed from the well plate 

surface by a sterile spatula and at least three gels were batch per sample into an enzymatic 

digestion solution consisting of 1:1 solution of HBSS (calcium and magnesium supplemented) 

and 1% bovine serum albumin in PBS with and 1 µM HEPES (Gibco), 300 U/mL collagenase 

type IV (Worthington Biochemical), 60 U/mL hyaluronidase (Sigma-Aldrich) and 10 U/mL DNase 

I (Sigma-Aldrich).  Gel in enzymatic digestion solution were incubated at 37ºC under mechanical 

agitation at 600 rpm on a thermomixer (Benchmark Scientific) for 20 minutes.  Solutions were 

then kept in ice and FACs buffer consisting of 2% fetal bovine serum and 1mM EDTA in DPBS 

lacking calcium and magnesium to inactivate enzyme activity.  Cells were centrifuged at 50 rcf 

centrifugation at 4ºC and resuspended in HBSS.  Cell suspension was stained with 

LIVE/DEADTM Fixable Aqua (ThermoFisher Scientific) for 10 minutes at 4ºC and excess dye 

was quenched with FACs buffer.  Cells were fixed for 10 minutes and permeabilized with BD 

Cytofix/CytopermTM solution, respectively.  PCM-1 antibody (1:400, Sigma-Aldrich) and 

concentration matched rabbit IgG isotype control (Novus Biologicals) were incubated with cells 

for 12-18 hours at 4ºC in BD CytopermTM solution.  Secondary staining with donkey anti-rabbit 

PE (1:1500, Biolegend) was applied for 30 minutes at 4ºC and stained cells were resuspended 

in FACs buffer before flow analysis on a BD FACSCantoTM II (BD Biosciences).  Gating and flow 

data were processed on FlowJo (FlowJo LLC). 

 

1.4.7. Metabolic and Gene Expression Analysis 

 Encapsulated cells were assessed for redox metabolic activity by alamarBlueTM 

(ThermoFisher Scientific) in culture media alone and under oxidative stress from supplemented 

2.5 mM H2O2 mixed into the culture media for 4 hours.  Following 4 hour incubation, gels were 

removed from the well plate surface by a sterile spatula and at least three gels were batched 

per sample for RNA isolation.  RNA was isolated by RNEasy kit (Qiagen, Germantown, MD) 
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along with an on-column DNase digestion step (Qiagen) to extract RNA with minimal genomic 

DNA contamination.  Superscript III Reverse Transcriptase kit (Applied Biosystems, Foster City, 

MA) was used to synthesize cDNA.  Then, SYBR Green PCR Master Mix (Applied Biosystems) 

was used with forward and reverse primers at a final concentration of 200 nM.  Gene expression 

of cell cycle regulators p19ARF and p16 that are upregulated in response to oxidative stress 

leading to cell cycle arrest and apoptosis were assessed.  Primers sequences were as follows: 

rat p19ARF (F: 5’- GGTTTTCTTGGTGCAGTTCCTG-3’, R: 5’- 

GATCCTCTCTGGCCTCAACAC-3’), rat p16 (5’- GATCCAGGTCATGATGATGGG-3’, R: 5’- 

: ATCAATCTCCAGTGGCAGCG-3’) and GAPDH (F: 5’-CATCAAGAAGGTGGTGAAGC-3’, R: 

5’-GTTGTCATACCAGGAAATGAGC-3’).  Samples were run in technical duplicates along with 

negative controls without template cDNA to confirm lack of contamination in PCR reagents.  

PCR reactions were run on a CFX95TM Real-Time System (Biorad, Hercules, CA) with the 

following thermal cycler settings: 30s at 50°C, 2 min at 95°C, 40 cycles of 10s at 95°C, and 30 

secs at 63°C based on pre-determined optimal primer efficiency amplification temperature.  

After completing 40 cycles of PCR amplification, automated melting curve analysis, consisting of 

increasing the thermal cycler temperature from 50°C to 95°C at 5°C increments lasting 5s each, 

was used to confirm formation of a singular PCR amplicon for each primer set.  Bio-Rad CFX 

ManagerTM 3.0 (Biorad) was used for determining cycle threshold (ct) values from recorded 

SYBR green signal.  Fold change was then determined by 2-(Gene 1 – GAPDH) and normalized to fold 

change of respective gel material without H2O2 doped into the media.   

 

1.4.8. Statistical Analysis 

All data and plots are presented as mean ± SD.  Significance was determined with a one-

way ANOVA using a Tukey post-hoc test and an unpaired student’s t-test based on number of 

sample groups with a p<0.05.   
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CHAPTER 2: Immune System Humanized Mouse Model for the Assessment of Macrophage 

and T cell populations to Xenogeneic and Allogenic Derived Biomaterials 

2.1 Introduction 

Determination of a safe immunological response is critical for the application and 

continued study of therapeutics in human patients, which can provide critical data for 

successfully bringing novel therapeutics to clinical applications.  The field of decellularized 

extracellular matrix (ECM) based biomaterials is rapidly growing and has developed therapies 

for numerous applications including wound healing, hernia repair, skeletal muscle defect repair, 

and myocardial infarction110-113.  Decellularized ECM biomaterials are an attractive platform for 

biomaterial therapies since tissue derived ECM can promote tissue remodeling by influencing 

cellular metabolism, proliferation, migration, maturation, and differentiation114.  In fact, these 

biomaterials, derived from xenogeneic and allogeneic tissue sources115, 116, have been 

successfully implanted into millions of patients117.  Xenogeneic materials, from porcine tissue for 

example, are readily available and can be produced from younger tissue sources, which is 

desirable for regenerative medicine therapies118.  However, xenogeneic materials can have 

potential immunogenic issues, regulatory hurdles and xenogeneic disease transfer.  Allogeneic 

materials avoid some concerns associated with xenogeneic materials, but are typically from 

older and more limited cadaveric sources, and can have larger batch variability.     

While xenogeneic and allogeneic sources for decellularized ECM have been widely used 

to date, preclinical understanding of these scaffolds is mostly based off immune responses to 

these matrices in rodents and a few large animals110, 119, 120.  Given difficulties with obtaining 

sequential patient biopsies, no one has thoroughly monitored or understood the human immune 

response to these materials.  Although connected evolutionarily, rodents typically used for 

biocompatibility testing provide limited representation of the human immune response.  

Differences in immune cell receptors, cytokine expression and response to various stimuli 

highlight how responses in rodents might not correlate with outcomes in humans121.  Even non-
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human hominids have various biomedical differences from humans122.  This combined with our 

incomplete understanding of the human immune system has led to the removal of several well 

characterized materials from the market123, 124.  

One method to address these shortcomings is the use of a humanized mouse (Hu-mice) 

model for preclinical assessment of the human immune response.  Over the last 20 years, 

significant improvements have transformed Hu-mice into a valuable model for mimicking the 

human immune response125-127.  In particular, Hu-mice developed by implantation of human fetal 

thymus tissue and injection of human CD34+ fetal liver cells into immune compromised NSG 

mice have been shown to be robust and contain human T-cells, B-cells, and dendritic cells, 

allowing the ability to reject xenogeneic tissue128.  This model has been used extensively for 

studying autoimmune disease, virus infections, xenogeneic transplantation, and more recently 

allogeneic stem cell transplantation129.  However, it has yet to be exploited in the biomaterials 

field.  In this study, we utilized this Hu- mouse model to assess the human immune response to 

decellularized ECM biomaterials, specifically injectable hydrogels derived from porcine or 

human myocardium, which were initially developed to treat the heart post-myocardial 

infarction120, 130-132.  Our goal with this study was to evaluate the utility of the Hu-mice for 

evaluating biocompatibility and studying the human immune response to biomaterials prior to 

clinical translation.  We hypothesized that this model would demonstrate different immune 

responses to human versus xenogeneic ECM, unlike a wild type rodent model.  

 

2.2 Results 

2.2.1 Cellular Infiltration into Biomaterial Core of Xenogeneic Versus Allogeneic ECM 

Samples were sectioned and stained with hematoxylin and eosin (H&E) for histological 

analysis (Figure 2.1A).  Based on cellular infiltration being observed to be unevenly distributed 

in the injected material, particularly towards the center in the Hu-mice samples (Figure 2.1A),  
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both overall cellular content versus cells that infiltrated 200 µm from the material border were 

analyzed133.  

Comparing differences in cell density throughput the whole biomaterial for PMM and 

HMM, significantly higher infiltration was observed in PMM in both Balb/c (Figure 2.1B) and Hu-

mice (Figure 2.1C) at day 3, but no differences were observed between materials in either 

animal model at one week (Figure 2.1B, C).  This same trend was observed when analyzing 

only the biomaterial core in Balb/c mice (Figure 2.1D); however, in Hu-mice, there was a slight 

greater infiltration of cells at the earlier day 3 timepoint with a significantly decreased infiltration 

into the HMM core compared to the PMM core at one week (Figure 2.1E).  This decreased 

infiltration notably occurred in HMM, which is an allogeneic material for the Hu-mice.  In 

contrast, PMM and HMM both represent xenogeneic ECM in the Balb/c mice where similar 

degrees of cellular infiltration at the later day 7 timepoint were observed.   
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Figure 2.1: Total cell infiltration. (A) Hematoxylin and eosin (H&E) images represent local tissue 

immune response one week after subcutaneous injections of porcine myocardial matrix (PMM) 

or human myocardial matrix (HMM) in Balb/c and a humanized mouse model (Hu-mice).  

Quantification of cellular density for the whole biomaterial (B, C) and infiltration into the core (D, 

E) of the biomaterial for each group is also shown (*p<0.05, ***p<0.001, ****p<0.001).  On the 

left of each image is the panniculus carnosus muscle layer of the dermal tissue and on the right 

is the injected biomaterial.  The biomaterial and dermal tissue are separated by a black dotted 

line.  Scale bars are 100 μm. 
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2.2.2 Minimal Human Cellular Infiltration for Allogeneic ECM 

After investigation by histological analysis of the total cell density, we then investigated 

differences in human specific cell infiltration with a human nuclei marker.  Similar results and 

low numbers of infiltrating cells were observed at day 3, but a notable difference in the 

prevalence and location of cells stained for human nuclei between PMM and HMM was 

observed at one week in the Hu-mice (Figure 2.2A).  Both analyses based on percentage 

relative to total nuclei content and cellular density of human cells trended higher in PMM 

compared to the HMM for the overall material, with a significant difference in cell density based 

on assessment in the material core regions (Figure 2.2B-E).  This demonstrated that human 

cells distinguished between the allogeneic versus xenogeneic biomaterial and suggested that 

these were immune cells recruited during later time spans during the immune response.  
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Figure 2.2: Human nuclei infiltration. (A) Representative images of Hoechst stained nuclei (blue) 

and human nuclei staining (green) of humanized mice (Hu-mice) injected with either porcine 

myocardial matrix (PMM) or human myocardial matrix (HMM) at one week.  The dotted white 

line indicates edge of HMM biomaterial.  Quantification of percent and density of human nuclei 

in the whole biomaterial (B, C) and into the core (D, E) of the biomaterial (*p<0.05). Scale bars 

are 100 μm. 
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2.2.3 Greater T-helper Cell Infiltration in Xenogeneic ECM Compared to Allogeneic ECM 

Since the Hu-mouse model showed significant differences in the number of cells 

infiltrating between the allogeneic and xenogeneic materials, we then investigated differences in 

specific types of recruited immune cells.  T-cells have been shown to be important for eliciting 

the pro-remodeling transition from early pro-inflammatory immune responses to ECM 

biomaterials supporting tissue repair134.  Immunohistochemistry was used to visualize cell 

infiltration and quantify spatial distribution of T-helper cells and cytotoxic T-cells in the PMM and 

HMM materials in the Balb/c and Hu-mice (Figure 2.3A).  Nondecellularized porcine myocardial 

matrix (NDM) was also compared as a pro-inflammatory control in both mouse models.   

Comparing the ratio of T-helper to cytotoxic T-cells, no significant differences were found 

among all materials at day 3 both in the whole and core biomaterial in both mouse models 

(Figure 2.3B, C).  T-helper infiltration was generally low at this timepoint (Figure 2.4A, B) and 

NDM consistently recruited significantly greater cytotoxic T-cell densities compared to the 

decellularized materials for both Balb/c and Hu-mice (Figure 2.4C, D).  By day 7, minimal 

numbers of cytotoxic T-cells were found in PMM and HMM groups, while cytotoxic T-cell 

infiltration continued to increase in NDM in both animal models (Figure 2.4C, D).  For all 

materials in both animal models, T-helper cell densities increased by day 7 with the 

decellularized materials becoming T-helper cell dominant compared to NDM (Figure 2.3B, C).  

This transition for the decellularized materials from a cytotoxic to a T-helper cell response has 

been previously observed135 and suggests only NDM was being rejected as expected.  

Comparing the T-helper versus cytotoxic T-cell response between the decellularized materials, 

no significant differences were observed in the Balb/c mice and in the Hu-mice when the whole 

biomaterial was examined (Figure 2.3B).  However, for the core analysis in the Hu-mice, PMM 

was significantly human T-helper cell dominant compared to both HMM and NDM (Figure 2.3C) 

with a significantly higher T-helper cell density than HMM (Figure 2.4B).  This corresponded with 
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previous human nuclei data (Figure 2.2E) indicating that PMM elicited greater human cell 

infiltration at one week.  Collectively, these results showing minimal cytotoxic T-cell density and 

greater T-helper density in PMM in the Hu-mouse model suggested that the xenogeneic PMM 

material stimulated a greater pro-remodeling response compared to the allogeneic HMM 

material.   
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Figure 2.3: T-helper cell and cytotoxic T-cell infiltration.  (A) Representative images of T-helper 

cells and cytotoxic T-cells with arrows indicating positive staining.  Hoechst staining was used to 

label cellular nuclei (blue).  T-helper cells were labeled by co-staining with CD3 (red) and CD4 

(green).  Cytotoxic T-cells were labeled by co-staining with CD3 (red) and CD8 (green).  Ratios 

of cell density quantification of T-helper cells versus cytotoxic T-cells in whole biomaterial (B) 

and biomaterial core (C) in nondecellularized (NDM), porcine (PMM) and human myocardial 

matrix (HMM) at day 3 and 7 in Balb/c or Hu-mice.  (*p<0.05, **p<0.01).  Scale bars are shown 

at 10 μm.   
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Figure 2.4: Quantified cell density for T-Helper cells and Cytotoxic T-cells. Cell density 

quantification of T-helper cells in whole biomaterial (A) and biomaterial core (B) in 

nondecellularized (NDM), porcine (PMM) and human myocardial matrix (HMM) at three days 

and one week in Balb/c and Hu-mice.  Cytotoxic T-cell density in whole biomaterial (C) and 

biomaterial core (D) at three days and one week in Balb/c and Hu-mice.  (*p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001). 
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2.2.4 Similar Macrophage Infiltration and Polarization between Xenogeneic and Allogeneic ECM 

Macrophage presence was also analyzed since macrophage phenotypic expression has 

been shown to be an important indicator of tissue remodeling outcomes for ECM based 

biomaterials136, 137.  Although the presence of human macrophages has been previously 

demonstrated in this mouse model, Hu-mice mice derive from a immunodeficient mouse model 

that still maintains mouse macrophage populations that were highly abundant compared to 

minimal to no human macrophage infiltration observed into the biomaterial.  Since the response 

was dictated by mouse macrophages, we evaluated the infiltration and polarization of these 

cells in both mouse models to determine if interaction with the human T cells lead to a unique 

immune response.  Macrophage polarization is plastic and complex138-140, but is often simplified 

into pro-inflammatory M1 and pro-remodeling M2 phenotypes141.  Macrophages were identified 

with pan-macrophage marker F4/80, and polarization was evaluated with common markers for 

M2 (CD206) and M1 (iNOS) for pro-remodeling versus pro-inflammatory macrophages, 

respectively (Figure 2.5A)59, 142.  In both mouse models at day 3, the ratio of M2/M1 

macrophages for all three materials was below 1 in both whole and core biomaterial, suggesting 

that the short-term macrophage response was M1 dominant (Figure 2.5B, C).  However, the 

total macrophage (Figure 2.6A) and M1 macrophage cell density (Figure 2.6C) was significantly 

greater in NDM compared to the decellularized materials in both animal models.  At one week, 

NDM remained M1 dominant, while in the Balb/c and Hu-mice the decellularized materials 

switched to a M2 dominant response based on both whole and core biomaterial analysis (Figure 

2.5B, C).  Assessment of cell densities indicated that M2 macrophage cell density increased in 

all materials for both mouse models from day 3 to one week (Figure 2.6E, F).  However, density 

of M1 macrophages remained greater or increased by one week in NDM while M1 density 

generally decreased in the decellularized materials in both mouse models (Figure 2.6C, D).  

