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ABSTRACT 
Cardiac fibrosis is characterized by excessive extracellular matrix deposition and 

tissue remodeling that leads to heart failure. Chronic inflammation promotes cardiac 

fibrosis and occurs after initial inflammatory responses to damage that are not effectively 

resolved. Mast cells are resident innate immune cells present in virtually all body tissues 

that act as sentinels to damage. Mast cells robustly respond to interleukin (IL)-33, a 

damage associated molecular pattern released upon stromal cell death. IL-33 exerts 

cytokine effects upon release via signaling through its cognate receptor ST2 to promote 

type 2 immune responses. We hypothesized that mast cells prevent excessive remodelling 

in the heart that leads to fibrosis via an IL-33-dependent mechanism. This hypothesis has 

been examined using human and mouse models. Atrial tissues from human cardiac 

surgery patients were assessed for mast cells, in relation to fibrosis, and clinical 

outcomes. We observed that patients with high mast cell density had lower atrial collagen 

content and improved functional outcomes post-operative. IL-33 did not have a role at 

this later stage in remodelling. In response to IL-33 in vitro, human mast cells produced a 

number of mediators of relevance to angiogenesis, such as vascular endothelial growth 

factor-A and urokinase plasminogen activator, but not those classically associated with 

fibrosis or inflammation. Finally, a mouse model of efferocytosis was employed, to 

determine impacts of IL-33 on inflammation resolution. IL-33 administration to the 

peritoneal cavity led to increased populations of macrophages bearing the efferocytosis 

receptor MerTK. Additionally, IL-33 promoted efferocytosis when apoptotic cells were 

introduced. This was not a mast cell dependent process. Through studies of human atrial 

tissues and related model systems, we have identified a novel association between mast 

cells, IL-33 and the resolution of cardiac fibrosis. Mast cell-derived angiogenic mediators 

identified in vitro may be relevant in this system. Our in vivo efferocytosis model can 

inform future work on inflammation resolution with relevance to the heart and other 

inflammatory sites. This work demonstrates the complexity of the cell types, mediators 

and interactions involved in a disease process such as cardiac fibrosis and has provided 

mechanisms to inform the development of more effective therapies.   
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CHAPTER 1: INTRODUCTION 
 

Sections 1.3.2.1- 1.3.2.5 have been published in: S.A. Legere, I.D. Haidl, J-F. Légaré, 
J.S. Marshall. 2019. Mast cells in cardiac fibrosis: new insights suggest opportunities for 
intervention. Frontiers in Immunology. 10. doi.org/10.3389/fimmu.2019.00580. They are 
reproduced in accordance with Creative Commons Attribution 4.0 (see 
https://creativecommons.org/licenses/by/4.0/legalcode) 
 

1.0 – Overview 

Cardiac fibrosis is the excessive deposition of scar tissue that occurs in the heart 

after damage and is driven by chronic inflammation 1,2. Research in this field has 

historically focused on initial causes of chronic inflammation and fibrosis, rather than 

their resolution. Resolution of inflammation is an active process that transitions tissues to 

adaptive homeostasis 3,4. Understanding how resolution occurs naturally and how it can 

be activated provides opportunities to improve patient outcomes. The inflammatory 

process is regulated by tissue resident immune cells at sites of damage. This includes 

mast cells and macrophages, which act as sentinels to co-ordinate immune responses to 

infection and tissue damage 5,6. Resident tissue immune cells respond to various stimuli 

to mediate these responses. One unique dual-function cytokine that acts on mast cells is 

interleukin (IL)-33. IL-33 is a nuclear damage-associated molecular pattern (DAMP) 

released upon death or damage in stromal cell populations. It exerts cytokine effects via 

signaling through its cognate receptor ST2 to promote type 2 immune responses. To 

introduce the experimental work in this thesis, the following chapter will present relevant 

literature on mast cells, IL-33, cardiac fibrosis, inflammation resolution, and 

macrophage-mediated efferocytosis to provide relevant context for the work described 

herein. 

1.1 – Mast cells  

The immune system in mammals has evolved to serve a plethora of purposes, from 

defense against pathogens, to restoration of tissue function after injury, and maintenance 

of homeostasis. The mast cell is an innate immune cell that has an impact on all these 

functions. Mast cells are highly evolutionarily conserved and have homologues in  

invertebrates, which function to regulate many processes within and outside of the 

https://creativecommons.org/licenses/by/4.0/legalcode
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immune response through a diverse array of actions 6. Mast cells were initially identified 

and characterized by the high concentrations of metachromatic granules present in their 

cytoplasm. These granules contain a variety of mediators, such as histamine, serine 

proteases, and cytokines 5,7. Mast cell degranulation occurs in response to numerous 

stimuli and is classically associated with Fc Epsilon Receptor I (FcεRI) crosslinking in 

allergy. However, mast cells also synthesize and secrete mediators de novo without 

degranulation to enact more discrete functions. Finally, a combination of degranulation 

and de novo mediator synthesis can occur upon mast cell activation, allowing for these 

cells to greatly impact the tissue environments in which they reside (Fig. 1.1) 5,8. The 

mast cell proteomic profile is distinct amongst hematopoietic cells, leukocytes, and 

granulocytes, but conserved between humans and mice 9. Mast cells are very long lived in 

tissues and unlike other granulocytes such as neutrophils, they can re-granulate and 

persist in tissues following degranulation 10. Therefore, mast cells are poised to 

orchestrate inflammatory processes that follow infection and injury, allowing them to act 

as sentinels within the body. 

1.1.2 – Mast cell origins  

Mast cells are not observed in mature forms in circulation. Mast cell progenitors 

(MCp) are derived from bone marrow hematopoietic stem cells (HSCs) and circulate in 

the periphery until they enter tissues and undergo maturation to become mast cells 10,11. 

Certain mast cell populations are derived from yolk-sac progenitors in young mice, 

particularly in the peritoneal cavity and skin, but in mature animals most populations are 

seeded from bone marrow MCps 12.  MCps are rare in bone marrow and circulation due 

to the rapidity with which they are recruited to tissues, and low rates of tissue mast cell 

turnover 11,13. This makes the study of MCps particularly challenging. In mice, MCps can 

be identified in circulation as Lin-CD117+ST2+Integrin β7+CD16/23hi with variable 

expression of FcεRI between strains (FcεRIint in BABL/c and FcεRI- in C57BL/6) 14. 

Upon entry into tissues, MCps upregulate CD45 and FcεRI on their cell surface as they 

mature into tissue resident mast cells. The identification of MCps in humans is more 

difficult, as a definitive progenitor population has yet to be identified. 

CD34+CD117+CD13+ cells in circulation have the potential to be mast cell-forming in 

culture, but only a small percentage give rise to mast cells 10 and are therefore likely not 
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definitive MCps. Once within tissue, MCps require IL-3 15 and stem cell factor (SCF) 16 

signaling to differentiate into mature mast cell forms in vivo 17. Although MCp identity 

and biology is poorly understood, it is well accepted that mast cells mature within the 

tissue niches they occupy and as such their function is derived from both cell identity and 

micro-environmental influences 10,11.  

1.1.3 – Mast cell properties 

Mast cells are distributed in tissues and organs throughout the body, at particularly 

high density at sites in contact with the external environment 18,19. Mature mast cells can 

be identified morphologically by their high content of electron-dense secretory granules 
20. These granules can be visualized with cationic dyes to produce classical 

metachromatic staining of mast cells (Fig. 3.1A). The contents of mast cell granules 

differ between subsets, and mature mast cells have historically been divided into two 

phenotypes largely based around granule-associated proteases. This classification scheme 

differs between humans and mice. Murine mast cells have historically been divided based 

on heparin and chondroitin sulphate content in their granules into mucosal (MMC) or 

connective tissue mast cells (CTMC), the latter of which has more heparin content 6,20. In 

humans, mast cells are divided based on chymase expression in granules into tryptase 

positive (MCT) or tryptase and chymase positive mast cells (MCTC) that generally have 

mucosal and connective tissue distribution respectively 21,22.  

The structure of this schema is being challenged, as recent transcriptomic studies of 

14 lymphoid and myeloid populations in mice identified mast cells as a transcriptionally 

diverse population depending on tissue residence23. While mast cells contained a 

“transcriptomic signature” consistent across tissues, each population contained a separate 

and distinct “tissue-specific” signature that regulated their activity 23. Similar data has 

begun to emerge on human mast cells 9. Therefore, mast cell function is likely regulated 

by the tissues these cells reside in, similar to tissue resident macrophages 24.  It is likely 

that mast cells residing in tissues with common needs, such as those with predominantly 

mucosal vs. connective tissue morphology, appear similar from histological perspectives. 

However, with the advent of transcriptomic and proteomic sequencing more diverse 

functions will likely be identified than previously appreciated. 
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Mast cells respond to a wide variety of stimuli via expression of numerous receptors 

on cell and inner membrane surfaces (Table 1.1). Mast cells can respond to activation in 

several ways: (1) degranulation and release of pre-formed mediators, (2) secretion of de 

novo synthesized mediators, or (3) a combination of degranulation and secretion of de 

novo mediators (Fig. 1.1). Degranulation results in largely pro-inflammatory actions 

through the release of mast cell granule products (Table 1.2). Mast cells trap a diverse 

array of mediators in anionic gel matrices of chondroitin sulfate and heparin to avoid the 

large and thermodynamically intensive task of storage 8,25. Several of these mediators 

(e..g SCF, VEGF) can be generated by de novo synthesis pathways as well5. Examples of 

stimuli that exclusively induce degranulation in mast cells includes UV radiation 26, 

complement components C3a and C5a 27, and insect venoms 28, among others 8. The 

magnitude of granule release differs based on the given receptor that is stimulated. In 

response to FcεRI cross-linking, mast cells rapidly degranulate and release most, if not 

all, of their granules into the extracellular environment which can result in anaphylaxis. 

However, in response to activation of Mas-related G protein-coupled Receptor X2 

(MRGPRX2) by various stimuli, mast cells can limit granule release, with some evidence 

suggesting preferential release of certain types of granules 29.  

Mast cells also synthesize and secrete mediators de novo in response to various 

stimuli. This includes cytokines, chemokines, lipids, and growth factors with actions 

ranging from pro-inflammatory, to pro-fibrotic, to angiogenic (Table 1.3). The activating 

stimuli and tissue microenvironment influence the subsequent mast cell secretion pattern. 

Mast cells generate lipid mediators de novo to exert physiological and inflammatory roles 
30. Lipid mediators can be synthesized with or without the generation of protein 

mediators, as well as in the context or independent of mast cell degranulation 31. Mast 

cells have been historically regarded as pro-inflammatory cells, but the consequences of 

mast cell secretion are numerous. Mast cells can interact with neurons to regulate 

functions of the central and peripheral nervous system 32. Mast cell serotonin secretion 

regulates intestinal homeostasis through direct nerve interactions 33 and distal impacts on 

hippocampal function 34. Production of IL-10 by mast cells promotes allograft tolerance 

after transplantation through the promotion and maintenance of T regulatory cell (Treg) 

populations 35–37. In contrast, mast cell secretion of vascular endothelial growth factor 
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(VEGF)-A can promote tumour progression via neovascularization for tissue invasion 38–

40. Furthermore, mast cell IL-1β production is a key contributor to rheumatoid arthritis 

progression 41,42. Stimuli associated with exclusive mast cell secretion include TLR2 

activators 43,44, TLR4 activators 45,46, cytokines (IL-4 43, IL-6 47, IL-13 48, IL-33 49,50, 

interferon(IFN)α, IFNγ 51), chemokines (CXCL12 52), and growth factors (SCF 53), 

among others. Of note, pattern recognition receptor (PRR) signaling in mast cells has 

largely been examined in the context of pathogen-associated molecular patterns (PAMPs) 
54, with less data available on the impact of DAMPs on mast cell secretory actions.  

Finally, mast cells can combine both degranulation and de novo secretion, which is 

most classically observed in mast cell activation via IgE cross-linking in allergic disease. 

FcεR1 on the mast cell surface binds antigen-specific IgE, 55 which sensitizes the cell 

upon first exposure to pathogens, such as helminths, or allergens 56. Subsequent 

activation of FcεR1-bound IgE by target antigen crosslinks these receptors 57, leading to 

immediate degranulation. FcεR1 mediated signaling induces synthesis and secretion of a 

number of mediators, including arachidonic acid metabolites (prostaglandins and 

cysteinyl leukotrienes), cytokines (TNF, CXCL8), chemokines (CCL2), and growth 

factors (VEGF-A) 55,56,58. Combinations of degranulation and secretion have also been 

observed in response to activation of MRGPRX2 29, neurokinin receptors (NKR) 59, and 

opioid receptors 60,61, among others 8.  

Mast cells have been implicated as key cellular mediators in a number of pathological 

processes including defense against pathogens 62,63, allergic inflammation 64–66, cancer 
67,68, vascular disease 69, autoimmune disease 32,70, cardiovascular disease 71,72, and 

fibrosis 73–77. Mast cell actions in these disease settings have been frequently reported to 

be influenced by the dual-function cytokine IL-33. 
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Figure 1.1 – Mast cells responses to activation. Mast cells can degranulate in response to 
activation by a variety of stimuli, characterized most typically by release of histamine, 
proteases and cytokines. Mast cells can also be activated to secrete mediators de novo 
without degranulation. Finally, a combination of degranulation and secretion can occur, 
in which tailored de novo mediator synthesis follows mast cell degranulation. Figure 
generated with BioRender. 
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Table 1.1 – Summary of known mast cell receptors 7,78,79 
Immunoglobulin receptors 

Surface Ig receptors FcεRI 

  FcγRI 

  FcγRIIA 

  FcγRIIB 

  FcγRIIIA 

  Surface Ig- free light chain receptor (FLCR) 

Pattern recognition receptors (PRRs) 

Surface TLR2/TLR1 or TLR2/TLR6 

  TLR4 

  TLR5 

Endosomal TLR3 

  TLR7 

  TLR8 

  TLR9 

  TLR10 

C- type lectin receptor (CLRs) 

  Dectin- 1 

  CD48 

Retinoic acid- Inducible Gene- I (RIG- I)- like Receptors (RLRs) 

Cytoplasmic RIG- I (Retinoic acid- Inducible Gene- 1) 

  MDA- 5 (melanoma differentiation gene 5) 

  LGP2 (laboratory of genetics and physiology 2) 

Nucleotide Oligomerization Domain (NOD)-like receptors (NLRs) 

Cytoplasmic NOD1 

  NOD2 

  NLRP3 

Nuclear receptors 

  Glucocorticoid receptor (GR) 

Hormone receptors 

  Estrogen 

    

  Progesterone 

  Testosterone 

  Aryl hydrocarbon receptor (AhR) 
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Hormone receptors 

  Vitamin D receptor (VDR) 

  Peroxisome proliferator- activated  

Receptors 

G- protein-coupled receptors (GPCRs) 

MAS- related GPCRs MRGPRX2 

  MRGPRB2 

  MRGPRB3 

Complement receptors  C3aR 

  C5aR 

Endothelin receptors ETA 

  ETB 

Neuropeptide and neurotransmitter 
receptors 

NTSR1 (Neurotensin receptor 1) 

  CRHR- 1 (corticotropin- releasing hormone receptor) 

  NK- 1R (neurokinin- 1 receptor) 

  CLR (calcitonin- like receptor 

  VPAC2 (Vasointestinal peptide and pituitary adenylate 
cyclase-activating peptide receptors 2) 

  VPAC1 (Vasointestinal peptide and pituitary adenylate 
cyclase-activating peptide receptor 1) 

  ADRB2 (beta2 adrenergic receptor) 

Lipid mediator receptors 

Sphingosine 1 phosphate (S1P) receptors S1P1 

  S1P2 

Prostaglandin D2 receptors PTGDR-1 (DP, D prostanoid receptor) 

  PTGDR-2 (DP2 or CRTH2) 

Prostaglandin E2 receptors EP1 (E prostanoid receptor) 

  EP2 

  EP3 

  EP4 

Leukotrienes (LTs) receptors CYSLTR1 (Cysteinyl leukotriene D4 receptor) 

  CYSLTR2 

  GPR99 (G-protein-coupled receptor 99) 

  GPR17 (G-protein-coupled receptor 17) 

Leukotrienes (LTs) receptors 

  BLT1R (B4 leukotriene receptor 1) 
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  BLT2R 

  PAFR (PAF receptor) 

Purinergic receptors A2aR (Adenosine 2a receptor) 

  A2bR 

  A3R 

  P2Y (P2 purinoceptor subtype Y) 

Chemokine receptors Not listed 

Other GPCRs ADGRE2 (Adhesion G-protein-coupled receptor E2) or 

  EMR2 (EGF-like module-containing mucin-like hormone 
receptor-like 2) 

  5HTR (Serotonin receptor) 

Endocannabinoid receptors CB1 

  CB2 

    

Corticotropin-releasing hormone receptor CRHR1  

  CRHR2 

Alarmin receptors 

  IL-1 receptor (IL-1R) 

  IL-33 receptor (ST2)  

Purinergic receptors P2Y receptors 

  P2X receptors (P2X7)  

RAGE/AGER   

Other receptors 

Integrins CD29  

  CD49d  

  CD49e  

  CD61  

  CD51  

  α1β1  

  α2β1  

  α4β7  

Tetraspanins 

  CD9  
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  CD37  

  CD53  

  CD63  

  CD81  

  CD82  

  CD151  

Complement receptors C1q-R 

  C3AR1 

  C5AR 

Cytokine Receptors Not listed 

Stem cell factor receptor c-Kit 

Growth factor receptors Not listed 

Antigen presenting receptors MHCII 

 

  



 11 

Table 1.2 – Summary of known mast cell granule contents 20 
Granule constituent Key features 

Lysosomal enzymes   
β-hexosaminidase Enzyme involved in turnover of carbohydrates 

Routinely used as a marker for mast cell degranulation 
responses 

β-glucuronidase, N-acetyl-β-
glucosaminidase and β-D-galactosidase 

Enzymes involved in turnover of carbohydrates 

Arylsulphatase A Enzyme involved in turnover of glycosphingolipids 
Cathepsin B Cysteine protease 

Cathepsin C Cysteine protease 

Cathepsin L Cysteine protease 

Cathepsin D Aspartic acid protease 

Cathepsin E Aspartic acid protease 

Biogenic amines  
Histamine Present in all subtypes of mast cells in all species 

Serotonin High levels in rodent mast cells 
Low levels in human mast cells 

Dopamine Low levels 
Not found in human mast cells 

Polyamines (for example, spermidine and 
spermine) 

Ubiquitous components of mammalian cells 

Cytokines and growth factors 
 

TNF First cytokine shown to be stored in mast cell granules 
IL-4 Released by IgE receptor crosslinking 
bFGF Seems to be associated with heparin 
VEGF Released by IgE receptor crosslinking 
TGFβ Released during degranulation 
Nerve growth factor Released by IgE receptor crosslinking 
IL-5 Present in the cytoplasm 

Presence within granules unclear 
IL-6 Present in the cytoplasm 

Presence within granules unclear 
IL-15 Associated with granules but not released upon mast cell 

activation 
Stem cell factor Present in the cytoplasm 

Not released upon IgE receptor crosslinking 
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Proteoglycans, Proteases and Others  
Serglycin High expression in mast cells 

Also expressed by other haematopoietic cells and by 
endothelial cells 

Tryptases Serine proteases 
Highly expressed by mast cells 
Low expression in basophils 

Chymases Serine proteases 
Highly expressed by mast cells 

CPA3 Metalloproteinase 
Highly expressed by mast cells 
Low expression in basophils 

Cathepsin G Serine protease 
Major product of neutrophils 

MMP9 Metalloproteinase 
Activated by chymase 

Active caspase 3 Cysteine protease 
Present in granules of viable mast cells 

ADAMTS5 Metalloproteinase 
Granzyme B Serine protease 

Major product of cytotoxic lymphocytes 
Renin Aspartic acid protease 
VAMP2, VAMP3, VAMP7 and VAMP8 v-SNAREs 

Syntaxin 3 t-SNARE 
Synaptotagmin II and synaptotagmin III Accessory protein in SNARE-mediated granule fusion 

events 

MUNC18-2 Accessory protein in SNARE-mediated granule fusion 
events 

MUNC13-4 Accessory protein in SNARE-mediated granule fusion 
events 

SCAMP1 and SCAMP2 Accessory proteins in SNARE-mediated granule fusion 
events 

CD63 Tetraspanin 
RAB3D, RAB5, RAB7, RAB9A, RAB19, 
RAB27A, RAB27B, RAB42 and RAB43 

Belong to a family of GTPases that regulates membrane 
trafficking 

LC3-II Autophagy-related protein 
MHC class II Presents antigens mainly derived from extracellular 

sources 
Heparanase Endoglycosidic enzyme that degrades heparin and 

heparan sulphate 
LL37 Antimicrobial peptide 
Eosinophil granule major basic protein Appears in granules after uptake from environment 
Secretogranin III and chromogranin A Members of the granin protein family 

Present in granules of neuroendocrine cells 
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Table 1.3 – Summary of known mast cell de novo synthesized mediators1 
Factor Mast cell type(s) References 

IL-1β Mouse in vivo, BMMCs2, cell lines, Human CBMCs3 41, 44,80–85 

IL-2 Mouse BMMCs, lung MCs 86–88 

IL-3 Mouse BMMCs, Human gastroduodenal 89,90 

IL-4 Mouse BMMCs, peritoneal MCs, cell lines, Human nasal, 
bronchial, skin  

85,91–98 

IL-5 Human PBMCs, CBMCs, airway, gastroduodenal, bone 
marrow-derived, Mouse BMMCs  

46, 50, 85, 90, 94,95,99,100 

IL-6 Mouse in vivo, BMMCs, cell lines, Rat PMCs4, Human 
bronchial, nasal, PBMCs5, CBMCs 

50, 80, 92, 94,101–105 

IL-9 Mouse BMMCs 106–108 

IL-10 Mouse BMMCs, Human PBMCs, CBMCs 100 50 

IL-12 Mouse BMMCs, Human PBMCs 45 
IL-13 Human PBMCs, CBMCs, Mouse in vivo, BMMCs 46, 50, 114, 85, 87, 100,109–113 

IL-16 Human BM-derived and lung 115 

IL-33 Mouse BMMCs 116 

Amphiregulin Human skin, CBMCs 117,118 

IFNα2 Human CBMCs 119 

IFNγ Mouse in vivo, Rat PMCs 103,104,120 

IFNλ1 Human CBMCs 119 

EGF Human thyroid 121 

Endothelin-1 Human skin 117  

bFGF/FGF-2 Human dermal, cutaneous, lung, skin, thyroid, PBMCs, Rat 
PMCs, Mouse BMMCs 

121–128 

GM-CSF Human skin, gastroduodenal, BM-derived, PBMCs, 
CBMCs, Mouse BMMCs 

44, 50, 89,90, 99, 117,129,130 

MMP-1 Rat liver 131 

MMP-3 Rat liver 131 

MMP-8 Human skin 117 

 
1 Some mediators have traditionally been considered as either primary or secondary mast cell mediators, 
but an increased understanding of mast cell biology has limited the usefulness of that classification in the 
context of chronic disease. 
2 BMMCs – Bone Marrow-derived Mast Cells 
3 CBMCs – Cord Blood-derived Mast Cells 
4 PMCs – Peritoneal-derived Mast cells 
5 PBMCs – Peripheral Blood-derived Mast Cells 
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MMP-9 Human CBMCs, HMC-1 cell line, Mouse BMMCs 132–134 

PAI-1 Human skin  117 

PDGF Human thyroid, Mouse BMMCs 121,135 

Factor Mast cell type(s) References 

Pentraxin 3 Human skin 117  

Factor Mast cell type(s) References 

SCF Human lung, skin, cardiac, mastocytosis in bone marrow, 
CBMCs, PBMCs 

136–140 

TGF-β1 Mouse lung, BMMCs, cell lines, mouse PMCs, Dog 
mastocytoma, Rat PMCs, Human CBMCs 

87,88,140–143 

TIMP-1 Human skin, HMC-1 cell line 117,144 
TNF Mouse BMMCs, peritoneal MCs, cell lines, Rat peritoneal 

MCs, Human skin, CBMCs 
44, 46, 150–154, 85, 97, 141,145–

149 
VEGF Human thyroid, skin, layryngeal squamous cell carcinoma, 

malignant melanoma, CBMCs, PBMCs, Mouse in vivo, 
BMMCs, peritoneal MCs, Rat small intestine, peritoneal 
MCs 

39,40, 117, 121, 125,126,155–161 

CCL1 Mouse liver-derived, Human skin, PBMCs, CBMCs 50,162,163 

CCL2 Mouse BMMCs, Human skin, PBMCs, CBMCs 49,50, 110, 112,113, 117,164 

CCL3 Mouse liver derived, BMMCs, Human CBMCs 110, 113,163,164 

CCL4 Mouse skin, Human CBMCs 165,166 

CCL5 Human CBMCs 49  

CCL11 Human skin 167 

CCL17 Human PBMCs, CBMCs 50 

CCL20 Human CBMCs 130 

CCL22 Human PBMCs, CBMCs 50  

CXCL2 Human skin, synovium, PBMCs 45, 151,168,169 

CXCL8 Human skin, PBMCs, CBMCs 50, 117,166 

CXCL10 Human CBMCs 166,170 

CXCL16 Human skin 117 

LTB4 Murine CTMCs, MMCs 30,171  

LTC4 Murine CTMCs, MMCs 30,171  

LTD4 Murine CTMCs 30,171  

LTE4 Murine CTMCs, MMCs 30,171  
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PGD2 Murine CTMCs, MMCs 30,171  

PAF Murine BMMCs, Rat CTMCs 172 

S1P Human PBMCs, Murine BMMCs 173–175 

TXB2 Murine MMCs 30,171  
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1.2 – IL-33: a dual function cytokine 

 IL-33 is regarded as a dual-function cytokine, in that it is a DAMP co-localized 

with the nucleus of structural cells  as well as an IL-1 family cytokine that signals 

through its cognate receptor IL-1RL1 (ST2) 176,177. In humans, IL-33 is abundant in 

endothelial cells throughout the vascular tree, epithelial cells in tissues in contact with the 

external environment, and fibroblastic reticular cells (FRCs) of lymphoid organs 176 at 

rest. Several subsets of activated fibroblasts in a myriad of tissues can increase expression 

of IL33 178. In mice, IL-33 can be found in the brain, eye, barrier tissue epithelium, FRCs 

of lymphoid organs, and stromal cells of cavity linings, but is notably absent from 

endothelial cells at rest 179–181. The endothelium in several tissues can upregulate Il33 

expression under inflammatory conditions, such as in the heart and lungs, but lacks basal 

expression 179. While some evidence would suggest IL-33 can be secreted by certain 

leukocyte populations 178, there is skepticism as to the validity of these claims. This is 

primarily because IL-33 does not contain a signal sequence for trafficking through the 

endoplasmic reticulum-Golgi network, and therefore it is unknown if IL-33 can be 

secreted as a traditional cytokine 182. Evidence for release of IL-33 from live endothelial 

cells and fibroblasts does suggest alternative mechanisms 183,184 such as inclusion in 

extracellular vesicles, but these remain poorly defined 183,185.  

IL-33 is a unique DAMP in that it signals through a cytokine receptor 177, 

allowing it to influence local leukocyte populations upon its release in a different manner 

than traditional DAMP signaling via PRRs. In this way IL-33 functions as a cytokine 

with emerging roles across a broad spectrum of disease, including cancer 186, autoimmune 

disease 187, allergy 188–190, inflammatory disease 191, fibrotic disorders 192, and 

cardiovascular disease (CVD) 193,194. Therefore, understanding how its release is 

regulated, and its subsequent effects on target leukocytes could help to identify novel 

therapeutic targets. 

1.2.1 – Regulation of IL-33 activity 

IL-33 was initially thought of as a transcription factor capable of dampening 

nuclear factor-κB (NF-κB) signaling 195. However, IL-33 was found to have no impact on 

transcription on further assessment, and as such nuclear localization of IL-33 is likely a 

mechanism by which to restrict release to conditions of cell death or damage 196. Further 
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mechanisms exist to regulate IL-33 activity in the extracellular space (Fig. 1.2). The IL-

33 receptor protein exists in both membrane-bound (ST2L) and soluble (sST2) forms as a 

result of alternative splicing 197. sST2 acts as a decoy receptor to sequester IL-33 in the 

extracellular environment and prevent signal transduction 178. IL-33 is thought to have a 

short half-life in the extracellular environment. Once released from the nucleus, IL-33 is 

highly susceptible to oxidation of its cysteine residues 198 (Fig. 1.2) that results in an 

inactive disulfide-bonded form of the cytokine. Additionally, IL-33 is cleaved and 

inactivated by apoptotic caspases 3 and 7 to restrict release of bioactive IL-33 to the 

extracellular environment only upon inflammatory cell death 199,200. Mechanisms to 

restrict release are important, as full length IL-33 is bioactive, unlike other IL-1 family 

cytokines 182. IL-33 can have its activity significantly increased through proteolytic 

processing by neutrophil cathepsin G and mast cell chymase (Fig. 1.2). The processed 

form of IL-33 has been shown to have increased potency on type 2 innate lymphoid cells 

(ILC2s) 201–203. The impacts on IL-33 activity by proteolytic processing coupled with its 

susceptibility to oxidation in the extracellular space likely limits the presence of IL-33 

outside of the cell to a matter of hours 178. Therefore, the actions of IL-33 are thought to 

be particularly potent on ST2L-bearing cells within damaged tissues.  

1.2.2 – ST2L signaling for IL-33 cytokine function 

ST2L signals via the IL-1 receptor accessory protein (IL-1RAcP) upon IL-33 binding. 

After the assembly of the IL-33/ST2L/IL-1RAcP complex, recruitment of myeloid 

differentiation primary response 88 (MyD88)/IL-1 receptor-associated kinase-1 (IRAK-

1)/IRAK-4/tumour necrosis factor receptor(TNFR)-associated factor 6 (TRAF6) mediates 

NF-κB and mitogen activated protein kinase (MAPK) activation, typical of IL-1 family 

cytokines 204 (Fig. 1.2). Downstream effector protein signaling induced by ST2L is quite 

complex, and can result in activation of numerous pathways and effector molecules 

depending on the cell type 205. While notable, the complex cell-cell variability in ST2L 

signaling 205 is beyond the scope of this thesis. 
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Figure 1.2 – Regulation of the bioactivity of IL-33. IL-33 is released as a full length (IL-
33FL) protein from dead or damaged structural cells. It is quickly oxidized at cysteine 
residues once in the extracellular environment, as well as proteolytically processed by 
neutrophil Cathepsin G and mast cell chymase and tryptase. The membrane-bound 
receptor ST2L signals via IL1RacP to induce downstream activation of NF-κB and 
MAPK, while the soluble receptor sST2 acts to sequester IL-33 in the extracellular 
environment to prevent ST2L signaling. Figure generated with BioRender. 

 

Unlike IL-33, ST2L is concentrated primarily on leukocytes, with expression also 

noted on some fibroblasts, endothelial, and epithelial cells 182,206. Constitutive surface 

expression of ST2L is abundant in resident innate immune cells including ILC2s 207, mast 

cells 50, Tregs 208, and TH2 cells 209, while expression can be induced in basophils 210, 

eosinophils 211,212, macrophages 213,214, natural killer (NK) cells, NKT cells 215,216, CD8+ 

cytotoxic T cells 217, dendritic cells 218, and neutrophils 219,220. IL-33 activation of ST2L 

culminates in induction of type 2 immune responses, characterized by production of IL-5, 

IL-9, IL-13 and granulocyte monocyte-colony stimulating factor (GM-CSF) from 

numerous sources 178,206.  
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1.2.3 – sST2 as decoy receptor and disease biomarker 

 The splice variant sST2 was first identified as a soluble mediator produced by 

murine fibroblast cell lines in response to serum prior to the identification of ST2L 197. 

The major sources of sST2 have not been fully elucidated, but human mast cells produce 

sST2 upon in vitro activation with IL-33 221, while TH2 cells 222 produce sST2 in response 

to activation by anti-CD3 and anti-CD28 monoclonal antibody stimulation. Analysis of 

pooled human tissue mRNA has shown robust expression of sST2 mRNA in the lung, 

kidney, and heart, with lung epithelial cells and cardiac myocytes showing the highest 

individual cell population expression 223. However, given that sST2 and ST2L differ by a 

truncation of 3 exons, the specificity of chosen primers in this study does not preclude 

ST2L detection.   

 In addition to its role as a decoy receptor to regulate IL-33 signaling, sST2 is 

emerging as a potent biomarker in several disease settings. In asthma, elevated serum 

sST2 levels predict severe exacerbation 224, while in the serum of pregnant women sST2 

has shown prognostic efficacy in predicting pre-eclampsia 225. However the exact 

mechanisms behind the detrimental impacts of sST2 in this context are not well 

understood. The most prominent and promising use of sST2 as a biomarker has been in 

CVD, in which sST2 serves as an accurate prognostic marker for fibrotic remodelling and 

progression to heart failure in patients with pre-existing CVD 226–228. 