This demonstrated a transition from a pro-inflammatory to pro-remodeling macrophage 
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polarization for the decellularized materials, which is characteristic of wound healing143.  This 

was also notably similar to the transition observed from our T-cell analysis (Figure 2.3B, C).  

Although, no distinct differences were observed in the response between PMM and HMM for the 

two animal models, these results showed that macrophages were dynamically responsive in the 

Hu-mouse model similar to a wild-type model.  Interestingly, dual stained macrophages with 

both M1 and M2 markers were commonly observed, especially at the biomaterial border for all 

material groups (Figure 2.6G, H).  This observation is not unique since previous studies have 

observed these results in vivo, and some studies have suggested that dual polarized 

macrophages are involved in angiogenesis59.  As a result, these cells were separately grouped 

and not considered specifically M1 and M2 polarized in the ratio analysis. 
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Figure 2.5: Polarized macrophage infiltration. (A) Representative images at one week of 

polarized macrophage staining with a red arrow indicating a M2 macrophage, a magenta arrow 

indicating a M1 macrophage and white arrow indicating a macrophage stained with both M2 and 

M1 markers.  Hoechst staining was used to label cellular nuclei (blue).  Macrophages were 

labeled by co-staining with pan-macrophage marker F4/80 (green), M1 marker iNOS (magenta) 

and M2 marker CD206 (red).  Ratios of cell density quantification of CD206+ to iNOS+ 

macrophages in whole biomaterial (B) and biomaterial core (C) in nondecellularized (NDM), 

porcine (PMM) and human myocardial matrix (HMM) at day 3 and 7 in Balb/c or Hu-mice.  

(*p<0.05, **p<0.01).  Scale bars are shown at 10 μm.   
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Figure 2.6: Quantified cell density for total macrophages and polarized macrophage 

phenotypes.  (A) and biomaterial core (B) in nondecellularized (NDM), porcine (PMM) and 

human myocardial matrix (HMM) at three days and one week in Balb/c or Hu-mice.  Cell density 

quantification of iNOS+ macrophages in whole biomaterial (C) and biomaterial core (D).  Cell 

density quantification of CD206+ macrophages in whole biomaterial (E) and biomaterial core (F).  

Cell density quantification of dual stained iNOS+CD206+ macrophages in whole biomaterial (G) 

and biomaterial core (H).  (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). 
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Figure 2.6: Quantified cell density for total macrophages and polarized macrophage 
phenotypes. (Continued) 
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2.2.5 Pro-Remodeling Immune Cell Polarization in ECM Biomaterials  

Although we determined a T-helper dominant response to our decellularized materials as 

described above, T-helper cells are known to polarize and show dramatically different 

phenotypes depending on their local niche144, 145.  For example, a T-helper cell’s dominant 

response is usually correlated with a pro-remodeling response, but T-helper cell infiltration can 

be connected with graft rejection as well 146.  Thus, we wanted to more fully characterize the T-

helper cell polarization.  T-helper cells can be divided into pro-inflammatory Th1 and pro-

remodeling Th2 phenotypes145, 147.  Polarization towards the Th2 phenotype was measured by 

comparing the ratio of expression of cell-specific master transcription factors GATA3 (Th2) to 

TBX21 (Th1) for NDM, PMM and HMM in both mouse models147, 148.  An additional set of human 

specific T-helper cell markers for receptors CRTH2 (Th2) and CCR5 (Th1) was utilized to further 

confirm the results in Hu-mice149-151.  At day 3, polarization was similar for all materials in both 

animal models (Figure 2.7A, B).  This result likely corresponded with the previously determined 

low T-helper cell presence (Figure 2.4A) at this early time point.  By one week, PMM was Th2 

trending in Balb/c mice and significantly Th2 polarized in Hu-mice relative to NDM with both sets 

of T-helper cell markers.  In contrast, HMM was only trending towards a Th2 polarization 

compared to NDM with these markers in the two mouse models (Figure 2.7A, B).   

A ratio of related genes expressed in M1 (NOS2) and M2 (ARG1) was also used to 

measure macrophages polarization with qRT-PCR142.  At day 3, HMM was significantly M2 

polarized compared to NDM in both mouse models.  PMM was significantly M2 polarized in 

Balb/c mice and M2 trending in Hu-mice (Figure 2.7C).  Based on the cell staining, these results 

likely occurred from a greater M1 response in NDM compared to the decellularized materials 

considering the low M2 macrophage numbers previously shown at this timepoint (Figure 2.5, 

Figure 2.6).  By one week, only PMM was significant in Balb/c mice and upward trending in the 

Hu-mice compared to NDM (Figure 2.7C).  Therefore, notably only PMM elicited a significant 
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Th2 polarization in the Hu-mice and a significant M2 polarization in the Balb/c mice compared to 

NDM while HMM was not significant compared to either PMM or NDM at one week.   
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Figure 2.7: Gene expression ratios of T-helper cell and macrophage polarization. qRT-PCR was 

utilized to determine the degree of polarization of macrophages and T-helper cells at day 3 and 

one week in Balb/c and Hu-mice.  (A) T-helper cell polarization of Th2/Th1 was measured as 

fold change ratio of GATA3/TBX21 gene expression.  (B) A separate human T-helper cell 

polarization was measured as fold change ratio of CRTH2/CCR5 gene expression.  (C) 

Macrophage polarization of M2/M1 was measured as a fold change ratio of ARG1/NOS2 gene 

expression.  (*p<0.05, **p<0.01, ***p<0.001). 
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2.3 Discussion  

In this study, we investigated the ability of a humanized mouse (Hu-mice) model, which 

had previously been shown capable of rejecting xenogeneic tissue via a human T-cell mediated 

immune response128, to differentiate between allogeneic and xenogeneic decellularized ECM.  

We tested a xenogeneic biomaterial sourced from porcine myocardial matrix (PMM), which was 

developed as a therapy for treating hearts post-myocardial infarction130.  Similarly, a material 

derived from human cadaveric donor hearts (HMM) was produced as an allogeneic 

alternative132.  The Hu-mouse model showed significant differences in the immune response to 

the allogeneic and xenogeneic materials that differentiated from a wild type animal model, 

suggesting that the Hu-mouse model could be an advantageous tool in studying the 

biocompatibility of tissue-derived materials and in vivo human immune cell responses.   

Investigation of the infiltrating cells showed significant differences in cell densities found 

in the core of xenogeneic PMM compared to allogeneic HMM material in the Hu-mice.  Greater 

human cell infiltration was observed at one week during the mid-phase immune response, while 

human cell interaction was similar at the earlier time point.  Further evaluation of the infiltrating 

cells determined that the early day 3 response consisted mainly of M1 (iNOS+) macrophages 

and cytotoxic T-cells (CD3+, CD8+).  These numbers decreased by one week with very few 

cytotoxic T-cells, and instead predominantly M2 macrophages (CD206+) and T-helper cells 

(CD3+, CD4+) were present.  In contrast, the nondecellularized myocardial matrix (NDM) 

predominantly contained infiltration of M1 macrophages and cytotoxic T-cells throughout the 

study.  This dynamic shift for the decellularized materials mimics the native wound healing 

response143, suggesting that these materials could stimulate similar mechanisms when inducing 

tissue repair120, 131.  Infiltration of T-helper cells was particularly distinct in PMM compared to 

HMM, which has a critical role in supporting a pro-regenerative response to biomaterial 

therapies134.  This significantly different response was only observed in the Hu-mouse model 
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potentially because both PMM and HMM are xenogeneic in the Balb/c, leading to similar levels 

of T-helper cells and macrophage infiltration. 

Gene expression of cell specific markers were utilized to further characterization cell 

phenotypes towards pro-inflammatory and pro-remodeling subtypes.  T-helper subtypes were 

assessed by cell-specific gene expression ratios towards pro-inflammatory Th1 or pro-

remodeling Th2 phenotypes, respectively.  This expression is directly correlated with separate 

phenotypes involving the production of IL-2 and interferon-γ (IFNγ) for Th1 and IL-4, IL-5, and 

IL-10 for Th243.  Similarly, polarized macrophages were assessed towards the pro-remodeling 

M2 or pro-inflammatory M1 phenotype142, 152.  M1 macrophages are known to produce 

inflammatory cytokines of TNF, IL-6, and IL-1β with high levels of IL-12 and IL-23, and low 

levels of IL-10. Whereas, the M2 polarized macrophages have low levels of IL-12 and IL-23 with 

high levels of IL-10141.  Early T-cell and macrophage response to the decellularized materials 

was Th1 and M2 polarized, respectively, which corresponded with low T-helper cell and lesser 

M1 macrophage densities from the cell staining analysis.  At one week, only PMM was 

significantly shifted towards the Th2 phenotype and trending towards a M2 polarization 

compared to NDM in the Hu-mouse model.  In contrast, both PMM and HMM were Th2 and M2 

polarized in the Balb/c mouse at one week.  However, analysis of macrophage cell densities for 

HMM in the Hu-mice supported that they were similarly more polarized towards a pro-

remodeling state.  This difference in the magnitude of M2 macrophage polarization measured by 

qRT-PCR could be due to the lesser presence of T-helper cells in HMM supporting the M2 

macrophage phenotype134. 

Potentially, these results could suggest that allogeneic materials elicit lesser human T-

helper involvement in the immune response, which reduces immunological concerns, but can 

also its limit pro-regenerative capability.  However, it should be considered that limitations of the 

allogeneic tissue source might be responsible for these results.  The efficacy of tissue 

decellularization, tissue source age, and cross-linking are crucial parameters that can 
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significantly impact the host response153.  For fabrication of the HMM material, older human 

cadaver hearts were utilized that required additional processing steps such as lipid removal and 

DNase/RNase treatment132.  Older ECM is known to shift in composition113, stimulate a lesser 

pro-remodeling macrophage response154, and undergo increased cross-linking and fibrosis155, 

which could create less ideal material properties for stimulating tissue repair.  Likewise, 

additional processing steps were required to remove greater adipose tissue commonly found on 

older human myocardium and reduce nucleotide content to similar acceptable standards for 

therapeutic applications as the PMM material132.  These steps could unintentionally strip 

important biological factors from the material.  Previous assessment found that HMM did 

maintain a complex ECM protein composition with many similar material properties to PMM, 

though there was notably less sulfated glycosaminoglycan content132, 156.  As the immune 

response is mediated by a multitude of cytokine signaling pathways, decreased sGAG content 

could reduce retention of endogenous chemoattract ant factors and limit the anti-inflammatory 

response elicited by HMM157.  Although it could be hypothesized that young human hearts could 

provide an improved allogeneic scaffold, this is not a viable strategy considering the immediate 

need for young healthy human hearts for surgical transplantation, prevalence of cardiac 

diseases158, and general shortages of healthy human organs159.  Therefore, these shortcomings 

could be considered inherent restrictions of cardiac tissue derived allogeneic materials.   

These results also demonstrate the insufficiency of immunocompromised NSG mice in 

modeling the response to biomaterials.  There was significantly less cellular infiltration in NSG 

animals compared to immunocompetent Balb/c animals. Macrophages are present in both 

animal models, but T-cells are not present in the NSG mice.  Therefore, macrophages alone are 

not sufficient to produce a full immune response to these materials.  This is not surprising since 

the more severe xenogeneic tissue rejection has been shown to be largely a T-cell mediated 

response and involves the subsequent activation of macrophages127, 128.  Thus, this raises 



54 

 

concerns utilizing immune compromised animals in studies when a naturally derived material is 

used. 

Although these results demonstrate the potential utility of this model, important 

limitations should be considered for further studies.  One limitation of the Hu-mouse model that 

should be considered is the inability to measure the role of certain xenogeneic specific epitopes, 

including the anti-Gal epitope, which is involved in xenogeneic tissue rejection in humans128.  

For processed xenogeneic acellular materials, which have dramatically lower levels of the 

alpha-Gal epitopes similar to the materials used in this study, this has not been shown or been 

proven to cause adverse reactions in human patients153.  Concerns regarding the potential 

influence of these epitopes could be addressed by evaluating epitope presence in the material, 

as done in this study, or perform additional tests in knockout mice of these epitopes160.  The 

observed lack of human macrophage involvement compared to the larger population of mouse 

macrophages also limits the model’s capability to mimic this component of the human immune 

response.   

Despite these limitation, human T-helper cells in the Hu-mouse model were able to 

distinguish between these biomaterials, which could indicate increased sensitivity to variations 

between xenogeneic versus allogeneic ECM or potentially other variables such as ECM age 

and material processing.  The different responses suggested that the xenogeneic PMM is more 

favorable for eliciting a pro-remodeling immune response compared to the allogeneic HMM 

material, and supports its use in human trials.  This study also demonstrates the utility of the 

Hu-mouse model for biomaterial testing, providing initial biocompatibility and evaluation of the 

immune response.  With additional variables known to influence the immune response such as 

differences in the delivery method, location of implantation, and initial inflammatory state of the 

implantation site, there is much more potential utility with this model for evaluating the human 

immune cell response to biomaterial therapies.  These results also warrant further mechanistic 

studies to improve our understanding of important human immune cell pathways to stimulate 
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biomaterial induced tissue repair.  Future improvements being tested in Hu-mice models such 

as earlier maturation of B-cell populations before xenogeneic graft-versus-host disease 

becomes a concern could allow for assessment of human humoral response to biomaterial 

implants161, 162.  These results, therefore, convey that testing a xenogeneic biomaterial in 

preclinical studies in a wild type or immunocompetent animal could be sufficient for assessing 

biocompatibility.  However, a wild type rodent model is likely to be insufficient to test a human 

derived, allogeneic material, and the Hu-mouse model provides a more thorough model of the 

human T-cell response to these materials.  Collectively, our results with the Hu-mouse model 

demonstrate the importance of pursuing more representative preclinical models in the 

biomaterials field for confirming biocompatibility and improving our understanding the human 

cell response to biomaterial therapies.    
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2.4 Methods and Materials 

2.4.1 Fabrication of PMM, HMM, and NDM 

Stocks of porcine derived non-decellularized (NDM), acting as a pro-inflammatory control, 

and decellularized myocardial matrix (PMM) along with human myocardial matrix (HMM) were 

created, developed and characterized according to established protocols as previously 

described71, 130, 132.  From the ECM powder stocks, ECM material was partially digested with 

pepsin into a liquid form as previously described130, 132.  Material aliquots were lyophilized and 

stored at -80°C until re-suspending with sterile water prior to injection.   

 

2.4.2 Hydrogel Characterization 

Immunohistochemistry was performed on the porcine derived material to assess removal 

of the alpha-gal epitope.  Freshly isolated porcine left ventricular tissue, decellularized porcine 

myocardium, and porcine myocardial matrix hydrogels were fresh frozen in OTC for 

cyrosectioning.  Sections (20 µm) were mounted onto glass slides, fixed in 4% 

paraformaldehyde for 10 minutes and permeabilized in acetone for 1.5 min.  Slide samples were 

either stained with hematoxylin and eosin (H&E) or prepared for immunohistochemistry.  