1.3 – Cardiovascular disease and cardiac fibrosis  

 CVDs are the leading cause of mortality worldwide, accounting for 31% of all 

annual deaths. CVDs are a collection of diseases that impact the physiology of the heart, 

such as myocardial infarction (MI), hypertensive heart disease, atherosclerosis, valvular 

heart diseases, myocarditis, and viral/bacterial cardiomyopathies 229. A common 

characteristic across CVD regardless of etiology is myocardial damage. This can be 

hypoxic damage, such as in MI and ischemia reperfusion injury (IRI) due to 

atherosclerosis, stretch injuries in hypertension, or infection and cell death of 

cardiomyocytes. Hypoxic damage in the heart results in local inflammation due to DAMP 

release from necrotic cardiomyocytes and cardiac fibroblasts. Scar tissue deposition is 

crucial to restoration of tissue function, but excessive scarring leads to cardiac fibrosis, a 

key contributor to development of chronic heart failure (CHF) 230,231. Therefore, 
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understanding the mechanisms that drive cardiac fibrosis is crucial to limiting CHF and 

improving outcomes for patients living with CVD. 

1.3.1 – Kinetics of cardiac repair  

 Fibrosis is the deposition of excessive extracellular matrix (ECM) components in 

response to tissue damage that can lead to permanent scarring, organ malfunction and 

death 232. The inflammatory response to damage is crucial in the initiation of wound 

healing and repair, but when it becomes chronic, inflammation is a key driver of fibrosis 
233. In most tissues, the goal of wound healing is to restore homeostasis with as little 

extracellular matrix deposition as possible to retain organ function. This is primarily 

mediated by proliferation of endothelial and epithelial cells to replace dead and damaged 

tissues over induction of ECM depositing pathways 234. However, the cells of the cardiac 

parenchyma are primarily muscle, and their regenerative capacity is very limited 235,236. 

As such, to restore function to tissue, some ECM deposition is required. When excessive 

scar tissue is deposited, it can interfere with excitation-contraction coupling in 

neighbouring cardiomyocytes, resulting in tissue stiffening and decreased contractility 

that ultimately leads to CHF 230,231. It has become increasingly recognized that controlling 

inflammation may be the key to limiting adverse remodelling in the heart 237. Proper 

cardiac wound healing progresses through three overlapping phases: inflammatory, 

reparative, and maturation (Fig. 1.3). These steps have been most clearly elucidated in the 

context of ischemic heart disease, which will be discussed below. That being said, there 

are still gaps in the knowledge landscape around repair in the heart. Both mast cells and 

IL-33 have been implicated in the pathogenesis of cardiac fibrosis, and how they are 

thought to contribute will be discussed in subsequent sections. 
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Figure 1.3 – The three phases of cardiac wound repair. In the inflammatory phase, initial 
DAMP release activates local resident leukocyte populations to clear debris, and initiate 
neutrophil and monocyte recruitment. The generation of pro-inflammatory mediators by 
leukocytes at the site promotes debris clearance to allow for transition to the reparative 
phase. During repair, fibroblasts are activated to the myofibroblast phenotype to deposit 
ECM components as a scaffold for tissue support and angiogenesis. Once sufficient ECM 
has been deposited and neovascularization has occurred, the wound transitions to the 
maturation phase. During maturation, the scar and blood vessels are matured to both 
withstand contractile forces of the heart and properly oxygenate remaining cells. 
Histology figures reproduced with permission from Dobaczewski et al., 2010, JMCC, 48 
(3). Figure generated with BioRender. 
 

1.3.1.1 – Inflammatory phase of cardiac wound healing 

 When a coronary vessel is occluded during MI, the local surrounding tissue 

becomes ischemic. This hypoxic environment increases vascular permeability in local 

blood vessels to facilitate leukocyte extravasation. Additionally, hypoxia causes localized 

cell death of cardiomyocytes, cardiac fibroblasts, and other resident cardiac cells. These 

necrotic cells release DAMPs, including HMGB1, ATP, and IL-33, into the local 

microenvironment to initiate the inflammatory phase 231. The release of DAMPs activates 

TLRs, NLRs and receptor of advanced glycation end products (RAGE) on parenchymal 

cells, tissue resident leukocytes, and infiltrating leukocytes to induce NF-κB and MAPK 
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pathways 238. Tissue resident mast cells degranulate in response to numerous stimuli in 

the infarcted microenvironment, such as hypoxia 239,  and their situation in close 

proximity to blood vessels 240,241 allows them to assist in initiating the inflammatory 

cascade. The cumulative results of these activities is a dramatic increase in several pro-

inflammatory cytokines, chemokines and other mediators including IL-1, IL-6, IL-18, 

TNF, leukotrienes, histamine, CCL2, and CCL7 238,242. The contribution and importance 

of individual immune or parenchymal subsets to this inflammatory response is unclear, 

and there may be redundancy to ensure inflammation is induced. It is important to note 

that the inflammatory response is a required event for wound repair (Fig. 1.3), as tissue 

debris and degraded ECM components must be cleared before effective repair can take 

place 243,244. Previous efforts to oppose these signals with biologics led to human clinical 

trials with anti-TNF and IL-1R antagonists. These therapies were not effective in 

improving outcomes, and in some cases increased incidence of heart failure and death 245 

 Neutrophils are the first cells recruited in response to CXC-chemokine gradients, 

lipid mediators, histamine, and complement, and emigrate into the infarct to contribute to 

clearance of debris 246,247. The recruitment of neutrophils is rapid and is followed closely 

by monocytes. The first wave of monocyte recruitment to the cardiac microenvironment 

consists of Ly6ChiCCR2+ cells mobilized from the bone marrow 248,249 and splenic 

reservoirs upon induction of systemic inflammation mediated by IL-1 250. Locally, IL-1 

signaling inhibits cardiac fibroblast activation to delay myofibroblast differentiation until 

the infarct is clear of debris 251. The resident tissue macrophage population in the heart is 

relatively small at steady state 252 and how they contribute to the inflammatory phase of 

wound repair is not fully understood. It has been suggested that Ly6ChiCCR2+ monocytes 

differentiate into macrophages upon entry into tissues and promote pro-inflammatory 

actions at this stage 253, while resident macrophages may have more important roles in 

repair 252.  Regardless, monocyte and macrophage populations largely promote debris 

clearance in the infarct zone, while their populations rapidly expand towards the end of 

the inflammatory phase 238.  Lymphocyte recruitment to the heart also occurs following 

MI and serves important purposes in promoting initial inflammation. For example, 

recruited B cells are important in recruiting Ly6ChiCCR2+ monocytes to cardiac tissue via 

chemokine production 254.  
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 How the inflammatory phase progresses sets the overall tone for cardiac wound 

repair; too robust or prolonged of a response, or ineffective resolution of inflammation 

results in sustained tissue damage that will impair transition to the reparative phase 238. 

The initiation of the reparative phase begins during the inflammatory phase (Fig. 1.3) 

with neutrophil apoptosis and macrophage efferocytosis. Neutrophils are short lived cells 

that begin to undergo apoptosis within 24-48 hours of extravasation into tissues 255. 

Efficient removal of apoptotic neutrophils is key to prevent them from becoming necrotic 

and releasing their highly caustic intracellular components that would prolong 

inflammation and perpetuate tissue damage. This includes proteolytic enzymes, 

cytokines, and reactive oxygen and nitrogen species (ROS and RNS) typically 

sequestered in granules 256. Therefore, macrophages must phagocytose apoptotic 

neutrophils, stromal, and parenchymal cells, to clear them from the cardiac 

microenvironment. This process is known as efferocytosis, from Latin effere meaning 

carry to the grave 257, and is a crucial component in promoting proper cardiac wound 

healing. The relevance of efferocytosis was demonstrated effectively in mouse models 

lacking the efferocytosis receptor MerTK. Cardiac fibrosis was significantly increased, in 

association with impaired cardiac function after experimental MI and in hypertension 

models 258–260. Once macrophages phagocytose apoptotic neutrophils, they are further 

activated to pro-reparative phenotypes by neutrophil gelatinase-associated lipocalin to 

induce IL-10 and TGF-β production 247. Additionally, apoptotic neutrophils release 

specialized pro-resolving mediators, annexin A2 and lactoferrin, to negatively regulate 

neutrophil transmigration and promote their own apoptosis 261. Finally, Tregs recruited in 

the inflammatory phase via CCR5 signaling contribute to dampening of inflammatory 

signals 262. This allows the cardiac microenvironment to transition to the reparative phase 

(Fig. 1.3).  

 1.3.1.2 – Reparative phase of cardiac wound healing 

 The reparative phase is characterized by extracellular matrix deposition and 

angiogenesis. These programs are mediated by several immune cells in the cardiac 

microenvironment. Ly6ChiCCR2+ monocytes switch to Ly6CloCX3CR1+ monocytes via 

nuclear receptor subfamily 4 group A member 1 (Nr4a1) activation to promote wound 

healing 263,264. Resident tissue macrophages 252,265 and monocyte-derived 
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macrophages249,266 act to promote wound repair programs characterized by IL-10 and 

TGF-β production. It is important to note that classical, dichotomous M1/M2 

phenotyping is not useful in the myocardium, and macrophages have been identified 

within a wide spectrum of nuanced phenotypes at this site 252,267. How exactly these 

macrophages contribute to the reparative phase is not well understood but involves the 

secretion of mediators to promote remodelling and angiogenesis.  

Dendritic cells (DCs) infiltrate the myocardium in the reparative phase, and have 

been shown to reduce the accumulation of Ly6Chi monocytes and promote endothelial 

cell proliferation 268.  DCs in the myocardium can then present autoantigen to CD4+ Th2 

cells 269, which have been implicated in promoting pro-fibrotic signaling programs 

through as yet undefined mechanisms. CD4+ FoxP3+ Tregs have also been implicated in 

the reparative process through modulation of macrophage differentiation to “M2-like” 

phenotypes 270. Mast cells have been shown to increase in density during cardiac fibrosis, 

but as will be discussed herein, how they contribute to remodelling in the heart is 

controversial and poorly understood. This is due in part to fundamental differences in 

murine cardiac mast cell density in comparison to other mammals 271.  

 The pro-reparative pathways activated here work in co-ordination to induce 

fibroblast differentiation into the myofibroblast phenotype (Fig. 1.3). This is another 

instance of a redundant system in which several cell types contribute to a common 

outcome. Myofibroblasts are the major contributors to deposition of ECM components in 

the heart, where they deposit collagens and elastin to make up the ECM 230. 

Myofibroblasts originate primarily from activated resident tissue fibroblasts 272, and are 

characterized by increased expression of α-smooth muscle actin 273. The ECM network 

functions as a scaffold for proliferating endothelial cells in the myocardium that rapidly 

form new blood vessels (Fig. 1.3). VEGF-A is a crucial signal for cardiac angiogenesis. 

VEGF-A promotes initial neovascularization within the remodelling and maturing tissues 

to supply oxygen to local cells 274–276. Additionally, VEGF-A prevents excessive 

myofibroblast activation from endothelial sources by preventing endothelial-to-

mesenchymal transition 277,278. VEGF-A also activates further angiogenic pathways, such 

as urokinase plasminogen activator (uPA) 279. The new vessels formed in the reparative 

phase are immature, enlarged, and extend out into the infarct zone. They lack smooth 
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muscle cell and pericyte mural coatings, and are hyper-permeable to allow continued 

leukocyte extravasation 238. Once sufficient ECM deposition and angiogenesis occurs, the 

scar is then matured (Fig. 1.3). 

1.3.1.3 – Maturation phase of cardiac wound healing 

 The maturation phase is characterized by further development of blood vessels 

and crosslinking of ECM to promote a strong scar that withstands the contractile forces in 

the heart (Fig. 1.3). Fibrotic growth factors are reduced as cellular content in the scar 

recedes, leading to quiescence and subsequent apoptosis of fibroblasts 280,281. Immature 

blood vessels develop mural coatings and reduce permeability to provide a stable blood 

supply to tissues in a platelet-derived growth factor(PDGF)-β dependent manner 282,283. 

Without proper vessel maturation, inflammation persists in tissues as leukocytes will 

continue to enter into the infarct via the leaky barrier of immature blood vessels 231. 

Inflammation persistence, throughout wound repair, directly contributes to cardiac 

fibrosis, as constant damage restarts the entire process. Indeed, targeting of inflammation 

in animal models of cardiac fibrosis with the specialized pro-resolving mediator resolvin 

D1 (RvD1) improved outcomes and reduced uncontrolled remodelling 284.  

1.3.2 – The controversial role of mast cells in cardiac fibrosis 

 How mast cells influence fibrosis throughout the body is controversial. A plethora 

of clinical and animal studies show contradictory roles for mast cells in fibrotic disease, 

reviewed here 74. These discrepancies extend into cardiac fibrosis. Some incongruities 

could be accounted for by documented issues with blood pressure regulation in some 

mast cell deficient mouse strains 285,286, and differences in distribution of murine cardiac 

mast cell populations 271,287. It is also likely that at different temporal and physical 

locations during cardiac fibrosis, mast cells exert differing effects. 

  



 26 

 

 
Figure 1.4 – Divergent mast cell roles in cardiac fibrosis based on degranulation or 
secretion activity. (A) Mast cell granule products are typically associated with fibrosis. 
Mast cell chymase converts Angiotensin I (AngI) to AngII independently of ACE. AngII 
generation directly contributes to fibrosis by inducing differentiation of fibroblasts to 
myofibroblasts. Mast cell degranulation-derived TNF and IL-1β induce cardiomyocyte 
apoptosis, MMP-9 production and inflammatory cell recruitment that enhances tissue 
remodeling. Mast cell tryptase can act directly on fibroblasts to induce proliferation and 
differentiation to the myofibroblast phenotype. Tryptase and chymase both act on latent 
TGF-β to convert it to the active form, which also induces fibroblast differentiation to the 
myofibroblast phenotype and collagen deposition. Additionally, mast cells release TGF-β 
upon degranulation, further contributing to the activation and differentiation of 
fibroblasts. (B) Mast cell secretion products can protect against fibrosis. Mast cells can 
produce IL-13, which in the presence of apoptotic neutrophils can induce M2c 
phenotypes of macrophages. M2c macrophages are associated with decreased fibrosis. 
IL-13 can also induce proliferation of local cTRM via IL-4Rα signalling, which are 
known to be anti-fibrotic. Mast cells can also produce IL-10, which acts in the heart to 
decrease IL-1β and TNF levels, reduce MMP-9 expression and activity, and increase 
capillary density to reduce fibrotic remodelling. IL-33, which is released by stressed 
cardiomyocytes and fibroblasts, but can also be produced by mast cells, has been shown 
to protect cardiomyocytes and fibroblasts from death under hypoxic conditions. This 
results in decreased inflammation and reduction in fibrosis. VEGF, which promotes 
angiogenesis and recapillarization of the cardiac tissue, is associated with reduced 
fibrosis and is another mast cell product. Finally, CXCL10 has been shown to inhibit 
fibroblast migration into the myocardium and delay differentiation to the pro-fibrotic 
myofibroblast phenotype. Reproduced with permission from Legere et al., 2019 Frontiers 
in Immunology, 10:580. Figure generated with BioRender. 
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1.3.2.1 – Mast cells as promoters of cardiac fibrosis  

Mast cell degranulation products have important impacts on fibrosis (Fig. 1.4A), 

though degranulation stimuli within the cardiac microenvironment are not well defined. 

Mast cell chymase and tryptase generate the active pro-fibrotic form of TGF-β1 from 

latent forms present in the microenvironment and released by mast cells during 

degranulation 142,288–294. TGF-β1 then promotes fibroblast activation, myofibroblast 

differentiation and collagen synthesis 230,238. Mast cell tryptase can also directly activate 

fibroblasts independently of TGF-β1 295–300. In vitro mast cell chymase induces TGF-β1 

production by rat cardiac fibroblasts 301. Angiotensin II (AngII) is a major mediator of 

fibrosis that activates fibroblasts to the myofibroblast phenotype for proliferation and 

collagen deposition 230,238. Mast cell chymase is an Angiotensin Converting Enzyme 

(ACE)-independent generator of AngII in humans, dogs and mice 74, 290,302–304. Studies 

employing ACE inhibition, and reduction in AngII, show decreased cardiac fibrosis 305–

308, suggesting further pro-fibrotic actions for chymase. 

In addition to tryptase and chymase, mast cells store fibroblast growth factor-2 

(FGF-2) in their granules 7, 74, 289,309, which, as its name suggests, is pro-fibrotic in the 

heart. Mast cells serve as sources of TNF, which is released during degranulation 20 and 

promotes cardiac fibrosis via induction of cardiomyocyte apoptosis, inflammation and 

MMP-9 production 103,310–312. Finally, mast cells produce IL-1β following degranulation 
5, which promotes fibrotic remodelling of the heart in a similar manner to TNF 312–316. 

Although mechanisms of action are not well elucidated, Wang et al. found that blocking 

TNF and IL-1β with neutralizing antibodies reduced cardiac remodelling and 

cardiomyocyte apoptosis during AngII-induced fibrosis 312. 

Numerous studies have attempted to understand mast cell roles in cardiac fibrosis 

in vivo (Table 1.4). Studies in rats, dogs and mice have shown that inhibition of mast cell 

degranulation or chymase activity reduces expression of fibrosis-associated genes and 

collagen deposition in models of dilated cardiomyopathy (DCM), ovariectomy-induced 

left ventricular diastolic dysfunction and MI 317–321. These studies are limited in their 

assessment of mast cell function exclusively through degranulation capacity, and not 

mast cell involvement in fibrosis through de novo mediator production. In a 

spontaneously hypertensive rat (SHR) model, degranulation inhibition increased 
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myocardial IL-10 and IL-6 content in co-ordination with increased mast cell numbers, 

leading to improved outcomes and reduced fibrosis compared to untreated SHR 322. Mast 

cells are well established sources of both IL-6 and IL-10 5,323, therefore these results 

could suggest a potential role for mast cells independent of degranulation.  

Studies assessing mast cells in cardiac fibrosis often analyze mast cell density 

changes that occur during remodeling, concluding a pro-fibrotic role. In canine MI and 

murine pulmonary artery bypass models, increases in mast cell density occurred 

alongside increases in inflammatory cell infiltration 324, fibrosis and cardiomyocyte 

hypertrophy 325, but no mechanistic relationships were found. These studies often only 

identify granulated mast cell populations. Common immunohistochemical (IHC) 

techniques for mast cell identification target granule-associated contents, ignoring 

populations of mast cells that are not granulated, either due to immaturity or recent 

granule release. Additionally, mast cell degranulation releases SCF, a potent growth and 

chemotactic factor for mast cells 20,326, resulting in local proliferation 327 and recruitment 
328. Therefore, increases in mast cell density may be due to activation of mast cells from 

degranulation and not tissue damage.  

In a transverse aortic constriction model of hypertension induced fibrosis (TAC), 

reconstitution of irradiated WT mice with bone marrow from WBB6F1/J-KitW/KitW-v/J 

(W/Wv)  mast cell-deficient mice led to decreased collagen content compared to WT bone 

marrow recipients 135 . Mast cells are unusually radioresistant 329, and efficiency of mast 

cell removal after irradiation was not assessed in this study. In a rat cardiac allograft 

model, fibrosis was positively correlated with certain subsets of “mucosal” mast cells 

(MMC) but not “connective tissue”(CTMC) as defined by expression of mouse MCP-1 

and MCP-2, respectively 330. This may reflect changes in the maturity of mast cell 

populations at this site and the presence of newly recruited cells. Mast cell activation in 

atherosclerosis was associated with plaque progression and destabilization 69, which 

implicate mast cells in promoting MI but does not directly link them to later fibrotic 

changes. Overall, mast cells have the potential to promote cardiac fibrosis and increased 

numbers of granulated mast cells are often associated with fibrosis in animal models, but 

mechanistic data is lacking.  
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1.3.2.2 – Mast cells as inhibitors of cardiac fibrosis 

Mast cells can synthesize and secrete a wide array of proteins and lipids without 

degranulating, allowing them to modify the cardiac microenvironment after ischemic 

damage or reperfusion injury in the heart (Fig. 1.4B). Mast cells produce a wide array of 

pro-inflammatory cytokines and chemokines with proven roles in the recruitment of 

immune cells 5,20. Conversely, mast cells produce mediators such as IL-10 323, IL-13 and 

CXCL10 that can serve different functions. IL-10 is known to prevent excessive cardiac 

remodelling via signal transducer and activator of transcription 3 (STAT3) activation and 

NF-κB suppression 331–333. CXCL10 acts in the damaged myocardium independently of 

CXCR3 to delay fibroblast migration and differentiation 334–337. While not classically 

considered part of the anti-fibrotic response, mast cells can produce VEGF-A 5,20, among 

other important angiogenic mediators, which can increase capillary density in damaged 

tissues and promote proper repair in cardiac and hepatic fibrosis 338–340.  

 IL-13 is produced by mast cells in response to several stimuli 5, including IL-33 
50. Mast cells express the IL-33 receptor ST2L abundantly on their cell surface 64, 

221,341,342. IL-33 is released by cardiomyocytes and fibroblasts after damage. IL-33 is 

known to promote cardiomyocyte survival and reduces fibrosis after MI 343–345. Some of 

these actions may be via IL-13 induction. IL-13 acts on cardiac tissue resident 

macrophage (cTRM) populations, which are seeded embryonically in the heart and 

display M2-associated and anti-fibrotic phenotypes 265,346–348. cTRM self-renew and 

expand their populations in response to sterile inflammation and IL-4Rα signaling 349. 

Cardiac mast cell IL-13 production could expand the cTRM population locally. IL-13 

also reduces expression of pro-inflammatory cytokines by infiltrating cells and may 

impact efferocytosis, the clearance of apoptotic cells from injured or inflamed tissues 350. 

Anti-fibrotic roles of mast cells have also been analyzed in vivo (Table 1.4). 

Direct mast cell transplantation into the murine myocardium post-coronary artery ligation 

increased cardiac function, and capillary density and decreased scar size 351. It is 

important to note that traditional mast cell-deficient models (rat and mouse) involve 

mutations in the gene for c-kit 352, which encodes the SCF receptor, a growth factor 

critical for mast cells. These genetic defects also reduce hematopoietic stem cells, germ 
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cells and melanocytes, among other effects 352. Reconstitution of mast cell deficient mice 

with wild type mast cells would confirm if observations are truly mast cell dependent, 

though it is not practical in all models. Several studies have focused on mast cell granule 

(MCG) contents in fibrosis. Administration of MCGs isolated from rat peritoneal mast 

cells to the myocardium during acute MI decreased fibrosis and increased capillary 

density. In vitro MCG treatment of cardiomyocytes promoted survival under hypoxic 

conditions 353. MCG treatment of mesenchymal stem cells (MSC) in vitro prevented 

TGF-β1 mediated transition of MSCs to myofibroblasts in an alternative fibrotic pathway 
354, even though individual mast cell granule products chymase and tryptase are pro-

fibrotic. While there is limited evidence showing that mast cells are protective during 

cardiac fibrosis, these studies indicate that mast cell can have an anti-fibrotic role and 

could potentially be targeted therapeutically. 

1.3.2.3 – Mast cells as bystanders in cardiac fibrosis 

Several studies suggest mast cells do not influence cardiac fibrosis (Table 1.4). In 

a norepinephrine model, rats treated with degranulation inhibitor disodium cromoglycate 

had comparable collagen and Col1 mRNA content compared to untreated mice, and mast 

cells were thought to be irrelevant 355. However, degranulation inhibition would have 

little impact on de novo mast cell production of many fibrosis regulating mediators. The 

transverse aortic constriction model of hypertension resulted in hypertrophy and impaired 

cardiac function but equivalent fibrosis in Wsh mast cell-deficient mice, another kit-

dependent deficiency model, compared to WT mice 286. Ngkelo et al. compared a newly 

developed mast cell-deficient mouse strain to a classical c-kit mutation-dependent model. 

In previous studies with older mast cell-deficient strain W/Wv mice and WT mice treated 

with disodium cromoglycate and subjected to experimental MI had increased fibrosis and 

infarct size. Upon utilization of mast cell-deficient Cpa3Cre/+ mouse model, a more mast 

cell-specific deficiency, no difference in fibrosis was observed. Rather, mast cells were 

shown to be important in myofilament Ca2+ sensitization and cardiac contractility 356. It 

remains problematic that animal models for cardiac fibrosis are limited in their ability to 

mimic chronic fibrotic changes seen clinically.  Several potential factors in experimental 

design may also contribute to discrepancies between animal models that will be discussed 

herein.  
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Table 1.4. – The role of mast cells in animal models of cardiac fibrosis  
Study Findings Confounder? 
Pro-fibrotic 

Zweifel et al., 2010 
 

Rat cardiac allograft model, fibrosis 
correlated to mucosal MC density 

Formaldehyde fixed tissue 

Palaniyandi et al., 
2008 
 

Rat dilated cardiomyopathy; 
degranulation inhibitor reduced fibrosis 
&MC density 

Formaldehyde fixed tissue, 
fibrosis associated with 
granulated MC density 

Kanemitsu et al., 2008 Rat MI &left ventricular repair, chymase 
inhibition reduced fibrosis-associated 
gene expression 

None 

Wang et al., 2016 OVX rats, degranulation inhibition 
reduced collagen content &MC density  

Formaldehyde fixed; fibrosis 
associated with granulated MC 
density 

Somasundaram et al., 
2009 

Canine MI, MC density elevated 7-
28dpMI, associated with increased 
inflammatory infiltration 

Fibrosis associated with 
granulated MC density 

Matsumoto et al., 
2003 

Canine heart failure, chymase inhibition 
decreased type I &III collagen gene 
expression 

None 

Luitel et al., 2017 Murine pulmonary artery bypass, MC 
density, fibrosis, hypertrophy increased 
21 days post overload 

Formaldehyde fixed; fibrosis 
associated with granulated MC 
density 

Liao et al., 2010 Murine transverse aortic constriction, DC 
reduced atrial fibrillation & associated 
fibrosis, reconstitution of WT mice with 
W/Wv bone marrow decreased collagen 
content 

Use of kit-dependent MC 
deficient mice, formaldehyde 
fixed, fibrosis associated with 
granulated MC density, improper 
use of disodium cromoglycate 

Wei et al., 2010 Rat MI, chymase inhibition reduced 
hypertrophy, fibrosis & infarct size 

None 

Levick et al., 2009 
 

Spontaneously hypertensive rats, 
degranulation inhibition decreased 
collagen volume fraction &improved 
outcomes 

Telly’s fixative (contains 
formaldehyde & glacial acetic 
acid), degranulation inhibition 
increased MC density & improved 
outcome 

Akgul et al., 2005 Human end stage cardiomyopathy, 
positive correlation between MC & 
collagen content pre-LVAD that did not 
persist post-LVAD 

Formaldehyde fixed 

Dilsizian et al., 2007 Human ischemic cardiomyopathy, MCs 
elevated in ischemic patients  

Formaldehyde fixed; fibrosis 
associated with granulated MC 
density 

Batlle et al., 2007 Human idiopathic dilated 
cardiomyopathy, positive correlation 
between MC density & collagen content  

Formaldehyde fixed 

Roldão et al., 2012 Human Chagas disease, MC chymase 
content positively correlated to collagen 
content  

Autopsy samples, no indication of 
fixative used 

Anti-fibrotic 

Joseph et al., 2005 Rat homocysteine-induced hypertrophy, 
Ws/Ws MC deficient rats have increased 
fibrosis & collagen content 

Kit-dependent MC deficiency, 
formaldehyde fixed 
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Study Findings Confounder? 
Shao et al., 2015 Murine ischemic injury, W/Wv MC 

deficient mice had impaired fractional 
shortening & increased scar size, MC 
transplantation into the myocardium 
increased cardiac function, capillary 
density &decreased scar size  

Kit-dependent MC deficiency, no 
indication of fixative used 

Kwon et al., 2011 Rat MI, administration of low doses of 
MC granule content increased capillary 
density &decreased fibrosis at infarct  

No indication of fixative used 

Nazari et al., 2016 Murine MI, MCs injected into hearts of 
mice promoted mesenchymal stem cell 
proliferation early after MI &reduced 
fibrosis 

No indication of fixative used 

Neutral 
Briest et al., 2003 Rat norepinephrine cardiac fibrosis, 

degranulation inhibition did not impact 
collagen content or gene expression  

None 

Buckley et al., 2011 Murine transverse aortic constriction, 
Wsh MC deficient mice had no difference 
in fibrosis compared to WT 

Kit-dependent MC deficiency, 
formaldehyde fixed (but didn’t 
assess MC density) 

Ngkelo et al., 2016 Murine MI, Cpa3cre+/- mice had no 
difference in fibrosis compared to WT 

No indication of fixative used 

Frangogiannis et al., 
2002 

Human chronic ischemic LV dysfunction 
in LV samples from CABG patients, no 
relationship between MC density 
&fibrosis  

Formaldehyde fixed 

Milei et al., 1996 Human Chagas disease, no relationship 
between MC density &fibrosis  

No indication of fixative used nor 
of disease stage; controls were 
autopsy samples 
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1.3.2.4 – Relevance of research in human cardiac tissue 

 Similar to animal models, data on mast cell involvement in human cardiac fibrosis 

is inconsistent (Table 1.4). Several human studies of cardiovascular disease have equated 

increases in mast cell density to a detrimental role in fibrotic remodeling without a clear 

functional relationship between the two variables 357–359. Positive correlations were 

observed between mast cell density and collagen content in human idiopathic dilated 

cardiomyopathy 360, end stage cardiomyopathy 357, and Chagas disease 361. It remains 

unclear whether this is a protective response, epiphenomenon or pathological process. 

Studies have also indicated that mast cells have no association with human cardiac 

fibrosis in data from patients with ischemic dysfunction 362 and Chagas disease 363. 

Overall, data varies as to the role of mast cells in human cardiac fibrosis.  

1.3.2.5 – Confounding factors in mast cell cardiac fibrosis research 

 The role of mast cells in cardiac fibrosis is controversial, although it is clear they 

have the potential to modify fibrotic responses and tissue repair. There are several 

potential reasons for observed discrepancies. First, mice are not an ideal model to study 

cardiac mast cells. Unlike rats and dogs, mice have low myocardial mast cell content. 

Dogs on average have 6.8 ± 1.6 cardiac mast cells/mm2, while C57BL/6 mice have 0.6 ± 

0.2 cardiac mast cells/mm2 287. Data shows that mast cell density increases in murine 

hearts after damage 135, 317, 322, 326, 360,364,365, but it is unclear if statistically significant 

increases in mast cell content have physiological relevance, or that murine cardiac mast 

cell responses mirror those in other mammals. 

Second, there is widespread improper use of mast cell stabilizing agents. Mast cell 

stabilization drugs prevent calcium-dependent mast cell degranulation, while mast cell 

secretion of mediators independently of degranulation is not impeded. Disodium 

cromoglycate is a stabilizing agent used to inhibit mast cell degranulation in mice and 

rats. However, while disodium cromoglycate can inhibit IgE-dependent mast cell 

degranulation in rats, it does not inhibit this response in mice at similar or higher doses 
366, though may have efficacy on CTMCs 367. This calls into question the validity of 

studies in which disodium cromoglycate has been used to treat mice.  

Third, mouse models of mast cell deficiency involving mutations in c-kit result in 

a lack of  hematopoietic stem cells, germ cells, and melanocytes, among others 352. The 
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advent of several kit-independent models of mast cell deficiency have allowed 

researchers to determine if lack of mast cells impacts the pathogenesis of various 

diseases, or if differences are due to deficiencies in other areas. Preferable models include 

Cpa3Cre/+ and Cpa3-Cre; Mcl-1fl/fl mice, as the mast cell deficiencies are more specific in 

these animals and have less overlap with other genes, which is an issue in the traditional 

kit-based mast cell deficient mice 352. Discrepancies are already starting to appear 
356,368,369, suggesting that increases or decreases in density of numerous cell types in these 

models contributes more to disease than lacking mast cells. Reconstitution experiments 

help in this respect, but only if appropriate reconstitution is achieved and reported, which 

is rarely the case. This is a difficult task, as mast cells inefficiently reconstitute the heart 
73. Therefore, the use of multiple complementary models of mast cell deficiency would be 

helpful to validate conclusions. 

Finally, tissue fixation for mast cell staining greatly impacts ability to visualize 

mast cells. Aldehyde based tissue fixation, such as routine formalin fixation, does not 

allow for proper visualization of mast cells but reduces detection of mast cells by 30-80% 

depending on the method and tissue being examined. Proper identification of mast cells 

via histochemical methods following paraffin embedding requires fixation with Carnoy’s 

fixative or basic lead acetate to fully visualize mast cells in tissue 370. Care needs to be 

taken in designing studies of mast cells in cardiac fibrosis, with consideration given to the 

variety of actions of these cells and the difficulty of their experimental manipulation.  

These confounding factors in cardiac fibrosis research need to be kept in mind in 

the design of studies to assess mast cell roles in cardiac fibrosis. Future work should be 

aimed at assessing mast cells in human cardiac tissue wherever possible, due to 

discrepancies in mouse models. Efforts should be made to utilize atrial appendage 

samples from human cardiac surgery patients, as these tissues are often disposed of as 

medical waste but contain valuable information along with patient demographics and 

outcomes at follow up to study. Additionally, work should focus on the development of 

mouse models that better reflect human cardiac mast cell content to more accurately 

model the human cardiac microenvironment.  
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1.3.3 – IL-33 as a protective mediator in cardiac fibrosis 

 In contrast to the controversy surrounding mast cells, IL-33 has been consistently 

identified as a cardioprotective mediator. In the heart it is expressed in human 

cardiomyocytes, fibroblasts, endothelial cells, and coronary smooth muscle cells, with 

increased nuclear IL-33 detected under conditions of pro-inflammatory release 371. 

Furthermore, biomechanical strain, such as myocardial pressure overload, can increase 

IL-33 mRNA and protein levels in the heart 372–375. IL-33 promotes cardiomyocyte 

survival under hypoxic conditions by inhibiting Jun N-terminal Kinase (JNK) signaling 

to prevent apoptosis 344,375–378. IL-33 has consistently been shown to reduce collagen 

deposition, hypertrophy 379, pro-inflammatory cytokine signaling 372, 374,380 and infarct 

size 343–345,378 while improving cardiac function and survival 376,381. Furthermore, IL-33 

increases pro-reparative cytokine production, including IL-10, IL-13, and TGF-β from 

cardiac resident leukocytes 372,382. IL-33 is cardioprotective in chronic allograft rejection 
382–384, atherosclerosis 385, and diabetes 345. The cellular mechanisms responsible for these 

cardioprotective effects beyond cardiomyocyte survival have not been clearly elucidated. 

However, the immune system is an ideal target for IL-33 in the heart, due to the 

abundance of ST2L on leukocyte cell surfaces 178 and the extensive recruitment and 

activation of leukocytes in response to damage 231,238.  

Therapeutic strategies to target the beneficial effects of IL-33 have been proposed. 

Due to its pleiotropic actions outside of the heart 182, systemic administration of IL-33 

would likely have detrimental effects, and as it is short lived in the extracellular space 
198,201–203 this would limit its efficacy. Furthermore, evidence from a mouse model of viral 

myocarditis showed that IL-33 can induce eosinophilic pericarditis when given 

systemically 386, as IL-33 is a known activator of eosinophils 211. Therefore, cardiac 

targeted approaches are likely better suited. Statins have been shown to increase IL-33 

expression in human cardiomyocytes and fibroblasts in vitro 387, but this has not been 

observed in human tissues. Mesenchymal stem cells transfected with IL-33 in animal 

models increased pro-reparative macrophage phenotypes while reducing IL-1β, IL-6 and 

TNF signaling in rats in a Janus kinase(JAK)-dependent manner 380. However, more work 

is required to understand the mechanisms behind the cardioprotective effects of IL-33 

before therapeutics can be designed.  
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1.3.4 – sST2 as a prognostic biomarker for cardiac fibrosis 

 Perhaps the best evidence of the cardioprotective actions of IL-33 is the efficacy 

of sST2 as a prognostic marker for fibrotic remodelling and progression to heart failure in 

CVD patients. The use of sST2 as a biomarker for progression to CHF and early 

mortality was first raised in the early 2000s 373,388,389 and has since gained utility. It was 

observed in a rat model of MI that a significant increase in serum sST2 was induced one 

day post infarct 388. In initial human studies, serum sST2 was significantly higher in 

patients with severe heart failure, and elevated levels at baseline were predictive of 

mortality or transplant endpoint within the study 373. This work was replicated 

concurrently by a separate group observing acute MI patients, where baseline sST2 levels 

were significantly higher in patients who developed CHF or died within 30 days of MI 
389. Subsequently, interest has increased in the utility of sST2 as a biomarker for CHF and 

mortality that have become the focus of ongoing clinical trials 390. It is important to note 

that sST2 is not a viable diagnostic biomarker, as levels can be elevated in healthy 

individuals. Interestingly, sST2 is elevated in healthy males compared to females 391–393, 

but upon diagnosis of CVD, increases in sST2 are observed at similar magnitudes 

between sexes 227,394,395. 

sST2 has emerged as an accurate prognostic marker for predicting development of 

CHF in CVD patients with various etiologies, including MI 396–398, congenital heart 

disease 227, acute heart failure399, and myocarditis 395. Its utility is increased in 

combination with other biomarkers, such as N terminal-pro Brain Natriuretic Peptide 

(NT-proBNP), high sensitivity cardiac Troponin T (hs-TnT) 228, and galectin-3 400. In 

patients diagnosed with CHF, elevated sST2 levels were accurate in predicting one year 

and five year all cause and cardiovascular mortality, as well as heart failure 

hospitalization 228, 394,401.  

sST2 was identified as a fibrosis-associated biomarker upon the identification of 

its ligand IL-33’s cardioprotective actions 376, 379,381. In vivo sST2 administration directly 

opposed the benefits of IL-33 in preventing cardiomyocyte apoptosis 376, and was 

associated with increased mRNA for type I collagen, type III collagen, IL-6, TNF, and 

TGF-β 374 in acute mouse models of MI. These responses were also associated with 

increased cardiac fibrosis. Additionally, sST2 opposed the anti-hypertrophic and anti-
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fibrotic benefits of IL-33 in a pressure overload model 381. Further work in human 

subjects has cemented this role. Heart failure patients with baseline sST2 levels less than 

the study median had reduced left atrial volume, indicative of a reduction in remodelling 
402. In acute MI patients there was a positive association with sST2 level at diagnosis and 

benefit from anti-fibrotic therapies, where patients with elevated sST2 levels benefited 

from anti-fibrotic therapies over those with less than the median sST2 403. These patients 

also had a reduction in sST2 levels once administered anti-fibrotic drugs, with 

independent association with reduced risk of CHF and cardiovascular death 404,405. 

However, further work is needed to directly relate sST2 in circulation of CVD patients 

with ECM deposition in human heart tissue.  

1.3.5 – Cardiac fibrosis as a product of chronic inflammation 

 As detailed previously, inflammation is crucial to proper wound repair and the 

inflammatory response itself initiates this process. Overlapping steps of inflammation, 

repair and maturation allow cardiac tissue to regain function after damage, and proper 

initiation and termination of each phase results in appropriate repair 238,406. As the first 

stage of remodelling, the inflammatory phase needs to be resolved to allow for the 

reparative phase to occur. If inflammation persists in the myocardium and becomes 

chronic, this induces a positive feedback loop in the myocardium characterized by a 

persistent state of ECM deposition that results in fibrosis 230,231,238. Therefore, 

understanding chronic inflammation and the mechanisms behind its resolution are crucial 

to effectively targeting cardiac fibrosis. Initiation of an active program of resolution 

rather than opposition of inflammation is key to turn off chronic processes 407. 

1.4 – Chronic inflammation drives pathology 

 Acute inflammation is crucial to elimination of pathogens and debris at sites of 

damage, but once chronic, inflammation drives pathology in a number of disease contexts 

including autoimmune disease 408, cancer 409, and fibrosis 232. Previous work has focused 

on anti-inflammatory therapies to treat chronic inflammation, such as non-steroidal anti-

inflammatory drugs (NSAIDs), anti-cytokine therapies like anti-TNF, and administration 

of “anti-inflammatory” cytokines like IL-10 410. Despite the utility of NSAIDs in 

controlling inflammation in acute settings, current anti-inflammatory therapies are 

insufficient at controlling chronic inflammation. In fact, several have had detrimental 
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results once introduced in the clinical setting. For example, anti-TNF therapies for heart 

failure patients were proposed due to efficacy in animal models, and observed TNF 

elevation in plasma of heart failure patients 411. Upon use in clinical trials anti-TNF 

worsened prognosis for those patients 412,413. In endotoxemia studies, IL-10 treatment 

enhanced pro-inflammatory mediator production after administration of LPS 414. This 

pro-inflammatory action of IL-10 was recapitulated in several inflammatory disease 

conditions 415–417, with a suggested role for IFNα-induced STAT1 upregulation 418. These 

cautionary tales suggest two issues: first, systemic anti-inflammatory treatment is too 

broad a stroke with which to control chronic inflammatory processes, and second, 

opposing inflammation does not turn it off. It has increasingly been recognized that anti-

inflammatory methods of treating chronic inflammation dampen but do not lessen 

inflammatory processes 408. Inflammation resolution is an active process distinct from 

anti-inflammatory signaling that is likely a more effective therapeutic target for CVD and 

cardiac fibrosis 419.  

1.5 – Resolution of inflammation 

 Transition out of the inflammatory response into resolution is a co-ordinated 

program consisting of several steps 410,419. Triggering of pro-resolution pathways begins 

in the inflammatory phase, which suggests a balance between induction vs. resolution 410. 

Classically, the molecular and cellular events of inflammation are: increased blood flow, 

capillary dilation, neutrophil and leukocyte infiltration, and production of inflammatory 

mediators initiated by resident innate immune cells 420. In a similar vein, the cardinal 

signs of resolution (Fig. 1.5) are: (1) removal of stimuli, (2) dampening of pro-

inflammatory signals, (3) clearance and catabolism of pro-inflammatory mediators, (4) 

exit and removal of granulocytes and efferocytosis, (5) increase in pro-resolution 

phenotypes of macrophages, monocytes, DCs, and Treg cells, and (6) adapted homeostasis 
4,410. Although these steps have been presented sequentially, they likely occur 

simultaneously or in varying order depending on the tissue site and degree of 

inflammation.  

  



 39 

  

Figure 1.5 – Kinetics of inflammation resolution. After initial acute inflammatory 
processes, resolution occurs (1) removal of stimuli, (2) dampening of pro-inflammatory 
signals, (3) clearance and catabolism of pro-inflammatory mediators, (4) exit and removal 
of granulocytes and efferocytosis, (5) increase in pro-resolution phenotypes of 
macrophages, monocytes, DCs, and Treg cells, and (6) adapted homeostasis. If resolution 
is frustrated, chronic inflammation can result. This is characterized by inflammatory cell 
death that further perpetuates tissue damage and reactivates acute inflammatory responses 
in a feedforward loop that leads to a chronic inflammatory state. Figure generated with 
BioRender. 
 

1.5.1 – Debris removal 

 Dying cells release DAMPs upon injury, which are detected by PRR and non-

PRR DAMP receptors on resident innate immune cells to induce pro-inflammatory 

protein and lipid mediator production. The initial goal is to disrupt barriers via 

endothelial cell activation to increase vascular permeability and allow for influx of 

plasma proteins, platelets, and, most importantly, leukocytes 421. The serine protease 

system becomes rapidly activated after tissue damage by DAMPs and can be further 

bolstered in hypoxic, acidic microenvironments 422. The complement cascade is a crucial 

part of the serine protease system 423. Complement activation contributes to recruitment 

of neutrophils and monocytes via anaphylatoxins C3a and C5a, and activation of pro-
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inflammatory pathways in resident leukocytes to perpetuate initial responses. Activation 

of the complement cascade also generates opsonins, C3b and C4b, that bind and target 

debris for phagocytosis 424. Neutrophils, as in the heart, are the first leukocytes recruited 

to damaged tissues from the circulation, often within 30 minutes. They enter into tissues 

to assist in removal of debris 246,247 through release of ROS, serine proteases, and matrix 

metalloproteinases (MMPs), as well as direct phagocytosis 261. Monocytes are the next 

subset of cells recruited to damaged tissue 420, where they can join tissue resident 

macrophages already activated by DAMPS 422 to mediate phagocytosis of debris and 

damaged cells 425.  

1.5.2 – Dampening of pro-inflammatory signaling 

In concert with neutrophil recruitment and debris clearance, pro-inflammatory 

signals are dampened. At the transcriptional level, NF-κB induction of pro-inflammatory 

gene expression after DAMP activation of leukocytes induces gene products associated 

with resolution. Leucine rich repeat protein 3 (LRRC3) 426 and radioprotective 105 

(RP105) 427 are TLR homologues that lack cytosolic signaling domains and inhibit 

general TLR signaling 426, and TLR4 signaling 427. At the translational level, pro-

inflammatory genes can be suppressed by micro RNAs (miR) such as miR-146a 428 and 

miR-21 429, which are induced by NF-κB and act to supress inflammatory NF-κB subunit 

signaling. NF-κB signaling itself can be switched to a pro-resolution phenotype. The 

p65/p50 dimer is the pro-inflammatory form of NF-κB that is first translocated to the 

nucleus in DAMP signaling 410. The p65/p50 dimer induces production of the cRel 

subunit, which can form p65/cRel heterodimers and outcompete p65/p50 for κB binding 

sites on AP-1, STAT1, and STAT3 430. The p50/p50 subunit is induced later in the 

inflammatory cascade 431,432 and can also outcompete p65/p50 for κB binding sites to 

reduce TNF, IL-1β and IL-6 induction in macrophages in response to LPS 433. 

IFN-γ and TLR4 activation of macrophages initially mediates pro-inflammatory 

actions, but also induces tristetrapolin (TTP) via p38 MAPK and STAT1 signaling 434,435. 

TTP inhibits translation of mRNA encoding pro-inflammatory cytokines and 

chemokines, including IFN-γ 436, IL-1β 434, IL-6, CCL2, CCL3 435, and TNF 437. IFN 

activation can also result in protein 202a production that inhibits formation of the pro-

inflammatory NF-κB subunits in favour of p50/p50 homodimers 438.  
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1.5.3 – Clearance and catabolism of pro-inflammatory mediators 

Removal of mediators already released to the extracellular environment further 

promotes inflammation resolution. Catabolism of pro-inflammatory lipids such as 

prostaglandins is mediated by induction of 15-hydroxyprostaglandin dehydrogenase 

(PGDH) 439 and nicotinamide adenine dinucleotide(NADH)- and NAD 

phosphate(NADPH)-dependent reductases 4. Neutrophils produce elastase, which can 

selectively degrade IL-1β and TNF 440. Additionally, neutrophil-derived cathepsin G can 

degrade IL-3, IL-6, IL-15, IL-18, and IL-33 202. Neutrophils 441,442, eosinophils 443, mast 

cells 133,444, and macrophages 445 can also act as sources of MMPs, which degrade 

extracellular chemokines 446,447 and cytokines 448.  

Scavenging of chemokines is mediated by atypical chemokine receptors (ACKRs) 

and apoptotic cells. ACKR2 is upregulated on numerous leukocytes and lymphatic 

endothelial cells under inflammatory conditions 447. ACKR2 can bind chemokine ligands 

for CCR1, CCR2, CCR3, CCR4, and CCR5, and traffic them to the endo-lysosomal 

compartments for degradation 449,450. ACKR2 is then recycled to the cell surface, 

allowing for rapid depletion of chemokines from the extracellular environment. Apoptotic 

neutrophils contribute to chemokine scavenging via upregulation of cell surface CCR5 

upon activation of programmed cell death signaling to bind ligands from the extracellular 

environment 451. By removing chemotactic and pro-inflammatory signals from the 

microenvironment, pathways promoting inflammation can be further dampened. 

1.5.4 – Removal of infiltrating leukocytes  

 Infiltrated leukocytes, such as neutrophils and monocytes, must be removed to 

allow for adapted homeostasis to occur. Neutrophils can undergo reverse transendothelial 

migration to re-enter the circulation 452. Recruited monocytes and dendritic cells exit 

tissues via the lymphatics 408. Neutrophils are short lived cells under homeostatic 

conditions, and upon exit from the bone marrow their lifespan typically lasts a number of 

hours 255. Inflammatory signaling pathways can enhance survival in neutrophils via B cell 

lymphoma-2 (Bcl-2) and Myeloid leukemia cell differentiation protein-1 (Mcl-1) 

activation 453. Despite this, neutrophils will undergo apoptosis within 24-48h of entry into 

inflamed sites 255. Apoptotic neutrophils promote resolution of inflammation in several 

ways. Release of Annexin A1 (AnnA1) and lactoferrin in microvesicles by apoptotic 
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neutrophils promotes their phagocytosis by macrophages 261,454,455. Neutrophil-derived 

microparticles also act on endothelial cells to prevent further leukocyte attraction and 

trafficking across the endothelium via downregulation of adhesion molecule expression 

in an AnnA1-dependent manner 456,457. Finally, apoptotic neutrophils produce RvD1, 

resolvin E2 (RvE2) and PGE2 458, which are known to promote macrophage phagocytic 

activity.  

Efficient removal of apoptotic neutrophils is crucial to prevent their progression to 

secondary necrotic cell death. In tissues throughout the body, including the heart 459,460, 

apoptotic neutrophils are phagocytosed by macrophages, termed efferocytosis 461. 

Evidence suggests that tissue resident macrophages are specifically responsible for 

efferocytosis during inflammation to prevent Ly6Chi monocytes from ingesting apoptotic 

cells and presenting self-antigen 462. Upon induction of efferocytosis, macrophages will 

differentiate into a unique pro-resolution phenotype characterized by increased 

expression of NOS and COX2 and production of specialized pro-resolving mediators 

(resolvin D1, protectin D1 and maresin 1), TGF-β, IL-10, and PGE2 458,463–467. 

Particularly, induction of specialized pro-resolving mediators in macrophages further 

promotes inflammation resolution as they dampen neutrophil recruitment, promote local 

neutrophil apoptosis, macrophage efferocytosis, and pro-resolution macrophage 

phenotypes 468.  

1.5.5 – Post-resolution and adapted homeostasis  

 Recent work has shown that inflammation fundamentally alters a tissue setting 

even when it has resolved effectively, leading to the term adaptive homeostasis. This is 

characterized by an immunosuppressive environment 408. After resolution of 

inflammation in a low dose zymosan model of peritonitis, the peritoneal cavity is 

populated by pro-resolving resident macrophages, monocytic myeloid derived suppressor 

cells (MDSCs), plasmacytoid DCs, and Treg cells469. Changes to the leukocyte population 

in the peritoneal microenvironment were driven by macrophage-derived PGE2 

production suppressing T cell proliferation and promoting MDSCs 470. Furthermore, 

draining lymph node expansion following resolution increased presence of memory B 

and T cells 469. Interestingly, in high dose zymosan models where resolution was delayed, 

this immunosuppressive environment was not observed 469. The mechanisms and purpose 
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of this post-resolution phase are still being elucidated, but it has been suggested that 

induction of an immunosuppressive environment would aid in maintenance of tolerance 

to self-antigen and prevention of autoimmune diseases, at the risk of secondary infection 
408. While the mechanisms at work in adapted homeostasis are outside of the scope of this 

thesis, it has potential implications for therapeutic design. 

1.5.6 – The peritoneal cavity as a site for modeling inflammation resolution 

 It is evident that understanding tissue inflammation resolution kinetics is vital to 

inform therapeutics for targeting chronic inflammation. However, understanding how 

inflammation resolution can progress in tissues is more difficult. To isolate cell 

populations, mechanical and proteolytic digestion of tissues is required which can impact 

phenotype 471,472 and cell surface molecule expression of leukocytes. Valuable 

information such as chemokine and cytokine changes are also difficult to evaluate in solid 

tissues. To understand the kinetics and mechanisms of inflammation resolution, 

researchers have turned to the peritoneal cavity. The peritoneal cavity is a sterile serous 

cavity and is sealed off from the external environment, making it amenable to 

experimental manipulation. Peritoneal lavage allows for easy isolation of leukocytes, and 

inflammatory mediators 473. Furthermore, inflammatory processes in the peritoneal cavity 

are largely self-limiting, thus kinetics of resolution can be observed 474. The peritoneal 

cavity contains diverse populations of resident leukocytes, including mast cells, 

macrophages, lymphocytes, DCs, and NK cells and retains recruitment kinetics observed 

in tissues 475. Extensive work to understand inflammation resolution, and the cells and 

mediators that enact it has been conducted in the peritoneal cavity, reviewed here 3, 408,476. 

It is an especially useful model for studying efferocytosis, as this quick process 461 can be 

visualized in the peritoneal cavity via the administration of fluorescently labeled 

apoptotic cells generated ex vivo and assessed by flow cytometry 477–479. 

1.6 – Macrophages and efferocytosis as key effectors of inflammation resolution 

 Efferocytosis is a crucial homeostatic function occurring throughout the body 461 

that is increased during inflammation 4. Of the 37.2 trillion cells in the human body 480, 

approximately 0.4% die on a daily basis 481. Yet detection of apoptotic cells in tissues is 

quite difficult, even in those where apoptotic activity is high such as the thymus and bone 
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marrow. This would suggest phagocytes have enormous capacity to engulf apoptotic 

cells, even under homeostatic conditions 482.  

 Macrophages have crucial roles in inflammation resolution as mediators of 

efferocytosis. Upon phagocytosis of apoptotic cells, macrophages undergo phenotypic 

changes associated with increased repair and regulatory functions 483–490. This includes 

suppression of NF-ΚB and NLRP3 inflammasome signaling 491–493, decreased pro-

inflammatory cytokine production 489, and induction of surface MerTK and secretion of 

adaptor molecules 490. As previously mentioned, efferocytosis also activates production 

of specialized pro-resolving mediators 485,486 which directly promote inflammation 

resolution 468,494. Thus, proper induction, control, and balance of efferocytosis is crucial. 

Efferocytosis exists as a continuum that can be divided into four overlapping phases of 

recruitment, tethering, engulfment, and response 461.  

1.6.1 – The efferocytosis continuum 

In the first phase of efferocytosis, recruitment, apoptotic cells release a class of 

DAMPs after caspase activation that have chemoattractant effects on macrophages. These 

DAMPs are known as find-me signals and include lysophosphatidylcholine (LPC) 495,496, 

sphingosine-1-phoshpate (S1P) 497,498, nucleotides (adenosine triphosphate (ATP) and 

uridine triphosphate (UTP)) 499–501, and fractalkine or CX3CL1 502. Stressed cells can also 

release find-me signals to recruit macrophages as a precautionary measure 482. The 

intensity of the chemoattractant gradient produced by apoptotic cells is unclear, but it is 

likely that tissue resident macrophages preferentially respond to find-me signals rather 

than a large scale induction of general phagocyte recruitment 461.  

Next is the second phase of efferocytosis, tethering. Macrophages interact with 

apoptotic cells and become tethered prior to phagocytosis. This is mediated by exposure 

of molecules referred to as eat-me signals on the surface of apoptotic cells 503. These 

molecules are either exposed on the cell surface after caspase activation, such as 

phosphatidylserine (PtdSer) 504 and AnnA1 505, or are already present on the cell surface 

but modified after caspase activation, such as intercellular adhesion molecule (ICAM)-3 
506. Of these eat-me signals, PtdSer is the most widely recognized and studied, and thus 

will be discussed herein. PtdSer is typically localized to the inner leaflet of the plasma 

membrane under basal conditions, mediated by the actions of several flippase enzymes 
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507. After caspase activation, flippases are inactivated 507, while scramblase enzymes are 

induced via caspase cleavage and changes in cytosolic Ca2+ concentrations 508–510. 

Together, these two actions promote cell surface PtdSer exposure.  

PtdSer on the surface of apoptotic cells functions as a ligand for tethering 

receptors on macrophages (Fig. 1.6). This includes T-cell immunoglobulin and mucin 

domain containing (TIM)-1 and TIM-4 511, brain specific angiogenesis inhibitor 1 (BAI1) 
512, and low-density lipoprotein receptor-related protein 1 (LRP1) 481, among others. 

Tethering receptors bind apoptotic cells to macrophages to allow for engulfment 

receptors to commit to the process of efferocytosis (Fig. 1.6). Tyrosine protein kinase 

receptor 3 (TYRO3), AXL, and Myeloid epithelial reproductive tyrosine kinase (MerTK) 

receptors make up the TAM family of receptors that largely mediate engulfment 513. 

Integrins αvβ3 and αvβ5 505,514,515 have also been shown to contribute. Binding of TAM 

receptors and integrins to PtdSer is mediated by bridging molecules Gas6, Protein S1 

(PROS1), and milk fat globule-endothelial growth factor 8 (MFGE-8), respectively. Gas6 

acts as a bridge for all three TAM receptors, while PROS1 is specific for MerTK and 

TYRO3 interaction with PtdSer 516,517. MFGE-8 interacts with integrins to bridge PtdSer 

for engulfment 515. Importantly, engulfment receptors require previous tethering receptor 

engagement of “eat-me” signals on apoptotic cells for phagocytosis to occur (Fig. 1.6). 

Tethering receptors alone cannot induce phagocytosis 518,519.  
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Figure 1.6 – Tethering and engulfment receptor interaction with apoptotic cells. 
Apoptotic cells expose ‘eat-me’ signals on their cell surface in response to caspase and 
Ca2+ flux inactivation of flippase enzymes and activation of scramblase enzymes. The 
best studied ‘eat-me’ signal is PtdSer, which interacts with a wide variety of receptors. To 
initiate efferocytosis, tethering receptors must first bind PtdSer on apoptotic cells to tether 
the cell to a macrophage. These include, but are not limited to, BAI1, LRP1, TIM1, and 
TIM4. Once the apoptotic cell is tethered to the macrophage, engulfment receptors can 
bind. Importantly, engulfment receptors require bridging molecules, and cannot interact 
with PtdSer directly. The TAM family of receptors utilizes GAS6 (all TAMs), and 
PROS1 (MerTK and TYRO3) to interact with PtdSer, while αv Integrins utilize MFGE-8. 
Once tethering and engulfment receptors have bound their targets, the apoptotic cell is 
phagocytosed by the macrophage. Figure generated with BioRender. 
 

Upon binding of tethering and engulfment receptors, the third phase of 

efferocytosis, phagocytosis, occurs. Through involvement of multiple receptors, signaling 

converges on Ras-related C3 botulinum toxin substrate 1(Rac1) activation 512, 514,515,520–523 

that induces actin filament reorganization, membrane ruffling and phagosome formation 
524,525. Microtubule-associated protein 1A/1B-light chain 3 (LC3) assists in phagosome 
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formation and transfer of engulfed apoptotic cells to phagolysosomes for acidification 

and degradation 489,526. Often, multiple apoptotic cells are present at the same location 

requiring timely removal. Macrophages have the capacity to engulf multiple apoptotic 

cells in quick succession via induction of mitochondrial fission 527.  

Once the apoptotic cell has been phagocytosed, the final phase of efferocytosis, 

response, can occur. Macrophages take on distinct pro-resolution and anti-inflammatory 

phenotypes following efferocytosis. MerTK signaling has been shown to be crucial for 

inhibition of NF-κB 483,528 and STAT1 484 signaling, and induction of specialized pro-

resolving mediators 485,486 and TGF-β 487 via Liver X receptor (LXR)α , LXRβ 488, 

suppressor of cytokine signaling (SOCS)1 and SOCS3 484. Induction of specialized pro-

resolving mediators following efferocytosis can act in a positive feedback loop on 

macrophages in an autocrine or paracrine manner to promote efferocytosis and further 

suppress NF-κB signaling 485. Tethering receptor signaling has also been shown to have 

important impacts on macrophages to activate anti-inflammatory phenotypes, including 

via BAI1 491, and TIM-4 492,493. Macrophage phenotype is also impacted by pathways 

induced after apoptotic cell phagocytosis. Induction of LC3-associated phagosomes acts 

to suppress pro-inflammatory cytokine signaling 489, while peroxisome proliferator 

activated receptor(PPAR)-δ increases production of opsonins, MFGE-8, IL-10 and cell 

surface MerTK expression 490. All of these responses combine to generate a co-ordinated 

pro-resolution and anti-inflammatory program and can feed forward to promote further 

efferocytosis.  

1.6.2 – The consequences of defective efferocytosis  

Defects in the phagocytosis of apoptotic cells can have disastrous effects. 

Efferocytosis can be thought of as the biggest push towards resolution, as macrophages 

undergo drastic phenotypic changes that influence downstream outcomes 458, 463, 487–490, 

464–467,483–486. Without the signals provided by apoptotic cell uptake, macrophages 

maintain their pro-inflammatory phenotypes and likely contribute to chronic 

inflammation. Furthermore, progression of apoptotic cells to secondary necrotic cells and 

inflammatory cell death perpetuates tissue injury and feeds into pro-inflammatory 

pathways 461,529. Of note, the complement cascade can act as a stopgap here, as opsonins 

C3b and C1q have been shown to specifically target late apoptotic and secondary necrotic 
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cells for efferocytosis 530,531. Therefore, efferocytosis is required to prevent immunogenic 

cell death and activation of autoimmune programming via antigen presentation to 

adaptive immune cells 532. This has been shown in animal models such as Mertk-/- mice 

which develop spontaneous autoimmune disease with age 461,533,534. Furthermore, 

inefficient efferocytosis has been identified as a crucial factor in the development of 

systemic lupus erythematosus (SLE) 535,536, atherosclerosis 537,538, and chronic obstructive 

pulmonary disease (COPD) 539,540.  

As efferocytosis operates within a continuum of feed-forward and feed-back 

regulation, failed initial clearance of apoptotic cells promotes local inflammation, and 

further recruitment of leukocytes that themselves increase apoptotic cell burden 419,482. As 

such, initial defects become further accentuated as the inflammatory process progresses, 

ultimately resulting in chronic inflammation. Understanding the mechanisms of 

efferocytosis and ways in which to target its activity is a crucial contribution to 

understanding resolution of chronic inflammation.  

1.7 – DAMPs regulate inflammation and promote repair 

 DAMPs typically have physiological roles within healthy cells, but under necrotic 

cell death conditions are released into sterile tissue environments and initiate or 

exacerbate pro-inflammatory signaling 541. The importance of DAMPs to initiate 

inflammatory responses to injury is well understood and has been extensively reviewed 
421,541–545. DAMP signaling can be mediated by PRR (e.g. mitochondrial DAMPs, Heat 

shock proteins (HSPs)), non-PRR DAMP receptors (e.g. IL-33, LPC), or a combination 

of the two (e.g. High mobility group box 1 (HMGB1), S100 proteins) 544,546. Canonical 

NF-κB signaling occurs downstream of the majority of DAMP receptor activation 432. 

Regulation of NF-κΒ activity is mediated by which subunits are active, with important 

inflammatory responses, as detailed previously. Notably, the p50/p50 homodimer NF-κB 

subunit has been shown to be induced downstream of DAMP signaling to compete with 

p65/p50 for κB binding sites and block access to reduce inflammatory signaling 433,438. 

TLR activation induces expression of TAM receptors which activates SOCS1/3 signaling 

to suppress IFNα receptor (IFNAR)-STAT1 signaling and reduce inflammatory cytokine 

and chemokine production 484. Thus, while initial DAMP activation is inflammatory, 

pathways are activated from the outset to try and control the ensuing response. 
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 There are emerging roles for DAMPs within instruction of adaptive immune 

responses and orchestration of tissue repair. Most of this work centres around HMGB1 

and ATP. HMGB1 promotes stem cell migration 547–549, endothelial cell proliferation 
550,551, and angiogenesis 552,553. ATP is an important signal for endothelial cell 

proliferation 554–557 and angiogenesis 558. Both of these DAMPs contribute to cardiac 

wound repair. HMGB1 increases angiogenesis and decreases leukocyte infiltration to the 

heart 559,560. The role for ATP is less clear and likely temporally dependent 561–564. ATP 

functions as both a DAMP and a find me signal for efferocytosis 481, while HMGB1 

functions to exert DAMP and angiogenic effects via signaling through TLR4 and RAGE 

respectively 542,545. Another dual function DAMP is IL-33. 

1.7.1 – IL-33 as a tissue repair DAMP 

 The identification of IL-33 as a DAMP was first based on its processing by 

apoptotic caspases to prevent extracellular release upon programmed cell death 
199,200,565,566. The idea was further cemented when abrogation of the N-terminal nuclear 

localization sequence of IL-33 lead to lethal inflammation in mice 567. Nuclear 

localization of IL-33 has no transcriptional function and is thought to be a mechanism to 

sequester IL-33 and prevent its release outside of a necrotic cell death setting 196. IL-33 

activates type 2 immune pathways via ST2L signaling in leukocytes 178,206, but its role in 

promoting cardiac repair has been largely attributed to induction of pro-survival signaling 

in cardiomyocytes 344,375–378. However, the broad impacts of IL-33 on collagen 

deposition, hypertrophy 379, pro-inflammatory cytokine signaling 372, 374,380, infarct size 
343–345,378 and improved cardiac function 376,381 seem too large to be exclusively due to 

cardiomyocyte survival. 