Samples were blocked with a buffered solution containing bovine serum albumin (BSA) and 

stained for at least 12 hours at 4°C with M86 anti-alpha-gal (1:10, Enzo Life Sciences, 

Framingdale, NY) followed by incubation for 30 minutes with secondary anti-mouse Alexa Fluor 

488 antibody (1:100, Life technologies, Carlsbad, CA)163.  Hoechst 33342 was used to stain 

nuclei.  Slides were imaged with a Carl Zeiss Observer D1 and Zeiss AxioVision SE64 software 

(Carl Zeiss, Jena, Germany).  
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2.4.3 Humanized Mouse Model  

All experiments in this study were performed in accordance with the guidelines 

established by the committee on Animal Research at the University of California San Diego, and 

the American Association for Accreditation of Laboratory Animal Care.   

NOD.Cg-PrkdcscidII2rgtm1wjl/SzJ (NSG) (The Jackson Laboratory) mice of 6-10 weeks of 

age after conditioning with sublethal (2.25 Gy) total body irradiation underwent the following 

procedure, as previously described, to create the humanized mouse model (Hu-mice) 126.  First, 

the mice were transplanted under the kidney capsule with a piece of human fetal thymic tissue 

of about 1 mm3 that had been previously frozen.  Next, the animals were transfused 

intravenously with 1-5 x 105 human CD34+ fetal liver cells from the same patient donor.  Human 

fetal tissue, from Advanced Bioscience Resource, with gestational ages of 17-20 weeks was 

utilized.   

 

2.4.4 Biomaterial Injection and Harvesting  

Animals were briefly put under anesthesia using either 2.5% isoflurane or via injection 

with ketamine and xylazine.  Each mouse was injected with only one type of biomaterial and 

received four 250 μL evenly spaced subcutaneous injections in the dorsal region.  Each 

injection was premixed with 0.5 μL of sterile india ink to visually label the matrices for ease of 

identification upon harvesting.  The injections, along with neighboring dermal tissue, were 

harvested three days and 1-week later.  Injections were divided in half for either freezing in OCT 

for histological and immunohistochemistry (n=8-16) analysis, and the other half was flash frozen 

immediately in liquid nitrogen for processing for qRT-PCR analysis (n=8-12).  Injections were 

performed in Hu-mice, and male wild-type Balb/c (Jackson Laboratories and Harlan 

Laboratories, respectively) that were age matched for comparison with a wild type immune 

system.     
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2.4.5 Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) 

Flash frozen tissue samples were homogenized and then run through an RNEasy kit 

(Qiagen, Germantown, MD) along with an on-column DNase digestion step (Qiagen) to extract 

RNA with minimal genomic DNA contamination.  Superscript III Reverse Transcriptase kit 

(Applied Biosystems, Foster City, MA) was used to synthesize cDNA.  Then, SYBR Green PCR 

Master Mix (Applied Biosystems) was used with forward and reverse primers at a final 

concentration of 1 µM.  Primers for T-helper cells were designed as mouse or human specific 

for analyzing Balb/c and Hu-mice samples, respectively, with lack of amplification with human 

primers confirmed in mouse samples.  Primers included: mouse ARG1 (F: 5’-

GAACACGGCAGTGGCTTTAAC-3’, R: 5’-TGCTTAGTTCTGTCTGCTTTGC-3’), mouse NOS2 

(F: 5’-CAGCTGGGCTGTACAAACCTT-3’, R: 5’-CATTGGAAGTGAAGCGTTTCG-3’), mouse 

GATA3 (F: 5’- CTCGGCCATTCGTACATGGAA-3’, R: 5’- GGATACCTCTGCACCGTAGC-3’), 

mouse TBX21 (F: 5’-AGCAAGGACGGCGAATCTT-3’, R: 5’-GGGTGGACATATAAGCGGTTC-

3’), human GATA3 (F: 5’-CGGCATCTGTCTTGTCCCTA-3’, R: 5’-

ATGCACGCTGGTAGCTCATA-3’), human TBX21 (F: 5’-ACAGCTATGAGGCTGAGTTTCGA-

3’, R: 5’-GGCCTCGGTAGTAGGACATGGT-3’), human CRTH2 (F: 5’-

CCCTCTGGGCACTGGTAATC-3’, R: 5’-CAGGTGGAGGAATGAGACGG-3’) , human CCR5 (F: 

5’-CAAAAAGAAGGTCTTCATTACACC-3’, R’: 5’-CCTGTGCCTCTTCTTCTCATTTCG-3’), and 

GAPDH (F: 5’-CATCAAGAAGGTGGTGAAGC-3’, R: 5’-GTTGTCATACCAGGAAATGAGC-3’).  

Samples were run in technical duplicates along with negative controls without template cDNA to 

confirm lack of contamination in PCR reagents.  PCR reactions were run on a CFX95TM Real-

Time System (Biorad, Hercules, CA) with the following thermal cycler settings: 2 min at 50°C, 10 

min at 95°C, 40 cycles of 15s at 95°C, and 1 min at 60-65°C based on pre-determined optimal 

primer efficiency amplification temperature.  After completing 40 cycles of PCR amplification, 

automated melting curve analysis, consisting of increasing the thermal cycler temperature from 

50°C to 95°C at 5°C increments lasting 5s each, was used to confirm formation of a singular 
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PCR amplicon for each primer set.  Bio-Rad CFX ManagerTM 3.0 (Biorad) was used for 

determining cycle threshold (ct) values from recorded SYBR green signal.  

Gene expression ratios for assessing immune cell response polarization were calculated 

by modification of methods by Livak et al. for relative gene expression analysis164.  The Δct was 

calculated between representative genes for either macrophage or T-helper cell polarized 

phenotypes.  Fold change was then determined by 2-(Gene 1 – Gene 2) and normalized to fold change 

of corresponding NDM ratios for comparison.  Ratios of ARG1/NOS2 and GATA3/TBX21 were 

selected to quantify macrophage and T-helper cell polarization, respectively, with CRTH2/CCR5 

specifically for assessment of human T-helper cells.  GAPDH values were determined to 

confirm consistent loading between PCR reactions.     

 

2.4.6 Histology and Immunohistochemistry  

Fresh frozen tissue in OCT were cryosectioned to obtain a transverse section of the 

biomaterial and neighboring dermal tissue.  Cryosections from three different evenly spaced 

locations were used for all immunohistochemistry.  Slides were fixed with acetone or 4% 

paraformaldehyde and blocked with a buffered solution containing bovine serum albumin, goat 

serum and/or donkey serum based on the optimized antibody protocol.  The following primary 

antibodies were incubated for 1 hour at room temperature or for 12-18 hours at 4°C: anti- F4/80 

(1:200 dilution, eBiosciences, San Diego, CA), anti-iNOS (1:50 dilution, Abcam, Cambridge, 

MA), anti-CD206 (1:50 dilution, Santa Cruz, Dallas, TX), anti-mCD3 (1:100 dilution, Abcam), 

anti-mCD4 (1:200 dilution, Bioss, Woburn, MA), anti-mCD8 (1:200 dilution, Bioss), anti-human 

nuclei (1:250 dilution, Millipore), anti-hCD3 (1:50 dilution, Abcam), anti-hCD4 (1:50 dilution, 

Becton Dickinson, Franklin Lakes, NJ), anti-hCD8 (1:500 dilution, Becton Dickinson).  The 

following secondary antibodies were incubated for 30-45 minutes at room temperature: anti-rat 

Alexa Fluor 568 (1:250 dilution), anti-rabbit Alexa Fluor 488 (1:500 dilution), anti-mouse Alexa 

Fluor 488 (1:500 dilution), anti-rat Alexa Fluor 488 (1:400 dilution), anti-rabbit Alexa Fluor 568 
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(1:200 dilution), and anti-rabbit Alexa Fluor 647 (1:200 dilution).  Bright field images were taken 

with Leica Aperio ScanScope® CS2 and fluorescent images with the Leica Ariol® system 

(Leica).  Cellular density and human nuclei quantification were done via an automated counting 

program as part of the Leica Ariol® system and confirmed with a custom MATLAB script 

(Mathworks, Natick, MA).  Macrophage and T-cell co-staining quantification was done via 

custom MATLAB scripts.  Biomaterial outline was drawn based on initial brightfield scans that 

was translated to subsequent fluorescent scans on the Ariol® system and core of the 

biomaterial determined as 200 μm interior to the designated biomaterial outline based on a 

custom MATLAB script.    

 

2.4.7. Statistics  

All data and plots are presented as mean ± SEM.  Significance was determined with a 

one-way ANOVA using a Tukey post-hoc test for histology and qRT-PCR data, and an unpaired 

student’s t-test with a p<0.05.   
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CHAPTER 3: Mast Cells Contribute to the Immunomodulatory Effect of the Biomaterial 

Microenvironment in a Gender Specific Manner 

3.1 Introduction 

Regulation of the immune response contributes to the severity and outcomes in various 

disease conditions, and bioactive immunomodulatory biomaterials have shown promise for 

influencing these responses towards a favorable resolution.  In this study, we investigated the 

role of mast cells in the regulation of immune microenvironment response to biomaterial 

scaffolds.  Therapies that stimulate endogenous tissue repair such as decellularized 

biomaterials derived from isolated tissue extracellular matrix (ECM) are known to induce these 

effects based on immunomodulatory mechanisms3.  Although this immunomodulatory influence 

has been rigorously evaluated with macrophage and T cell populations, potential contribution of 

mast cells to the immunomodulatory effect of naturally derived materials has been understudied.  

Notably, myocardial matrix hydrogel delivery in a rat ischemia reperfusion model showed a 

significantly increased presence of tryptase+c-kit+ mast cell presence in myocardial matrix 

treated hearts compared to saline controls along with improved cardiac function, reduced 

fibrosis, and immunomodulation towards an anti-inflammatory/pro-remodeling response4.  Mast 

cells in the injured hearts when untreated are largely overlooked due to their limited numbers 

compared to other immune populations5 or considered detrimental with studies limiting 

degranulation or removing mast cell presence in ischemia reperfusion models leading to 

improved outcomes6, 7.  However, as efficacy and safe immunological interaction of myocardial 

matrix hydrogels has extensively evaluated in murine4, 8, porcine9, and humanized mice 

models10 along with safe deployment in human patients11, these results suggest the observed 

increase of mast cell presence does not negatively contribute to myocardial matrix treated 

cardiac remodeling.  As various immune cells are known to take on different phenotypic states 

based on stimuli, alternative stimuli could promote beneficial mast cell contribution12.  Therefore, 

we explored the role mast cells play in regulation of induced immunomodulatory responses, 
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demonstrating its critical regulatory contribution to the pro-inflammatory to pro-remodeling 

transition that deviates in a gender specific manner.   

In comparison to the study of macrophages and T cells described in Chapter 2, mast 

cells are an understudied cell population, in particular, from the biomaterials field, despite its 

capabilities to strongly influence the immune response.  This limited scope of study likely stems 

from their difficulty to work with, lack of cell specific secreted factors, limited numbers in vivo, 

and various functions that have been demonstrated for this cell type.  To address these issues, 

we utilized a mast cell knockout model and rescue model to determine mast cell specific 

contributions to the immune response to an injectable ECM biomaterial scaffold.  In mast cell 

knockout mice, dysregulation of the expected M1 to M2 macrophage transition from the 

immunomodulatory effect of an ECM derived biomaterial scaffold was observed.  Polarization 

progression deviated in a gender specific manner with an early transition to an M2 profile in 

female mice, while the male response was unable to properly transition past a pro-inflammatory 

M1 state, that were both reversed with mast cell adoptive transfer.  Further investigation of the 

later stage immune response in male mice determined a maintained pro-inflammatory gene 

expression profile, particularly consisting of members from the IL-1 cytokine family and related 

downstream pathways.  As mast cells are mainly associated with detrimental pro-inflammatory 

outcomes for biomaterial scaffolds, these results demonstrate their contribution to induced 

immunomodulatory therapies and support their potential as a critical immune regulatory element 

that can be manipulated for stimulating endogenous tissue repair. 

 

3.2 Results 

The immune response is known to have a necessary role in tissue homeostasis, 

remodeling, and repair, and our understanding of the involved immune populations and their 

phenotypic state improves our capacity to treat adverse disease conditions.  Mast cells are 

tissue resident granulocytes classically associated in host defense, proinflammatory responses 
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and various immune disorders165.  The granules of mast cells are known to contain a variety of 

immune mediators demonstrated to contribute to pathological responses such as allergic 

reactions, inflammatory cell recruitment166, and fibrosis167.  While mast cells are also known to 

secrete a plethora of pro-remodeling/anti-inflammatory cytokines that are relevant for tissue 

repair, their role in tissue regenerative therapies has not been studied. 

Biomaterial scaffolds that influence the immune response are emerging as a viable 

clinical strategy for tissue repair and regeneration168. Although this immunomodulatory influence 

associated with improved tissue outcomes has been rigorously evaluated with macrophage169, 

170 and T cell populations171, 172, potential contribution of mast cells to the immunomodulatory 

effect of naturally derived biomaterials has been largely ignored.  Studies have mainly just 

evaluated shifts in mast cell numbers associated with biomaterial deployment, though their 

general low numbers in tissue make it difficult to determine conclusive results from this 

approach173, 174.  Early studies with synthetic materials have focused on their functional role and 

mainly produced results characteristic of a classical mast cell phenotype highlighting 

contributions to early acute inflammatory cell infiltration166, and fibrous capsule formation175.  

From a general tissue disease perspective, several studies have similarly emphasized their 

detrimental role to tissue remodeling outcomes176-178.  However, research has also produced 

confounding results179-182 or evidence of their beneficial contributions to select cases of native 

tissue repair or inflammatory resolution180, 183, 184, suggesting a greater functional complexity and 

potential to be utilized in therapeutic design.  Based on recent evidence suggesting that mast 

cells can have beneficially influences on native tissue remodeling outcomes, we explored the 

role mast cells play in regulation of biomaterial scaffold-induced immunomodulatory responses, 

demonstrating its critical regulatory contribution to the pro-inflammatory to anti-

inflammatory/pro-remodeling transition that deviates in a gender specific manner.   

Given the recent clinical and rapidly expanding pre-clinical use of decellularized 

biomaterials derived from isolated tissue extracellular matrix (ECM), which are known to induce 
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these effects based on immunomodulatory mechanisms169, 171, 172,we chose to evaluate this 

class of biomaterial scaffold in KitW-sh mast cell knockout mice. In particular, we used an 

injectable hydrogel form of myocardial matrix, which was previously shown to be 

immunomodulatory185, 186 and recently progressed through a Phase I clinical trial in post-

myocardial infarction patients187. To study the influence of mast cells on the response to 

biomaterial scaffolds, we subcutaneously injected the ECM hydrogel into the dorsal region of 

male and female KitW-sh mast cell knockout mice and compared the recruitment of surrounding 

immune cell populations to wild-type C57BL6/J mice.  Day 1 isolated subcutaneous injections 

showed mast cell presence at low cellular density as early as day 1 post-injection.  Mast cells 

were non-degranulated or minimally degranulated based on toluidine blue staining while 

knockout mice showed no mast cell presence in the material or throughout the skin (Figure 

3.1A, B).   
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Figure 3.1: ECM scaffold promotes early immune cell infiltration with or without mast cells.  