1.8 – Rationale & Hypothesis  

After injury in the heart, wound healing restores function to damaged tissue. The 

initial inflammation that occurs following damage is crucial for initiation of wound 

healing and is instigated by DAMP release from necrotic cardiomyocytes and cardiac 

fibroblasts 231,238. Once local immune cells and first responder cells have cleared debris, 

the reparative phase occurs. This is characterized by ECM deposition for scar tissue 

formation by fibroblasts. Finally, remodeling of said ECM completes the process to 
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mature the scar for stability. These steps occur sequentially, and proper transition from 

one to the next is crucial to prevent detrimental outcomes, such as cardiac fibrosis 230.  

Cardiac fibrosis is characterized by excessive scar tissue deposition that interferes 

with signal transduction and impairs cardiac function. A key driver of fibrosis is chronic 

inflammation 231,237,238, which occurs when the inflammatory stimuli are not removed due 

to persistent injury or ineffective clearance. Chronic inflammation is characterized by 

excessive production of inflammatory mediators and activation of inflammatory cell 

death pathways such as pyroptosis and necroptosis 541, 546,568. These mechanisms of cell 

death damage tissues in a feedforward loop that perpetuates inflammation and prevents 

transition to wound healing. As a result, excessive ECM is deposited beyond the needs of 

the initial injury, decreasing contractility and cardiac function, and ultimately leading to 

CHF 230. To prevent or reduce fibrosis, chronic inflammation needs to be resolved. Proper 

inflammation resolution hinges on efferocytosis, with extensive evidence identifying this 

process as the crux for adapted homeostasis to be achieved 461,529.  

Mast cells are innate immune sentinel cells that reside in tissues and act to 

orchestrate immune responses to damage 5, 71,74. IL-33 is a dual-function cytokine 

released from damaged structural cells that acts on ST2L+ leukocytes to exert type 2 

immunity-associated functions 178,182. IL-33 is released by damaged cardiac parenchymal 

and stromal cells, including cardiomyocytes, and acts to promote protective responses 
344,375–378. Mast cells readily respond to IL-33 via ST2L signaling, characterized most 

ubiquitously as increased IL-13 production 64,569. Mast cells are resident in cardiac tissue, 

abundant in human hearts, and have been shown via animal models to have controversial 

roles in cardiac fibrosis 75. The impact of IL-33 on mast cell activity is well described in 

several disease contexts but has not been examined in the context of cardiac fibrosis.  

We hypothesize that mast cells prevent excessive remodelling in the heart that 

leads to fibrosis via an IL-33-dependent mechanism. This hypothesis has been examined 

using both human tissue and mouse models in the context of three research objectives: (1) 

assess the influence of mast cells on fibrosis and post-operative outcomes in human atrial 

tissue from cardiac surgical patients, (2) determine the impact of mast cells on early 

angiogenic events after IL-33 activation, and (3) assess the impact of IL-33 on resolution 

of inflammation and efferocytosis at distal sites, and how mast cells may contribute.  



 51 

CHAPTER 2: MATERIALS AND METHODS 
2.1 – Mice 

All animal experiments were approved by the Dalhousie University Committee on 

Laboratory Animals (Protocols 16-085, and 19-031). C57BL/6 mice were obtained from 

Charles River Laboratories (Quebec, Canada), or bred on site in the Carleton Animal 

Care Facility. KitW-sh/HNihrJaeBsmJ (KitW-sh/W-sh) were obtained originally from Jackson 

Laboratories (Bar Harbor, ME) and then bred on site in the CACF. Cpa3-Cre; Mcl-1fl/fl 

mice were obtained from collaborators at Queen’s University and bred on site in the 

CACF. For Chapter 5, in IL-33 peritoneal experiments, mice were between 6-8 weeks of 

age. For Appendix A, in AngII mini-osmotic pump experiments, male mice were used 

between 6-8 weeks of age, except where mast cell reconstitution was conducted in mast 

cell deficient strains prior to Ang II administration, in which case mice were 14-16 weeks 

of age and compared to age-matched control mice. 

2.2 – Murine surgical procedure: osmotic mini pump insertions 

 For Appendix A, mini-osmotic pumps were inserted into mice subcutaneously as 

previously described265,570 (Alzet, Palo Alto, CA, USA). Animals received pumps filled 

with saline, or AngII (0.7/1.0/1.44mg/kg/day, Millipore Sigma, Oakville, ON, Canada) 

for 7 or 28 days. For the first 48h post operative, all animals were given 1mL 

subcutaneous saline to promote survival. Weights were monitored daily (endpoint >20% 

weight loss), as well as grooming, behaviour and feeding to assess morbidity. At the 

endpoint animals were sacrificed with isoflurane and CO2 asphyxiation. To determine 

hypertrophy, hearts were extracted, flushed with saline and weighed to compare to both 

body weight at time of death and tibia length. Hearts were then dissected for histology, 

protein, and mRNA analyses, with apex of ventricles and atria split for protein and 

mRNA, while cross section of both ventricles was taken for histology. 

2.3 – Human surgical procedures 

Blood samples were collected from all patients prior to skin incision and atrial 

tissue samples were taken at the time of cannulation. A portion of right atrial appendage 

was excised during surgery and processed for RNA, protein, and histological analyses. In 

all patients, cardiac surgery was performed with cardiopulmonary bypass and 

anticoagulation was achieved using intravenous heparin (400 IU/kg) with a target 



 52 

activated clotting time greater than 450 seconds. Antifibrinolytic agents were given to all 

patients and consisted mainly of tranexamic acid. Intermittent cold blood cardioplegia 

was delivered in an antegrade or retrograde fashion based on surgeons’ preference. 

Protamine sulfate was given for reversal of heparin in all patients. Patients also received 

routine baseline 12-lead electrocardiograms upon admission to the surgical intensive care 

unit (SICU). Resumption of routine postoperative medications occurred as indicated and 

included anti-platelet agents within 24 hours, statins and β-blockers. Patients underwent 

coronary artery bypass grafting (CABG), atrial valve replacement (VR), mitral VR, or a 

combination of CABG and VR. All patients were monitored during their stay in hospital. 

2.4 – Human Atrial Tissue Samples Acquisition 

Patients were enrolled prospectively and limited to those receiving elective open-

heart surgery at the New Brunswick Heart Centre in Saint John, New Brunswick, Canada 

or the QEII Health Science Centre in Halifax, Nova Scotia, Canada. All subjects gave 

informed consent. Approval from the Research Ethics Board (REB) was obtained from 

each individual institution (NSHA #: 1019404, NSHA #: 1017160, Horizon Health 

Network #2014-2006). All consented participants received the standard care in terms of 

treatment. Exclusion criteria included the need for urgent/emergent surgery, advanced 

age (>75 years) and patients with BMI < 18.5 kg/m2.  

2.5 – Variable Selection  

Patients were assigned random ID numbers at enrolment. Pre-operative clinical 

characteristics of interest included age, sex, New York Heart Association (NYHA) 

functional class, urgency of surgery (in-hospital urgent if hospitalization required until 

time of surgery, elective or outpatient) and diabetes, among others (Table 3.1). 

Intraoperative variables included pump time and clamp time. Standard blood analysis 

included neutrophil-to-lymphocyte ratio and peak troponin (collected within 24hr after 

surgery). Outcome variables included: in-hospital mortality, atrial fibrillation, 

cerebrovascular complication (transient ischemic attack or stroke), length of 

hospitalization (hospitalization, LOS) and NYHA functional class at follow-up after 

discharge. All patient information, procedural details and outcomes were collected and 

maintained in the respective cardiac surgery registries of each institution.  
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2.6 – Primary Human Cord Blood-derived Mast Cell Culture  

Umbilical cord blood samples were obtained following approval from the 

Research Ethics Board of the Izaak Walton Killam (IWK) Health Centre in Halifax, 

Canada (IWK HE 1005110). Adult donors provided written informed consent and Cord 

Blood-derived Mast Cells (CBMCs) were cultured according to an adaptation of 

Radinger et al571 described as follows. Mononuclear cord blood cells were isolated by 

Ficoll-Hypaque (GE, Mississauga, Canada) density gradient centrifugation and cultured 

in maturation media for three weeks consisting of StemSpan media (Stem Cell 

Technologies, Vancouver, Canada) with 100 ng/mL stem cell factor (SCF, R&D 

Systems, Minneapolis, MN), and 10 ng/mL IL-6 (Biolegend, San Diego, CA), with 10 

ng/mL IL-3 (Peprotech, Rocky Hill, NJ, USA) for the first week. CBMCs were then 

transferred to RPMI (ThermoFisher, Waltham, MA) and 10% Fetal Bovine Serum (FBS, 

ThermoFisher) supplemented with 100 ng/mL SCF (R&D Systems) and 10 ng/mL IL-6 

(Biolegend) to further mature in culture for a total of six to eight weeks. CBMC maturity 

was determined via CD117 (c-Kit) staining, with a minimum of 95% CD117+ cells prior 

to use in experiments. CBMCs produced in this way were on average 96.5% positive for 

CD117. Prior to any activation (degranulation or long term), CBMCs were cultured 

overnight in RPMI (ThermoFisher) and 10% Fetal Bovine Serum (FBS, ThermoFisher) 

supplemented with 10 ng/mL SCF (R&D Systems) and 10 ng/mL IL-6 (Biolegend) to 

rest the cells prior to activation.  

2.7 – CBMC degranulation assays 

 Mast cells were washed with cold Hepes Tyrode’s buffer (HTB, pH 7.2-7.4) prior 

to combining with the following pre-warmed activators in HTB at 370C : HMGB1 at 100 

ng/mL (Biolegend), HSP60 at 100 ng/mL(Biolegend), HSP70 at 100 ng/mL (Biolegend), 

ATP at 20 μM (MilliporeSigma, Oakville, Canada), S100A8 at 10 ng/mL (Biolegend), 

human IL-33 at 30 ng/mL (Peprotech), calcium ionophore A23187 at 5 μM 

(MilliporeSigma), or mock control. Cells were incubated at 37°C for 30 minutes prior to 

being placed immediately on ice for 10 minutes to stop degranulation. Cells were then 

pelleted in a pre-cooled centrifuge and aliquots of supernatant were made prior to storing 

cells and supernatant at -80°C. 
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2.8 – Β-hexosaminidase assay  

 To detect degranulation of mast cells, the concentration of β-hexosaminidase 

contained in mast cell granules was assessed in supernatant compared to cell content. 

Cells were lysed by three cycles of freeze-thaw and vortex. Supernatant and cell pellets 

were plated on a 96 well plate, and 0.1M p-nitrophenyl-N-acetyl-β-D-glucosaminide 

(MilliporeSigma) was added to each well. The plate was then incubated at 37°C for 1 

hour, prior to stopping the reaction with 0.1M carbonate buffer. Absorbance was read at 

405nm and % degranulation was calculated with the following formula: 

% degranulation =   (OD supernatant – OD HTB ctrl)          x 100 

          (OD supernatant – OD HTB ctrl) + (OD pellet – OD HTB ctrl) 

2.9 – Long term CBMC activations 

After resting overnight, CBMCs were resuspended in activation medium (R10F 

with 10 ng/mL SCF and 100 μg/mL soybean trypsin inhibitor, MilliporeSigma) without 

supplementation to act as a mock control, recombinant human IL-33 at 30 ng/mL, 10 

ng/mL, or 3 ng/mL (Peprotech), human recombinant VEGF165A at 10ng/mL (Peprotech) 

or 0.1μM calcium ionophore A23187 (MilliporeSigma) for 3 hours, 6 hours or 24 hours 

at 37oC. Cells were pelleted and lysed using Qiazol tissue lysis reagent (Qiagen, Toronto, 

Canada) for RNA isolation and reverse transcription, while supernatants were saved for 

further downstream Immunoassays.  

2.10 – PBMC Isolation  

Peripheral blood was obtained with informed consent from adult volunteers (REB 

IWK HE 1005110) and was subjected to density gradient centrifugation over Ficoll-

Hypaque (GE) to isolate PBMCs. PBMCs were then lysed using Qiazol tissue lysis 

reagent (Qiagen) for RNA isolation and reverse transcription. 

2.11 – Human Umbilical Vein Endothelial Cell Culture 

 Primary human umbilical vein endothelial cells (HUVECs) were obtained from 

collaborators (Thomas Issekutz lab, IWK Health Centre, Halifax, NS). HUVECs were 

cultured in complete media containing RPMI, 20% FBS (ThermoFisher), 50 μM 2-ME 

(Sigma), 1x Penicillin/Streptomycin (Wisent Inc.), 50 μg/mL endothelial cell growth 

supplement (Sigma), and 50 μg/mL Heparin (Sandoz Inc., Boucherville, Quebec, 
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Canada) at 37oC and 5%CO2. HUVECs were activated with IL-33 (BioLegend) at 30 

ng/mL or VEGF165A (R&D Systems) at 10ng/mL 

2.12 – HUVEC Angiogenesis Assay 

 A commercial in vitro angiogenesis assay (Abcam, Toronto, Canada) was used to 

assay capillary tube formation in HUVECs according to manufacturer’s instruction. 

Briefly, HUVECs were grown to approximately 85-90% confluency and serum starved 

overnight prior to use in experimental assays with 1% FBS. Cells were resuspended in 

RPMI with 1% FBS (ThermoFisher), 50 μM 2-ME (Sigma), 1x Penicillin/Streptomycin 

(Wisent), 5 μg/mL endothelial cell growth supplement (MilliporeSigma), and 50 μg/mL 

Heparin (Sandoz) and 2 x 105 cells/well were plated in a 96 well plate pre-coated with 

extracellular matrix. Supernatants from CBMCs activated with IL-33 (BioLegend) at 30 

ng/mL and Calcium Ionophore at 0.1μM were added to cells and incubated for 4h at 

37oC. VEGF165A (R&D Systems) in HUVEC media was used as a positive control for 

angiogenesis, and Suramin (Abcam) in HUVEC media was used as a negative control to 

inhibit angiogenesis. Cells imaged on EVoS microscope system (ThermoFisher). ImageJ 

(NIH) Angiogenesis Analyzer was used to assess extent of capillary tube formation 572.  

2.13 RNA Isolation from Tissue 

Up to 50 mg of flash frozen human or mouse tissue was placed in Qiazol tissue 

lysis reagent and lysed using the Qiagen TissueRuptor homogenizer on ice. RNA 

isolation was conducted according to an adaptation of protocols from the Qiagen 

miRNeasy mini and RNeasy Plus system. Briefly, chloroform was used to separate the 

aqueous and organic phases of the homogenized tissue samples. The aqueous phase 

containing RNA was then first bound to RNeasy filter matrix and treated with DNaseI to 

eliminate genomic DNA prior to RNA isolation. Subsequently, samples were treated 

according to the manufacturer’s instructions for the RNeasy Plus kit RNA extraction 

procedure (Qiagen). RNA was deemed to be of good quality when the following criteria 

were met: A260:A280 ratios between 1.8-2.1, and a 2:1 ratio of intensity of 28S:18S RNA 

band on an agarose RNA integrity gel. Samples that did not meet both of these criteria 

were excluded from analyses. 
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2.14 – RNA isolation from cells and reverse transcription 

Cells were resuspended in Qiazol (Qiagen, Toronto, Canada) and chloroform 

separation was used to remove protein components from aqueous phase containing 

nucleic acids. RNA was then isolated form this aqueous phase according to 

manufacturer’s instruction (RNA isolation kit, Qiagen). cDNA was generated from RNA 

according to manufacturer’s instructions (reverse transcription kit, Qiagen). Briefly, 150-

300 ng of RNA was used to generate cDNA in each reverse transcription reaction. 

Mixtures of oligo-dTs and random primers were used in the reaction mix.  

2.15 – Angiogenesis microarray 

 cDNA generated from three separate donor CBMC cultures untreated or activated 

for 24 hours with 30 ng/mL human recombinant IL-33 (Peprotech) were pooled for an 

angiogenesis microarray (BioRad). BioRad synthetic control RNA and master mix were 

generated and added to the 384 well plate to warm to RT prior to addition of cDNA. 

Samples were then run on a Bio-Rad C1000 Touch Thermal Cycler qPCR machine in 

384 well format under the following conditions: 95°C for 2 minutes, followed by 40 

cycles of 95°C for 5 seconds and 60°C for 30 seconds. 

2.16 – Quantitative PCR (qPCR) 

Pooled samples of cDNA for each cell or tissue type were used to determine 

whether to use qPCR or droplet digital PCR (ddPCR) for an assay. When Cq values were 

<30, qPCR was used, while Cq values of 30-40 were taken to ddPCR.  qPCR mixes 

consisting of 0.125 µM of the gene primer, and 1X SYBR green master mix (Bio-Rad, 

Mississauga, Canada) per well of the plate were prepared. A Bio-Rad C1000 Touch 

Thermal Cycler qPCR machine was used to carry out the procedure. All primer 

sequences used in these studies are proprietary to BioRad and Qiagen. The reference 

genes used in this study were GUSB, HPRT, and TBP for CBMCs, PBMCs, and 

HUVECs (Qiagen), YWHAZ, GUSB and PPIA for human atrial tissue (Qiagen) and Tbp 

and Gusb (Qiagen) for murine experiments. The human genes of interest were SIGLEC6, 

MS4A2, VEGFA, PLAU, IL1RL1 and IL33 (Bio-Rad, and Qiagen), while the murine 

genes of interest were Acta2, Ccl2 , Col1a1, Col3a1, Il13, Mmp9, Tgfb, and Vegfa. Gene 

expression values were determined using the formula          Δ Cq= Cq Geomean of reference genes - 

Cq gene of interest, and normalized expression was then calculated as 2Δ Cq.  
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2.17 –ddPCR 

 Each ddPCR reaction consisted of 1X Eva Green (Bio-Rad), 0.2 μM primers 

(Qiagen), cDNA, and ddH2O. Droplet generation oil (Bio-Rad) was combined with 

reaction mixes in the droplet generator prior to sealing the plate and running on a Bio-

Rad C1000 Touch Thermocycler. PCR amplification went as follows: 95°C for 5:00, 

95°C for 0:30, 58°C for 1:00, 72°C for 1:00, 58°C for 1:00, 72°C for 1:00 (repeating 

alternation from 58°C to 72°C 49x), 4°C for 5:00, 90°C for 5:00 with a ramp of 

2°C/second between cycles. The QX200 droplet reader (Bio-Rad) was then used to assess 

gene expression with QuantaSoft software. The reference genes used in this study were 

YWHAZ and GUSB (supplementary Fig. 3) for human atrial tissue, and Tbp and Gusb 

(Qiagen) for murine peritoneal cells. The human genes of interest (GOI) were MS4A2, 

SIGLEC6, MERTK and IL1RL1 (Qiagen), while the murine gene of interest (GOI) was 

Il13. Normalized standard amount (NSA) was determined by the following formula:  

NSA =  
Concentration of GOI ×  Dilution factor

({Reference Gene A × Dilution factor} + {Reference Gene B × Dilution factor})1/2 
 

2.18 – Gene Expression Omnibus (GEO) profile retrieval from National Center for 

Biotechnology Information (NCBI) database 

 GEO datasets were accessed from https://www.ncbi.nlm.nih.gov/geoprofiles/ via 

searches for studies related to human fibrosis or heart samples. Datasets of interest were 

identified and probed for MS4A2 (gene ID NM_00139) and SIGLEC6 (gene ID 

NM_001245) relative mRNA expression.  

2.19 – Tissue Sectioning and Histology 

 Human tissues were fixed in formalin while mouse tissues were fixed in Carnoy’s 

solution (60% absolute ethanol, 30% chloroform, 10% glacial acetic acid) each for 24 

hours prior to paraffin embedding. Serial sections were cut at 5μm for staining. For 

analysis of tissue fibrosis, Sirius red/fast green (SRFG) staining was employed, and 

collagen content was assessed using Adobe Photoshop as previously described265, 

570,573,574. For analysis of gross pathology, hematoxylin and eosin (H&E) staining was 

used575. To account for issues in mast cell detection due to formalin fixation, toluidine 

https://www.ncbi.nlm.nih.gov/geoprofiles/
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blue staining of human tissues was conducted at pH 1 for 5 days prior to assessment of 

mast cell density. Mouse Toluidine blue staining was conducted at pH 2.5 overnight. 

2.20 – Thymocyte isolation and induction of apoptosis 

For each in vivo efferocytosis experiment, 2-3 female C57BL/6 mice aged 4-6 

weeks were euthanized and dissected to remove the thymus. Thymocytes were isolated 

and stained with 1μΜ CFSE (MilliporeSigma) prior to induction of apoptosis by 1μM 

dexamethasone incubation for 3 hours at 37oC and 5% CO2. Thymocytes that were not 

previously CFSE labeled were used to assess efficiency of apoptosis induction. These 

cells were stained with viability dye (ef506, ThermoFisher, Waltham, MA) and Annexin 

V (ThermoFisher) to confirm apoptosis (30-40% Annexin V+, Fig. 5.2E) by flow 

cytometry. 

2.21 – Free mitochondria isolation 

Free mitochondria were isolated from mouse liver using mitochondria isolation 

kits according to manufacturer’s instruction for option A, protocol 2 (ThermoFisher) and 

previously published methods 576. Isolated mitochondrial pellets were suspended in 

HBSS and treated with Halt Protease Inhibitor Cocktail (ThermoFisher). Protein 

concentrations of free mitochondria were determined by Bradford Protein Assay (Bio-

Rad, Hercules, CA). 

2.22 – Intraperitoneal injection experiments  

Mice were injected intraperitoneally (i.p.) with 0.5 μg IL-33 (BioLegend) in 100 

μL saline, 50 μg Free mitochondria in 100 μL saline, 50 μg Free mitochondria and 0.5 μg 

IL-33 in 100 μL saline or with 100μL saline alone. Animals were housed for 48h prior to 

(A) sacrifice with isoflurane and CO2 asphyxiation or (B) receipt of 2.5 x 107 CFSE-

labeled thymocytes (35-40% AnnexinV+ apoptotic cells) i.p. Animals that received 

apoptotic thymocytes were housed for a further 30-minute incubation period prior to 

sacrifice. All necropsies were performed as follows. Peritoneal lavage was conducted 

with an initial 750 μL volume for protein analysis and subsequent 3 mL volume for cell 

collection in sterile 0.5% Bovine Serum Albumin (ThermoFisher), and 5mM EDTA 

(Invitrogen) in 1x PBS (Wisent Inc.). Cells were washed and counted on a 

hematocytometer. Single cell suspensions were then processed for FACS analysis. 
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2.23 – FACS staining and analysis  

Single cell suspensions were stained with antibodies (Table 2.1). Where 

biotinylated antibodies were used, streptavidin-BV785 was subsequently conjugated for 

visualization (BioLegend). Isotype control antibodies and fluorescence minus one 

staining were used to establish gating. Stained peritoneal cells were acquired for analysis 

using a BD LSRFortessa cytometer. Data was analyzed using FlowJo software (Ashland, 

OR).  

2.24 – Immunoassays 

Cell culture supernatants, tissue lysates, and peritoneal lavage fluids were assayed 

for cytokines, chemokines and growth factors of interest by Luminex assay and ELISA. 

For Luminex of human patient plasma samples, fluorescence-coded magnetic 

microparticles coated with antibodies specific for NT-proBNP, Galectin-3, ST2, CCL2, 

TNFR2, MMP-2, and MMP-9 were purchased from R&D Systems and eBioscience (now 

ThermoScientific). For Luminex of murine peritoneal lavage samples, fluorescence-

coded magnetic microparticles coated with antibodies specific for IL-4, IL-10, IL-13, 

GM-CSF, M-CSF, CCL2, CCL5 and VEGF were purchased from R&D Systems. The 

Luminex assay was conducted according to manufacturer’s instructions. The samples 

were read using a Bio-Rad Bio-Plex 2 (Bio-Rad, Mississauga, Canada). ELISA was used 

to probe for PGD2 (Cayman Chemical, Ann Arbor, Michigan), PGE2 (Cayman 

Chemical), IL-6 (Biolegend), IL-10 (Biolegend), IL-13 (R&D), MMP-9 (R&D), TGF-β 

(R&D), TNF (R&D), uPA (R&D) and VEGF-A (R&D) in human cell culture 

supernatants.  

2.24.1 – Leukotriene C4 ELISA 

 Leukotriene C4 (LTC4) ELISAs were performed according to a lab developed 

protocol. Plates were coated with 1 μg/mL anti-LTC4 antibody (Enzo Life Sciences, 

Farmingdale, NY) in 2.5 μg/mL borate buffer and incubated at 4°C overnight. Plates 

were blocked with 2% BSA (ThermoFisher) in 1x PBS for 2 hours. Samples and 

recombinant LTC4 standard were defrosted and kept on ice prior to addition, diluted in 

1% BSA in 1x PBS. Samples were incubated for 1 hour at room temperature (RT) prior 

to washing and addition of 2.5% glutaraldehyde (Sigma) for 5 minutes at RT. Plates were 

washed and received 0.1M NaBH4 (Sigma) for 5 minutes at RT, followed by washing 
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and addition of 100% Methanol (Sigma) for 2 minutes at RT. Plates then received 0.5 

μg/mL in-house biotinylated anti-LTC4 (Enzo Lifesciences) for 1 hour at RT. 

Streptavidin-HRP was added to plate for 30 minutes, followed by TMB substrate solution 

(Invitrogen) to develop for up to 30 minutes. The reaction was stopped with 2N H2SO4 

and absorbance measured at 450 nm.  

2.25 – Statistical analyses  

For Chapter 3, D’Agostino-Pearson normality tests were conducted to determine 

appropriate statistical comparisons. Mann-Whitney U tests for non-parametric 

distribution were used to compare high and low mast cell containing patient groups 

relative to a number of other parameters, Pearson linear regression was used to assess 

significance of correlations, and a combination of Mann-Whitney U, chi-square, and 

Fisher’s exact tests were used to compare variables in tables 1 and 2. Kaplan-Meier 

curves were used to assess end outcomes of NYHA re-classification or mortality. Post-

hoc ANOVA was used to assess gene expression differences in CBMCs vs. PBMCs. 

Correlation matrices were generated in R (R Foundation for Statistical Computing, 

Vienna, Austria), while all other tests were conducted with GraphPad Prism (GraphPad 

Software Inc., San Diego, CA). 

 For Chapter 4, D’Agostino-Pearson normality tests were conducted to determine 

appropriate statistical approach. Unpaired students t-tests were used to assess significant 

differences between untreated (mock) and IL-33 activated CBMCs and HUVECs, 

ordinary one-way ANOVA was used to assess differences between groups in 

degranulation experiments and HUVEC qPCR experiments, and Pearson linear 

regression was used to assess significance of correlations. All tests were conducted with 

GraphPad Prism (GraphPad Software Inc.). 

For Chapter 5, D’Agostino-Pearson normality tests were conducted to determine 

appropriate statistical approach. Unpaired students t-tests and ordinary one-way ANOVA 

(FM+IL-33) or two-way ANOVA (large and small peritoneal macrophages in saline and 

IL-33-treated groups) were conducted to examine statistical significance between groups. 

Outliers were removed based off of ROUT outlier tests of neutrophil and overall cell 

number within each experimental group. All tests were conducted with GraphPad Prism 

(GraphPad Software Inc.). 
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Table 2.1. – Antibodies for flow cytometry experiments 

Target antigen Species Fluorochrome Company Clone 

Panel 1     

CD163 Mouse APC Biolegend S150491 

CD80 Mouse Biotin Biolegend 16-10A1 

CCR2 Mouse FITC  Biolegend SA203G11 

MerTK Mouse PE Biolegend 21310C42 

Ly6C Mouse APC efluor780 Invitrogen (now 

ThermoFisher) 

HK1.4 

F4/80 Mouse PE Cy7 Invitrogen (now 

ThermoFisher) 

BMB 

MHCII Mouse Alexa Fluor 700 Invitrogen (now 

ThermoFisher) 

M51114.15.2 

CX3CR1 Mouse PerCP Cy5.5 Biolegend SA1011F11 

CD206 Mouse BV421 Biolegend C068C2 

CD11b Mouse BV650 BD Biosciences M1/70 

Panel 2     

ST2 Mouse APC eBioscience (now 

ThermoFisher) 

RMST2-2 

Ly6G Mouse Biotin Biolegend 1A8 

NK1.1 Mouse FITC Invitrogen (now 

ThermoFisher) 

PK136 

CD3 Mouse PE eBioscience (now 

ThermoFisher) 

145-2C11 

SIGLECF Mouse PE CF594 BD Biosciences E50-2440 

CD4 (in efferocytosis and free 

mitochondria experiments) 

Mouse Alexa Fluor 700 Biolegend GK1.5 

FcεRI Mouse PerCP efluor710 eBioscience (now 

ThermoFisher) 

Mar-1 

CD117 Mouse BV421 BD Biosciences 2B8 

Ly6C Mouse APC efluor780 Invitrogen (now 

ThermoFisher) 

HK1.4 

F4/80 Mouse PE Cy7 Invitrogen (now 

ThermoFisher) 

BMB 

ST2 (in later experiments) Mouse BV605 Biolegend D1H9 

CD11b Mouse BV650 BD Biosciences M1/70 
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Panel 3     

CD19 Mouse BV605 BD Biosciences 1D3 

CD5 Mouse APC Biolegend 53-7.3 

IgM Mouse BV711 BD Biosciences R6-60.2 

ST2 Mouse BV605 Biolegend D1H9 

CD11b Mouse BV650 BD Biosciences M1/70 

Cell Sort Experiment     

F4/80 Mouse PerCP Biolegend BM8 

CD11b Mouse PE Cy7 Biolegend M1/70 

CD117 Mouse FITC eBioscience (now 

ThermoFisher) 

2B8 

SIGLECF Mouse PE CF594 BD Biosciences E50-2440 
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CHAPTER 3: INCREASED MAST CELL DENSITY IS 

ASSOCIATED WITH DECREASED FIBROSIS IN HUMAN 

ATRIAL TISSUE 
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3.1 – Introduction 

Myocardial fibrosis is the accumulation of extracellular matrix components, such 

as collagen, within the myocardium. This process accompanies many forms of heart 

disease and is associated with poor patient outcomes 230. However, some fibrosis is 

necessary for proper wound healing after myocardial injury, such as myocardial 

infarction or hypertension-induced stretch injury. Fibrosis can occur in all chambers of 

the heart and is often associated with myocardial stiffening and reduced signal 

transduction that ultimately leads to heart failure 577. Understanding myocardial fibrosis 

requires better characterization of the fibrotic microenvironment for the development of 

future therapeutic strategies. 

Evidence suggests that myocardial fibrosis is driven by dysregulated 

inflammation 230, implicating the immune system is a contributor to its pathogenesis. 

Resident immune cells, such as mast cells and macrophages, are thought to contribute to 

fibrotic remodeling in response to damage to the myocardium indirectly 238 or directly 

578,579. Mast cells are innate immune sentinel cells that respond to a variety of stimuli, 

including damage-associated alarmins 580, through a wide array of pattern recognition and 

mediator receptors. Upon activation, mast cells can degranulate to release stores of 

preformed mediators, or secrete a variety of compounds de novo with or without 

degranulation 5. After myocardial injury, mast cell density is increased in animal models 

353,581. However, the exact role of mast cells in the pathogenesis of myocardial fibrosis is 

not well understood. Both beneficial and detrimental roles have been suggested 73,75, as 

various mast cell mediators have been shown to have pro- and anti-fibrotic effects 75. 

Previous studies have often only considered mast cell degranulation as evidence of 
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activity. Mast cell granule contents are known to contain pro-fibrotic compounds such as 

chymase, tryptase, and TGF-β. However, as previously mentioned, mast cells can 

respond to stimuli released in the heart after damage without degranulation. Mast cells 

have been shown to produce anti-fibrotic compounds, such as CXCL10 166,170, VEGF-A 

582, and IL-33 5,583, in other disease settings, yet it is unknown if these mediators are up-

regulated by mast cells after myocardial damage. Studies in mice have been 

controversial, partly due to fundamental differences in the distribution and phenotype of 

myocardial mast cell populations between mice and humans, and their ontogeny as 

resident or itinerant populations 271. To date, few studies have examined mast cells in 

human chronic cardiovascular disease 137,357–360.   

Therapeutic approaches to limiting myocardial fibrosis have largely focused on 

blocking canonical pro-fibrotic pathways, such as the Renin-Angiotensin-Aldosterone 

System (RAAS) 584, rather than inducing anti-fibrotic mediators. There is increased 

recognition of the importance of inflammation in the pathogenesis of cardiovascular 

disease as a whole 170 including myocardial fibrosis 230. Mast cells can respond to a 

wealth of stimuli 5, 7,585 to maintain homeostasis, and quickly respond to infection or 

damage, shaping the inflammatory response that follows. Therefore, we hypothesize that 

mast cells could play a critical role in regulating cardiac remodeling and as such, they 

could provide an important cellular mechanism determining the nature of fibrosis and 

tissue restitution following cardiac damage 5,75.  

The current study examined the relationship between mast cells and myocardial 

fibrosis using tissues from cardiac surgery patients with established cardiovascular 

disease. Human right atrial appendage tissue was excised during cardiac surgical 
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procedures and used to provide insight into fibrotic remodelling and resident mast cells. 

Detailed preoperative and postoperative variables were collected in all patients to 

determine how mast cell density from tissue samples could relate to patient outcomes. 

This study demonstrates an association between high levels of atrial tissue mast cells, 

reduced fibrosis, and improved functional outcomes. These data indicate that increased 

mast cell density provides a cellular mechanism for reducing myocardial fibrosis in 

human patient samples.  
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3.2 – Results 

3.2.1 – Mast cells are present in varying numbers in human atria  

 Human atrial tissue samples were obtained while patients (n=112) underwent 

cardiac surgery at two centres in Atlantic Canada (Halifax, NS, and Saint John, NB). The 

procedures performed included: isolated CABG (54%), isolated valve (21%), and 

combined CABG/valve (25%).  The average heart function (defined by ejection fraction, 

EF) for the entire cohort of patients was 58%  13%, with the majority (94%) having a 

normal EF (defined as ≥ 50%). A significant proportion of patients (40.2%) were 

diagnosed with clinical symptoms of heart failure (NYHA functional class III/IV) pre-

operatively (Table 3.1). This indicates a large proportion of patients in this cohort 

experienced Heart Failure with Preserved Ejection Fraction. Mast cell density was 

assessed in atrial tissues by Toluidine blue staining (Fig. 3.1A). Mast cells were observed 

in 94% of samples and primarily found in the myocardium, some associated with blood 

vessels or others within the tissue proper (e.g. within the myocardium). The median mast 

cell density was 7.3 ± 2.67 mast cells/mm2 and was similar between male and female 

patients (p=0.664, Fig. 3.1B) and was not normally distributed (Fig. 3.2A). To determine 

how atrial mast cell density was related to cardiac function and other clinically relevant 

variables, patients were divided into quartiles based on mast cell content. These groups 

did not differ on the basis of EF, Body Mass Index (BMI), hypertension, or other 

comorbidities, though patients with high mast cell density (above the median) had 

increased incidence of cerebrovascular disease (Table 3.2).  Patients with low mast cell 

density (below the median) had a 17.8% longer length of stay in hospital (LOS, ≥9 days 

in hospital prior to discharge, p=0.03) compared to those with high mast cell density 
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(Table 3.2). When assessing patients in the upper (>75%) and lower (<25%) quartiles of 

mast cell density, it was observed that patients in the lower quartile had increased 

incidence of pre-operative atrial fibrillation (AF), elevated Left Ventricular End Diastolic 

Pressure (LVEDP), and greater BMI compared to those in the upper quartile (Table 3.3). 

There was mild to moderate pericellular myocardial fibrosis in the majority of the atrial 

tissue sections as determined by Sirius red fast green (SRFG) 573 (Fig. 3.1D, F). One 

patient exhibited mural thrombus. Patients in the upper and lower quartiles of collagen 

content were assessed for general pathophysiology by an experienced clinical pathologist 

586. There was limited myocyte hypertrophy (31.9% of patients with mild hypertrophy 

and 2.1% of patients with moderate hypertrophy), and no vacuolization, or interstitial 

inflammation observed in H&E stained atrial tissue sections (Fig. 3.1C, E).  
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Table 3.1. –  Total patient demographics from Halifax, NS and St John, NB, Canada. 
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Figure 3.1. – Human atrial tissue histological assessment for mast cells, gross pathology 
and collagen content. Atrial tissues were stained for mast cells using toluidine blue (40x, 
A). Mast cells were counted, and surface area of tissue sections was assessed to reflect 
mast cell/mm2. Male and female patients had equivalent mast cell content (B). H&E (C, 
E) and SRFG (D, F) stains were used to assess myocyte hypertrophy, inflammatory 
infiltrates, mural thrombus, and fibrosis (10x, C-F). 
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Figure 3.2. – Histogram distribution among patients from Halifax, NS, and St. John, NB. 
Patients (n=112) were stratified based on mast cell content at the time of surgery by 
toluidine blue staining (A) in comparison to total surface area in the tissue sections. 
Patients were also stratified by collagen content by Sirius red fast green staining (B)  and 
photoshop-based quantification of scar tissue in atria at the time of surgery.  
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Table 3.2. – Patient demographics based on mast cell content in atria at the time of 
cardiac surgery 

  
Low MC 
(n=56) 

High MC 
(n=56) 

p 
value 

Age   64.0 65.0 0.68 
Female sex   30.4% 17.9% 0.12 
Diabetes   28.6% 30.4% 0.84 
Hypertension   44.6% 57.1% 0.19 
Dyslipidemia   60.7% 75.0% 0.11 
Peripheral Vascular Disease (PVD)   3.6% 7.1% 0.40 
Cerebrovascular Disease   1.8% 10.7% 0.05 
Renal failure   3.6% 0.0% 0.15 
Ejection Fraction   59.0 60.0 0.82 
LVEDP   18.0 15.0 0.39 
Pre-op atrial fibrillation   21.4% 8.9% 0.07 
% NYHA III-IV at surgery   39.3% 41.1% 0.85 
% Patients EF >50   66.1% 66.1% 0.99 
Urgency of procedure   23.2% 8.9% 0.04 
BMI  31.1 29.6 0.20 

  
  
  
  
  

Normal 17.9% 23.2% 0.48 
Pre-obese 23.2% 32.1% 0.29 
Class I 25.0% 26.8% 0.83 
Class II 16.1% 12.5% 0.59 
Class III 17.9% 5.4% 0.04 

Etiology of heart disease Ischemic  76.8% 80.4% 0.65 
  Non-ischemic 23.2% 19.6% 0.65 
In-hospital         

  
  

Atrial fibrillation 42.9% 41.1% 0.85 
In-hospital 
mortality 5.4% 1.8% 0.31 
LOS ≥ 9 days 35.7% 17.9% 0.03 

Long-term outcomes 

  
  
  
  

      
% NYHA III-IV at follow up 16.1% 7.1% 0.14 
Loop diuretic (Y) 21.4% 3.6% 0.004 
Readmission 12.5% 14.3% 0.78 
Troponin 551.00 667.50 0.11 
Procedure CABG 42.9% 62.5% 0.04 

  
  

VR 23.2% 19.6% 0.65 
CABG+VR 33.9% 17.9% 0.05 
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Table 3.3. – Patient demographics based on upper and lower quartiles of mast cell content 
in atria at the time of cardiac surgery 

   
<25% 
MC 

>75% 
MC 

p 
value 

Age   64.0 64.5 0.98 
Female sex   25.0% 21.4% 0.75 
Diabetes   39.3% 35.7% 0.78 
Hypertension   53.6% 67.9% 0.27 
Dyslipidemia   60.7% 78.6% 0.15 
PVD   3.6% 7.1% 0.55 
Cerebrovascular Disease   0.0% 14.3% 0.04 
Renal failure   0.0% 0.0% 0.99 
Ejection Fraction   57.0 59.0 0.99 
LVEDP   18.0 13.5 0.03 
Pre-op atrial fibrillation   28.6% 3.6% 0.01 
% NYHA III-IV at surgery   46.4% 35.7% 0.42 
% Patients EF >50   64.3% 67.9% 0.78 
Urgency of procedure   10.7% 0.0% 0.08 
BMI  32.2 28.5 0.04 
  Normal 17.9% 28.6% 0.34 
  Pre-obese 17.9% 32.1% 0.22 
  Class I 21.4% 25.0% 0.75 
  Class II 25.0% 10.7% 0.16 
  Class III 17.9% 3.6% 0.08 
Etiology of heart disease Ischemic  78.6% 85.7% 0.49 
  Non-ischemic 21.4% 14.3% 0.49 
In-hospital outcomes         
  Atrial fibrillation 50.0% 39.3% 0.42 
  In-hospital mortality 3.6% 0.0% 0.31 

 LOS >/=9 days 28.6% 10.7% 0.09 
Long-term outcomes 

  
  
  
  

      
% NYHA III-IV at follow up 17.9% 3.6% 0.08 
Loop diuretic (Y) 21.4% 0.0% 0.010 
Readmission 10.7% 14.3% 0.69 
Troponin 578.00 634.00 0.86 
Procedure CABG 39.3% 67.9% 0.03 
  VR 21.4% 14.3% 0.49 
  CABG+VR 36.7% 17.9% 0.11 
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3.2.2 – Mast cell density is associated with expression of mast cell-specific genes  

To confirm histological assessment of mast cell density in human atria 

independent of levels of cell granulation, an assay was developed to analyze mast cell 

content through ddPCR. Expression of two mast cell-specific genes was assessed in 

human atrial tissue samples. This included samples from high and low mast cell density 

patients. RNA was isolated from all available tissues, however only a portion of the RNA 

obtained was of appropriate quality and integrity for subsequent analysis. Such RNA 

degradation was likely the result of variation in time from surgical excision to storage at  

-80°C. SIGLEC6 encodes a membrane embedded protein highly expressed in mast cells 

342,587 and a subset of circulating dendritic cells 588 that have not been observed in heart 

tissue. MS4A2 encodes the FcεR1 β-chain that is restricted to mast cell surfaces in cardiac 

tissue 342,587, but also expressed by basophils in circulation. SIGLEC6 and MS4A2 were 

highly expressed in unstimulated cord blood-derived mast cells (CBMCs) and under 

various activating conditions compared to peripheral blood mononuclear cells (PBMCs) 

at rest (Fig. 3.3A, *** p<0.001, **** p <0.0001,). These data indicate the utility of these 

genes for mast cell quantification because their expression is activation independent and 

would not be expected to be influenced by mast cell-activating stimuli in the 

myocardium. Histologically determined mast cell density was positively correlated to 

both MS4A2 (Fig. 3.3B, r2 = 0.6056, p < 0.0001) and SIGLEC6 (Fig. 3.3C, r2 = 0.494, p = 

0.0001) expression in atrial tissue as represented by normalized standard amount (NSA) 

through ddPCR (see methods). The range of mast cell densities observed via histology 

was wide, possibly the result of the limited amount of tissue sampled in individual 

sections. In contrast, RNA signals convey a sum of the entire tissue sample. The observed 
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correlation indicated that mast cell density, determined via histology, was not 

substantially biased by lack of detection of degranulated, undetected mast cells in our 

histological samples. 
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Figure 3.3. – Mast cell-specific genes reflect mast cell content as determined by 
histology. Cord blood-derived mast cells (CBMCs) had increased expression of mast cell-
specific genes SIGLEC6 and MS4A2 under various activating conditions compared to 
peripheral blood mononuclear cells (PBMCs) (A). Mast cell counts in select patient 
samples (n=24) determined by histology were positively and significantly correlated to 
expression of MS4A2 (B) and SIGLEC6 (C). Both MS4A2 and SIGLEC6 expression were 
significantly and positively correlated to each other (D).  
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3.2.3 – Mast cell specific genes in other fibrotic disease settings  

In human atrial tissue samples assayed in the current study, NSA of MS4A2 and 

SIGLEC6 were positively correlated to each other (Fig. 3.3D, r2=0.5725, p<0.0001). To 

confirm that mast cell specific genes were relevant in other disease settings, public 

microarray datasets were accessed via NCBI through query for keywords “human 

fibrosis” and “human heart”. Two separate and independent RNAseq studies were chosen 

where MS4A2 and SIGLEC6 gene expression was detected in human lung explants from 

pulmonary fibrosis lung patients (GDS4549) and human atrial tissue from CABG patients 

(GDS2772). MS4A2 and SIGLEC6 relative mRNA expression were positively correlated 

in both human lung (Fig. 3.4A, r2=0.3878, p<0.0001) and human atrial tissue (Fig. 3.4B, 

r2=0.6619, p<0.0001) from independent studies. 
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Figure 3.4. – Expression of mast cell-specific genes is consistent in the lungs as well as 
atria. GEO datasets were probed for relative mRNA expression of MS4A2 and SIGLEC6, 
which were found to be positively correlated to each other in human pulmonary fibrosis 
lung explants (GDS4549, A) and human atrial tissue samples (GDS2772, B).  
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3.2.4 – Mast cell density is related to severity of atrial fibrosis and outcomes. 

 Collagen content was quantified on the basis of SRFG staining as previously 

described 574,589 (Fig. 3.1D, F). The median collagen content was 37.7  20.2%.  Fibrosis 

was commonly observed with variable severity (Fig. 3.2B). Patients with low collagen 

content in atria, below the median, had increased incidence of hypertension but decreased 

incidence of both pre-operative AF and prolonged LOS compared to those with high 

(above the median) atrial collagen content (Table 3.4). Varying collagen content was 

observed in relation to patients’ mast cell density (Fig. 3.5A). Collagen content did not 

vary on the basis of sex (p=0.26, Fig. 3.5B). Patients defined as having high atrial mast 

cell density at the time of surgery, with mast cell densities above the 75th percentile, had a 

significantly lower atrial collagen level compared to both patients with low atrial mast 

cell content (p=0.036, Fig. 3.5C) and the remaining cohort as a whole (<75%, p=0.0106, 

Fig. 3.5D). The relationship between collagen content and mast cell density was 

independent of clinically defined metabolic or cardiovascular comorbidity (Table 3.2), or 

dysregulation of inflammatory markers in plasma (Fig. 3.6). A more than two-fold 

difference in pre-operative AF was observed between patients above and below the 

median mast cell density, but this failed to reach statistical significance (Table 3.2). No 

sex dependent differences in collagen content were observed (Fig. 3.5B, p=0.26). Mast 

cell degranulation was assessed in patients at the upper and lower quartiles of collagen 

content, as mast cell granule contents are known to be associated with fibrotic 

remodelling 75. It was found that patients above the 75th percentile for collagen content 

had more degranulating mast cells in their atria than those below the 25th percentile (Fig. 

3.5E, p=0.0020). This was not reflected in the larger low and high mast cell groups (Fig. 
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3.7, p=0.877). Within our cohort of human cardiac surgical patients, key biomarkers for 

fibrotic remodelling, inflammation, and heart failure were assessed in plasma by 

multiplex protein assays, where samples were available. Patients with high mast cell 

content (>75%) at the time of surgery had significantly less plasma MMP-9 content 

compared to low mast cell content (<25%, Fig. 3.5F, p=0.0176) and the remaining 

patients within the cohort (<75%, Fig. 3.5G, p=0.0039). Although only a small portion of 

atrial tissue explants were large enough to evaluate protein level, it was found that atrial 

MMP-9 was positively correlated to plasma MMP-9 (Fig. 3.6H, r2=0.3747, p=0.045). 

Therefore, plasma MMP-9 level was, to some extent, reflective of tissue content. Levels 

of the heart failure biomarker NT-proBNP were similar between high and low mast cell 

patients at the time of surgery (Fig. 3.6A), as were several other mediators (Fig. 3.6C-G), 

while GDF-15 was significantly increased in low mast cell density patients (Fig. 3.6B). 

Of note, sST2 content in patient plasma was positively correlated to atrial collagen 

content at the time of surgery (Fig. 3.6J, r2=0.0834, p=0.0146). Heart failure symptoms 

were assessed clinically using the New York Heart Association (NYHA) classification 

system in a subset of patients in this study during post-discharge follow-up. Post-

operative outcomes analyzed using Kaplan Meier analysis (time) comparing mast cell 

content revealed that patients with low atrial mast cell content (<25%) have less freedom 

from NYHA III/IV heart failure symptoms or mortality than patients with high atrial mast 

cell content (>75%, Fig. 3.5H, p=0.0155). Additionally, patients with high atrial mast cell 

density had significantly increased freedom from NYHA III/IV heart failure symptoms or 

mortality than the rest of the patients in the cohort overall (<75%, Fig. 3.5I, p=0.0227). 
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Table 3.4. – Patient demographics based on collagen content in atria at the time of cardiac 
surgery 
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Figure 3.5. – Fibrosis in human atrial tissue is associated with mast cell content. Patients 
had varying degrees of collagen content in their atria at the time of surgery (n=84, A). 
Collagen content did not differ on the basis of sex (B). Patients in the 75th percentile of 
atrial mast cell density had significantly less collagen in their atria at the time of surgery 
compared to those in the 25th percentile (C) and those below the 75th percentile (D). 
Patients in the 75th percentile of collagen content had more degranulating mast cells in 
their atria than those in the 25th percentile (n=48, E). Patients with high atrial mast cell 
content had decreased MMP-9 plasma concentrations compared to in the 25th percentile 
(F) as well as those below the 75th percentile (G). Post-operative outcomes, as assessed 
by NYHA III/IV classification and mortality, were better in high mast cell containing 
patients compared to low (H) and compared to those below the 75th percentile (I).  
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Figure 3.6. – Levels of plasma biomarkers are not related to mast cell content. When 
comparing patients in the upper and lower quartile of atrial mast cell density, NT-proBNP 
(A), GDF-15 (B), Galectin-3 (C), ST2 (D), CCL2 (E), TNFR2 (F), and MMP-2 (G) 
concentrations in plasma were assessed. MMP-9 was not correlated to collagen content in 
atria at the time of surgery (H). MMP-9 content in plasma was positively correlated to 
MMP-9 content measured in tissue (I). sST2 plasma content was positively correlated to 
atrial collagen content at the time of surgery (J).  
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Figure 3.7. – Mast cell degranulation activity in human atrial tissue was equivalent 
between patients with high and low mast cell densities around the median. The proportion 
of degranulating mast cells in comparison to total mast cells in a subset of human atrial 
tissue were assessed by toluidine blue staining of human atrial tissue samples taken at 
time of surgery.   
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3.2.5 – Mast cell relevance to fibrosis and outcomes persists in a more homogeneous 

patient population 

Patients within our cohort were broadly recruited while undergoing cardiac 

surgical procedures (Table 3.1). To limit multivariate impacts and gain a better 

understanding of how mast cells may relate to atrial fibrosis, we focused further on 

patients undergoing CABG surgery (n=88). Within the CABG cohort, patients below the 

median mast cell density had similar incidence of AF, diabetes and other co-morbidities 

compared to the cohort at large (Table 3.5, 3.6).  CABG patients with high mast cell 

density, in the upper quartile, had significantly less atrial collagen content than patients 

below the lower quartile (Fig. 3.8A, p=0.0148) and the remaining patients in the cohort 

(<75% mast cell density, Fig. 3.8B, p=0.0028). High mast cell density patients also had 

significantly lower plasma MMP-9 content than the remaining patients in the cohort 

(<75%, Fig. 3.8C, p=0.0301). As was observed in the overall cohort, patients above the 

75th percentile of collagen content within the CABG cohort had significantly more 

degranulating mast cells than those below the 25th percentile (Fig. 3.8D, p=0.0463). 

Finally, patients with high mast cell density had increased freedom from NYHA III/IV 

and mortality compared to the remaining patients in the cohort (Fig. 3.8E, p=0.0207). 

Overall, the majority of the relationships observed in high mast cell density patients in the 

broad cohort were still relevant within a more defined and homogeneous surgical 

subpopulation.  
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Table 3.5. – Patient demographics based on mast cell content in atria at the time of 
CABG surgery 

  
Low MC 
(n=44) 

High MC 
(n=44) p value 

Age   63.5 65.0 0.24 
Female sex   27.3% 11.4% 0.06 
Diabetes   25.0% 36.4% 0.25 
Hypertension   47.7% 65.9% 0.09 
Dyslipidemia   68.2% 81.8% 0.14 
Peripheral Vascular Disease   4.6% 9.1% 0.40 
Cerebrovascular Disease   2.3% 9.1% 0.17 
Renal failure   2.3% 0.0% 0.31 
Ejection Fraction   61.0 59.0 0.75 
Left Ventricular End Diastolic 
Pressure (LVEDP)   17.0 15.0 0.41 
Pre-op atrial fibrillation   20.5% 9.1% 0.13 
% NYHA III-IV at surgery   38.6% 47.7% 0.39 
% Patients EF >50   70.5% 65.9% 0.46 
Urgency of procedure (IHU status)  25.0% 6.8% 0.02 
BMI  30.8 29.9 0.58 
  Normal 18.2% 25.0% 0.44 
  Pre-obese 27.3% 31.8% 0.64 
  Class I 25.0% 22.7% 0.80 
  Class II 18.2% 15.9% 0.78 
  Class III 11.4% 4.6% 0.24 
In-hospital         
  Atrial fibrillation 38.6% 47.7% 0.39 
  In-hospital mortality 4.6% 2.3% 0.56 

 LOS >/=9 days 31.8% 20.5% 0.23 
Long-term 

  
  
  
  
  

      
% NYHA III-IV at follow up 13.6% 4.6% 0.14 
Loop diuretic (Y) 25.0% 2.3% 0.002 
Readmission       
Troponin 564.00 680.00 0.16 
Procedure CABG 56.8% 22.7% 0.04 
  CABG+VR 43.2% 77.3% 0.04 
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Table 3.6. – Detailed surgical information on patients with high and low mast cell content 
in atria at the time of cardiac surgery  

   
<25% 
(n=22) 

>75% 
(n=22) p value 

Age   64.0 65.0 0.28 
Female sex   22.7% 9.1% 0.22 
Diabetes   31.8% 45.5% 0.35 
Hypertension   54.6% 77.3% 0.11 
Dyslipidemia   68.2% 86.4% 0.15 
Peripheral Vascular Disease   4.6% 9.1% 0.55 
Cerebrovascular Disease   0.0% 9.1% 0.15 
Renal failure   0.0% 0.0% 0.99 
Ejection Fraction   61.0 59.0 0.81 
Left Ventricular End Diastolic Pressure 
(LVEDP)   17.0 15.0 0.13 
Pre-op atrial fibrillation   27.3% 4.6% 0.04 
% NYHA III-IV at surgery   54.6% 54.6% 0.99 
% Patients EF >50   63.6% 72.7% 0.52 
Urgency of procedure (IHU status)  13.6% 0.0% 0.07 
BMI  31.6 29.4 0.24 
  Normal 22.7% 27.3% 0.73 
  Pre-obese 18.2% 36.4% 0.18 
  Class I 18.2% 18.2% 0.99 
  Class II 31.8% 13.6% 0.15 
  Class III 9.1% 4.6% 0.55 
Outcomes at Follow Up         
In-hospital         
  Atrial fibrillation 50.0% 40.9% 0.54 
  In-hospital mortality 4.6% 0.0% 0.31 

 LOS >/=9 days 27.3% 13.6% 0.26 
Long-term         
% NYHA III-IV at follow up   13.6% 4.6% 0.29 
Loop diuretic (Y)   27.3% 0.0% 0.008 
Troponin  578.00 668.50 0.73 
Procedure CABG 50.0% 81.8% 0.03 
  CABG+VR 50.0% 18.2% 0.03 
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Figure 3.8. – CABG patients reflected observations seen in the heterogeneous cardiac 
surgical population. CABG patients with high atrial mast cell content (in the 75th 
percentile) at the time of surgery had significantly lower collagen content compared to 
their low mast cell density peers (in the 25th percentile A) as well as patients below the 
75th percentile (B). Patients with high atrial mast cell content also had decreased MMP-9 
plasma concentrations compared to those below the 75th percentile (C). Patients in the 
75th percentile of collagen content had significantly higher degranulating mast cells in 
their atria than those in the 25th percentile (D). Post-operative outcomes in CABG 
patients, as assessed for the development of NYHA III/IV symptoms, were significantly 
better in high mast cell density patients compared to those below the 75th percentile (E). 
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Figure 3.9. – Graphical summary of observations in the current study. Patients with high 
mast cell density as determined histologically had increased expression of the mast cell-
specific genes MS4A2 and SIGLEC6. Within their atrial tissue, these same patients had 
reduced atrial collagen and MMP-9 plasma content that coincided with a reduction in 
mortality or NYHA III/IV reclassification indicative of heart failure. In contrast, the 
opposite was observed in patients with low atrial mast cell density. 
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3.3 – Discussion 

This study identifies an association between increased mast cell numbers and 

reduced cardiac fibrosis. This could indicate a potential role for mast cells as negative 

regulators of myocardial fibrosis or suggest that increased mast cells are functionally 

hallmarks of an anti-fibrotic process in which they do not directly participate. Patients 

identified to be within the upper quartile for atrial mast cell density at the time of cardiac 

surgery, had significantly less collagen in their atrial tissue than both the lowest quartile 

and the remaining 75% of patients in the cohort (Fig. 3.5C, D). When a more 

homogenous population of CABG patients were considered independently of the cohort 

at large, similar findings were observed (Fig. 3.8A,B). In addition, patients with high 

mast cell density had better long-term outcomes as characterized by a decreased 

incidence of NYHA III/IV heart failure symptoms or mortality (Fig. 3.5H,I, 3.8E). This 

study indicates that increased mast cell presence in atria is associated with decreased 

fibrosis and adverse functional outcomes, which may be related to alterations in MMP-9 

content.  

The impetus for changes in mast cell populations in human atria is unclear. The 

biology and tissue infiltration kinetics of mast cell precursors are poorly understood 590 

and the extent of development of committed mast cell precursors in the human heart is 

unknown. Evidence from mouse models has shown mast cells were recruited from 

epicardial adipose tissue following myocardial damage 356, but this observation requires 

confirmation in human subjects. Additionally, it is possible that modified mast cell 

density in human myocardium could be due to failure of tissue resident mast cells to 

proliferate in response to stimuli after damage. Mast cell density may also be impacted by 
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signalling that results in apoptosis and a failure to renew those populations. Resolving 

these questions will require improved in vivo models of disease. 

The observed increase in mast cell density concurrent with decreased fibrosis 

could indicate that having a higher number of mast cells in atrial tissue is related to 

improved tissue restitution. However, the stage of disease progression and time from the 

instigating event to tissue acquisition are unknown. The findings in this manuscript may 

reflect more prominent roles for mast cells at early stages of fibrosis, when patients with 

lower collagen levels experience evolving and active fibrotic processes. As fibrosis 

progresses and mast cell infiltrate resolves, higher collagen levels result where older 

established lesions and cross-linked matrices lead to lower cellular content. Although this 

is an important alternative hypothesis it should be noted that patients with high atrial mast 

cell content at the time of surgery had better long-term outcomes. Specifically, patients 

with high mast cell content had significantly lower incidence of re-classification to 

NYHA III/IV post-operative or mortality than the rest of the cohort as a whole, which 

was consistent in CABG patients (Fig. 3.5I,H, 3.8E). These observations indicate that 

patients with high mast cell content are experiencing less severe clinical disease leading 

to less heart failure symptoms or mortality.  

 Many studies relating to myocardial fibrosis are limited by their consideration of 

mast cell activity only in terms of degranulation, which represents only one of many 

complex mast cell responses 5,585. Mast cells are capable of producing numerous anti-

fibrotic mediators in response to stimuli present in the myocardium after damage, such as 

CXCL10, VEGF-A, and IL-33 75. Mast cell-fibroblast interactions have been studied 

extensively in vitro, however no direct impact of mast cells on fibroblast phenotype has 
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been consistently observed 74. It is likely that the relationship between mast cells and 

fibrosis in the heart is more complex than direct cell-cell interactions and could involve 

multiple cells within the microenvironment. The current study of primary surgical tissue 

was limited in its ability to assess what mediators mast cells may be producing or cells 

they may influence. It was observed that patients in the upper quartile of atrial collagen 

content had significantly higher number of degranulating mast cells compared to those in 

the lower quartile (Fig. 3.5E), while no difference was observed in degranulation activity 

between patients in upper and lower quartiles of mast cell density (Fig. 3.7). Mast cell 

degranulation is thought to be pro-fibrotic 75, therefore it is possible that the activity of 

mast cells in atria rather than their relative abundance, may be a more important factor to 

consider in this context. However, mast cells are also known to degranulate in response to 

mechanical stimulation 471,472, and it is possible that stiffer tissues with high collagen 

content required more handling during excision than those with low collagen content. It is 

important to note that atrial appendage was collected in this study and should be 

distinguished from ventricular myocardium which could not be collected in our human 

subjects, including patients who experienced MI.  

The present study is unique because it uses primary human tissues to assess their 

relationship to clinical disease. However, there are limitations when working with such 

tissues that can hinder the depth of understanding. Obtaining biopsy samples at the time 

of surgery provides a single point of data collection within a spectrum of disease that 

cannot be standardized. The instigating event that led to disease, the stage of disease 

progression, the variability of cell populations within tissues, and the reflection of the 

state of biopsy samples to the tissue as a whole cannot be controlled. As such, variability 
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is seen in data related to collagen content, mast cell density, and mast cell-associated 

gene expression. However, the impacts of mast cells on cardiac fibrosis, using human 

atrial biopsies can allow for the identification of clinically relevant questions for further 

investigation. This study is limited by a lack of standardized data on measures of cardiac 

function e.g. follow-up echocardiography. Surrogate measures of outcomes employed in 

this study allowed for the assessment of the importance of mast cells in atrial fibrosis. 

LOS after cardiac surgery is an important surrogate measure of functional outcomes early 

post-operative 591. Patients with low mast cell content, in the bottom quartile, had 

increased incidence of prolonged LOS or hospitalization (Table 3.1, 3.6) and went on to 

have increased incidence of re-classification to NYHA III/IV functional class at follow-

up or mortality in keeping with worse long-term functional outcome (Fig. 3.5H). Low 

mast cell density patients within the CABG cohort also had increased incidence of re-

classification to NYHA III/IV at follow-up (Fig. 3.8B). Mast cell density progression was 

not followed with disease state as atrial tissue was only obtained intra-operatively, but 

data in the current study suggests that mast cell density at the time of surgery may be 

indicative of future outcomes. Atrial fibrosis is commonly described in association with 

AF and increased atrial size 592–594. Atrial size was not recorded in this study, as size and 

function of atria measured by echocardiography remains operator dependent, lacks 

standardization and remains poorly captured 595. The current study included patients with 

pre- and post-operative AF in the overall cohort. No significant relationship was observed 

between atrial fibrosis and pre- or post-operative AF in the overall cohort or within 

CABG patients specifically. Our findings are in keeping with previous work in which 

atrial fibrosis was independent of AF 589. It is possible that atrial fibrosis is not an 
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exclusive driver of AF but rather a manifestation of aberrant myocardial processes at 

work in patients with cardiovascular disease 596. 

 To our knowledge, this is the first study to assess human atrial tissue mast cell 

density and its association with fibrosis in patients using a substantial cohort of fresh 

surgical tissue. Previous work has focused on smaller patient groups (n<30), with a mix 

of tissue acquired post-mortem 361,363 or intra-operatively 357,358, 360,362. Post-mortem 

assessment of mast cells in tissue is confounded by hypoxia-induced degranulation after 

death, impeding detection 597. An association between increased mast cell density and 

increased heart collagen content has only been described in relation to Chagas disease 

which results from infection 591, in two similar studies 361,363. Two much smaller studies 

(n=13 362, n=3 358) of uninfected heart tissue reported no significant relationship between 

mast cells and collagen content in human atria 358,362. Recent work, using a group of 30 

patients, showed a positive correlation between mast cell density as assessed by protease 

immunohistochemistry and collagen content in post mortem samples of the left ventricle 

of patients with hypertensive heart disease 598. However, time from death to tissue 

excision is not noted, despite its importance to interpretation 597. The use of anti-tryptase 

staining in this recent study can result in overestimates of mast cell numbers via 

identification of macrophages that have taken up apoptotic cells and granules 599 .  

Collagen content was determined by SRFG staining of atrial appendage tissue 

removed from patients during cardiac surgery and quantified in a standardized manner as 

previously described 265, 570,574. In the current study, there was a wide degree of fibrosis 

observed (Fig. 3.2B). Although this indicates extensive remodeling, similar levels of 

collagen have been observed in human atrial tissues 589,600,601. In support of our findings, 
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40.2% of the patients included in this study were pre-operatively classified as NYHA 

III/IV heart failure symptoms, and 50.9% had a history of hypertension (Table 3.2). 

Therefore, the range and extent of remodelling seen in atrial biopsies is not entirely 

surprising given the level of disease severity within the cohort. The large sample size of 

the current study allows for assessment of fibrosis without being overly skewed towards 

high, and low extremes of collagen deposition.   

 This study also developed a novel method to determine mast cell density in 

human heart tissue by probing for mast cell specific genes via ddPCR. Accurate mast cell 

density quantification in tissues was critical for this study. Metachromatic staining with 

Toluidine blue, the usual standard to detect mast cells in paraffin-embedded tissues, can 

be confounded by several factors, including the small area of tissue samples, difficulty in 

detecting fully degranulated cells, and method of fixation. Assessing expression of mast 

cell specific genes is likely to give a better indication of true mast cell density in tissues. 