Representative images of toluidine blue staining of myocardial matrix hydrogel (green outlined 

with asterisk where material is present) and neighboring dermal tissue in wild-type (A) and 

knockout (B) mice at day 1 post-injection.  Mast cells can be found as early as day 1 showing 

lack of or minimal degranulation (black arrow).  Representative fluorescent images of injected 

biomaterial (white outlined with asterisk) with Ly-6G/Ly-6C+ neutrophil (C) and F4/80+ pan-

macrophage staining (D) in green, and Hoechst nuclei counterstain in blue.  Quantification of 

total nuclei (E, F), neutrophil (G, H) and macrophage (I, J) density at one and three days post-

injection for male and female wild-type (green) and knockout (red) mice. Scale bar of 50 µm in 

toluidine blue (A-B) and fluorescent images (C, D, G, H).  (*p < 0.05, **p < 0.01, ***p < 0.001 

and ****p < 0.0001).   
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Figure 3.2: Mast cell presence in and/or around ECM injections. Representative images of 

toluidine blue staining of (A, B) ECM hydrogel scaffold and (C, D) milled urinary bladder matrix 

(material outlined in green with asterisk on side where material is present) and neighboring 

dermal tissue in male wild-type 3 days post-injection.  Mast cells staining is indicated by a black 

arrow.  Scale bar is 200 µm.  

 

Similar characteristics of mast cells along with greater inward infiltration were observed 

for the ECM scaffold isolated at 3 days post-injection (Figure 3.2A, B).  Comparison with 

subcutaneous injection of milled urinary bladder matrix showed a similar non-degranulated state 
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of mast cells bordering the material at day 3 post-injection demonstrating that these 

observations were not specific to the ECM hydrogel (Figure 3.2C, D).   Quantification of total 

cellular infiltration into the ECM hydrogel scaffold along with staining for Ly-6G/Ly-6C+ neutrophil 

(Figure 3.1C) and F4/80+ macrophage populations (Figure 3.1D) showed similar or greater 

infiltration in knockout mice compared to wild-type mice (Figure 3.1E-J).  These results contrast 

with those observed with implanted synthetic materials where mast cell knockout led to 

decreased infiltration of macrophages and neutrophils166, which mast cells are known to 

normally support through release of histamine, causing vasodilatation and increased vascular 

permeability, and chemokines. In vitro assessment of interaction of differentiated bone marrow 

derived FcƐRI+c-kit+ mast cells with the ECM hydrogel solution at non-gelling concentrations in 

comparison to collagen and media only controls showed higher alamarBlueTM readings 

conveying matrix interaction enhanced mast cell viability (Figure 3.3). 

 

Figure 3.3: Increased mast viability with ECM doped into media.   Four week differentiated bone 

marrow derived mast cells were incubated ECM hydrogel material, collagen or culture media 

control.  AlamarBlueTM fluorescent readings were taken at 0, 2, 4, and 8 hours following plate 

set-up (n = 4 per group).  (*p < 0.05, **p < 0.01, ***p < 0.001).    
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As ECM scaffold injection allowed for cellular infiltration similar to wild-type mice despite 

the lack of mast cells (Figure 3.1), a screen of immune cell populations and polarized 

phenotypes through flow cytometry and gene expression markers was utilized to assess if these 

infiltrating cells were affected by loss of regulatory contributions from mast cells.  Transient 

polarization of immune cells from a pro-inflammatory to a pro-remodeling phenotype is a 

characteristic of wound healing responses49, 170, 188 and the immunomodulatory effect of ECM 

scaffolds promotes this transition172, 189.  Macrophage polarization assessment based on ratio of 

M2 pro-remodeling and M1 pro-inflammatory phenotypic markers in male mice showed a 

significant lack of polarization shift towards M2 for mast cell knockout mice at day 11 post-

injection that was observed in wild-type mice (Figure 3.4A) and in previous studies186.   



70 

 

 

Figure 3.4: Transition from a pro-inflammatory to pro-remodeling macrophage and cytokine 

immune profile is dysregulated in a gender specific manner.   Flow cytometry quantification for 

macrophages polarization based on a ratio of CD206+ M2 versus CD86+ M1 macrophage 

counts was assessed at three, seven, and eleven days post-injection between wild-type (green), 

knockout (red), and rescue (blue) male (A) and female mice (B).  Relative gene expression 

normalized to wild-type expression at day 11 in male mice measured by qPCR for (C) Il1b, (D) 

Il33, and (H) Cd206 relative to housekeeping gene, Gapdh.  (F) Gene expression ratio of Il1b to 

receptor antagonist, Il1rn.  (G) Relative gene expression at day 3 in female mice measured by 

qPCR for Nos2 relative GAPDH housekeeping gene. # indicates significance relative to wild-

type expression, * conveys significance between knockout and rescue, and gene expression 

plotted as mean ± SEM.  (#p < 0.05, ##p < 0.01, ####p < 0.0001, *p < 0.05, and **p < 0.01).   
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To confirm that this shift was mast cell specific, mast cell rescue mice where adoptive 

transfer of bone marrow derived mast cells differentiated in vitro were delivered subcutaneously 

into knockout mice to reconstitute the local resident mast cell population were similarly 

assessed190.  These mice showed a restoration of the M2 shift, which was significant to the 

knockout group (Figure 3.4A).  Assessing the individual percentages of M2 and M1 

macrophages showed similar percentages of M2 and M21 macrophages (Figure 3.5A, G) for 

the wild-type and knockout mice while a higher relative number of M1 macrophage was present 

in knockout mice at the day 11 (Figure 3.5E).  Notably, addition of mast cells in the rescue mice 

had a significantly greater percentage of M2 macrophages compared to knockout mice.  This 

result further supports an alternative mast cell phenotype from ECM scaffold interaction as 

opposed to a classically activated phenotype that would promote greater M1 macrophage 

presence.  In contrast, female mice showed an M2 dominant presence at the early day 3 

timepoint with significant results based on count ratios (Figure 3.4B), which arose from a higher 

relative percentage of M2 macrophages (Figure 3.5D) and not from differences in M1 or M21 

macrophage percentages (Figure 3.5F, H).  The early observation of a M2 dominant response 

could result from influences of female hormones such as estrogen, which has been 

demonstrated to accelerate resolution of pro-inflammatory responses191.  Furthermore, female 

hormones are known to influence mast cell activation contributing to the enhanced host defense 

and greater incidents of autoimmune disease in females165, 192.  Notably, there were no changes 

in either gender in total macrophage numbers (Figure 3.5A, B) and other assayed populations 

including T-cells subpopulations (Figure 3.6), B cells (Figure 3.7), dendritic cells (Figure 3.8), 

and mast cells (Figure 3.9).  Thus, the results stemmed from phenotypic changes in immune 

cell polarization versus differences in general immune cell numbers between models.   
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Figure 3.5: Flow cytometry of total and macrophage polarized subpopulations.  Percentages of 

total F4/80+ macrophages relative to live cells (A, B), and CD206+ M2 (C, D), CD86+ M1 (E, F) 

and co-expressing CD206+CD86+ M21 (G, H) macrophages relative to total macrophages at 

three, seven, and eleven days post-injection between wild-type (green), knockout (red), and 

rescue (blue) male (A, C, E, G) and female mice (B, D, F, H). 
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Figure 3.6: Flow cytometry of total T cells and differentiated subpopulations.  Percentages of 

total CD3+ T cells relative to total live cells (A, B), and CD4+ T-helper (Th) cells (C, D), 

CD4+FOXP3+ regulatory T (Treg) cells (E, F) and CD8+ cytotoxic T (Tc) cells (G, H) relative to 

total T cells at three, seven, and eleven days post-injection between wild-type (green), knockout 

(red), and rescue (blue) male (A, C, E, G) and female mice (B, D, F, H). 
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Figure 3.7: Flow cytometry of B-cells. Percentages of CD19+ B cells relative to total live cells at 

three, seven, and eleven days post-injection between wild-type (green), knockout (red), and 

rescue (blue) male (A) and female mice (B). 

 

 

Figure 3.8: Flow cytometry of Dendritic Cells. Percentages of CD11c+F4/80- dendritic cells 

relative to total live cells at three, seven, and eleven days post-injection between wild-type 

(green), knockout (red), and rescue (blue) male (A) and female mice (B). 
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Figure 3.9: Flow cytometry of Mast Cells. Percentages of CD117+FcƐRI+ mast cells relative to 

total live cells at three, seven, and eleven days post-injection between wild-type (green), 

knockout (red, not present), and rescue (blue) male (A) and female mice (B). 

 

A gene expression screen of select pro-inflammatory and pro-remodeling/anti-

inflammatory markers between the wild-type and knockout group showed only a significant 

increase in anti-inflammatory Il38 in knockout compared to wild-type at day 3 post-injection 

(Figure 3.10A).  At day 11 when significant shifts based on flow cytometry were observed, 

significant differences in the IL-1 family including increases in pro-inflammatory Il1b, and anti-

inflammatory Il33 expression, and a decrease in Il38 (Figure 3.10B).   
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Figure 3.10: Screen of knockout versus wild-type gene expression in male mice.  qPCR results 

of pro-inflammatory versus pro-remodeling immune markers at day 3 (A) and day 11 (B) in male 

mice.  Fold change and significance of knockout mouse sample gene expression was 

normalized relative to wild-type gene expression.  Gene expression plotted as mean ± SEM. 

(ND = not detected, value displayed for trend p < 0.1, *p < 0.05, **p < 0.01, and ****p < 0.0001).   
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Further comparison with rescue mice showed that increased expression of Il1B relative 

to housekeeping gene, Gapdh, and IL-1 receptor antagonist, Il1rn, and Il33 in knockout mice 

were reversed in the rescue mice supporting mast cell influence on the IL-1 cytokine family 

response (Figure 3.4E, D, F).  Although IL-33 is a type 2 T-helper cell associated cytokine, lack 

of increased gene expression of associated cytokines, Il4 and Il13, suggests an overall pro-

inflammatory profile driven by increased expression Il1b and decreased expression of Il38 

(Figure 3.10B).  Notably, expression of Cd206 was significantly upregulated in rescue mice 

compared to wild-type controls, matching previous flow cytometry results of an increased M2 

macrophage transition from mast cell interaction with the ECM scaffold (Figure 3.4E, Figure 

3.5C).   

Similar assessment for female mice at day 3 when dysregulation of macrophage 

polarization was observed by flow cytometry (Figure 3.4B) determined only a significant 

upregulation of M1 marker Nos2 in knockout mice compared to wild-type that was reversed in 

rescue mice (Figure 3.4G, 3.11).   
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Figure 3.11: Screen of knockout versus wild-type gene expression in female mice.   qPCR 

results of pro-inflammatory versus pro-remodeling immune markers at day 3 in female mice.  

Fold change and significance of knockout mouse sample gene expression was normalized 

relative to wild-type gene expression.  Gene expression plotted as mean ± SEM.  (ND = not 

detected, value displayed for trend p < 0.1, *p < 0.05, **p < 0.01).   

 

Though this result could be considered contradictory to the flow cytometry results 

suggesting a greater M2 profile at this timepoint (Figure 3.4B), studies on the influence of 

female hormones have shown specific upregulated expression of Nos2193, 194, potentially 

suggesting the known interaction of mast cell with female hormones helps to regulate these 

responses195.  Overall, loss of mast cells in male mice inhibited pro-inflammatory to pro-

remodeling transition of macrophage and cytokine profiles, while this transition was accelerated 

in female mice.   

There are known limitations to summarizing the immune response with a few selected 

markers as a wide array of immune cell populations and cytokine mediators are known to 

influence the immune response.  Thus, a more comprehensive multiplex analysis was carried 
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out through a Nanostring panel directly probing the RNA molecular content for 561 of immune 

related targets.  Day 11 male mouse samples were assessed as results supported a lack of pro-

inflammatory resolution in knockout mice at this timepoint.  PCA analysis showed that the 

majority of wild-type and rescue samples clustered together.  Knockout samples were mostly 

separately grouped and not tightly clustered conveying increased variance due to removal of 

regulatory influence from mast cells (Figure 3.12).  

 

Figure 3.12: Principal component analysis plot of Nanostring nCounter data.   PC1 (36.5% of 

variance) versus PC2 (13.7% of variance) of normalized gene expression based on the 

NanostringDiff package method with wild-type, w1-w8 (green triangles), knockout, k1-k8 (red 

circles), and rescue, r1-r8 (blue squares).   
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Figure 3.13: Heatmap of wild-type, knockout, rescue gene expression. Z-scores of Nanostring 
nCounter gene expression data normalized based on the NanostringDiff package method and 
displayed with pheatmap package in R.  Sample ID of wild-type (w1-w8), knockout (k1-k8), and 
rescue mouse sample (r1-r8) for male mice at day 11 post-injection.  Upregulated expression in 
red and downregulated in blue.   

 

Similarly, Z-score heatmap of normalized gene expression showed a differing profile of 

immune knockout samples compared to wild-type and rescue samples (Figure 3.13).  

Differential expression analysis of the knockout compared to the wild-type and rescue response 
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determined differentially upregulated genes for a host of pro-inflammatory cytokines (Il1b, Il6, 

Ifng, Tnf) and chemokines (Ccl3, Ccl4, Ccl7, Cxcl1, Cxcl3) (Figure 3.14, Table 3.1).   

 

Figure 3.14: Mast cell knockout in male mice maintains late pro-inflammatory response to 

biomaterial implantation while rescue restores immunomodulatory effects.  (A) Differential 
expression with dots indicating false discovery rate less than 0.05 (blue, red), absolute fold 
change greater than 1.5 (green, red) or non-significant (black).  Dashed lines indicating different 
significance thresholds (*q < 0.05, **q < 0.01, ***q < 0.001 and ****q < 0.0001).  Dot plot of top 
20 biological process GO terms based on differential expressed genes with a false discovery 
rate of q-value < 0.05 between the (B) knockout versus wild-type and rescue groups, and (C) 
the rescue versus the wild-type group.  GO terms were sorted by gene ratio with size 
representing total counts and color representing q-value. 
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Compensatory upregulation of anti-inflammatory markers such as Il33, Il10, Il19, and 

Cxcl10 was also observed, which are commonly occuring in cases of pathological tissue 

remodeling and foreign body responses196, 197.  Pairwise analysis showed similar pro-

inflammatory differential response profile between knockout with either wild-type or rescue 

expression.  As expected, mast cell marker, Fcer1a, was decreased compared to mast cell 

containing models (Figure 3.15, Table 3.2, 3.3).   
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Figure 3.15: Volcano plots of pairwise comparisons for knockout response.  Differential 

expression between knockout versus (A) wild-type and (B) rescue sample groups with dots 

indicating false discovery rate less than 0.05 (blue, red), absolute fold change greater than 1.5 

(green, red) or non-significant (black).  Dashed lines indicating different significance thresholds 

(*q < 0.05, **q < 0.01, ***q < 0.001 and ****q < 0.0001). 
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Figure 3.16: Volcano plot of pairwise comparison between rescue and wild-type sample.   

Differential expression of rescue sample versus wild-type with dots indicating false discovery 

rate less than 0.05 (blue, red), absolute fold change greater than 1.5 (green, red) or non-

significant (black).  Dashed lines indicating different significance thresholds (*q < 0.05, **q < 

0.01, ***q < 0.001 and ****q < 0.0001). 