MS4A2 and SIGLEC6 expression in human atrial tissue were positively correlated to mast 

cell counts as observed by histology. MS4A2 is also expressed on basophils not usually 

found in heart tissue, outside of allograft rejection 586. SIGLEC6 can be expressed in 

placental tissue as well as mast cells 342 but is considered mast cell-specific in heart 

tissue. The classical mast cell marker CD117 was not used as cardiac endothelial cells 

and cardiac progenitors have been identified as CD117+ 602,603. Further work is needed to 

determine the utility of ddPCR assessment of mast cell content in atrial tissue for use 

clinically. 

The current study of samples from 112 subjects strongly supports an association 

between increased mast cells numbers and decreased atrial fibrosis, which may reflect the 
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unusual regulation of fibrosis in the cardiac tissue setting. The novel findings reported in 

this study suggest greater consideration of mast cell functions in myocardial fibrosis and 

suggest caution in the use of drug treatments that reduce mast cell numbers or function in 

this setting. 
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CHAPTER 4: IL-33 PROMOTES ANGIOGENIC 

MEDIATOR PRODUCTION IN HUMAN MAST CELLS 

RELEVANT TO WOUND HEALING 
 

4.1 – Introduction 

 Angiogenesis is the formation of new blood vessels and is a crucial process after 

tissue injury. It promotes effective wound healing by supplying oxygen, nutrients and 

immune effector cells to remodelling tissue sites 74. However it can also be co-opted to 

support tumour growth and metastasis 38. Mast cells are innate immune cells present in 

tissues and organs throughout the body where they act as sentinels and co-ordinators of 

immune responses to damage, infection, and any other tissue disturbances 32. Mast cells 

are closely associated with blood vessels and can induce angiogenesis in tissues via 

degranulation and release of pre-formed pro-angiogenic compounds, and by synthesis and 

secretion of mediators de novo 5. The strongest case for mast cell involvement in 

angiogenesis has been made in the context of solid tumour development, where mast cells 

have been shown to promote neovascularization in tumour microenvironments 604,605. 

However, an underappreciated role exists for the promotion of blood vessel formation by 

mast cells in other contexts, such as wound healing 606,607. Due to their broad distribution 

throughout the body, and long life spans in tissues 608,609 mast cells are ideal therapeutic 

targets.  

 IL-33 is a damage-associated molecular pattern (DAMP) released by structural 

cells 176,610 upon tissue injury that activates type 2 immune signaling in leukocytes 

177,178,182. Unlike many DAMPs, IL-33 does not signal through a pattern recognition 

receptor (PRR) but rather through the IL-1 family receptor IL-1RL1, or ST2L 177. 
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Multiple tissue-resident innate immune cells express ST2L , including ILC2s 207, Tregs 208, 

TH2 cells 209, and mast cells 50. Furthermore, IL-33 is highly susceptible to post-

translational processing by mast cell and neutrophil associated proteases that enhance its 

bioactivity 201–203 as well as oxidation that limits its systemic impact 198. IL-33-ST2L 

signaling on leukocytes has been reported to induce many effects depending on co-

stimuli and targeted cells. It is most commonly associated with the production of IL-5, 

IL-9, IL-13 and granulocyte monocyte-colony stimulating factor (GM-CSF) 206. Several 

tissues have particularly high concentrations of IL-33, including the heart and the skin 178. 

In the heart, IL-33 has been identified as an important signal to limit adverse remodelling 

and promote beneficial outcomes 194. While these observations can be partially attributed 

to the pro-survival actions of IL-33 on cardiomyocytes 344,375–378, there are likely immune 

mediated actions that support. 

The impacts of IL-33 on mast cells have been extensively studied, particularly in the 

context of allergic inflammation 64. However, depending on the species and source of the 

mast cell, IL-33 can have different effects. Murine mast cell lines respond to IL-33 by 

producing IL-4, IL-5, and IL-6 203, and increase Il33 expression after degranulation 116, 

while primary bone marrow-derived mast cells (BMMCs) produce IL-1β, IL-6, IL-13 110, 

TNF, CCL2 611, CCL3, GM-CSF 221, but not IL-4. A similar relationship has been 

observed in human mast cells, where primary cell responses to IL-33 consist of increased 

production of IL-5, IL-6, CXCL8, IL-10, IL-13 612, GM-CSF, CCL1, CCL2, CCL3 221, 

CCL5 49, CXCL8 50, while human mast cell lines, such as LAD2 cells, typically do not 

respond as robustly to IL-33 221 but have been shown to produce more classical pro-

inflammatory cytokines such as IL-1β 613, and TNF 614. Interspecies differences in 
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response to IL-33 have also been reported, for example murine mast cells do not produce 

IL-10 in response to IL-33 611, but primary human mast cells do 50,615.  

VEGF-A is an important angiogenic growth factor up-regulated in the heart after 

damage that promotes neovascularization of hypoxic tissues after damage and supports 

repair 274–276. IL-33 has been shown to induce VEGF-A production in the human mast cell 

line HMC1 616. The extent to which IL-33 may, directly or indirectly, induce other 

regulators of angiogenesis by mast cells is unknown but could have relevance in several 

tissue settings. Importantly, VEGF-A can also act as an initiator of further angiogenic 

activity by induction of urokinase plasminogen activator (uPA), a serine protease initially 

characterized for its role in degradation of extracellular matrix 617. It has been established 

that uPA serves important roles in promoting tissue angiogenesis, particularly in the 

context of cardiac damage repair 618–620. The capacity for mast cells to produce uPA is not 

as well understood, though there is some evidence that unstimulated primary human skin 

mast cells may secrete it at low levels117. Therefore, we sought to determine how IL-33 

may promote mast cell angiogenic activities. We looked ex vivo at human atrial tissue 

samples and in vitro at human CBMCs and human umbilical vein endothelial cells 

(HUVECs) to determine if mast cells have a pro-angiogenic repertoire of mediators 

produced in response to IL-33.  
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4.2 – Results 

4.2.1 – IL-33 is present in human atrial tissue samples and relates to angiogenic pathways 

We assessed the expression of IL33, VEGFA, MERTK, and IL1RL1 (gene name of 

ST2) in human atrial appendage samples from a series of cardiac surgery patients (n=23). 

All genes examined were detected by qPCR (IL33, VEGFA) or ddPCR (IL1RL1, 

MERTK) with varying distribution (Fig. 4.1A-D). Expression of IL33 and its receptor 

IL1RL1 were negatively correlated to each other (Fig. 4.1E, r2=0.2042, p=0.0304). In 

contrast, expression of VEGFA and IL33 (Fig. 4.1F, r2=0.5778, p<0.0001) were positively 

correlated to each other, as were MERTK and IL33 (Fig. 4.1G, r2=0.1774, p=0.0453). 

There was no significant relationship between MERTK and VEGFA (r2=0.1652, 

p=0.0543), IL1RL1 and VEGFA expression (r2=0.0623, p=0.2396), or IL1RL1 and 

MERTK expression (r2=0.0176, p=0.5562). 
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Figure 4.1. –Expression of IL33, IL1RL1, and VEGFA in human atria. Gene expression 
was assessed in human atrial tissues by qPCR (normalized expression) or ddPCR 
(normalized standard amount, NSA). IL33 (A), IL1RL1 (B), VEGFA (C), and MERTK 
(D) were detectable in all human atrial samples assessed. There was no association 
between expression of IL1RL1 and IL33 in human atria (E). An association was observed 
between VEGFA and IL33 (F) and MERTK and IL33 (G) in the same tissues. 
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4.2.2 – Human mast cells express angiogenesis-associated genes in response to IL-33 

 We next sought to assess the impact of IL-33 on angiogenesis-associated gene 

expression in human mast cells. CBMCs from three donors were activated for 24h with 

IL-33, or untreated (mock). mRNA from all three donors for each condition was then 

pooled such that samples could be run in duplicate within the microarray. In total, 85 

genes associated with angiogenesis were assessed, of which 17 were not detected, and 48 

were expressed at comparable levels between the two groups. We identified genes 

increased in expression 1.5-fold or decreased in expression 0.5-fold after IL-33 treatment. 

Eight genes had increased expression, including FN1, PLAU, VEGFA and PDGFA, while 

nine genes were decreased in expression within these criteria, including IL6, IL8, CXCL1 

and CXCL5 (Fig. 4.2).  
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Figure 4.2. – IL-33 influences gene expression patterns in human mast cells. CBMCs 
(n=3/condition, pooled) were activated for 24h with IL-33 or mock and pooled for gene 
analysis. A BioRad microarray for angiogenesis-associated genes was used to assess gene 
expression changes 
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4.2.3 – IL-33 induces angiogenesis-associated mediators in human mast cells 

 Mast cells are well known for their degranulation capacity in response to various 

stimuli. Therefore, human CBMCs were activated with IL-33, HMGB1, HSP60, HSP70, 

S100A8, and ATP for 30 minutes to assess degranulation, with Ca2+ ionophore (A23187) 

treatment as a positive control. The 30-minute time point is appropriate when assessing 

mast cell degranulation, as this process is quick and can occur in as little as 15 minutes 

after initial stimulation 621. Mast cells did not degranulate in response to any of the 

DAMPs assessed in this study (Fig. 4.3A). Furthermore, CBMCs did not produce PGD2, 

PGE2, or LTC4 in response to IL-33 after 30 minutes of activation (Fig. 4.3B). Dose 

response and time course experiments were conducted to determine optimal activation 

conditions for CBMCs with IL-33 (Appendix B). Next, human CBMCs were activated 

with IL-33 for 24h to assess mediator production. CBMCs did not produce TGF-β, IL-6, 

MMP-9, or TNF in response to IL-33 (Fig. 4.3C). However, it was determined that 

CBMCs significantly increased production of VEGF-A, and uPA, as well as the type 2 

associated cytokines IL-13 and IL-10 after IL-33 stimulation (Fig. 4.3D), compared to 

control diluent treated cells. HUVECs were treated with supernatants collected from 

control or IL-33 treated CBMCs. Similar to VEGF-A treated HUVECs, which were used 

as a positive control, capillary tubes were observed in cultures of HUVECs treated with 

both sets of CBMC supernatants (Fig. 4.3E). However, IL-33-treated CBMC supernatant 

did not appear to differentially impact capillary tube formation compared to control. 
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Figure 4.3. – Human mast cells produce angiogenic mediators but not pro-inflammatory 
or pro-fibrotic mediators in response to IL-33. CBMCs were activated for 30 minutes 
with DAMPs to assess degranulation (A, n=7/condition), and IL-33 to assess lipid 
mediator production (B, n=5/condition). CBMCs were activated for 24h with IL-33 or 
untreated were assessed for TGF-β (n=10/condition), IL-6 (n=5/condition), MMP-9 
(n=12/condition) TNF (n=17/condition), CXCL8 (n=15/condition) (C), IL-13 
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(n=17/condition), VEGF-A (n=17/condition), uPA (n=17/condition),  and IL-10 
(n=10/condition) (D). HUVECs were treated for 4h with CBMC supernatants from IL-33, 
and mock CBMCs and monitored for capillary tube formation in comparison to positive 
(VEGF-A) and negative (Suramin) controls (E). * p<0.05, ** p<0.01, *** p<0.001.  
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4.2.4 – Human endothelial cells do not make VEGF or uPA in response to IL-33 

 To determine if endothelial cells may also respond to IL-33 by generating VEGF-

A and/or uPA, we activated HUVECs in vitro with IL-33 for 24h before harvest. We did 

not see a significant change in VEGF-A or uPA protein production between untreated and 

IL-33 treated HUVECs (Fig. 4.4A). Gene expression of IL33, IL1RL1 (ST2), VEGFA and 

PLAU (gene name for uPA) was also assessed in these samples, using VEGF-A treated 

HUVECs as a positive control. There was a significant decrease in IL1RL1 expression in 

VEGF-A treated cells compared to mock untreated, and IL-33 treated cells, and a 

substantial increase in PLAU in IL-33 treated cells compared to VEGF-A (Fig. 4.4B). 

There was no change in IL33 or VEGFA gene expression under any of the conditions 

assessed. 

 
Figure 4.4. – HUVECs do not respond to IL-33 by producing angiogenesis associated 
mediators. HUVECs were activated for 24h with IL-33 at 30ng/mL or control media 
(n=5/condition). Production of VEGF-A and uPA was assessed in supernatants (A). Gene 
expression was assessed in these cells, as well as HUVECs activated with VEGF-A as a 
positive control, for IL1RL1, IL33, PLAU, and VEGFA (B). * p<0.05, **** p<0.0001. 
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4.3 – Discussion 

 In this study, we have demonstrated that IL-33 promotes VEGF-A and uPA pro-

angiogenic mediator production in human mast cells (Fig. 4.2, 4.3D). IL-33 does not 

induce mast cell degranulation activity or pro-fibrotic mediator production (Fig. 4.3A-C). 

Mast cell products promoted capillary tube formation of HUVECs in culture (Fig. 4.3E) 

though this was not found to be IL-33 dependent. This observation is not a by-product of 

HUVEC production of VEGF-A or uPA in response to IL-33 (Fig. 4.4). Increased uPA 

production by mast cells in response to IL-33 is a novel observation, as mast cells have 

not been previously reported as significant sources of uPA. Human atrial tissues had a 

positive correlation between IL33 and VEGFA gene expression ex vivo, suggesting that 

IL-33 induction of VEGF-A may be occurring in human atrial tissues (Fig. 4.1E). Future 

work should determine if mast cell responses to IL-33 are relevant in models of wound 

repair. Mast cells may be particularly important in tissues where IL-33 release from 

damaged cells is high and mast cells are found in large numbers, such as the human heart 

194 and skin 178. 

 Mast cells are known to promote angiogenesis in several disease contexts 5, 

604,606,607. While this activity promotes pathogenesis in tumour microenvironments 604, 

angiogenesis is critical for successful tissue repair 622,623. Remodelling tissues have a high 

rate of cellular proliferation, migration, extracellular matrix deposition, and other 

metabolically intensive activities that require oxygen and nutrients. Therefore, the 

provision of proper blood supply as early as possible is crucial to the success of the repair 

process 622. This highlights a potential benefit of activating angiogenic pathways 

subsequent to the local release of DAMPs, like IL-33. Production of VEGF-A is 
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particularly relevant in the cardiac microenvironment during wound healing, where it 

promotes new vessel formation 274–276, in addition to limiting excessive tissue 

remodelling at the site 277,278. Additionally, VEGF-A activates other angiogenic pathways 

in local tissue microenvironments, such as uPA production 279. By triggering cascading 

angiogenic pathways, initial VEGF-A induction likely promotes further vessel formation 

that would be beneficial during tissue remodelling.  

Increased uPA production of mast cells in response to IL-33 activation (Fig. 4.3D) 

has not been previously described. Work in primary human skin mast cells has shown 

some uPA secretion at rest 117. Mast cell tryptase has been shown to activate uPA to its 

proteolytic, bioactive, form 624, though no degranulation was observed in this setting (Fig. 

4.3A) and as such tryptase activity may not be relevant here. This is the first instance to 

our knowledge in which a significant amount of uPA has been shown to be produced by 

mast cells. uPA promotes revascularization of damaged cardiac tissue after myocardial 

infarction for proper wound repair and reduced fibrosis 618–620. However, caution should 

be exercised in considering the potential of mast cell uPA production in the heart, as uPA 

in its action as a serine protease has been shown to play pro-fibrotic roles in the cardiac 

setting 625–627. It is likely that the temporal regulation of uPA in settings of tissue damage 

may dictate how it exerts pro-angiogenic versus pro-fibrotic effects, and that, like many 

systems in biology, regulation of its activity is important to prevent adverse effects. Mast 

cells are often localized around the vasculature in the heart 628, and as such are ideally 

located to activate angiogenesis early after damage and subsequent IL-33 activation via 

production of VEGF-A and uPA.   
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 IL-33 is released upon stromal cell damage into local tissue microenvironments to 

activate immune responses 629. We found that while HUVECs express the IL-33 receptor 

gene IL1RL1, they do not upregulate its expression in response to IL-33, nor do they 

respond by increasing gene expression or protein production of VEGF-A or uPA (Fig. 

4.4). Choi et al. have previously shown that HUVECs can proliferate and form capillary 

tubes in response to IL-33 624, but there is no data on HUVEC angiogenic mediator 

production in response to IL-33. Endothelial cells have been shown to respond to IL-33 in 

other ways. HUVECs increase surface expression of adhesion molecules such as VCAM-

1, ICAM-1 and E-selectin, as well as the production of the chemokine CCL2 630, in a 

response similar to IL-1β activation of HUVECs 631. IL-33 also induces CXCL8 

production in HUVECs for additional chemoattractant capacity 632. VEGF-A is a well-

known activator of HUVECs 624, and uPA has also been shown to exert pro-angiogenic 

effects on these cells 633,634. Therefore, while HUVECs likely contribute to initiating 

inflammatory responses after IL-33 activation, our observations coupled with previous 

work suggest an important role for IL-33 activation of local mast cells in promoting 

angiogenesis in this population. 

 Mast cells also produce IL-10 and IL-13 in response to IL-33 (Fig. 4.3D). This 

observation has been previously described by several others 50, 216, 612,635. However, it is 

relevant to note that IL-10 332,333,636–639 and IL-13 265,346–349 can contribute to proper 

wound healing via impacts on macrophage phenotypes. In this study expression of 

MERTK and IL33 were also found to be positively correlated in human atrial tissues (Fig. 

4.1G). MERTK encodes the gene for the efferocytosis receptor MerTK on macrophages. 

Both IL-10 259,639,640 and IL-13 350, 521,641 have been identified to contribute to 
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efferocytosis, the phagocytosis of apoptotic cells by macrophages by promoting MerTK+ 

macrophage populations . Efferocytosis is a crucial step in the resolution of inflammation 

after tissue damage 461 that promotes macrophage differentiation to wound-repair 

phenotypes 642 implicated in fibrosis at various tissue sites 258,643–645. Responding to IL-33 

by producing IL-10 and IL-13 may be an additional mechanism by which mast cells can 

contribute to wound repair via IL-33 signaling.  

Mast cells have been identified to contribute to fibrotic remodelling in several disease 

settings, though their role is controversial 74. This controversy is likely due to the focus 

on mast cell degranulation activities and their pro-fibrotic actions, rather than assessing 

the de novo synthesis and secretory functions that mast cells can exert 75. We have shown 

in this study that mast cells do not degranulate (Fig. 4.3A) in response to DAMPs or 

produce pro-inflammatory or pro-fibrotic mediators in response to IL-33 in vitro (Fig. 

4.3B,C). Therefore, this narrow focus on mast cell degranulation activity in fibrosis is not 

accurately capturing impacts mast cells may have on damaged tissues through other 

routes. Future work should focus on better elucidating mast cell secretory functions in 

fibrotic settings, potentially through more advanced immunohistochemistry techniques 

such as MANTRA staining or focused studies comparing in vitro and in vivo 

observations.  

In conclusion, we have shown that mast cells can selectively produce angiogenic 

mediators VEGF-A and uPA, as well as pro-repair cytokines IL-10 and IL-13 in response 

to IL-33 that could contribute to wound healing in the cardiac microenvironment and 

beyond. While IL-33 is typically associated with type 2 immune responses, such as 

allergic airway disease 178, this study shines light onto a growing body of evidence to 
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suggest IL-33 acts to promote angiogenesis 646–649. It is important to note that these 

observations are limited to the in vitro setting. As such, future work should focus on 

elucidating how IL-33 signaling in mast cells could influence local tissue 

microenvironments to limit excessive inflammation and fibrotic remodelling. By better 

understanding how IL-33 impacts mast cells in tissues, we can identify better therapeutic 

targets for patients with cardiovascular disease. 
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CHAPTER 5: INTERLEUKIN-33 PROMOTES 

EFFEROCYTOSIS IN PERITONEAL MACROPHAGES 
 

This work appears in part in the publication: 

Legere, S.A., Hu, Q., Haidl, I.D., Légaré, J-F, Marshall, J.S. IL-33 promotes efferocytosis 

in peritoneal macrophages for inflammation resolution. Submitted December 2020.  

 

This chapter is presented, as in the submitted manuscript, in the following sections: 

Introduction, Results & Discussion. 

 

Author contributions: SAL designed the study, performed the majority of experiments, 

analyzed data, and wrote and edited the manuscript. QH performed experiments and 

edited the manuscript. IDH assisted in design of the study, analyzed data, and edited the 

manuscript. JFL assisted in design of the study and edited the manuscript. JSM assisted in 

design of the study, analyzed data, and edited the manuscript. 
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5.1 – Introduction 

 Inflammation is crucial for responding to infection and tissue trauma and, when 

properly regulated, is followed by restoration of tissue homeostasis 3,408. The 

inflammatory process is often mediated by pattern recognition receptors (PRRs) on local 

leukocytes and stromal cells that detect damage-associated molecular patterns (DAMPs) 

and pathogen-associated molecular patterns (PAMPs) 421. Resident immune cells generate 

multiple mediators such as cytokines, chemokines, and eicosanoids, to promote 

polymorphonuclear cell recruitment and elimination of pathogens or debris. DAMPs 

mediate sterile inflammation in response to tissue injury, which initiates a cascade of 

events ending in wound repair. Appropriate orchestration and induction of inflammation 

resolution is key, as aberrant mediator or resolution processes lead to chronic 

inflammation that can result in fibrosis, cancer and autoimmune disease 232, 409,650.  

The resolution of inflammation is an active process. Debris removal from tissues 

must occur to close the positive feedback loop of inflammatory mediator production 408. 

Neutrophils are recruited to sites of tissue damage 651. These cells undergo apoptosis 

within 24-48h 255 and their removal is critical for resolution to occur, as apoptotic 

neutrophils can become secondary necrotic cells and perpetuate tissue damage 503. 

Efferocytosis is the phagocytosis of apoptotic cells mediated by macrophages 459,461 and 

is a central linking step in the resolution process. However, the initiating steps for this 

process are poorly understood.  Efferocytosis is extremely efficient, taking as little as 10 

minutes to occur 461, and is difficult to observe in solid tissues in vivo. Clearance of 

apoptotic cells is continuous and non-inflammatory but can be upregulated during 

infection or tissue injury 459. Macrophages are recruited to apoptotic cells in response to a 
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gradient of so-called “find me” signals 461. Once within the apoptotic cell loci, 

macrophages bind and engulf apoptotic cells via recognition of “eat me” signals on the 

target cell surface, the most common being phosphatidylserine (PtdSer)504. PtdSer 

interacts with cell surface macrophage receptors including the efferocytosis receptor 

MerTK 652,653. 

MerTK is a receptor tyrosine kinase of the TYRO3, AXL and Mer (TAM) 

receptor family 517 and is the most ubiquitously expressed TAM receptor on phagocytic 

macrophages 654. Its induction can be mediated by a myriad of signals, including IL-13 

stimulation in the presence of apoptotic cells 350, 521,641. Mertk-/- mice have marked 

accumulation of apoptotic cells in their tissues 538 and develop spontaneous autoimmune 

disease 461,533,534. MerTK has been implicated in resolution of inflammation processes in a 

number of sterile inflammatory and tissue injury settings 258, 260, 486,487,655,656.  

IL-33 is known as a dual function IL-1 family cytokine. It is released from cells as 

a DAMP but signals through a cytokine receptor 178,657,658. Upon cell death or nuclear 

damage, IL-33 is released from fibroblasts, endothelial cells, epithelial cells, and other 

stromal cells 182. This cytokine acts to initiate type 2 inflammatory responses via 

signaling through its cognate receptor ST2, expressed on mast cells 50,612, type 2 innate 

lymphoid cells (ILC2s) 659,660, eosinophils 211,567, CD4+ T regulatory (Treg) 380,661 and T 

helper 2 cells (Th2) 662,663. IL-33 signaling results in the generation of several mediators, 

including IL-13 50, 211, 380, 567, 612, 635,659–665. Once in the extracellular space, IL-33 is rapidly 

degraded by proteolysis 202,203 and oxidation 198. This would suggest that initial local 

responses to IL-33 in the first minutes to hours after cell damage are most relevant.  
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In this study, we sought to determine if IL-33 may impact the extracellular 

environment by promoting efferocytosis in macrophage populations. We assessed 

changes in peritoneal leukocyte populations in response to IL-33, and how those changes 

impacted the efferocytosis ability of macrophages. We found that IL-33 increased overall 

populations of macrophages, as well as MerTK+ macrophages, which allowed for 

increased efferocytosis in response to apoptotic thymocytes. IL-13 was increased in the 

peritoneal cavity as early as 3h post IL-33 administration, with elevated IL13 mRNA 

signals from lymphocytes and eosinophils. Finally, increased MerTK+ macrophages were 

also observed after IL-33 administration together with free mitochondria but not in 

response to free mitochondria alone, as an alternate source of DAMPs. Together, these 

data demonstrate a significant and rapid pro-efferocytic impact of IL-33 in vivo, 

associated with IL-13 induction, which has important implications for inflammation 

resolution processes.
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5.2 – Results & Discussion 

5.2.1 – IL-33 modifies populations of macrophages in the peritoneal cavity 

Leukocyte populations were assessed in the peritoneal cavities of female and male 

mice at 48 hours post i.p. IL-33 injection via flow cytometry (Fig. 5.2A-C). IL-33 treated 

female mice had increased overall F4/80+CD11b+ macrophage populations (Fig. 5.1A, 

p<0.0001) compared to saline. There are two distinct populations of macrophages 

reported at this site 666,  F4/80hiCD11b+ large peritoneal macrophages (LPM, Fig. 5.6B, 

p<0.0001), and F4/80loCD11b+  small peritoneal macrophages (SPM, Fig. 5.6C+, 

p<0.0001). Both were increased in response to IL-33.  Total numbers of MerTK+ 

macrophage in the peritoneal cavity (F4/80+CD11b+MerTK+, Fig. 5.1D+, p<0.0001) were 

increased at 48h post IL-33 injection, as were MerTK+ LPMs (Fig. 5.6B), and SPMs (Fig. 

5.6C).  

 Several leukocyte populations were increased in the peritoneal cavity after IL-33 

treatment, including total lymphocytes (FSCloSSClo, Fig. 5.1E, p=0.0003), eosinophils 

(SiglecF+CD117-, Fig. 5.1F, p=0.0329), neutrophils (Ly6C+Ly6G+, Fig. 5.6G, p=0.0077), 

and total peritoneal lavage cells (Fig. 5.1I, p<0.0001). Inflammatory (Ly6C+CCR2+) 

monocytes were significantly increased in IL-33 treated mice compared to saline (Fig. 

5.6H, p=0.0009), while patrolling monocytes (Ly6CloCX3CR1+) were not (Fig. 5.6I). 

Interestingly, populations of mast cells (Fig. 5.1G, p=0.2980) and ILC2s (Fig. 5.1H, 

p=0.2470) were not significantly impacted. Male mice had less robust leukocyte 

population changes after IL-33 than female mice (Fig. 5.3) in keeping with previously 

reported literature in the peritoneal cavity 667,668. Therefore, female mice were used for 

the remainder of the study. 
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Figure 5.1. – IL-33 increases macrophage populations in the peritoneal cavity. Female 
C57BL/6 mice were injected i.p. with 0.5μg IL-33 (green, n=15) or saline (white, n=11) 
and sacrificed after 48h. Leukocyte populations were assessed by flow cytometry. Total 
numbers are represented as mean  SEM. Overall macrophage populations were assessed 
as F4/80+CD11b+ cells (A). LPM (F4/80hiCD11b+) and SPM (F4/80loCD11b+) 
populations, as well as overall MerTK+ macrophage populations were identified (D). 
General lymphocytes (E, FSCloSSClo), eosinophils (F), mast cells (G), and ILC2s (H) 
were also assessed. * p<0.05, *** p<0.001, **** p<0.0001.
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Figure 5.2. – Gating strategies to identify leukocyte populations. Macrophages were gated first on CD11b+ cells, then F4/80+ cells. 
Large peritoneal macrophages were identified as F4/80hiCD11b+ and small peritoneal macrophages were identified as 
F4/80loCD11b+. Within each macrophage gate, MerTK+CD11b+ macrophages were also identified. Monocytes were classified as 
inflammatory (CCR2+Ly6C+) or patrolling (CX3CR1+Ly6Clo) in the peritoneal cavity from overall live cells (A). Lymphocytes 
were identified as FSC lo SSC lo cells and fixable viability dye negative. T cells were identified as CD3+ CD19-, B cells were 
identified as CD19+CD3-, and NK cells were identified as NK1.1+CD3- (B) Granulocytes and ILC2s were identified as fixable 
viability dye negative cells. CD117+ST2+ cells were classified as mast cells or ILC2s based on FcεR1 gating. Eosinophils were 
identified as SiglecF+ Ly6G- and further CD117-. Neutrophils were identified as Ly6C+Ly6G+ cells. (C). Efficiency of apoptosis 
induction by dexamethasone treatment was determined by AnnexinV and Viability staining to identify primary apoptotic (AnnexinV+ 
Viability-) and secondary apoptotic (AnnexinV+ Viability+). If >10% of cells were necrotic (AnnexinV-Viability+), cells were not 
administered (D). Efferocytosis activity was assessed by gating on F4/80+CFSE+ cells compared to total CFSE+ signal (E). 
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Figure 5.3. – Leukocytes from female mice respond more robustly to IL-33 than males. Male mice were given IL-33 (green, n=8) or 
saline (white, n=8) i.p. for 48h prior to sacrifice and lavage, and compared to females. Total numbers are represented as mean  SEM. 
Leukocyte populations were assessed by flow cytometry. Macrophages were assessed as F4/80+CD11b+ cells (A), LPMs as 
F4/80hiCD11b+ cells (B), SPMs as F4/80loCD11b+ cells (C), and MerTK+ macrophages as F4/80+MerTK+CD11b+ cells (D). Patrolling 
monocytes (E), and inflammatory monocytes (F) were also assessed in the myeloid compartment. In the lymphocyte compartment (G), 
total T cells (H), B cells (I), NK cells (J), and ILC2s (N).  were examined. In the granulocyte/myeloid compartment, eosinophils (K), 
neutrophils (L), and mast cells (M) were assessed. Total peritoneal cells were counted from lavage fluid (O). ** p<0.01. 
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5.2.2 – IL-33 enhances efferocytosis in the peritoneal cavity 

 To determine the influence of IL-33 administration on efferocytosis, mice were 

treated i.p. with IL-33 or saline for 48 hours followed by a second i.p. injection of 2.5 x 

107 CFSE-labeled apoptotic thymocytes for 30 minutes, prior to sacrifice and flow 

cytometry analyses (30-35% apoptotic, Fig. 5.2D). Overall, F4/80+CD11b+ macrophage 

numbers were increased after administration of IL-33 and apoptotic cells compared to 

saline and apoptotic cells (Fig. 5.4A, p=0.0002). Efferocytosis was significantly 

increased in the peritoneal cavity after IL-33 administration, as indicated by an increased 

percentage of F4/80+CFSE+ cells as a proportion of total CFSE+ cells (Fig. 5.4B, 

p=0.0031, Fig. 5.2E). The total numbers of CFSE+ cells in the peritoneal cavity were 

consistent between groups (Fig. 5.4D, p=0.6518). LPMs performed significantly more 

efferocytosis in response to IL-33 and apoptotic cells (Fig. 5.4C, p=0.0271) compared to 

saline animals. SPMs did not significantly differ in their efferocytic abilities (Fig. 5.4C, 

p=0.6934). This observation is consistent with previous reports that LPMs have a higher 

capacity for efferocytosis than SPMs 669,670.  

MerTK+ macrophages (Fig. 5.4G, p=0.0007) were consistently increased following 

IL-33 treatment compared to saline. However, numbers of lymphocytes (Fig. 5.4H, 

p=0.4342), and eosinophils (Fig. 5.4I, p=0.1501) were not impacted by the presence of 

IL-33 and apoptotic cells in the peritoneal cavity. Mast cells (Fig. 5.4J, p=0.2628) and 

ILC2s (Fig. 5.4K, p=0.1548) remained unchanged after addition of apoptotic cells in IL-

33 treated animals compared to saline. Additional studies on mast cells in Wsh mice 

showed that IL-33 and apoptotic cell administration had similar impacts on macrophages 

(Fig. 5.5A), and MerTK+ macrophage populations (Fig. 5.5B), with little impact on 
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efferocytosis (Fig. 5.5C). Taken together with data showing no impact of IL-33 on mast 

cell numbers (Fig. 1G), it seems likely these cells are redundant for observed impacts on 

macrophages, and that their proteolytic activation of IL-33 202,203 is not crucial to 

observations.  