 
 

Notably, differential expression of genes between the rescue and wild-type samples 

lacked several pro-inflammatory markers particularly associated with the IL1 cytokine family and 

mainly consisted of cellular processes, cell cycle, and migration markers (Figure 3.16, Table 

3.4).   
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Figure 3.17: Pathview of KEGG Gene Enrichment Analysis. Top 3 relevant enriched KEGG 

pathways.  (A) Cytokine-cytokine receptor interaction: mmu04060.  (B) IL-17 signaling pathway: 

mmu04657.  (C) TNF signaling pathway: mmu04668.  
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Figure 3.17: Pathview of KEGG Gene Enrichment. (continued) 

Gene enrichment analysis between the knockout versus the wild-type and rescue 

response through KEGG pathway analysis highlighted several pro-inflammatory pathways such 

as TNF, IL-17, and NF-κB, and cellular stress pathways such a necroptosis and apoptosis 

(Figure 3.17, Table 3.5).  Enrichment analysis through the top 20 GO terms similarly supported 

lack of transition from a pro-inflammatory to pro-remodeling response in the knockout with 

enrichment of pathways related to neutrophils, inflammatory responses and pro-inflammatory 

cytokines such as IL-6 and IL-1 (Figure 3.14B, Table 3.6).  In comparison, GO term analysis 

between the rescue versus wildtype response lacked these enriched inflammatory pathways 

instead highlighting pathways related to general immune cell proliferation, activation, regulation, 

and adhesion.  Ultimately, this comprehensive gene expression profiling demonstrated that 

mast cells play a role in the immunomodulatory transition from a pro-inflammatory to pro-
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remodeling response and support enhanced regulation of immune cellular processes for ECM 

based biomaterial scaffolds. 

 This study demonstrated that mast cells contribute to the dynamic immunomodulatory 

response to pro-regenerative biomaterial scaffolds.  Therapeutics targeting regulatory immune 

cell populations such as T cells have allowed for the creation and advancement of various 

immuno- and biomaterial therapies.  Our work suggests that attention and targeting to the 

immunoregulatory effects of mast cells could translate to further synergistic coordination of 

tissue remodeling responses for improved tissue regeneration therapies.  
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Table 3.1: Differential expression fold change and statistics of knockout to other groups for 

genes with false discovery rate < 0.05  

Gene logFC pvalue qvalue 

Bcl3 0.96 1.05E-04 1.34E-03 

Bst1 1.12 1.91E-04 2.18E-03 

Bst2 0.54 2.00E-03 1.69E-02 

Casp8 0.42 6.35E-05 9.15E-04 

Ccl2 1.90 1.15E-06 3.14E-05 

Ccl20 1.24 3.55E-03 2.59E-02 

Ccl3 2.00 3.42E-06 7.78E-05 

Ccl4 3.21 8.32E-06 1.69E-04 

Ccl7 1.76 2.57E-06 6.39E-05 

Cd24a 0.61 3.48E-03 2.57E-02 

Cd44 0.49 9.75E-05 1.27E-03 

Cd69 12.56 5.91E-05 8.74E-04 

Cd80 0.72 5.34E-04 5.61E-03 

Cd82 -0.39 3.22E-03 2.48E-02 

Cebpb 0.35 6.05E-03 4.14E-02 

Cfb 0.72 1.31E-04 1.60E-03 

Clec4e 2.65 2.43E-04 2.66E-03 

Csf3r 0.81 9.62E-04 8.92E-03 

Cxcl1 16.41 0.00E+00 0.00E+00 

Cxcl10 1.45 5.63E-03 3.90E-02 

Cxcl3 35.38 5.86E-12 6.72E-10 

Cxcr1 36.44 7.95E-04 7.76E-03 

Cxcr2 14.84 1.02E-07 4.00E-06 

Ddx58 0.52 6.51E-07 2.09E-05 

Defb14 2.65 3.60E-07 1.23E-05 

Ets1 0.36 2.61E-03 2.13E-02 

Fcer1a -5.26 5.77E-09 3.15E-07 

Fcgr1 0.97 1.38E-04 1.64E-03 

Hamp 13.87 6.40E-03 4.32E-02 

Hif1a 0.49 6.30E-04 6.27E-03 

Ifi204 0.89 3.68E-04 3.94E-03 

Ifi35 0.53 1.98E-05 3.73E-04 

Ifih1 0.42 3.28E-03 2.50E-02 

Ifit2 1.21 1.08E-06 3.12E-05 

Ifitm1 1.53 2.19E-05 4.00E-04 

Il10 12.91 6.13E-04 6.21E-03 

Il13ra1 0.72 1.15E-05 2.25E-04 

Il15ra 0.55 5.56E-03 3.90E-02 

Il19 29.11 0.00E+00 0.00E+00 

Il1a 0.78 1.65E-03 1.51E-02 

Il1b 3.50 6.56E-12 6.72E-10 

Gene logFC pvalue qvalue 

Il1r1 0.44 2.80E-05 4.79E-04 

Il1rl1 2.50 1.49E-09 1.02E-07 

Il1rl2 0.50 6.40E-06 1.35E-04 

Il1rn 0.38 3.74E-06 8.18E-05 

Il21r 48.62 1.35E-06 3.52E-05 

Il23a 27.90 2.75E-06 6.54E-05 

Il33 1.78 8.66E-12 6.76E-10 

Il4ra 1.05 8.11E-08 3.41E-06 

Il6 3.76 1.84E-08 8.37E-07 

Irak4 0.40 7.49E-03 5.00E-02 

Irf7 1.07 5.74E-04 5.92E-03 

Irgm1 0.56 3.78E-03 2.72E-02 

Itga5 0.74 1.71E-04 1.99E-03 

Itga6 0.70 4.89E-05 7.44E-04 

Itgb1 0.32 3.89E-03 2.76E-02 

Ltb4r1 0.63 1.87E-03 1.63E-02 

Ltb4r2 0.88 3.28E-05 5.44E-04 

Masp1 1.08 4.36E-05 6.82E-04 

Muc1 2.38 6.79E-05 9.46E-04 

Mx1 0.70 3.42E-03 2.57E-02 

Myd88 0.52 6.92E-05 9.46E-04 

Nfkb2 0.45 1.14E-04 1.41E-03 

Nfkbiz 0.51 9.03E-04 8.66E-03 

Nod2 0.85 3.06E-03 2.39E-02 

Pdcd1 25.82 3.02E-03 2.39E-02 

Pecam1 0.53 2.15E-03 1.78E-02 

Plaur 0.86 1.93E-03 1.65E-02 

Pml 0.37 2.91E-03 2.34E-02 

Ppbp 14.78 1.14E-08 5.65E-07 

Ptgs2 3.53 7.37E-12 6.72E-10 

S100a8 3.96 3.41E-09 2.07E-07 

S100a9 5.37 0.00E+00 0.00E+00 

Sele 2.45 1.05E-06 3.12E-05 

Sell 1.76 2.12E-04 2.37E-03 

Socs3 1.10 8.46E-05 1.13E-03 

Stat2 0.82 1.88E-03 1.63E-02 

Stat3 0.51 3.53E-05 5.68E-04 

Thy1 0.44 9.29E-04 8.77E-03 

Tnf 2.29 2.28E-05 4.02E-04 

Trem1 15.38 1.39E-07 5.07E-06 

Tslp 1.50 1.82E-03 1.63E-02 
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Table 3.2: Differential expression fold change and statistics of knockout to wild-type for genes 

with false discovery rate < 0.05 

Gene logFC pvalue qvalue 

Ahr 0.56 1.60E-02 4.34E-02 

Arhgdib 0.74 7.20E-04 4.23E-03 

B2m 0.73 1.61E-04 1.14E-03 

Batf 0.98 9.85E-04 5.15E-03 

Bcap31 0.19 2.52E-03 1.10E-02 

Bcl3 1.16 9.73E-05 7.80E-04 

Bcl6 0.43 7.65E-03 2.60E-02 

Bid 0.60 2.23E-04 1.55E-03 

Bst1 1.75 1.98E-06 4.00E-05 

Bst2 1.15 2.91E-08 1.32E-06 

Btk 0.78 1.47E-02 4.12E-02 

C1qa 0.83 1.28E-02 3.72E-02 

C1ra 0.67 7.83E-03 2.63E-02 

C1s 0.65 1.10E-02 3.32E-02 

C3 1.36 1.32E-02 3.79E-02 

Card9 0.84 5.36E-04 3.29E-03 

Casp1 0.47 7.29E-05 6.76E-04 

Casp3 0.25 1.31E-02 3.78E-02 

Casp8 0.63 3.29E-07 8.17E-06 

Ccl12 1.19 2.89E-03 1.20E-02 

Ccl2 2.36 1.68E-06 3.54E-05 

Ccl20 1.95 2.15E-04 1.50E-03 

Ccl3 3.00 7.70E-08 2.81E-06 

Ccl4 4.65 3.34E-06 6.08E-05 

Ccl6 1.43 5.82E-03 2.08E-02 

Ccl7 2.06 1.11E-05 1.60E-04 

Ccl9 1.31 9.73E-03 3.06E-02 

Ccr5 1.11 1.06E-02 3.22E-02 

Ccrl2 2.02 7.69E-05 7.01E-04 

Cd109 0.44 4.95E-03 1.87E-02 

Cd14 1.54 3.94E-05 4.40E-04 

Cd244 1.04 2.35E-03 1.05E-02 

Cd274 0.91 7.62E-03 2.60E-02 

Cd44 0.45 2.35E-03 1.05E-02 

Cd53 1.11 9.79E-03 3.06E-02 

Cd59b 19.10 8.29E-03 2.77E-02 

Cd69 22.16 1.25E-04 9.24E-04 

Cd80 1.18 2.08E-06 4.05E-05 

Cd86 0.73 2.97E-03 1.22E-02 

Cd97 0.73 1.04E-02 3.20E-02 

Ceacam1 0.68 9.96E-03 3.09E-02 

Gene logFC pvalue qvalue 

Cfb 1.21 7.26E-08 2.81E-06 

Cfh 0.81 1.40E-02 3.95E-02 

Cfp 1.08 3.74E-03 1.45E-02 

Clec4a4 21.55 1.04E-02 3.20E-02 

Clec4e 3.69 1.29E-04 9.38E-04 

Clec5a 0.89 5.71E-03 2.07E-02 

Cmklr1 0.65 6.06E-03 2.14E-02 

Csf1 0.90 1.31E-05 1.78E-04 

Csf2rb 0.99 2.62E-03 1.11E-02 

Csf3r 1.29 1.34E-05 1.78E-04 

Ctnnb1 -0.38 1.34E-02 3.83E-02 

Ctsc 0.34 1.84E-02 4.94E-02 

Cxcl1 27.22 4.22E-05 4.53E-04 

Cxcl10 1.77 6.25E-03 2.19E-02 

Cxcl13 2.49 2.60E-03 1.11E-02 

Cxcl3 32.83 2.04E-07 5.58E-06 

Cxcr1 29.30 1.55E-03 7.43E-03 

Cxcr2 25.70 2.29E-06 4.31E-05 

Ddx58 0.85 5.37E-12 9.80E-10 

Defb14 3.05 5.83E-06 9.38E-05 

Entpd1 0.87 1.47E-04 1.06E-03 

Ets1 0.55 6.90E-05 6.62E-04 

Fas 0.79 6.38E-04 3.80E-03 

Fasl 1.20 1.86E-02 4.97E-02 

Fcer1a -5.44 5.91E-09 3.59E-07 

Fcer1g 0.95 2.60E-03 1.11E-02 

Fcgr1 1.83 3.94E-09 2.69E-07 

Fcgr4 1.57 7.88E-04 4.53E-03 

Gm10499 0.75 3.07E-04 2.02E-03 

H2-K1 0.54 4.22E-04 2.68E-03 

H2-Q10 2.49 2.15E-03 9.82E-03 

Hamp 27.39 9.20E-04 4.99E-03 

Icam1 0.58 8.70E-04 4.81E-03 

Ifi204 1.61 1.40E-07 4.50E-06 

Ifi35 0.84 1.20E-08 6.59E-07 

Ifih1 0.85 4.35E-07 1.03E-05 

Ifit2 1.96 2.10E-10 2.87E-08 

Ifitm1 1.89 2.10E-05 2.39E-04 

Ifnar1 0.29 3.13E-03 1.28E-02 

Ifnar2 0.66 2.11E-03 9.70E-03 

Ifngr1 0.73 8.91E-03 2.87E-02 
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Table 3.2: Differential expression fold change and statistics of knockout to wild-type for genes 
with false discovery rate < 0.05 (continued) 

Gene logFC pvalue qvalue 

Ikbke 0.74 7.97E-05 7.03E-04 

Ikzf1 0.98 8.76E-03 2.85E-02 

Il10 24.33 3.06E-04 2.02E-03 

Il10ra 0.72 1.78E-02 4.80E-02 

Il10rb 0.63 1.24E-02 3.63E-02 

Il13ra1 1.03 1.27E-07 4.35E-06 

Il15ra 0.91 1.10E-04 8.33E-04 

Il16 0.61 1.52E-02 4.21E-02 

Il17ra 0.49 9.50E-04 5.10E-03 

Il18 0.54 1.21E-02 3.59E-02 

Il18rap 1.36 6.65E-03 2.32E-02 

Il19 24.21 1.15E-03 5.90E-03 

Il1a 0.88 2.85E-03 1.19E-02 

Il1b 3.98 3.93E-09 2.69E-07 

Il1r1 0.50 5.79E-05 5.86E-04 

Il1rl1 2.88 6.36E-08 2.67E-06 

Il1rl2 0.55 1.95E-05 2.26E-04 

Il1rn 0.42 1.54E-05 1.87E-04 

Il21r 69.22 8.58E-05 7.34E-04 

Il23a 27.15 1.45E-03 7.02E-03 

Il2rg 0.89 1.19E-03 6.00E-03 

Il33 2.28 2.98E-12 8.16E-10 

Il4ra 1.32 2.25E-08 1.12E-06 

Il6 3.76 1.15E-05 1.61E-04 

Il6ra 0.70 1.06E-02 3.22E-02 

Il6st 0.43 9.36E-03 2.98E-02 

Irak2 0.54 8.28E-06 1.22E-04 

Irak3 0.68 1.17E-03 5.93E-03 

Irak4 0.71 4.96E-05 5.22E-04 

Irf5 0.66 7.32E-03 2.52E-02 

Irf7 1.72 6.80E-06 1.06E-04 

Irf8 0.87 5.14E-03 1.93E-02 

Irgm1 1.20 1.61E-07 4.63E-06 

Itga4 0.81 9.81E-04 5.15E-03 

Itga5 0.91 1.01E-04 7.81E-04 

Itga6 0.89 1.42E-05 1.80E-04 

Itgal 0.79 1.35E-03 6.65E-03 

Itgam 1.16 4.41E-03 1.70E-02 

Itgb1 0.53 5.10E-05 5.26E-04 

Jak1 0.66 1.43E-05 1.80E-04 

Jak2 0.45 1.60E-03 7.60E-03 

Gene logFC pvalue qvalue 

Jak3 0.65 1.07E-02 3.23E-02 

Kit -4.96 0.00E+00 0.00E+00 

Lcp2 1.33 1.26E-03 6.27E-03 

Lilrb3 1.14 2.31E-04 1.58E-03 

Lilrb4 1.03 5.76E-03 2.07E-02 

Litaf 0.52 6.96E-03 2.41E-02 

Ltb4r1 0.80 8.30E-04 4.68E-03 

Ltb4r2 0.97 1.01E-04 7.81E-04 

Ltbr 0.32 8.39E-04 4.68E-03 

Ly96 0.72 4.08E-05 4.46E-04 

Masp1 1.25 9.03E-05 7.50E-04 

Msr1 1.30 2.17E-03 9.82E-03 

Muc1 2.01 3.60E-03 1.43E-02 

Mx1 0.99 4.70E-04 2.92E-03 

Myd88 0.82 1.54E-07 4.63E-06 

Ncf4 0.87 1.52E-02 4.21E-02 

Nfatc1 0.71 9.50E-05 7.76E-04 

Nfatc2 0.55 3.68E-03 1.44E-02 

Nfkb1 0.44 7.17E-05 6.76E-04 

Nfkb2 0.64 4.40E-06 7.68E-05 

Nfkbia 0.55 4.76E-03 1.81E-02 

Nfkbiz 0.90 6.90E-07 1.57E-05 

Nod2 1.39 6.75E-05 6.60E-04 

Nox4 0.99 5.66E-03 2.07E-02 

Pdcd1 23.80 5.39E-03 1.99E-02 

Pecam1 0.67 1.08E-03 5.55E-03 

Plau 0.73 1.48E-02 4.13E-02 

Plaur 1.18 4.15E-04 2.67E-03 

Pml 0.63 1.45E-05 1.80E-04 

Pou2f2 0.71 2.04E-03 9.44E-03 

Ppbp 26.04 2.45E-07 6.37E-06 

Psmb10 0.76 2.42E-03 1.07E-02 

Psmb9 0.62 8.40E-03 2.77E-02 

Ptafr 0.91 4.43E-03 1.70E-02 

Ptger4 -0.39 1.11E-02 3.32E-02 

Ptgs2 4.07 3.16E-09 2.69E-07 

Ptpn22 0.99 9.42E-03 2.98E-02 

Ptpn6 0.74 7.75E-06 1.18E-04 

Ptprc 0.78 1.57E-02 4.31E-02 

Rela 0.35 2.69E-03 1.13E-02 

Relb 0.51 2.52E-03 1.10E-02 
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Table 3.2: Differential expression fold change and statistics of knockout to wild-type for genes 
with false discovery rate < 0.05 (continued) 