IL-33 has been previously associated with alternatively activated macrophage 

phenotypes in vivo that promoted resolution of chronic inflammation 635, 664,671. This is the 

first study in which IL-33 has been directly linked to efferocytosis as a mechanism by 

which it aids in resolving inflammation. In contrast to the data presented in this study, 

recent work with macrophages isolated from women with recurrent spontaneous abortion 

and cultured in vitro had predominantly “M1” macrophage populations that enhanced 

efferocytosis when IL-33 was inhibited by macrophage-derived sST2 672. Such in vitro 

analysis of macrophages in isolation may not fully represent the complex signaling that 

occurs in tissue microenvironments. 
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Figure 5.4. –  IL-33 increases efferocytosis and associated macrophage phenotypes in the 
presence of apoptotic cells. Mice were injected i.p. with 0.5μg IL-33 (green, n=10) or 
saline (white, n=9) for 48h, followed by i.p. injection of 2.5 x 107 CFSE-labeled 
apoptotic thymocytes (30—35% Annexin V+) i.p. for 30 minutes in three independent 
experiments. Data represented as mean  SEM. Leukocyte populations were assessed by 
flow cytometry. Overall macrophage numbers were assessed (A). Efferocytosis activity 
was measured as % of macrophages that phagocytosed apoptotic thymocytes (B). Within 
the F4/80+CFSE+ populations, LPMs and SPMs were quantified (C). Total CFSE+ cells 
were consistent between both groups (D). LPMs (E), SPMs (F) and overall MerTK+ 
macrophages were assessed (G). General lymphocytes (H), eosinophils (I), mast cells (J) 
and ILC2s (K) were also examined by flow cytometry, while overall peritoneal cell 
content was counted in lavage fluid (L). * p<0.05, ** p<0.01, *** p<0.001, **** 
p<0.0001. 
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Figure 5.5. – Mast cells are dispensable in promoting MerTK+ macrophages after IL-33 
treatment and apoptotic cell administration. Female KitWsh/Wsh mice on a C57BL/6 
background were treated i.p. with IL-33 (pink, n=3) or saline (white, n=2) for 48h prior to 
i.p. administration of apoptotic cells. F4/80+ cells (A) and MerTK+ (B) macrophages were 
significantly increased in the peritoneal cavity of these mice in a similar manner as their 
C57BL/6 counterparts, while efferocytosis was not significantly increased (C). * p<0.05, 
** p<0.01. 
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5.2.3 – IL-33 induces broad IL-13 production in the peritoneal microenvironment 

 We sought to examine potential mechanisms by which IL-33 might enhance 

efferocytosis in macrophage populations. Peritoneal lavage fluid from IL-33 and saline 

treated animals at 3h, 6h, 24h, and 48h was assayed for the presence of several cytokines, 

chemokines, and growth factors via multiplex immunoassay. IL-33-treated mice at 3h and 

6h post injection had increased IL-13 (Fig. 5.6A, 3h p=0.0004, 6h p<0.0001), and GM-

CSF (Fig. 5.6B, 3h p=0.0011, 6h p<0.0001) levels in lavage fluid compared to saline 

treated animals. CCL2 was significantly increased in lavage samples early at 3h but not at 

6h (Fig. 5.6C, p=0.011). The mediator response was rapid and transient, as none of the 

cytokines or chemokines assayed were detectable in lavage fluid samples taken 24h or 

48h after IL-33 administration. IL-4, IL-10, and CCL5 were undetectable, while no 

changes were observed in M-CSF (IL-33 vs. saline, 3h p=0.19, 6h p=0.23) and VEGF-A 

(IL-33 vs. saline, 3h p=0.27, 6h p=0.58) content between conditions.  

Given the key role demonstrated for IL-13 in promoting efferocytosis in other 

systems 350, 521,641, potential sources of this cytokine were examined. Macrophages, 

lymphocytes, and eosinophils were sorted by FACS from IL-33-treated mice 3h post IL-

33 injection (Fig. 5.6D) to assess Il13 expression by qPCR and ddPCR, as these 

populations have been identified to produce IL-13 after IL-33 administration 50, 211, 214, 380, 

567, 612,659–663. Three hours after injection of IL-33, increased Il13 mRNA expression was 

observed in the eosinophil (Fig. 5.6E, p=0.0286) and lymphocyte (Fig. 5.6F, p=0.0025) 

populations compared to saline treated mice. Il13 mRNA was not consistently 

upregulated in macrophages from IL-33 treated mice, as only two sets had detectable Il13 

mRNA by ddPCR (Fig. 5.6F). 
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IL-33 has been shown to induce IL-13 production by several leukocytes 50, 211, 380, 567, 

612,659–663. Eosinophils (Fig. 5.6F) and lymphocytes (Fig. 5.6E) had strong increases in 

Il13 mRNA after IL-33 treatment. Lymphocytes were gated based on size parameters, 

and include T and B cells, as well as ILCs. While Treg cell responses to IL-33 have been 

identified as important sources of IL-13 521,661, these cells are likely not the sole sources 

of IL-13 in the peritoneal cavity.  Mast cell-derived IL-13 produced in response to IL-33 

has been shown to polarize macrophages to an alternatively activated phenotype to 

suppress inflammation in experimental autoimmune encephalomyelitis 635. IL-33 has also 

been shown to promote IL-13 production by eosinophils that contribute to airway 

inflammation 673. ILC2 cells are crucial, in several settings, for IL-13 production in 

response to IL-33. This process is relevant to helminth clearance, allergic inflammation, 

and control of Treg recruitment 659,660,674. All of these populations are present in the 

peritoneal cavity at rest (Fig. 5.1, Fig. 5.8), including Treg cells675. Treg cells make up a 

small population of CD4+ T cells in the peritoneal cavity, ~1% at rest675. As other cells 

respond robustly to IL-33 via IL-13 production, there are likely more contributors than 

CD4+ Tregs. The redundancy of multiple cell types contributing to the IL-13 signal 

induced by IL-33 supports the importance of this response for induction of efferocytosis. 

In light of the increasing use of biologics that limit the action of IL-13 in allergic airway 

inflammation 676–678, there may be a need to further evaluate the impact of clinical IL-13 

blockade on efferocytic responses.  

Increases in macrophage number following IL-33 administration (Fig. 5.1A) require 

substantial cell recruitment activity to expand the population. Following IL-33 

administration peritoneal lavage contained significant amounts of GM-CSF (Fig. 5.6B), 
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and CCL2 (Fig. 5.6C) which are both known to act as chemoattractant signals 679–682 for 

myeloid cells in peritoneal inflammation. Therefore, in addition to IL-13, there is a 

contribution by IL-33-induced GM-CSF and CCL2 to recruit myeloid cells to the 

peritoneal cavity that contribute to local efferocytic responses. 
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Figure 5.6. – IL-33 induces IL-13 in the peritoneal cavity. Female C57BL/6 mice were 
injected i.p. with 0.5μg IL-33 or saline for 3h (IL-33 n=17, saline n=16, five separate 
experiments) or 6h (IL-33 n=7, Saline, n=7, three separate experiments) prior to sacrifice. 
Results are shown as mean  SEM. Lavage fluid from IL-33-treated mice contained IL-
13 (A), GM-CSF (B), and CCL2 (C). General lymphocytes (FSCloSSClo), macrophages 
(SSCint/hiF4/80+CD11b+) and eosinophils (SSCint/hiSIGLECF+CD117-) were sorted on a 
FACSAria III flow cytometer for gene expression analysis (D, 2 separate experiments). 
After IL-33 treatment, eosinophils (E) and lymphocytes (F) had increased Il13 expression 
compared to saline. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. 
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5.2.4 – Free mitochondria augment the response to IL-33 in the peritoneal cavity 

 IL-33 is one of many DAMPs released by dead or dying cells during tissue 

damage or infection. Therefore, we considered the possibility that the presence of other 

DAMPs independent of IL-1 family cytokines may impact efferocytosis. A common 

feature of necrotic cell death is the release of free mitochondria (FM) 421,683 . As such, we 

sought to determine if a second DAMP may impact the MerTK+ macrophage profile in 

the peritoneal cavity. Mitochondria were isolated from murine liver and administered i.p. 

with or without IL-33 48h prior to harvest of peritoneal lavage. FM increased populations 

of eosinophils (Fig. 5.7F, p<0.01), mast cells (G, p<0.001) and ILC2s (H, p<0.05) in the 

peritoneal cavity, but did not impact macrophage populations of interest (Fig. 5.7A-D). 

FM does potentiate IL-33 impacts on these macrophage populations (Fig, 4A-D), as well 

as lymphocytes (Fig. 5.7E) and overall peritoneal lavage cells (Fig. 5.7I). Although FM 

total cell counts were not significantly increased at 48h, they were significantly increased 

at earlier times (e.g., 16h saline 33.76 x 105 ± 3.28 cells, FM 46.24 x 105 ± 1.80 cells, 

p=0.0037), indicating differential kinetics in the absence of IL-33. 

Observed increases in LPMs, SPMs and MerTK+ macrophages were selective to IL-

33-treated animals, and not observed in response to alternate DAMP (FM)-induced 

inflammation (Fig. 5.7A-D). This indicates that the increase in MerTK+ macrophages, 

and by association efferocytosis, is mediated selectively by IL-33. FM trigger PRRs 

known to exert largely pro-inflammatory effects 576,683. In contrast, IL-33 has a wider 

range of impacts on cellular responses, as leukocytes have been shown to respond in 

multiple ways depending on the tissue microenvironment and presence of other signals 

182. Importantly, FM have not been shown to induce production of mediators associated 
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with efferocytosis, such as IL-10 259,639,640, IL-13 350, 521,641, resolvins, and maresins 458,465. 

The unique position of IL-33 as a dual function cytokine allows it to exert functions 

outside of the typical inflammatory cascade after damage and contribute to enhancing 

inflammation resolution. 
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Figure 5.7. – Free mitochondria do not induce MerTK+ macrophages in the peritoneal 
cavity but have some synergistic impacts with IL-33. Female C57BL/6 mice were 
injected with 50 μg of free mitochondria (red, FM, n=11 three independent experiments) 
with or without 0.5 μg IL-33 (blue, FM+33, n=12, three independent experiments) i.p. for 
48h prior to sacrifice. Leukocyte populations were assessed by flow cytometry. Total 
macrophages (A), LPMs (B), SPMs (C) and MerTK+ macrophages (D) were assessed in 
the myeloid compartment. General lymphocytes (E), eosinophils (F), mast cells (G) and 
ILC2s (H) were also examined. Total peritoneal lavage cells were determined by cell 
counts from the lavage fluid (I). * indicates significant difference compared to saline, $ 
compared to IL-33, % compared to FM, and & compared to FM+33. * p<0.05, ** 
p<0.01, *** p<0.001, **** p<0.0001, and applies to other symbols. 
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Figure 5.8. – The lymphocyte and granulocyte compartment in female mice after experimental treatment. Total numbers are 
represented as mean  SEM. Leukocyte populations were assessed by flow cytometry. Leukocytes from female mice treated i.p. with 
IL-33 for 48h were assessed for ST2+ cells (A). In the myeloid compartment, MerTK+ LPM (B), and SPM (C) were examined. In the 
lymphocyte compartment total T cells (D), total B cells (E), and NK cells (F) were identified. In the granulocyte/myeloid 
compartment, neutrophils (G), inflammatory monocytes (H), and patrolling monocytes (I) were assessed. Leukocytes from female 
mice treated i.p. with IL-33 for 48h, and then with CFSE-labeled apoptotic thymocytes for 30 minutes were assessed for ST2+ cells 
compared to controls (J). MerTK+ LPM (K), and SPM (L) populations were also examined. In the lymphocyte compartment, total T 
cells (M), and total B cells (N) were identified, and in the granulocyte/monocyte compartment neutrophil populations were assessed 
(O). Leukocytes from female mice treated with FM or FM+IL-33 (FM+33) for 48h were assessed for ST2+ cells compared to saline 
(P). MerTK+ LPMs (Q), and MerTK+ SPMs (R) were identified. Total T cells (S), total B cells (T) and NK cells (W) in the 
lymphocyte compartment were examined (T). The granulocyte/monocyte compartment was probed for inflammatory monocytes (U), 
patrolling monocytes (V) and neutrophils (X).  * indicates significant difference compared to saline, $ compared to IL-33, % 
compared to FM, and & compared to saline. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001, and applies to other symbols. 
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Figure 5.9. – Overview of the mechanism for IL-33 promotion of efferocytosis. IL-33 
released as a DAMP activates local leukocyte populations after damage and promotes the 
selective recruitment of macrophages. Lymphocytes and eosinophils increase production 
of IL-13 in response to IL-33. This acts to increase the number of MerTK+ macrophages 
to allow efferocytosis to occur, thereby removing apoptotic cells. 
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Resolution of inflammation is crucial to return tissues to homeostasis, and the 

phagocytosis of apoptotic neutrophils by macrophages is an important step in this process 

459,461. As such, initial DAMP release after injury could play a useful role in providing 

signals to promote resolution. IL-33 is a DAMP that has been shown to act consistently 

on several leukocytes 178 to induce production of IL-13 182. IL-13 increased MerTK+ 

macrophage populations and efferocytosis ability in macrophages in vitro 350,641 and in 

vivo in peritonitis and acute lung injury 521, resulting in macrophage populations with 

tissue repair phenotypes. IL-33 exerts its effects early after cell death, as it is highly 

susceptible to inactivation by oxidation 198 and proteolytic processing 201,203 once in the 

extracellular space. Acutely, its proteolytic processing can also amplify its local 

bioactivity 203. This would suggest that actions induced by IL-33 would be localised to 

and potent within the damaged tissue microenvironment. There was an additive effect of 

administering IL-33 with FM on total macrophage number and MerTK+ macrophage 

number in the peritoneal cavity that was not observed in animals treated with FM alone 

(Fig. 5.6A-D). Additionally, increases in MerTK+ macrophages persisted in the peritoneal 

cavity after IL-33 and apoptotic thymocyte administration (Fig. 5.4G), where populations 

of lymphocytes (Fig. 5.4H), and eosinophils (Fig. 5.4I) did not. Together these data 

would indicate that IL-33 has a robust impact on increasing MerTK+ macrophage 

populations independent of other signals to promote efferocytosis. 

By increasing macrophage populations and upregulating local IL-13 production, IL-

33 promotes an environment that encourages macrophage efferocytosis of apoptotic 

neutrophils. This provides clarity to several recent reports identifying positive roles for 

IL-33 in promoting resolution of inflammation via actions on macrophages. Li and 
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colleagues showed that in the context of cardiac allograft rejection, graft IL-33 is an 

important signal within the first three days after transplant to limit pro-inflammatory 

macrophage actions and promote phenotypes of repair and regulation via IL-33-ST2 

signaling in the graft 384. Tu et al. demonstrated that macrophages from the peritoneal 

cavity of IL-33 i.p. treated mice reduced pro-inflammatory signaling and disease severity 

when transferred to mice with colitis 664. Finally, Lu et al. showed that Il33-/- mice have 

impaired red blood cell removal by splenic red pulp macrophages restored by exogenous 

IL-33 administration 684. It has been well established that following efferocytosis, 

macrophages transition to a pro-reparative phenotype 483–490, while it has been shown in 

vitro that IL-33 does not directly activate macrophages to ‘alternative’ activation 

phenotypes 635,664. Therefore, IL-33 induction of local IL-13 for efferocytosis may 

provide a mechanism by which macrophages can switch to this pro-repair phenotype.  

Macrophages in the peritoneal cavity are crucial facilitators of wound repair within 

local organs 685,686. Fat-associated lymphoid clusters, or milky spots, have been shown to 

be important sources of IL-33 in the peritoneal cavity 180, as have mesothelial cells in the 

peritoneum 181. Upon tissue damage in the peritoneal cavity, these cells have been shown 

to release IL-33 into the tissue microenvironment 181. IL-33 is important in the peritoneal 

cavity for reducing inflammation in colitis 664, enhancing macrophage-mediated Candida 

albicans responses 687 and promoting type 2 immune environments in ovarian cancer 

models that limit metastasis 665. The findings of the current study further support this 

work and identify a new mechanism by which IL-33 may be exerting its effects.  

In conclusion, the current study shows that IL-33 promotes efferocytosis in the 

peritoneal cavity by macrophages (Fig. 5.9). This is mediated by the induction of IL-13 
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production, with contributing signals from eosinophils and lymphocytes. Clinical 

evidence has shown that increased presence of the soluble IL-33 receptor sST2 in the 

plasma of patients with allergic airway disease 688,689, systemic lupus erythematosus 

688,689, and cardiovascular disease 228,395–399 is predictive of adverse outcomes. 

Efferocytosis has important implications in these disease settings 460, 529, 655,690–692, 

indicating clinical relevance of these findings. Future work should focus on the utility of 

exogenous IL-33 in inducing macrophage efferocytosis in chronic inflammatory models. 

Our work identifies a novel role for IL-33 to promote macrophage efferocytosis and 

subsequently resolution of inflammation, which could be targeted in chronic 

inflammatory settings. 
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CHAPTER 6: DISCUSSION 
6.1 – Summary of major findings 

The work outlined in this thesis sought to expand upon previous knowledge in the 

field of cardiac fibrosis. Namely, to better understand the impact mast cells have on 

cardiac fibrosis with relevance to human patients, to elucidate the relationship between 

mast cells and IL-33, and to determine how said relationship could contribute to proper 

inflammation resolution and wound healing in the context of CVD.  

Cardiac fibrosis is a complex process of overlapping phases that progresses from 

inflammation, to repair, to maturation. Multiple immune and stromal cells respond to a 

myriad of signals in temporally dependent processes. It would be naïve to assume one 

cell population or cytokine is the linchpin of such a process, and reductive to present it as 

such. Rather, through this work we have identified evidence for a potential beneficial 

mast cell role, and mechanisms by which mast cells and IL-33 can contribute to 

resolution of inflammation and cardiac fibrosis (Fig. 6.1). We have shown that IL-33 can 

act on murine leukocyte populations in the peritoneal cavity to promote increases in 

MerTK+ macrophage populations (Fig. 5.1D) and efferocytosis (Fig. 5.4B) following 

local induction of IL-13 (Fig. 5.6A). As IL-33 is a cardiac DAMP 371,372, 376,381, it is 

possible that a similar process could occur in the cardiac microenvironment. Furthermore, 

we have demonstrated that human mast cells can respond to IL-33 activation via 

induction of a unique cocktail of mediators that may promote angiogenesis in endothelial 

cells, and efferocytosis in macrophages (Fig. 4.3D). Whether this is the mechanism at 

work in human hearts is unknown, but we have shown that patients with increased atrial 

mast cell content at the time of surgery had less collagen content compared to their low 

mast cell containing peers (Fig. 3.5C) and the cohort as a whole (Fig. 3.5D). High atrial 

mast cell density was also associated with improved functional outcomes indicated by 

reduced incidence of NHYA III/IV reclassification and mortality post-operative.  
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Figure 6.1. – Summary of findings. We sought to assess how mast cells and IL-33 may 
contribute to cardiac fibrosis and resolution of inflammation. In human atrial tissue 
samples, increased mast cell presence was associated with decreased fibrotic tissue. We 
examined mast cell responses to the cardiac DAMP IL-33 in vitro and found a significant 
increase in angiogenic growth factors VEGF-A and uPA, and in pro-efferocytosis 
cytokines IL-10 and IL-13. To model efferocytosis, mice received IL-33 via 
intraperitoneal injection, where it was observed that MerTK+ macrophage number and 
efferocytosis were increased. IL-13 was shown to be increased early after IL-33 
administration in the peritoneal cavity, and lymphocytes and eosinophils were identified 
as potential sources. This data provides several lines of inquiry to pursue in order to 
better understand and therapeutically target fibrotic remodelling in the heart.  
 
6.2 – Implications and relevance of major findings 

Mast cells were associated with beneficial effects in the human heart as it relates to 

collagen deposition (Fig. 3.5C,D, Fig. 3.8A,B) and functional outcomes (Fig. 3.5H,I, Fig. 

3.8E). These observations were in contrast to previously published data in murine models 
75. While we were unable to identify a direct mechanism responsible for our ex vivo 

human observations, the answer likely lies in cardiac mast cell activity. For example, we 

observed a significant increase in the percentage of degranulating mast cells in patients 

with high collagen content (Fig. 3.5E) compared to low collagen content. Mast cell 

degranulation was not significantly different between high and low mast cell density 
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groups (Fig. 3.7). Mast cell granule contents are known to be largely pro-fibrotic, while 

de novo synthesis activities are generally associated with anti-fibrotic actions 75. 

Therefore, gaining a better understanding of what actions mast cells exert in the cardiac 

microenvironment would be important for better therapeutic targeting of their actions.  

Our finding that increased mast cell density is associated with decreased collagen 

content in human cardiac tissue is in direct contrast with several studies, where mast cell 

density increases were associated with increased remodelling, as was discussed in chapter 

3 361, 363,598. Our work benefited from a large cohort (n=112) of patients who could be 

followed post-operative, and tissue obtained from live subjects. Typically, in human heart 

studies, work focuses on smaller patient groups (n<30), and often tissues are acquired 

post-mortem which prevents assessment of functional outcomes in relation to tissue 

findings. Atrial appendage tissues that were obtained in our study are medical waste 

during cardiac procedures and are an underutilized resource to study human cardiac 

tissue. Future work should capitalize on these samples to probe questions such as the 

nature of the resident leukocyte population in the heart, interactions between leukocytes 

and stromal cells, and the expression of PRRs on resident cardiac leukocytes. By 

assessing mast cell content in atrial tissue, potentially in combination with other fibrotic 

biomarkers like plasma sST2 401, clinicians could identify patients that would benefit 

from anti-fibrotic therapies.  

The mechanism by which mast cells are associated with beneficial effects is unknown 

but could be mediated by IL-33-ST2L signaling. IL-33 is known to be protective in the 

heart after damage 343–345, 372, 374, 376,378–381, an in vivo observation that is emphasized by 

the accuracy of sST2 as a prognostic biomarker of remodeling and heart failure 

progression (Fig. 3.6J) 227,395–399. We have shown in vitro that primary human mast cells 

do not degranulate in response to IL-33 or several other relevant DAMPs (Fig. 4.3A), nor 

do they produce pro-inflammatory or pro-fibrotic mediators (Fig. 4.3B). Instead, they 

produce several mediators with relevance to beneficial outcomes in the heart, such as 

VEGF-A 338–340, IL-10 331–333, and IL-13 349,350. Of interest, mRNA expression of IL33 

and VEGFA was positively correlated in human atrial tissue samples taken at the time of 

surgery (Fig. 4.1E). This could indicate that the induction of VEGFA is related to IL33 in 

the cardiac microenvironment.  
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Mast cell production of uPA has a less clear role in this context. Although uPA is an 

angiogenic growth factor induced by VEGF-A and important for promoting vessel 

formation and endothelial cell migration 279, it’s actions as a plasminogen activating 

protease have been linked to detrimental fibrotic processes in the heart 625,626 via 

induction of TGF-β signaling 627. Conversely, uPA has also been shown to be a beneficial 

actor in this context by promoting revascularization and VEGF-A upregulation that leads 

to reduced infarct size, and fibrosis 618–620. It is possible that targeted induction of uPA by 

mast cells may have potential therapeutic utility in reversing extensive remodelling, as 

uPA has been shown to degrade ECM to reduce scar tissue in liver 693 and skin 694. Given 

that angiogenesis is a crucial component of the remodeling phase in proper wound repair 
231,238, it is also possible that timing of uPA induction could be important in pushing 

towards pro-angiogenic and pro-repair responses in the myocardium.  

In addition to an increase in angiogenic growth factors, mast cells in vitro also 

produced IL-10 and IL-13. Both of these cytokines have been associated with promoting 

efferocytosis activity in macrophages 259, 350, 521,639–641. Upregulation of both angiogenic 

and efferocytic programs is crucial for effective wound healing 642. Administration of 

lethally irradiated murine fibroblasts at damaged sites promoted effective wound healing 

in skin and liver, and angiogenesis in damaged tissues after two weeks compared to 

Casp3-/- fibroblasts 695. Mice deficient in efferocytosis mediators Mertk-/- and Mfge-8-/- 

had impaired angiogenesis and wound healing in both the heart 259 and the skin 696. It is 

well established that following efferocytosis macrophages differentiate into wound repair 

phenotypes with the capacity to promote angiogenesis at damaged sites 458, 463, 487,488, 490, 

464–467,483–486. Thus, mast cell activation of both angiogenic and efferocytic programs in 

response to the DAMP IL-33 could contribute to proper repair in the cardiac setting. 

Female and male mice had different responses to IL-33 in the peritoneal cavity (Fig. 5.3). 

Sex differences in the response to IL-33 have previously been reported in the context of 

allergic airway inflammation and ILC2 responses 697,698. While IL-33 itself has not been 

shown to be influenced by sex in its protective role in cardiac remodelling, sST2 does 

have differing content in healthy male and female subjects391–393, though upon 

development of CVD these differences do not persist 227,394,395. However, it is well 

understood that sex has a significant impact on the progression of cardiac remodelling 
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itself 699,700. Females appear to be protected from extensive cardiac compared to males, 

though how different cardiovascular disease risk factors influences this observation has 

yet to be explored 699. Additionally, mast cell activity is impacted by male and female sex 

hormones 701. It would be of interest to determine how sex hormones influence mast cell 

activity as it relates to cardiac remodelling, and furthermore if this impacts the beneficial 

role of IL-33 in this system.  

Through this work we have identified a previously undescribed mechanism by which 

IL-33 contributes to inflammation resolution after damage via induction of efferocytosis. 

IL-33 induces local IL-13 production (Fig. 5.6A), MerTK+ macrophage populations (Fig. 

5.1D) and efferocytosis in the context of apoptotic thymocytes (Fig. 5.4B). Modeling 

these responses in the peritoneal cavity allowed us to observe IL-33 impacts on 

efferocytosis in vivo, which is difficult at sites where macrophages require isolation from 

the surrounding solid tissue 461. This mechanism could be particularly important at sites 

with high IL-33 release after damage, such as the heart 381. IL-33 has been shown to have 

protective effects in the cardiac microenvironment after damage, such as reducing 

collagen deposition, hypertrophy 379, pro-inflammatory cytokine signaling 372, 374,380 and 

infarct size 343–345,378, while improving cardiac function and survival 376,381. These 

beneficial effects have been attributed to the pro-survival impact of IL-33 on 

cardiomyocytes under hypoxic conditions 344,375–378.  However, given the myriad resident 

immune cell populations in the heart 231,238 it is possible that IL-33 could be acting on 

these populations as well to promote inflammation resolution.  

The identity and prevalence of ST2+ leukocytes in the cardiac microenvironment at 

rest is unknown. Efforts have been made to characterize resident leukocytes in murine 

hearts using single cell RNA-sequencing techniques (scRNA-seq) 252,699–702. 

Macrophages and monocytes make up the majority of resident leukocytes 252,699, while B 

cells, T cells, NK cells, ILC2s, non-T non-B granulocytes, and DC-like cells 700 have also 

been identified at rest. Mast cells were not readily identified in resting murine hearts, but 

were assessed in the context of pressure-overload hypertension 702, where they were 

determined to be the smallest cluster pulled out of murine myocardium based on the 

CD45+ cells identified. However, CD45 may not be a qualifying marker for mast cell 

identity in the heart, as in human hearts mast cells have been shown to be 
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Tryptase+CD45dim 702. While there is no data available on the ST2L expression of resident 

cardiac leukocytes, at distal sites ST2L is known to be expressed on murine mast cells 50, 

ILC2s 207, Tregs
 208, and TH2 209 cells at rest. MerTK has been shown to reduce cardiac 

fibrosis in mouse models of experimental MI and hypertension 258–260. Thus, IL-33 

induction of MerTK via local leukocyte IL-13 production may be a mechanism by which 

beneficial outcomes could be mediated. The type and abundance of resident leukocytes in 

the human heart remains to be determined, but mast cells 606, and macrophages 252 are 

among those known to be present.  

Mast cells readily respond to IL-33 via induction of IL-13 as has been shown in our 

work (Fig. 4.3D) and by others 50,612. IL-13 is a known activator of efferocytosis in 

macrophages via IL-4Rα signaling 350, and local induction of IL-13 by IL-33 can induce 

phagocytosis of apoptotic cells in the peritoneal cavity by macrophages (Fig 5.4B). 

However, this system did not appear to be relevant in the peritoneal cavity, as Wsh mice 

that received apoptotic cells had similar increases in F4/80+CD11b+MerTK+ macrophages 

as their mast cell sufficient counterparts (Fig. 5.5). This could be due to the fact that most 

if not all resting ST2+ leukocytes are present in the peritoneal cavity at the time of IL-33 

administration, making the contribution of IL-13 from mast cells likely redundant. While 

this may be the case in the peritoneal cavity, there are other sites where mast cell 

contribution may be more relevant. Mast cells are resident in human and murine cardiac 

tissue, with greater abundance in the former, and IL-33 is released in response to damage 

by cardiomyocytes and cardiac fibroblasts. Therefore, it is possible that mast cells could 

respond to IL-33 by producing IL-13 to promote MerTK+ macrophages and enhanced 

efferocytosis capacity. Future work should aim to elucidate this process in the cardiac 

microenvironment in animal models with mast cell densities representative of human 

hearts. 

6.3 – Limitations of the experimental systems 

Mast cells are difficult populations to study in the cardiac tissue setting. They are 

sensitive cells that degranulate in response to hypoxia 597, and mechanical stimulation 
471,472, which impacts the ability to identify their activity without extraction and 

processing acting as confounding factors. Furthermore, mast cells in murine hearts are 

distributed differently, and present at lesser densities than in humans 271. For example, the 
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murine myocardium contains a median population of 0.56 ± 0.05 mast cells/mm2 271, 

while our study of human atria showed a median population of 7.3 ± 2.67 mast cells/mm2 

(Fig. 3.1B). This almost 14-fold difference in mast cell content would indicate that mast 

cells could play a more important role in human disease than murine models can 

effectively show. Furthermore, models of mast cell deficiency that are specific in their 

loss of mast cells without extraneous overlap in other populations or genes have only 

recently become prevalent 352. Work conducted in tandem with our human studies in 

Cpa3-Cre; Mcl-1fl/fl, or Hello Kitty, mice showed that a lack of mast cells did not impact 

cardiac fibrosis in an AngII-mediated model of hypertrophy and scarring (Appendix A). 

These observations are in keeping with several studies in the literature indicating no role 

for mast cells in murine cardiac fibrosis models 286,355,356. In light of these data, as well as 

the noted confusion in the current literature around mast cell roles in CVD and cardiac 

fibrosis 75,607, the relevance of murine models to study mast cells in cardiac fibrosis could 

be questioned. As will be discussed in due course, murine models may need to be 

modified prior to continuation of such work.  

We were fortunate to receive human atrial tissue samples in this study. However, 

working with human cardiac tissues also comes with several limitations. Atrial 

appendage samples were obtained from cardiac surgery patients. Therefore, there is only 

a single point in time for biological sampling, and this point is at the end or latter course 

of disease progression. As such, the etiology of disease is unknown and there is no 

control over the instigating event that led to disease or damage, nor the time from 

instigating event to tissue acquisition. Perhaps most importantly, samples were acquired 

from the atria, rather than the ventricles where any infarct or extensive remodelling is 

more likely to have occurred. While it is obviously dangerous to the patient to excise 

tissue from the ventricles, this does limit conclusions that can be made with regard to 

direct mast cell roles in infarct contraction and reparative fibrosis.  

The IL-33/ST2L pathway is known to be active in cardiac tissues after damage 371–375, 

however we were unable to explore this pathway thoroughly in relation to mast cells in 

our human patient samples. This is due in large part to the design of our studies. Patients 

were collected as part of two studies, one in Halifax, Nova Scotia, and one in St. John, 

New Brunswick. The Restitution Enhancement in Arthritis and Chronic Heart disease 
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study in Halifax focused on patients who had a MI within 30 days of undergoing CABG 

surgery to study outcomes after ischemic incidents. The Inflammation Metabolism 

Physical Ability and Research Translation study in St. John had broader inclusion 

criterion, admitting patients undergoing CABG or VR surgeries and assessing outcomes 

related to obesity and metabolic disorders. As such, our patient cohort was quite broad, 

and importantly very few tissues were isolated from patients early after ischemic 

incident, if one had occurred. IL-33 is a DAMP 176 released from stromal cells in the 

cardiac microenvironment after injury 376,381. Due to the many levels of bioactivity 

regulation (Fig. 1.2), IL-33 is thought to be active and potent at sites local to damage for 

short periods of time 178,198–203. Therefore, to study IL-33 in this setting, samples would 

likely need to be excised soon after ischemic injury. These limitations make it quite 

difficult to study how IL-33 impacts wound healing in human cardiac tissues. We were 

able to assess the impact of sST2 in this setting and showed a positive correlation 

between plasma sST2 content and atrial collagen content at the time of surgery (Fig. 