Gene logFC pvalue qvalue 

S100a8 4.05 4.49E-06 7.68E-05 

S100a9 6.03 3.42E-10 3.74E-08 

Sele 2.47 9.05E-05 7.50E-04 

Sell 2.37 8.24E-05 7.16E-04 

Smad3 0.29 8.62E-03 2.82E-02 

Socs3 1.23 2.70E-04 1.82E-03 

Stat1 0.88 6.39E-05 6.35E-04 

Stat2 1.23 9.84E-05 7.80E-04 

Stat3 0.72 8.62E-07 1.89E-05 

Stat5a 0.56 1.81E-03 8.47E-03 

Stat6 0.40 9.21E-04 4.99E-03 

Syk 0.85 3.45E-03 1.38E-02 

Tap1 0.62 5.64E-04 3.43E-03 

Tapbp 0.49 3.38E-03 1.37E-02 

Tbk1 0.37 8.38E-03 2.77E-02 

Tcf7 -0.78 7.83E-03 2.63E-02 

Tgfb1 0.55 8.84E-03 2.86E-02 

Tgfbi 0.92 7.51E-04 4.37E-03 

Tgfbr2 0.72 3.68E-03 1.44E-02 

Thy1 0.52 9.89E-04 5.15E-03 

    

Gene logFC pvalue qvalue 

Tirap 0.44 1.45E-03 7.02E-03 

Tlr1 1.06 8.29E-04 4.68E-03 

Tlr2 1.05 4.41E-04 2.77E-03 

Tlr3 0.46 9.21E-03 2.95E-02 

Tlr4 0.90 5.19E-03 1.93E-02 

Tlr5 0.67 6.00E-03 2.13E-02 

Tlr8 0.98 1.58E-02 4.31E-02 

Tlr9 0.84 1.68E-03 7.90E-03 

Tmem173 0.58 1.38E-02 3.92E-02 

Tnf 3.05 1.69E-05 2.01E-04 

Tnfaip3 0.70 7.83E-05 7.02E-04 

Tnfrsf11a 0.94 3.33E-04 2.17E-03 

Tnfrsf14 0.64 1.36E-02 3.87E-02 

Tnfrsf1b 0.82 1.60E-02 4.34E-02 

Tnfrsf4 0.57 5.95E-04 3.58E-03 

Tnfsf14 1.25 3.40E-03 1.37E-02 

Trem1 26.00 4.78E-06 7.92E-05 

Tslp 2.40 1.18E-04 8.83E-04 

Vcam1 0.82 1.23E-02 3.61E-02 

Xbp1 0.34 5.53E-03 2.03E-02 

Zeb1 0.55 1.13E-02 3.35E-02 
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Table 3.3: Differential expression fold change and statistics of knockout to rescue for genes with 

false discovery rate < 0.05 

Gene logFC pvalue qvalue 

Ccl2 1.44 2.62E-03 4.34E-02 

Ccl7 1.47 1.37E-03 3.13E-02 

Cd44 0.53 3.45E-04 1.31E-02 

Cd82 -0.54 3.53E-04 1.31E-02 

Cxcl1 5.59 4.72E-04 1.52E-02 

Cxcl3 37.92 1.61E-06 2.93E-04 

Cxcr1 43.57 2.87E-03 4.62E-02 

Cxcr2 3.98 2.43E-03 4.16E-02 

Cybb -1.07 2.20E-03 4.05E-02 

Defb14 2.24 5.68E-04 1.73E-02 

Ebi3 -1.32 2.32E-05 1.59E-03 

Fcer1a -5.07 2.06E-07 5.65E-05 

Hif1a 0.60 3.43E-04 1.31E-02 

Il19 34.01 1.73E-03 3.77E-02 

Il1b 3.01 3.34E-06 4.57E-04 

Il1r1 0.39 1.86E-03 3.77E-02 

Il1rl1 2.12 3.88E-05 2.36E-03 

Il1rl2 0.44 6.85E-04 1.87E-02 

Il1rn 0.35 3.60E-04 1.31E-02 

Il21r 28.01 2.30E-03 4.07E-02 

Il23a 28.64 1.37E-03 3.13E-02 

Il33 1.27 6.34E-05 3.47E-03 

Il4ra 0.77 9.36E-04 2.44E-02 

Il6 3.76 2.22E-05 1.59E-03 

Ltb4r2 0.80 2.22E-03 4.05E-02 

Muc1 2.75 6.46E-04 1.86E-02 

Pou2f2 -0.81 4.09E-04 1.40E-02 

Ppbp 3.53 1.36E-03 3.13E-02 

Ptgs2 2.99 4.81E-06 5.26E-04 

S100a8 3.87 1.01E-05 9.17E-04 

S100a9 4.71 1.81E-07 5.65E-05 

Sele 2.43 1.33E-04 6.61E-03 

Tgfbr1 -0.41 1.85E-03 3.77E-02 

Trem1 4.76 2.16E-03 4.05E-02 
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Table 3.4: Differential expression fold change and statistics of rescue to wild-type for genes with 

false discovery rate < 0.05 

Gene logFC pvalue qvalue 

Ahr 0.75 1.35E-03 5.74E-03 

Arhgdib 0.96 1.29E-05 1.64E-04 

B2m 0.97 6.04E-07 1.65E-05 

Batf 1.14 1.45E-04 1.02E-03 

Bcap31 0.20 2.27E-03 8.40E-03 

Bcl6 0.71 1.19E-05 1.55E-04 

Bid 0.60 2.87E-04 1.69E-03 

Blnk 0.84 1.87E-04 1.22E-03 

Bst1 1.26 5.37E-04 2.77E-03 

Bst2 1.22 3.87E-09 4.23E-07 

Btk 1.06 1.04E-03 4.76E-03 

C1qa 1.30 1.11E-04 8.01E-04 

C1qb 1.40 5.74E-05 4.69E-04 

C1ra 0.80 1.62E-03 6.43E-03 

C1s 0.96 1.98E-04 1.26E-03 

C2 0.77 6.26E-03 1.81E-02 

Card9 0.93 1.58E-04 1.06E-03 

Casp1 0.61 3.68E-07 1.06E-05 

Casp8 0.42 7.14E-04 3.49E-03 

Ccbp2 1.95 3.41E-04 1.94E-03 

Ccl12 0.94 1.90E-02 4.60E-02 

Ccl20 1.42 7.00E-03 1.98E-02 

Ccl3 2.00 2.09E-04 1.31E-03 

Ccl4 2.87 2.44E-03 8.76E-03 

Ccl6 1.21 1.82E-02 4.47E-02 

Ccr2 1.08 1.52E-03 6.13E-03 

Ccrl1 0.75 8.54E-03 2.32E-02 

Ccrl2 2.33 5.85E-06 8.65E-05 

Cd109 0.47 2.58E-03 8.89E-03 

Cd14 1.50 6.01E-05 4.83E-04 

Cd22 0.93 4.89E-03 1.49E-02 

Cd244 0.90 8.51E-03 2.32E-02 

Cd274 1.04 2.47E-03 8.76E-03 

Cd36 1.03 3.49E-03 1.13E-02 

Cd4 0.81 1.74E-02 4.34E-02 

Cd48 1.07 1.90E-03 7.33E-03 

Cd74 1.32 4.82E-03 1.48E-02 

Cd79b 1.77 2.37E-04 1.46E-03 

Cd80 0.92 2.50E-04 1.50E-03 

Cd81 0.37 4.81E-03 1.48E-02 

Cd83 1.18 8.00E-03 2.20E-02 

Gene logFC pvalue qvalue 

Cd86 1.23 8.76E-07 1.99E-05 

Cd97 0.77 7.04E-03 1.98E-02 

Ceacam1 0.64 1.85E-02 4.52E-02 

Cfb 0.99 1.11E-05 1.52E-04 

Cfd 1.34 7.71E-03 2.13E-02 

Cfh 1.03 1.84E-03 7.17E-03 

Cfp 1.07 4.07E-03 1.30E-02 

Ciita 1.03 1.31E-02 3.41E-02 

Clec5a 1.11 6.89E-04 3.39E-03 

Cmklr1 1.03 1.50E-05 1.86E-04 

Crlf2 1.13 4.18E-04 2.26E-03 

Csf1 0.96 3.24E-06 5.21E-05 

Csf1r 1.18 2.55E-04 1.52E-03 

Csf2rb 0.90 6.23E-03 1.81E-02 

Csf3r 0.96 1.29E-03 5.64E-03 

Ctnnb1 -0.49 1.16E-03 5.19E-03 

Ctsc 0.51 3.65E-04 2.04E-03 

Ctss 1.53 2.09E-03 7.89E-03 

Cul9 0.64 5.70E-03 1.68E-02 

Cx3cr1 1.88 4.11E-06 6.42E-05 

Cxcl12 0.66 3.60E-05 3.39E-04 

Cxcl13 2.97 4.41E-04 2.36E-03 

Cxcl9 1.79 4.95E-03 1.49E-02 

Cxcr2 21.72 6.11E-15 1.67E-12 

Cxcr3 0.86 6.54E-03 1.88E-02 

Cxcr4 0.74 2.45E-03 8.76E-03 

Cybb 1.70 1.61E-06 3.15E-05 

Ddx58 0.66 1.05E-07 4.78E-06 

Ebi3 1.74 3.90E-08 2.13E-06 

Emr1 1.69 3.24E-05 3.20E-04 

Entpd1 1.21 1.46E-07 5.72E-06 

Ets1 0.39 5.17E-03 1.54E-02 

Fas 0.66 4.75E-03 1.48E-02 

Fcamr -0.92 4.79E-03 1.48E-02 

Fcer1g 1.32 3.25E-05 3.20E-04 

Fcgr1 1.73 2.54E-08 1.54E-06 

Fcgr2b 1.22 2.87E-03 9.62E-03 

Fcgr3 1.41 5.37E-04 2.77E-03 

Fcgr4 1.83 1.09E-04 7.97E-04 

Fcgrt 0.95 1.62E-03 6.43E-03 

Fkbp5 1.11 1.51E-03 6.13E-03 



94 

 

Table 3.4: Differential expression fold change and statistics of rescue to wild-type for genes 
with false discovery rate < 0.05 (continued) 

Gene logFC pvalue qvalue 

Gm10499 0.86 5.42E-05 4.50E-04 

Gpr183 1.03 2.58E-03 8.89E-03 

H2-Aa 1.47 1.38E-03 5.75E-03 

H2-Ab1 1.30 2.96E-03 9.80E-03 

H2-DMa 1.42 1.34E-03 5.74E-03 

H2-DMb2 1.35 1.22E-02 3.21E-02 

H2-Eb1 1.25 5.70E-03 1.68E-02 

H2-K1 0.77 7.08E-07 1.76E-05 

H2-Q10 2.53 1.89E-03 7.32E-03 

Hamp 27.04 1.41E-03 5.84E-03 

Hcst 1.39 1.45E-02 3.71E-02 

Hfe 0.91 6.13E-03 1.79E-02 

Hlx 0.61 1.50E-02 3.83E-02 

Icam1 0.56 1.44E-03 5.94E-03 

Ifi204 1.42 2.72E-06 4.65E-05 

Ifi35 0.61 3.27E-05 3.20E-04 

Ifih1 0.86 3.38E-07 1.03E-05 

Ifit2 1.49 1.11E-06 2.25E-05 

Ifnar1 0.48 8.88E-07 1.99E-05 

Ifnar2 1.00 3.23E-06 5.21E-05 

Ifngr1 1.17 2.94E-05 3.10E-04 

Ifngr2 0.58 1.08E-04 7.97E-04 

Ikbke 0.93 9.59E-07 2.02E-05 

Ikzf1 1.06 4.79E-03 1.48E-02 

Ikzf2 0.90 2.49E-03 8.80E-03 

Il10ra 1.36 8.63E-06 1.24E-04 

Il10rb 1.03 5.22E-05 4.46E-04 

Il13ra1 0.63 1.25E-03 5.50E-03 

Il15 0.66 1.58E-02 4.02E-02 

Il15ra 0.72 2.81E-03 9.49E-03 

Il16 1.33 1.42E-07 5.72E-06 

Il17ra 0.51 6.30E-04 3.19E-03 

Il18r1 1.16 3.34E-04 1.93E-03 

Il22ra2 2.10 8.72E-04 4.08E-03 

Il2rg 0.83 2.43E-03 8.76E-03 

Il33 1.02 1.35E-03 5.74E-03 

Il4ra 0.55 1.90E-02 4.60E-02 

Il5 36.27 6.81E-03 1.94E-02 

Il6ra 1.12 4.91E-05 4.27E-04 

Il7r 1.37 5.34E-03 1.59E-02 

Il9 -3.34 1.35E-02 3.51E-02 

Gene logFC pvalue qvalue 

Irak1 0.31 1.65E-02 4.17E-02 

Irak2 0.69 1.52E-08 1.19E-06 

Irak3 1.07 3.07E-07 9.86E-06 

Irak4 0.62 3.73E-04 2.04E-03 

Irf1 0.83 3.40E-05 3.26E-04 

Irf5 1.03 2.80E-05 3.07E-04 

Irf7 1.29 6.54E-04 3.28E-03 

Irf8 1.48 2.48E-06 4.38E-05 

Irgm1 1.29 2.06E-08 1.41E-06 

Itga4 1.27 2.78E-07 9.49E-06 

Itgal 0.95 1.52E-04 1.05E-03 

Itgam 1.25 2.33E-03 8.54E-03 

Itgb1 0.41 1.52E-03 6.13E-03 

Itgb2 1.22 3.18E-03 1.05E-02 

Jak1 0.70 4.63E-06 7.03E-05 

Jak2 0.47 1.13E-03 5.13E-03 

Kit -5.72 0.00E+00 0.00E+00 

Klrc1 1.32 1.08E-02 2.89E-02 

Klrc2 -2.83 6.70E-03 1.92E-02 

Klrk1 1.03 7.13E-03 2.00E-02 

Lair1 1.52 1.33E-03 5.74E-03 

Lcp2 1.43 5.96E-04 3.05E-03 

Lilrb3 1.26 5.39E-05 4.50E-04 

Lilrb4 1.49 8.73E-05 6.81E-04 

Litaf 0.75 1.00E-04 7.62E-04 

Ltb 1.00 2.76E-03 9.39E-03 

Ly86 1.49 4.55E-05 4.08E-04 

Ly96 0.87 9.10E-07 1.99E-05 

Map4k1 1.19 1.82E-02 4.47E-02 

Mapk14 0.34 4.93E-03 1.49E-02 

Mapkapk2 0.41 1.59E-05 1.94E-04 

Mbp 1.74 8.64E-04 4.08E-03 

Msr1 1.40 1.01E-03 4.68E-03 

Myd88 0.58 1.94E-04 1.25E-03 

Ncf4 1.15 1.36E-03 5.74E-03 

Nfatc1 0.68 2.23E-04 1.39E-03 

Nfatc2 0.91 1.95E-06 3.57E-05 

Nfkb1 0.46 2.94E-05 3.10E-04 

Nfkb2 0.36 9.25E-03 2.49E-02 

Nfkbia 0.78 6.36E-05 5.04E-04 

Nfkbiz 0.78 1.66E-05 1.98E-04 
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Table 3.4: Differential expression fold change and statistics of rescue to wild-type for genes 
with false discovery rate < 0.05 (continued) 

Gene logFC pvalue qvalue 

Nod2 1.07 2.76E-03 9.39E-03 

Notch1 -0.59 1.15E-02 3.07E-02 

Nox4 1.06 3.32E-03 1.09E-02 

Pdcd2 -0.29 1.71E-02 4.28E-02 

Pdgfb 0.61 1.92E-03 7.33E-03 

Pml 0.52 3.58E-04 2.02E-03 

Pou2f2 1.52 7.36E-11 1.01E-08 

Pparg 0.82 5.33E-04 2.77E-03 

Ppbp 22.51 4.02E-03 1.28E-02 

Prdm1 -0.59 1.31E-02 3.41E-02 

Prkcd 0.65 7.24E-04 3.50E-03 

Psmb10 0.95 1.61E-04 1.07E-03 

Psmb5 -0.26 1.28E-02 3.36E-02 

Psmb9 0.93 8.84E-05 6.81E-04 

Psmd7 -0.33 2.15E-03 8.01E-03 

Ptafr 1.39 1.86E-05 2.16E-04 

Ptpn22 1.44 1.77E-04 1.17E-03 

Ptpn6 1.16 4.39E-12 8.00E-10 

Ptprc 1.13 4.73E-04 2.51E-03 

Rela 0.43 2.41E-04 1.47E-03 

Relb 0.71 3.00E-05 3.10E-04 

Rorc 0.79 7.35E-03 2.05E-02 

Ski 0.36 1.74E-02 4.34E-02 

Slamf7 1.63 9.36E-06 1.31E-04 

Smad5 -0.33 1.63E-02 4.13E-02 

Spn 1.36 6.69E-04 3.33E-03 

Stat1 0.97 1.15E-05 1.53E-04 

Stat2 0.83 9.20E-03 2.49E-02 

Stat3 0.42 4.56E-03 1.44E-02 

Stat5a 0.43 1.82E-02 4.47E-02 

Stat5b 0.61 1.98E-03 7.52E-03 

Stat6 0.49 4.78E-05 4.22E-04 

Syk 0.98 7.92E-04 3.80E-03 

Tagap 2.19 1.96E-06 3.57E-05 

Tap1 0.90 6.48E-07 1.69E-05 

Tapbp 0.70 3.66E-05 3.39E-04 

Tbk1 0.44 2.15E-03 8.01E-03 

Tcf7 -0.89 2.56E-03 8.89E-03 

Tgfb1 0.81 1.36E-04 9.65E-04 

Tgfbi 0.98 3.71E-04 2.04E-03 

Tgfbr1 0.56 2.08E-05 2.37E-04 

Gene logFC pvalue qvalue 

Tgfbr2 0.75 2.43E-03 8.76E-03 

Tlr1 1.31 3.73E-05 3.40E-04 

Tlr2 1.64 6.61E-08 3.29E-06 

Tlr3 0.47 1.17E-02 3.10E-02 

Tlr4 0.98 2.53E-03 8.86E-03 

Tlr8 1.34 1.10E-03 5.02E-03 

Tlr9 1.56 8.49E-09 7.74E-07 

Tnfaip3 0.75 2.57E-05 2.87E-04 

Tnfrsf11a 1.38 1.85E-07 6.74E-06 

Tnfrsf13b 0.77 2.89E-03 9.65E-03 

Tnfrsf14 0.99 1.56E-04 1.06E-03 

Tnfrsf1b 1.07 1.67E-03 6.58E-03 

Tnfsf12 1.20 1.06E-04 7.91E-04 

Tollip 0.28 7.40E-03 2.05E-02 

Trem2 1.48 3.77E-03 1.21E-02 

Trp53 -0.53 1.22E-03 5.43E-03 

Tslp 1.80 5.05E-03 1.52E-02 

Tyrobp 1.31 3.03E-04 1.77E-03 

Vcam1 1.10 8.05E-04 3.83E-03 

Xcr1 22.61 1.39E-02 3.59E-02 

Zeb1 0.64 3.57E-03 1.16E-02 



96 

 

Table 3.5: KEGG Gene Enrichment Analysis between knockout and other groups 

ID Description GeneRatio pvalue qvalue 

mmu04060 Cytokine-cytokine receptor interaction 29/76 9.56E-24 6.94E-22 

mmu04657 IL-17 signaling pathway 14/76 2.42E-14 4.61E-13 

mmu04668 TNF signaling pathway 15/76 2.54E-14 4.61E-13 

mmu04640 Hematopoietic cell lineage 12/76 2.24E-11 2.71E-10 

mmu04620 Toll-like receptor signaling pathway 11/76 6.7E-10 5.4E-09 

mmu04630 JAK-STAT signaling pathway 13/76 1.25E-09 8.28E-09 

mmu04064 NF-kappa B signaling pathway 11/76 2.1E-09 1.27E-08 

mmu04625 C-type lectin receptor signaling pathway 11/76 2.55E-09 1.42E-08 

mmu04621 NOD-like receptor signaling pathway 14/76 2.93E-09 1.52E-08 

mmu04062 Chemokine signaling pathway 13/76 1.03E-08 4.4E-08 

mmu04623 Cytosolic DNA-sensing pathway 7/76 1.16E-06 3.14E-06 

mmu04659 Th17 cell differentiation 8/76 2.48E-06 6.44E-06 

mmu04380 Osteoclast differentiation 8/76 1.35E-05 3.17E-05 

mmu04622 RIG-I-like receptor signaling pathway 6/76 2.69E-05 5.92E-05 

mmu04514 Cell adhesion molecules (CAMs) 7/76 0.00069 0.001253 

mmu04217 Necroptosis 7/76 0.000714 0.001265 

mmu04512 ECM-receptor interaction 4/76 0.007002 0.009971 

mmu04010 MAPK signaling pathway 7/76 0.013414 0.018042 

mmu04931 Insulin resistance 4/76 0.015038 0.019858 
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Table 3.6: Top 20 Biological Process GO Terms between knockout and other groups 

ID Description GeneRatio pvalue qvalue 

GO:1990266 neutrophil migration 26/78 4.32E-41 5.55E-38 

GO:0050900 leukocyte migration 33/78 3.71E-40 2.38E-37 

GO:0097530 granulocyte migration 26/78 1.49E-38 6.36E-36 

GO:0097529 myeloid leukocyte migration 26/78 2.36E-34 7.58E-32 

GO:0001819 positive regulation of cytokine production 31/78 6.29E-33 1.61E-30 

GO:0030593 neutrophil chemotaxis 21/78 1E-32 2.14E-30 

GO:0071621 granulocyte chemotaxis 21/78 1.15E-30 2.11E-28 

GO:0019221 cytokine-mediated signaling pathway 26/78 1.48E-28 2.37E-26 

GO:0032103 positive regulation of response to external stimulus 25/78 5.56E-28 7.94E-26 

GO:0050727 regulation of inflammatory response 25/78 1.34E-26 1.72E-24 

GO:0031349 positive regulation of defense response 25/78 4.07E-26 4.75E-24 

GO:0030595 leukocyte chemotaxis 21/78 1.7E-25 1.82E-23 

GO:0050729 positive regulation of inflammatory response 18/78 7.39E-24 7.3E-22 

GO:0060326 cell chemotaxis 22/78 8.96E-24 8.21E-22 

GO:0007159 leukocyte cell-cell adhesion 21/78 1.11E-21 9.48E-20 

GO:0032635 interleukin-6 production 17/78 4.08E-21 3.27E-19 

GO:0032675 regulation of interleukin-6 production 16/78 6.9E-20 5.21E-18 

GO:0070555 response to interleukin-1 14/78 9.65E-20 6.88E-18 

GO:0002685 regulation of leukocyte migration 17/78 1.72E-19 1.16E-17 

GO:0042107 cytokine metabolic process 14/78 6.26E-18 4.02E-16 
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3.3 Materials and Methods 

3.3.1 ECM Hydrogel Preparation 

Myocardial matrix hydrogel was generated from porcine left ventricular tissue based on 

previously established protocols130.  In brief, porcine left ventricular tissue was isolated and 

minced into small pieces.  The tissue was decellularized under mechanical agitation in a 

solution of phosphate buffered saline (PBS) containing 1% (wt/vol) sodium dodecyl sulfate 

(SDS) (Fischer Scientific, Fair Lawn, NJ) with 0.5% 10,000 U/mL penicillin streptomycin (PS) 

(Gibco, Life Technologies, Grand Island, NY) until fully decellularized based on previously 

established criteria130.  Once decellularized, the decellularized ECM was thoroughly rinsed to 

remove residual SDS, lyophilized, and milled into a fine powder.  ECM powder was partially 

digested with 1 mg/mL pepsin in 0.1M HCL solution for 48 hours before solution was neutralized 

to pH of 7.4 and reconstituted to physiological salt concentrations.  Partially digested ECM 

solution was aliquoted, lyophilized and stored at -80°C until re-suspending with sterile water 

prior to injection which self-assemble into hydrogels in vivo. 

 

3.3.2 Mast Cell Knockout Mouse Model 

 Homozygous mast cell knockout mouse, w-sh mice: B6.Cg-KitW-sh/HNihrJaeBsmJ 

(Jackson Laboratory, Sacramento, CA) were breed in UCSD vivarium up to 10-13 weeks before 

being designated for subcutaneous procedures.  Both male and female mice were utilized for 

investigation.  Age matched wild-type C57BL6/J mice were used as control animals.   

 

3.3.3 Bone Marrow Derived Differentiated Mast Cell Culture  

Bone marrow derived cells were harvested from wild-type C57BL6/J mice that were 

euthanized by CO2 and cervical dislocation.  Each femur was isolated and bone marrow was 

flushed with 10 mL of media, collected and pipetted into culture flasks incubated in cell culture 
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incubator at 37ºC and 5% CO2.  Mast cell differentiation media consisting of DMEM media 

(Gibco) with 10% FBS (Gibco), 1% penicillin streptomycin (Gibco), sterile filtered conditioned 

culture medium from D11 hybridoma cells as a source of IL3, 100 uM MEM nonessential amino 

acids (Lonza), 1mM sodium pyruvate (Gibco), 0.1 mM HEPES (Gibco), and 55 uM β-

mercaptoethanol (Gibco).  Non-adherent cells were passaged at day 3, 7, 10, 14, 18, 22 and 28 

before differentiation of mast cells was assessed by flow cytometry with antibody markers for 

CD117 APC and FcεRI PE (Biolegend, San Diego, CA).   Cells at greater than ~95% purity 

were utilized up to 4-6 weeks from initial isolation before mast cell functionality was expected to 

subside (Figure 3.18).   
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Figure 3.18: Gating for differentiation of bone marrow derived mast cells. Representative gating 
of bone marrow derived mast cells (BMMCs) for assessing purity at four to six weeks of 
differentiation protocol.  (A) Cells and (B-C) double discrimination of singlets based on forward 
and side scatter.  Quadrant gating cut-offs were set relative to (D) isotype control for (E) 
CD117+FcƐRI+ mast cells.   

 

For assessment of cell viability, 100,000 mast cells were plated into a 48 well plate (n = 

4) with ECM hydrogel material at nongelling concentrations of 0.6 mg/mL or neutralized 

Collagen I, Rat Tail at concentrations of equivalent stiffness and collagen content of 0.25 mg/mL 

concentration198 (Corning®, Corning, NY) doped into culture media.  Media only culture was 

used as a control.  AlamarBlueTM  Cell Viability Reagent (Invitrogen, Waltham, MA) was added 

to each well at a tenth the volume totaling 400 µL solution, and cells were incubated in a 37ºC, 

5% CO2 cell culture incubator.  At 0, 2, 4, and 8 hours after plate set-up, fluorescent plate 
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readings for alamarBlue signal at 560 nm excitation and 590 emission were read on a 

SynergyTM H4 multi-mode microplate reader and Gen5TM software (Biotek®. Wilnooski, VT).  

Experimental set-up was repeated to demonstrated relative reproducibility of the results.  

 

3.3.4 Mast Cell Rescue Model Generation 

For injection procedures, animals were briefly put under anesthesia at 2 % isoflurane on 

a nose cone and mice went placed upright to expose the dorsal region.  The dorsal region was 

shaved and cleaned with 3 intervals of betadine and 70% ethanol.  Mast cell reconstituted 

rescue mice were created by subcutaneous injections consisting of a total of 4 million bone 

marrow differentiated mast cells in DMEM in 100 µL volumes at evenly spaced intervals 

throughout the dorsal region of 4-6 week old knockout mice.  Subsequent procedures were 

done in rescue mice at 10-13 weeks old.  Age matched knockout mice were injected with 

DMEM alone at similar timepoints for comparative studies.  For subsequent procedures, age 

matched knockout mice with DMEM injections and age matched wild-type mice were utilized as 

controls. 

 

3.3.5 Biomaterial Injection and Harvesting  

For biomaterial injections, animals were briefly put under anesthesia using 2% isoflurane 

on a nose cone and each mouse was injected with ECM hydrogel material receiving two evenly 

spaced 200 μL subcutaneous injections in the upper and lower dorsal region.  At one, three, 

seven and eleven days post-injection, mice were euthanized by CO2 and cervical dislocation.  

Timepoints were selected based on observation of consistent material retention and clear 

visibility up to these later timepoints.  General dorsal skin tissue was cut and flipped to expose 

the underside to observe location and area of material injection.  The injections, along with 

neighboring dermal tissue, were excised.  Injections were divided into multiple parts with each 
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used for flow cytometry, staining or gene expression analysis as described below (n= 5-8 mice 

per group, 10-16 injections per group).  Samples were collected across 2-3 batches of animals 

for demonstrating consistency of results. 

 

3.3.6 Flow Cytometry 

 Excised subcutaneous injections were minced in ice-cold HBSS (Gibco) and 

enzymatically digested in a solution consisting of 1:1 solution of HBSS (calcium and magnesium 

supplemented) and 1% bovine serum albumin in PBS with 1 µM HEPES (Gibco), 300 U/mL 

collagenase type IV (Worthington Biochemical), 60 U/mL hyaluronidase (Sigma-Aldrich) and 10 

U/mL DNase I (Sigma-Aldrich).  Material in enzymatic digestion solution were incubated at 37ºC 

under mechanical agitation at 750 rpm on a thermomixer (Benchmark Scientific) for 40 minutes.  

Solutions were then kept in ice and FACs buffer consisting of 1% bovine serum albumin and 

1mM EDTA in DPBS lacking calcium and magnesium added to inhibit further enzyme reaction.  

Digested tissue was filtered through a 100µm cell strainer. Cells were centrifuged at 400 rcf 

centrifugation at 4ºC and resuspended in HBSS.  Cell suspension was stained with 

LIVE/DEADTM Fixable Aqua (ThermoFisher Scientific) for 10 minutes at 4ºC and excess dye 

was quenched with FACs buffer.  Cells were fixed and permeabilized by BD Cytofix/CytopermTM 

Buffer (BD Biosciences) for 10 minutes and washed in BD Perm/WashTM Buffer (BD 

Biosciences).  Cells were counted by hemocytometer and stained with antibody panels for 

immune cell subpopulations.  General immune cell populations were stained with the following 

antibody panel: CD11c BV421 (Biolegend), F4/80 BUV395 (BD Biosciences), CD3 PerCp/Cy5.5 

(Biolegend), CD117 APC (Biolegend), FcεRI PE (Biolegend), and CD19 APC-Cy7 (Biolegend).  

An antibody panel for macrophage and T cell polarization was also stained for consisting of: 

F4/80 BUV395 (BD Biosciences), CD86 BV786 (Biolegend), CD206 PE (Biolegend), CD3 

PerCp/Cy5.5 (Biolegend), CD4 APC (Biolegend), CD8 Alexa Fluor 488 (Biolegend), and FoxP3 
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BV421 (Biolegend).  Antibodies and IgG isotype controls were stained in BD Perm/WashTM 

Buffer for 30 minutes at 4ºC before rinsing and resuspending in FACs buffer consisting of 1% 

bovine serum albumin and 1 mM EDTA in PBS for analysis.  Stained cells were analyzed on a 

BD FACSCantoTM II and BD LSRFortessaTM X-20 (BD Biosciences).  Gating was set based on 

positive, isotype and fluorescence minus one controls utilizing a mixed single cell suspension 

control sample derived from seven day post-injection biomaterial, isolated spleen cells, and four 

week differentiated mast cells to ensure all cells of interest were present in distinguishable 

amounts (Figure 3.19).  Gating and flow data were processed in FlowJo (FlowJo LLC, Ashland, 

OR) (Figure 3.20). 

 

Figure 3.19: Gating controls for flow cytometry markers. (A) LIVE/DEADTM Aqua thresholds 

utilized ethanol fixed sample as control (red) for determining live cell gating (green).  (B-L) 

Gating for fluorescent antibody markers was set for positive signal (green) based on isotype 

(red) and fluorescence minus one controls (orange).     
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Figure 3.20: Gating Scheme for Flow Cytometry Analysis.   Representative gating of single cell 

suspension isolated of subcutaneously injected ECM hydrogel.  (A-B) General gating for both 

panels (black arrow) for double discrimination of singlets based on forward and side scatter.  (C) 

Live cells were gated based on clustered from lack of stain uptake and forward scatter.  (D) 

Granulocyte cluster based on forward and side scatter with (F) CD117+FcƐRI+ gated for mast 

cells.  (E) Lymphocyte cluster based on forward and side scatter with (F) CD3+ gated for T cells.  

Total cells based on forward and side scatter distribution were utilized to differentiate (G) B 

cells, (H) CD11c+F4/80- dendritic cells, and F4/80+ macrophages.  For Panel 2 (red arrow), 

macrophages were further differentiated based on (I) M1 CD86+ and M2 CD206+ markers.  T 

cells were further separated into (J) CD4+ T-helper cells, CD4+FOXP3+ Regulatory T cells, and 

(K) CD8+ cytotoxic T cells. 
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3.3.7 Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) 

Flash frozen samples or tissue samples treated in RNAlaterTM (Invitrogen) were 

homogenized with a mechanical rotator and then run through a RNeasy Mini kit (Qiagen, 

Germantown, MD) to extract RNA based on manufacturer instructions with an on-column 

DNase I digestion (Qiagen) for minimizing genomic DNA contamination.  Superscript IV 

Reverse Transcriptase kit (Applied Biosystems, Foster City, MA) was used to synthesize cDNA 

with thermocycler settings of 65ºC for 5 minutes, 23ºC for 10 minutes, 55ºC for 10 minutes and 

80ºC for 10 minutes.  Eva Green Master Mix (Biotium, Fremont, CA) was used with custom-

made forward and reverse primers (Table 3.7) at a final concentration of 0.2 µM for qPCR 

reactions.  Samples were run in technical duplicate along with negative controls without 

template cDNA to confirm lack of contamination from qPCR reagents.  PCR reactions were run 

on a CFX95TM Real-Time System (Bio-Rad, Hercules, CA) with the following thermal cycler 

settings: 30s at 50°C, 2 min at 95°C, 40 cycles of 10s at 95°C, and 30s at 55-65°C based on 

pre-determined optimal primer efficiency amplification temperature.  After completing 40 cycles 

of PCR amplification, automated melting curve analysis, consisting of increasing the thermal 

cycler temperature from 50°C to 95°C at 5°C increments lasting 5s each, for confirming singular 

amplicon product in each reaction vessel.  Bio-Rad CFX ManagerTM 3.0 (Bio-Rad) was used for 

determining cycle threshold values from recorded signal based on a preset threshold. 
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Table 3.7: Primers for Pro-inflammatory versus Pro-remodeling Screen 

Gene Forward Primer Reverse Primer 

Gapdh 5' CATCAAGAAGGTGGTGAAGC 3' 5' GTTGTCATACCAGGAAATGAGC 3' 

Il1b 5' TGCCACCTTTTGACAGTGATG 3' 5' TGATGTGCTGCTGCGAGATT 3' 

Il6 5' TCCAGTTGCCTTCTTGGGAC 3' 5' AGTCTCCTCTCCGGACTTGT 3' 

Il17 5' AAGCTGGACCACCACATGAA 3' 5' CCCTGAAAGTGAAGGGGCAG 3' 

Il36 5' AGGGCAAACCAACTTTGCAG 3' 5' GAAGTGGAGCCCTCTATGCC 3' 

Il38 5' TGCAGGAATGTGCTCCCTTC 3' 5' GGTCTAGGCCTCGGTTAGGA 3' 

Ccl1 5' AGAAAGAGCTTCCCCTGAAGTTT 3' 5' TGAGGCGCAGCTTTCTCTACC 3' 

Ccl8 5' CCCCTTCGGGTGCTGAAAAG 3' 5' TCACTGACCCACTTCTGTGTG 3' 

Ifng 5' CGGCTGACTGAACTCAGATTG 3' 5' CTGCAGCTCTGAATGTTTCTTAT 3' 

Nos2 5' CAGCTGGGCTGTACAAACCTT 3' 5' CATTGGAAGTGAAGCGTTTCG 3' 

Cd86 5' GACTTGAACAACCAGACTCCTG 3' 5' ATCAGCAAGACTGTCACAAAGA 3' 

Vegf 5' GCACATAGAGAGAATGAGCTTCC 3' 5' CTCCGCTCTGAACAAGGCT 3' 

Il1rn 5' TCGGAGTACCTGTCATGCAAA 3' 5' GCTTGCATCTTGCAGGGTCT 3' 

Il4 5' GAGACTCTTTCGGGCTTTTCG 3' 5' CAGTGATGTGGACTTGGACTC 3' 

Il13 5' GAGCAACATCACACAAGACCAGA 3' 5' GGCCAGGTCCACACTCCATA 3' 

Il33 5' TCCAACTCCAAGATTTCCCCG 3' 5' CAGTGCAGTAGACATGGCAGAA 3' 

Cd163 5' GAGACACACGGAGCCATCAA 3' 5' CGTTAGTGACAGCAGAGGCA 3' 

Cd206 5' GTGGACGCTCTAAGTGCCAT 3' 5' GAATCTGACACCCAGCGGAA 3' 

Arg1 5' GAACACGGCAGTGGCTTTAAC 3' 5' TGCTTAGTTCTGTCTGCTTTGC 3' 

 

3.3.8 Nanostring Multiplex Gene Expression Analysis 

For comprehensive evaluation of the whole immune profile, RNA samples were 

analyzed by Nanostring nCounter® MAX Analysis System with nCounter® Immunology Panel 

(Mouse) allowing for multiplexed assessment of 561 genes199, 200.  Samples were processed 

according to manufacturer instructions.  In brief, RNA sample concentrations were measured on 

a Qubit 3.0 Fluorometer with a QubitTM RNA HS Assay kit.  70 µL of hybridization buffer was 

mixed with Immunology Panel Reporter CodeSet solution, and 8 µL of this master mix was 

mixed in a separate reaction vessel with 100 ng of RNA per tissue sample and RNA-free water 

up to 13 µL total.  2 µL of Capture ProbeSet was added to each vessel, mixed and placed on a 

thermocycler at 65ºC for 16-48 hours before being maintained at 4ºC for less than 24 hours.  

Nanostring nCounter Prep Station performed automated fluidic sample processing to purify and 

immobilize hybridized sample to cartridge surface.  Digital barcode reads were analyzed by 
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Nanostring nCounter® Digital Analyzer.  Results were analyzed by manufacturer nSolverTM 

Analysis Software 4.0 and custom R scripts.  Gene expression normalization and differential 

expression was analyzed by the NanostringDiff package with significance at a false discovery 

rate of qvalue < 0.05201, 202.  Gene enrichment analysis was performed with the clusterprofiler 

package203 and volcano plots created with the EnhancedVolcano package204 with a threshold at 

a false discovery rate of qvalue < 0.05.  

 

3.3.9 Immunohistochemistry 

Harvested samples were embedded into Tissue-Tel O.C.T. Compound (Sakura®, 

Torrance, CA) for cryosectioning.  Cryosections from three different evenly spaced locations 

were used for all immunohistochemistry.  Transverse sections were taken to obtain a cross-

section of the biomaterial injection and neighboring dermal tissue.  Histological evaluation of 

total cell and mast cell infiltration were taken from sections stained with Toluidine Blue Stain, 1% 

w/v (Ricca Chemical, Arlington, TX) and scanned with a Leica Aperio ScanScope® CS2 (Leica, 

Buffalo Brove, IL) system.  For fluorescent staining, slides were fixed with 4% paraformaldehyde 

in PBS (Thermo ScientificTM) and blocked with a buffered solution containing 3% bovine serum 

albumin (Gemini Bio-Products, Inc., West Sacramento, CA)and 0.1% Triton X-100 (Sigma) in 

PBS.  The primary antibodies, pan-macrophage marker anti-mouse F4/80 (eBioscience, San 

Diego, CA) and anti-mouse Ly-6G/Ly-6C (eBioscience), were incubated for 12-18 hours at 4°C: 

Secondary antibody Alexa Fluor 488 with Hoechst 33342 (Thermo ScientificTM) counterstain 

was incubated for 30-40 minutes at room temperature.  Coverslips were mounted with 

FluoromountTM Aqueous Mounting Medium (Sigma) and allowed to dry protected from light.  

Fluorescent images were scanned with the Leica Ariol® DM6000B system (Leica).  Cellular 

density and co-staining quantification were done with custom MATLAB scripts (Mathworks, 

Natick, MA).   
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3.3.10 Statistical Analysis 

 All data and plots are presented as mean ± SD unless noted otherwise.  Statistics were 

performed in Prism 8 (GraphPad Software, San Diego, CA) or custom R scripts.  For two group 

assessments, an unpaired student’s t-test was performed while assessments across three or 

more groups was evaluated with a one-way ANOVA with a Tukey post-hoc with significance 

taken at p < 0.05.  For analysis of differential expression of Nanostring data, a false discovery 

rate threshold of q < 0.05 was utilized.  
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Chapter 4 Conclusions and Future Directions 

4.1 Summary of Work 

In this dissertation, investigations determining several advances were presented on the 

endogenous cellular responses contributing to the efficacy and safety of tissue derived ECM 

biomaterial therapies.  This work highlights the dynamic interaction of the myocardial matrix 

material and ECM derived materials with endogenous cell populations and biomolecules, 

particularly immune cell populations and sources of oxidative stress, that contribute to the 

observed efficacy and safety of these materials for stimulating repair.  The studies described 

most commonly utilize an injectable myocardial matrix hydrogel material derived from porcine 

left ventricular tissue, though the results determined can more broadly apply to naturally derived 

decellularized materials biomaterials, along with providing some insight to the regenerative 

medicine and immunology fields.     

In the first study, properties of the hydrogel in relation to the mitigation of sources of 

oxidative stress were determined showing that the matrix could act as an ROS scavenger/sink 

and shield encapsulated cells from oxidative stress.  This was determined to be, in part, from 

amino acids that could be oxidized such as thiol groups in free cysteine residues along with 

lesser contributions from methionine and histidine residues.  Notably, as ECM proteins have 

different percentages of cysteine residues and are known to have different compositions during 

development, particularly, an increases in collagen which contains few cysteines, this could 

contribute to the observed changes in regenerative potential and greater regenerative effect 

observed with ECM derived or characteristic of tissue from fetal and neonatal stages205-207.  

Investigation of whether matrix aided in the continued proliferation of neonatal derived rat 

cardiomyocytes in vitro also demonstrated greater progeny generation compared to collagen 

controls along with shielding from activation of stress pathways from oxidative stress.  

Assessment in a rat ischemia-reperfusion rat showed an increase of thymidine analog uptake in 
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cardiomyocyte nuclei during the earlier timepoint after injection of the material, however, this 

required a longer timeframe of delivery to resolve a difference.  Furthermore, issues with 

common proliferative stains showing positive signal in healthy tissue made confirmation of the 

degree of cell cycle progression difficult to confirm.  Thus, these results provide evidence of a 

proliferative microenvironment for cardiomyocytes, though evaluation of common methods 

needs to be done to determine the biological relevance of these results. 

In the second study, evaluation of the immune response in an immune system 

humanized mouse model as an improved representative pre-clinical model demonstrated a 

dynamic immune response to our material from macrophage and T cell populations.  

Responses were determined with a subcutaneous injection for a focus on immune cell 

infiltration and response without the additional influence from tissue or injury.  At 3 days, an 

early dominant presence of cytotoxic T cells, Th1 cells, and M1 macrophages were observed.  

This response shifted to a type 2 dominant response with Th2 cells and M2 macrophages.  This 

type of shift mimicked the immune response observed in physiological tissue repair.   

In the final study, the contribution of mast cells to the dynamic immune response 

stimulated injectable ECM materials was evaluated.  Mast cells are known to release a wide 

array of cytokines and factors related to both physiological and pathological remodeling, 

however, their function is mainly related to inflammatory responses.  This study demonstrated 

that mast cells aid in the progression of the immune response stimulated from ECM 

biomaterials.  In male mice, mast cells were needed to progress macrophage polarization and 

presence of cytokines from the IL-1 family and related downstream pathways, which were 

maintained in mast cell deficient mice, and reversed with mast cell reconstituted mice.  In 

contrast, progression of the immune response was accelerated in female mice with responses 

suggesting a more dominant response from female hormones on immune cell populations.  

Therefore, these results demonstrate a major influence of mast cells on the immune response 
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despite their low cell number and emphasize their potential alterative roles outside their 

classical pro-inflammatory activated phenotype. 

 

4.2. Future Directions 

Demonstrations of efficacy and safety of injectable decellularized ECM therapies have 

prompted their evaluations in early clinical trial studies187.  Decellularized materials have 

provided methods to create materials mimicking the native extracellular microenvironment that 

cannot be achieved with current engineering techniques, however, this complexity does make 

the contributing reparative mechanism less straightforward to delineate.  Furthermore, approval 

for continued evaluation of this material in later clinical trial phases and future improvement 

require a greater understanding of the responses contributing to the observed in vivo 

responses.  Based on work in this dissertation, several contributing interactions and cellular 

responses have been highlighted that could be further investigated or stimulated to enhance 

repair.  However, a major limitation of these methods is the use of distinct animal models or low-

throughput methods with knockout models to associate roles with specific cell types.  To 

improve characterization, high throughput omics methods such as single cell RNA-seq would 

allow improved delineation of the results to specific cell types in a high throughput manner and 

allow for further discovery of mechanisms contributing to these responses similar to previous 

bulk transcriptomic studies.  Alternatively, improved models of the human response 

representing characteristics of the expected patient population could also improve translational 

representation of the results.   
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