3.6J), supporting literature data that sST2 is a prognostic biomarker of cardiac 

remodelling 226–228. Future work should focus on design of studies that allow for 

assessment of IL-33 tissue content, as well as ST2L+ leukocyte content in myocardial 

tissues. 

As a proxy measure, we sought to determine the impacts of IL-33 on human mast 

cells in vitro as they relate to angiogenesis and resolution of inflammation. While we 

were able to observe significant increases in IL-10, IL-13, uPA and VEGF-A production 

(Fig 4.3D), it remains to be seen how this response may be relevant in vivo. IL-33 is 

rapidly oxidized 198 and proteolytically processed 201–203 in the tissue microenvironment, 

but it is unclear if these settings are reflected in culture conditions. Furthermore, multiple 

DAMPs are released after cardiac damage, including HMGB1 550, S100A8/A9 704, HSPs 
704, and extracellular ATP 705, that could impact the mast cell response to IL-33. Although 

we have shown that mast cells do not degranulate in response to these DAMPs (Fig. 

4.3A), it would be important to consider the impact of multiple DAMPs or necrotic 

cardiomyocytes on mast cell actions to be more confident in their in vivo responses. 

 Our observations that IL-33 can drive efferocytosis in vivo are quite exciting in 

identifying a new role for IL-33 after damage. However, it is unclear how strong this 
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signal would be in the context of larger DAMP release, as briefly touched on above. We 

were able to show that addition of free mitochondria and IL-33 together did not dampen 

MerTK+ macrophage populations but rather enhanced them, where free mitochondria 

alone could not (Fig. 5.7D). However, multiple signals are present in the context of 

damage, including up-regulated pro-inflammatory signals from local resident immune 

cells 420. How these signals may interfere with or contribute to the impact of IL-33 on 

efferocytosis is unclear. 

 Efferocytosis is a constant process in tissues and organs throughout the body, as it 

is crucial to homeostasis 529. However, efferocytosis is extremely difficult to visualize in 

vivo as phagocytosis of apoptotic cells can occur in as little as 10 minutes 461. The issue is 

further complicated in solid tissues, like the heart, where mechanical and enzymatic 

digestion is necessary to isolate cells prior to progressing with further assays. Therefore, 

we chose to model efferocytosis in the peritoneal cavity, as it has been shown to be a 

reliable site for manipulating the inflammatory response and visualizing phagocytosis of 

apoptotic cells 465, 477, 487,706. While using this model allowed us to assess the impact of 

IL-33 on efferocytosis and inflammation resolution, it is difficult to make a direct 

translation to the cardiac microenvironment. This is due in large part to differences in 

tissue resident leukocyte populations, in particular macrophages. It has become 

increasingly recognized that tissue resident macrophages have different functions 

informed by the locations in which they reside 614. Furthermore, serous cavity 

macrophage populations appear to have distinct functions for rapid infiltration from the 

peritoneal cavity into local solid tissues and organs to co-ordinate repair responses therein 
707. Similar phenotypes have been observed in macrophages population the pericardial 

cavity as well 708. In contrast, cardiac tissue resident macrophages remain in the heart, 

contracting in population size immediately following damage, and proliferating to expand 

locally as wound repair progresses 252. The degree of similarity in the response to IL-33 

and local IL-13 induction between functionally distinct resident cardiac macrophages 
252,346 and resident peritoneal macrophages 709,710 is unknown but may impact how their 

capacity for efferocytosis can be targeted. 

6.4 – Proposed future directions 
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We have established foundational baselines for mast cell influences in human 

heart, and IL-33 impacts on inflammation resolution. To define how mast cell-IL-33 

interactions contribute to cardiac fibrosis will require further analyses. To do this, we 

propose the design of a new human study and adapted murine study. 

To better understand the impact of mast cells in relation to IL-33 on cardiac 

fibrosis in human patients, a study should be designed with strict inclusion criteria and 

long-term follow-up metrics. Recruitment of patients with acute MI undergoing coronary 

artery bypass grafting within a defined window of 30 days post-MI would allow us to 

have a more homogeneous population of patients to assess. While this is a more difficult 

criteria to meet at smaller centres in Atlantic Canada, it could be possible at a larger 

surgical institution. From these patient samples, atrial appendage tissues and plasma 

would be obtained for several purposes. Atrial appendage is medical waste in these 

surgeries, and as such larger sections can be acquired than is possible by biopsy. Tissue 

samples would be divided into three sections. The first section would be used for 

histological assessment of collagen content, general pathology, and MANTRA system 

analyses of MerTK distribution in relation to apoptotic cells. The second would be used 

for scRNA-seq of mast cells and local leukocytes to gain a better understanding of their 

activity in atria. The third could be used for protein analyses of mediators directly in 

tissues. In co-ordination, plasma samples can be assessed for sST2 and other fibrosis-

associated biomarkers 226 to better define their relevance in this setting. To assess the IL-

33/ST2L system, determination of ST2L expression on the surface of resident leukocytes 

with MANTRA staining could give an indication of ability to respond to IL-33, while 

scRNA-seq could give an indication of local cells that may have upregulated IL-33 

expression. Finally, efforts should be made to gain access to normal tissues, such as atrial 

appendage from transplant donor hearts, to assess ST2L+ cell populations at rest. 

Functional characterization of mast cell-IL-33 relationships in the heart would 

likely rely on mouse models. However, the issue of mast cell density discrepancies in the 

murine system is a still a serious barrier. While canine models have been shown to have 

similar mast cell distribution and density to humans 271,711, it is obviously more 

convenient, and cost effective to work with mice. It has been shown that mast cell 

distribution in murine myocardium is driven by Mitf 271. With the use of Cre-loxP 
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recombination systems, a mouse strain could be developed to drive cardiac specific 713,714 

Mitf expression in the hopes of increasing mast cell density in the heart. Models already 

exist where Mitf could be inserted, such as VIPR2-ERT2CreERT2, which have specific 

cardiac targeted insertion from embryonic day 11.5 in mice 713. These animals could then 

be crossed to Il33-/- or Il1rl1-/- mice to assess the impacts of remodelling in mast cell 

sufficient mice lacking IL-33-ST2L signaling. Furthermore, assessment of MerTK+ 

macrophage populations and their localization to mast cells by MANTRA staining would 

allow us to determine the impact of mast cell responses to IL-33 on efferocytosis activity. 

In this way, mast cell-IL-33 roles in cardiac fibrosis could be more accurately modeled to 

human disease.  

It would be important to assess the potential therapeutic relevance of IL-33 to 

induce efferocytosis and subsequent resolution pathways. Macrophages isolated from 

mice treated i.p. with IL-33 and introduced to animals who subsequently underwent 

TNBS colitis were able to reduce destruction of villi and inflammatory cytokine and 

chemokine production 664. However, in this study only CD206+ macrophages were 

administered, and the authors did not assess efferocytosis marker expression. It would be 

interesting to repeat this study with the administration of IL-33 itself, or IL-33-induced 

MerTK+ macrophages to mice with established colitis to determine if inflammation could 

be resolved by either stimulus.  

To better understand the impact of IL-33 in the context of overall tissue damage, 

future work should focus on models of peritoneal damage, such as surgically induced 

peritoneal adhesions, in Il33-/- and Il1rl1-/- animals. While administration of IL-33 can 

induce efferocytosis in the peritoneal cavity (Fig. 5.4B), it is unclear how robust it would 

be in the context of multiple DAMPs. By inducing local damage in the context of mice 

lacking IL-33, a better understanding could be gained about the functional relevance of 

these observations. Previous work has shown IL-33 to be associated with type 2 skewing 

of immune cells in the peritoneal cavity with relevance to ovarian cancer 665, 

endometriosis 714, sepsis 220, and colitis 664, but there has yet to be a clear definition of the 

actions of IL-33 in the context of damage signals without exogenous administration. This 

would provide useful information on the persistence of the IL-33 signal strength when 

additional DAMP ‘noise’ is present. 
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6.5 – Conclusions  

At the outset of this project, we considered the potential link between mast cells and 

IL-33 in promoting beneficial outcomes in cardiac fibrosis. Significant new knowledge 

has been contributed to further probe this question and identify potentially useful 

therapeutic targets. We have shown ex vivo that increased mast cell density is associated 

with improved remodelling and functional outcomes in human patients, that mast cells 

produce mediators relevant to angiogenesis and efferocytosis in vitro, and that IL-33 

promotes efferocytosis in vivo by peritoneal macrophages. With future work focused on 

improving murine models to study cardiac mast cell function, and the relevance of IL-33 

in activating resolution pathways in chronic inflammation, we can hope to better 

therapeutically target cardiac fibrosis to improve the lives of patients with cardiovascular 

disease.   



 153 

REFERENCES 
1. Epelman, S., Liu, P. P. & Mann, D. L. Role of innate and adaptive immune 

mechanisms in cardiac injury and repair. Nature Reviews Immunology 15, 117–129 
(2015). 

2. Smolgovsky, S., Ibeh, U., Tamayo, T. P. & Alcaide, P. Adding insult to injury - 
Inflammation at the heart of cardiac fibrosis. Cellular Signalling 77, 109828 
(2020). 

3. Gilroy, D. & De Maeyer, R. New insights into the resolution of inflammation. 
Seminars in Immunology 27, 161–168 (2015). 

4. Fullerton, J. N. & Gilroy, D. W. Resolution of inflammation: A new therapeutic 
frontier. Nature Reviews Drug Discovery 15, 551–567 (2016). 

5. Mukai, K., Tsai, M., Saito, H. & Galli, S. J. Mast cells as sources of cytokines, 
chemokines, and growth factors. Immunological Reviews 282, 121–150 (2018). 

6. Frossi, B., Mion, F., Sibilano, R., Danelli, L. & Pucillo, C. E. M. Is it time for a 
new classification of mast cells? What do we know about mast cell heterogeneity? 
Immunological Reviews 282, 35–46 (2018). 

7. Redegeld, F. A., Yu, Y., Kumari, S., Charles, N. & Blank, U. Non-IgE mediated 
mast cell activation. Immunological Reviews 282, 87–113 (2018). 

8. Moon, T. C., Dean Befus, A. & Kulka, M. Mast cell mediators: Their differential 
release and the secretory pathways involved. Frontiers in Immunology 5, 569 
(2014). 

9. Plum, T., Wang, X., Rettel, M., Krijgsveld, J., Feyerabend, T. B. & Rodewald, H. 
R. Human Mast Cell Proteome Reveals Unique Lineage, Putative Functions, and 
Structural Basis for Cell Ablation. Immunity 52, 404-416.e5 (2020). 

10. Dahlin, J. S. & Hallgren, J. Mast cell progenitors: Origin, development and 
migration to tissues. Molecular Immunology 63, 9–17 (2015). 

11. Schmetzer, O., Valentin, P., Church, M. K., Maurer, M. & Siebenhaar, F. Murine 
and human mast cell progenitors. European Journal of Pharmacology 778, 2–10 
(2016). 

12. Gentek, R., Ghigo, C., Hoeffel, G., Bulle, M. J., Msallam, R., Gautier, G., et al. 
Hemogenic Endothelial Fate Mapping Reveals Dual Developmental Origin of 
Mast Cells. Immunity 48, 1160-1171.e5 (2018). 

13. Hallgren, J. & Gurish, M. F. Mast cell progenitor trafficking and maturation. 
Advances in experimental medicine and biology 716, 14–28 (2011). 

14. Dahlin, J. S., Ding, Z. & Hallgren, J. Distinguishing Mast Cell Progenitors from 
Mature Mast Cells in Mice. Stem Cells and Development 24, 1703–1711 (2015). 



 154 

15. Lantz, C. S., Boeslger, J., Song, C. H., Mach, N., Kobayashi, T., Mulligan, R. C., 
et al. Role for interleukin-3 in mast cell and basophil development and in 
immunity to parasites. Nature 392, 90–93 (1998). 

16. Iemura, A., Tsai, M., Ando, A., Wershil, B. K. & Galli, S. J. The c-kit ligand, stem 
cell factor, promotes mast cell survival by suppressing apoptosis. American 
Journal of Pathology 144, 321–328 (1994). 

17. Reber, L. L., Sibilano, R., Mukai, K. & Galli, S. J. Potential effector and 
immunoregulatory functions of mast cells in mucosal immunity. Mucosal 
Immunology 8, 444–463 (2015). 

18. Cardamone, C., Parente, R., Feo, G. De & Triggiani, M. Mast cells as effector cells 
of innate immunity and regulators of adaptive immunity. Immunology Letters 178, 
10–14 (2016). 

19. Varricchi, G., Raap, U., Rivellese, F., Marone, G. & Gibbs, B. F. Human mast 
cells and basophils—How are they similar how are they different? Immunological 
Reviews 282, 8–34 (2018). 

20. Wernersson, S. & Pejler, G. Mast cell secretory granules: Armed for battle. Nature 
Reviews Immunology 14, 478–494 (2014). 

21. Pejler, G. Novel Insight into the in vivo Function of Mast Cell Chymase: Lessons 
from Knockouts and Inhibitors. Journal of Innate Immunity (2020). 
doi:10.1159/000506985 

22. Pejler, G., Åbrink, M., Ringvall, M. & Wernersson, S. Mast Cell Proteases. 
Advances in Immunology 95, 167–255 (2007). 

23. Dwyer, D. F., Barrett, N. A., Austen, K. F., Kim, E. Y., Brenner, M. B., Shaw, L., 
et al. Expression profiling of constitutive mast cells reveals a unique identity 
within the immune system. Nature Immunology 17, 878–887 (2016). 

24. Epelman, S., Lavine, K. J. & Randolph, G. J. Origin and Functions of Tissue 
Macrophages. Immunity 41, 21–35 (2014). 

25. Uvnas, B. Recent observations on mechanisms of storage and release of mast cell 
histamine. Applicability to other biogenic amines. in Agents and Actions 36, 23–33 
(1992). 

26. Iddamalgoda, A., Le, Q. T., Ito, K., Tanaka, K., Kojima, H. & Kido, H. Mast cell 
tryptase and photoaging: Possible involvement in the degradation of extra cellular 
matrix and basement membrane proteins. Archives of Dermatological Research 
300, (2008). 

27. Erdei, A., Andrásfalvy, M., Péterfy, H., Tóth, G. & Pecht, I. Regulation of mast 
cell activation by complement-derived peptides. in Immunology Letters 92, 39–42 
(Immunol Lett, 2004). 



 155 

28. Mendes, M. A. & Palma, M. S. Two new bradykinin-related peptides from the 
venom of the social wasp Protopolybia exigua (Saussure). Peptides 27, 2632–2639 
(2006). 

29. Gaudenzio, N., Sibilano, R., Marichal, T., Starkl, P., Reber, L. L., Cenac, N., et al. 
Different activation signals induce distinct mast cell degranulation strategies. 
Journal of Clinical Investigation 126, 3981–3998 (2016). 

30. Kulinski, J. M., Muñoz-Cano, R. & Olivera, A. Sphingosine-1-phosphate and other 
lipid mediators generated by mast cells as critical players in allergy and mast cell 
function. European Journal of Pharmacology 778, 56–67 (2016). 

31. Boyce, J. A. Mast cells and eicosanoid mediators: A system of reciprocal paracrine 
and autocrine regulation. Immunological Reviews 217, 168–185 (2007). 

32. da Silva, E. Z. M., Jamur, M. C. & Oliver, C. Mast cell function: a new vision of 
an old cell. The journal of histochemistry and cytochemistry : official journal of 
the Histochemistry Society 62, 698–738 (2014). 

33. Van Nassauw, L., Adriaensen, D. & Timmermans, J. P. The bidirectional 
communication between neurons and mast cells within the gastrointestinal tract. 
Autonomic Neuroscience: Basic and Clinical 133, 91–103 (2007). 

34. Nautiyal, K. M., Dailey, C. A., Jahn, J. L., Rodriquez, E., Son, N. H., Sweedler, J. 
V., et al. Serotonin of mast cell origin contributes to hippocampal function. 
European Journal of Neuroscience 36, 2347–2359 (2012). 

35. Lu, L. F., Lind, E. F., Gondek, D. C., Bennett, K. A., Gleeson, M. W., Pino-Lagos, 
K., et al. Mast cells are essential intermediaries in regulatory T-cell tolerance. 
Nature 442, 997–1002 (2006). 

36. Boerma, M., Fiser, W. P., Hoyt, G., Berry, G. J., Joseph, L., Joseph, J., et al. 
Influence of mast cells on outcome after heterotopic cardiac transplantation in rats. 
Transplant International 20, 256–265 (2007). 

37. De Vries, V. C., Pino-Lagos, K., Elgueta, R. & Noelle, R. J. The enigmatic role of 
mast cells in dominant tolerance. Current Opinion in Organ Transplantation 14, 
332–337 (2009). 

38. Crivellato, E., Nico, B. & Ribatti, D. Mast cells and tumour angiogenesis: New 
insight from experimental carcinogenesis. Cancer Letters 269, 1–6 (2008). 

39. Sawatsubashi, M., Yamada, T., Fukushima, N., Mizokami, H., Tokunaga, O. & 
Shin, T. Association of vascular endothelial growth factor and mast cells with 
angiogenesis in laryngeal squamous cell carcinoma. Virchows Archiv 436, 243–
248 (2000). 

40. Toth, T., Toth-Jakatics, R., Jimi, S., Takebayashi, S. & Kawamoto, N. Cutaneous 
malignant melanoma: Correlation between neovascularization and peritumor 
accumulation of mast cells overexpressing vascular endothelial growth factor. 



 156 

Human Pathology 31, 955–960 (2000). 

41. Reber, L. L., Marichal, T., Sokolove, J., Starkl, P., Gaudenzio, N., Iwakura, Y., et 
al. Contribution of mast cell-derived interleukin-1β to uric acid crystal-induced 
acute arthritis in mice. Arthritis and Rheumatology 66, 2881–2891 (2014). 

42. Gondokaryono, S. P., Ushio, H., Niyonsaba, F., Hara, M., Takenaka, H., 
Jayawardana, S. T. M., et al. The extra domain A of fibronectin stimulates murine 
mast cells via Toll-like receptor 4. Journal of Leukocyte Biology 82, 657–665 
(2007). 

43. Sundstrom, J. B., Hair, G. A., Ansari, A. A., Secor, W. E., Gilfillan, A. M., 
Metcalfe, D. D., et al. IgE-FcεRI Interactions Determine HIV Coreceptor Usage 
and Susceptibility to Infection during Ontogeny of Mast Cells. The Journal of 
Immunology 182, 6401–6409 (2009). 

44. McCurdy, J. D., Olynych, T. J., Maher, L. H. & Marshall, J. S. Cutting Edge: 
Distinct Toll-Like Receptor 2 Activators Selectively Induce Different Classes of 
Mediator Production from Human Mast Cells. The Journal of Immunology 170, 
1625–1629 (2003). 

45. Kirshenbaum, A. S., Swindle, E., Kulka, M., Wu, Y. & Metcalfe, D. D. Effect of 
lipopolysaccharide (LPS) and peptidoglycan (PGN) on human mast cell numbers, 
cytokine production, and protease composition. BMC Immunology 9, 45 (2008). 

46. Varadaradjalou, S., Féger, F., Thieblemont, N., Hamouda, N. Ben, Pleau, J. M., 
Dy, M., et al. Toll-like receptor 2 (TLR2) and TLR4 differentially activate human 
mast cells. European Journal of Immunology 33, 899–906 (2003). 

47. McHale, C., Mohammed, Z., Deppen, J. & Gomez, G. Interleukin-6 potentiates 
FcεRI-induced PGD2 biosynthesis and induces VEGF from human in situ-matured 
skin mast cells. Biochimica et Biophysica Acta - General Subjects 1862, 1069–
1078 (2018). 

48. McLeod, J. J. A., Baker, B. & Ryan, J. J. Mast cell production and response to IL-
4 and IL-13. Cytokine 75, 57–61 (2015). 

49. Bawazeer, M. A. & Theoharides, T. C. IL-33 stimulates human mast cell release of 
CCL5 and CCL2 via MAPK and NF-κB, inhibited by methoxyluteolin. European 
Journal of Pharmacology 865, (2019). 

50. Allakhverdi, Z., Smith, D. E., Comeau, M. R. & Delespesse, G. Cutting Edge: The 
ST2 Ligand IL-33 Potently Activates and Drives Maturation of Human Mast Cells. 
The Journal of Immunology 179, 2051–2054 (2007). 

51. Oldford, S. A., Salsman, S. P., Portales-Cervantes, L., Alyazidi, R., Anderson, R., 
Haidl, I. D., et al. Interferon α2 and interferon γ induce the degranulation 
independent production of VEGF-A and IL-1 receptor antagonist and other 
mediators from human mast cells: Immunity Inflammation and Disease 6, 176–189 



 157 

(2018). 

52. Juremalm, M., Hjertson, M., Olsson, N., Harvima, I., Nilsson, K. & Nilsson, G. 
The chemokine receptor CXCR4 is expressed within the mast cell lineage and its 
ligand stromal cell-derived factor-1alpha acts as a mast cell chemotaxin. European 
journal of immunology 30, 3614–3622 (2000). 

53. MacNeil, A. J., Junkins, R. D., Wu, Z. & Lin, T.-J. Stem cell factor induces AP-1-
dependent mast cell IL-6 production via MAPK kinase 3 activity. Journal of 
Leukocyte Biology 95, 903–915 (2014). 

54. Marshall, J. S. Mast-cell responses to pathogens. Nature Reviews Immunology 4, 
787–799 (2004). 

55. Galli, S. J. & Tsai, M. IgE and mast cells in allergic disease. Nature Medicine 18, 
693–704 (2012). 

56. Galli, S. J. The mast cell-IgE paradox from homeostasis to anaphylaxis. American 
Journal of Pathology 186, 212–224 (2016). 

57. Kinet, J. P. The high-affinity IgE receptor (FcεRI): From physiology to pathology. 
Annual Review of Immunology 17, 931–972 (1999). 

58. Rivera, J., Fierro, N. A., Olivera, A. & Suzuki, R. New Insights on Mast Cell 
Activation via the High Affinity Receptor for IgE1. Advances in Immunology 98, 
85–120 (2008). 

59. Kulka, M., Sheen, C. H., Tancowny, B. P., Grammer, L. C. & Schleimer, R. P. 
Neuropeptides activate human mast cell degranulation and chemokine production. 
Immunology 123, 398–410 (2008). 

60. Sheen, C. H., Schleimer, R. P. & Kulka, M. Codeine induces human mast cell 
chemokine and cytokine production: Involvement of G-protein activation. Allergy: 
European Journal of Allergy and Clinical Immunology 62, 532–538 (2007). 

61. Shalit, M., Rubinow, A., Granit, L. & Bar-Sela, S. Codeine-induced mast cell 
degranulation in human skin: effect of calcium channel blockers - PubMed. Annals 
of Allergy 59, 461–463 (1987). 

62. Dawicki, W. & Marshall, J. S. New and emerging roles for mast cells in host 
defence. Current Opinion in Immunology 19, 31–38 (2007). 

63. Marshall, J. S., Portales-Cervantes, L. & Leong, E. Mast cell responses to viruses 
and pathogen products. International Journal of Molecular Sciences 20, (2019). 

64. Saluja, R., Khan, M., Church, M. K. & Maurer, M. The role of IL-33 and mast 
cells in allergy and inflammation. Clinical and Translational Allergy 5, 1–8 
(2015). 

65. Velez, T. E., Bryce, P. J. & Hulse, K. E. Mast Cell Interactions and Crosstalk in 



 158 

Regulating Allergic Inflammation. Current Allergy and Asthma Reports 18, 
(2018). 

66. Amin, K. The role of mast cells in allergic inflammation. Respiratory Medicine 
106, 9–14 (2012). 

67. Aller, M. A., Arias, A., Arias, J. I. & Arias, J. Carcinogenesis: the cancer cell–mast 
cell connection. Inflammation Research 68, 103–116 (2019). 

68. Varricchi, G., De Paulis, A., Marone, G. & Galli, S. J. Future needs in mast cell 
biology. International Journal of Molecular Sciences 20, (2019). 

69. Bot, I., Shi, G. P. G.-P. & Kovanen, P. T. Mast cells as effectors in atherosclerosis. 
Arteriosclerosis, Thrombosis, and Vascular Biology 35, 265–271 (2015). 

70. Brown, M. A. Studies of mast cells: Adventures in serendipity. Frontiers in 
Immunology 9, 1–9 (2018). 

71. Krystel-Whittemore, M., Dileepan, K. N. & Wood, J. G. Mast cell: A multi-
functional master cell. Frontiers in Immunology 6, 1–12 (2016). 

72. Xu, J.-M. & Shi, G.-P. Emerging Role of Mast Cells and Macrophages in 
Cardiovascular and Metabolic Diseases. Endocrine Reviews 33, 71–108 (2012). 

73. Levick, S. P. & Widiapradja, A. Mast cells: Key contributors to cardiac fibrosis. 
International Journal of Molecular Sciences 19, (2018). 

74. Bradding, P. & Pejler, G. The controversial role of mast cells in fibrosis. 
Immunological Reviews 282, 198–231 (2018). 

75. Legere, S. A., Haidl, I. D., Legare, J.-F. & Marshall, J. S. Mast cells in cardiac 
fibrosis: new insights suggest opportunities for intervention. Frontiers in 
Immunology 10, 580 (2019). 

76. Galli, S. J. Rethinking the potential roles of mast cells in skin wound healing and 
bleomycin-induced skin fibrosis. Journal of Investigative Dermatology 134, 1802–
1804 (2014). 

77. Moon, T. C., St Laurent, C. D., Morris, K. E., Marcet, C., Yoshimura, T., Sekar, 
Y., et al. Advances in mast cell biology: New understanding of heterogeneity and 
function. Mucosal Immunology 3, 111–128 (2010). 

78. Halova, I., Draberova, L. & Draber, P. Mast Cell Chemotaxis – Chemoattractants 
and Signaling Pathways. Frontiers in Immunology 3, 119 (2012). 

79. Migalovich-Sheikhet, H., Friedman, S., Mankuta, D. & Levi-Schaffer, F. Novel 
identified receptors on mast cells. Frontiers in Immunology 3, 238 (2012). 

80. Burd, P. R., Rogers, H. W., Gordon, J. R., Martin, C. A., Jayaraman, S., Wilson, S. 
D., et al. Interleukin 3-dependent and -independent mast cells stimulated with IgE 
and antigen express multiple cytokines. Journal of Experimental Medicine 170, 



 159 

245–257 (1989). 

81. Guma, M., Kashiwakura, J. I., Crain, B., Kawakami, Y., Beutler, B., Firestein, G. 
S., et al. JNK1 controls mast cell degranulation and IL-1β production in 
inflammatory arthritis. Proceedings of the National Academy of Sciences of the 
United States of America 107, 22122–22127 (2010). 

82. Nigrovic, P. A., Binstadt, B. A., Monach, P. A., Johnsen, A., Gurish, M., Iwakura, 
Y., et al. Mast cells contribute to initiation of autoantibody-mediated arthritis via 
IL-1. Proceedings of the National Academy of Sciences of the United States of 
America 104, 2325–2330 (2007). 

83. Nakamura, Y., Franchi, L., Kambe, N., Meng, G., Strober, W. & Núñez, G. 
Critical Role for Mast Cells in Interleukin-1β-Driven Skin Inflammation 
Associated with an Activating Mutation in the Nlrp3 Protein. Immunity 37, 85–95 
(2012). 

84. Nakamura, Y., Kambe, N., Saito, M., Nishikomori, R., Kim, Y. G., Murakami, M., 
et al. Mast cells mediate neutrophil recruitment and vascular leakage through the 
NLRP3 inflammasome in histamine-independent urticaria. Journal of 
Experimental Medicine 206, 1037–1046 (2009). 

85. Supajatura, V., Ushio, H., Nakao, A., Akira, S., Okumura, K., Ra, C., et al. 
Differential responses of mast cell Toll-like receptors 2 and 4 in allergy and innate 
immunity. Journal of Clinical Investigation 109, 1351–1359 (2002). 

86. Hershko, A. Y., Suzuki, R., Charles, N., Alvarez-Errico, D., Sargent, J. L., 
Laurence, A., et al. Mast Cell Interleukin-2 Production Contributes to Suppression 
of Chronic Allergic Dermatitis. Immunity 35, 562–571 (2011). 

87. Morita, H., Arae, K., Unno, H., Miyauchi, K., Toyama, S., Nambu, A., et al. An 
Interleukin-33-Mast Cell-Interleukin-2 Axis Suppresses Papain-Induced Allergic 
Inflammation By Promoting Regulatory T Cell Numbers. Immunity 43, 175–186 
(2015). 

88. Moretti, S., Renga, G., Oikonomou, V., Galosi, C., Pariano, M., Iannitti, R. G., et 
al. A mast cell-ILC2-Th9 pathway promotes lung inflammation in cystic fibrosis. 
Nature Communications 8, (2017). 

89. Wodnar-Filipowicz, A., Heusser, C. H. & Moroni, C. Production of the 
haemopoietic growth factors GM-CSF and interleukin-3 by mast cells in response 
to IgE receptor-mediated activation. Nature 339, 150–152 (1989). 

90. Wallaert, B., Desreumaux, P., Copin, M. C., Tillie, I., Benard, A., Colombel, J. F., 
et al. Immunoreactivity for interleukin 3 and 5 and granulocyte/macrophage 
colony-stimulating factor of intestinal mucosa in bronchial asthma. Journal of 
Experimental Medicine 182, 1897–1904 (1995). 

91. MacNeil, A. J., Yang, Y. J. & Lin, T.-J. MAPK Kinase 3 Specifically Regulates 



 160 

FcεRI-Mediated IL-4 Production by Mast Cells. The Journal of Immunology 187, 
3374–3382 (2011). 

92. Plaut, M., Pierce, J. H., Watson, C. J., Hanley-Hyde, J., Nordan, R. P. & Paul, W. 
E. Mast cell lines produce lymphokines in response to cross-linkage of FcεRI or to 
calcium ionophores. Nature 339, 64–67 (1989). 

93. Bradding, P., Feather, I. H., Howarth, P. H., Mueller, R., Roberts, J. A., Britten, 
K., et al. Interleukin 4 is localized to and released by human mast cells. Journal of 
Experimental Medicine 176, 1381–1386 (1992). 

94. Bradding, P., Feather, I. H., Wilson, S., Bardin, P. G., Heusser, C. H., Holgate, S. 
T., et al. Immunolocalization of cytokines in the nasal mucosa of normal and 
perennial rhinitic subjects. The mast cell as a source of IL-4, IL-5, and IL-6 in 
human allergic mucosal inflammation. The Journal of Immunology 151, (1993). 

95. Bradding, P., Feather, I. H., Wilson, S., Holgate, S. T. & Howarth, P. H. Cytokine 
immunoreactivity in seasonal rhinitis: Regulation by a topical corticosteroid. 
American Journal of Respiratory and Critical Care Medicine 151, 1900–1906 
(1995). 

96. Horsmanhetmo, L., Harvima, I. T., Järvikallio, A., Harvima, R. J., Naukkarinen, 
A. & Horsmanheimo, M. Mast cells are one major source of interleukin‐4 in atopic 
dermatitis. British Journal of Dermatology 131, 348–353 (1994). 

97. Okayama, Y., Ono, Y., Nakazawa, T., Church, M. K. & Mori, M. Human skin 
mast cells produce TNF-α by substance P. in International Archives of Allergy and 
Immunology 117, 48–51 (Int Arch Allergy Immunol, 1998). 

98. Komai-Koma, M., Brombacher, F., Pushparaj, P. N., Arendse, B., McSharry, C., 
Alexander, J., et al. Interleukin-33 amplifies IgE synthesis and triggers mast cell 
degranulation via interleukin-4 in na??ve mice. Allergy: European Journal of 
Allergy and Clinical Immunology 67, 1118–1126 (2012). 

99. Bressler, R. B., Lesko, J., Jones, M. L., Wasserman, M., Dickason, R. R., Huston, 
M. M., et al. Production of IL-5 and granulocyte-macrophage colony-stimulating 
factor by naive human mast cells activated by high-affinity IgE receptor ligation. 
Journal of Allergy and Clinical Immunology 99, 508–514 (1997). 

100. Masuda, A., Yoshikai, Y., Aiba, K. & Matsuguchi, T. Th2 Cytokine Production 
from Mast Cells Is Directly Induced by Lipopolysaccharide and Distinctly 
Regulated by c-Jun N-Terminal Kinase and p38 Pathways. The Journal of 
Immunology 169, 3801–3810 (2002). 

101. Leal-Berumen, I., Conlon, P. & Marshall, J. S. IL-6 production by rat peritoneal 
mast cells is not necessarily preceded by histamine release and can be induced by 
bacterial lipopolysaccharide. The Journal of Immunology 152, (1994). 

102. Bradding, P., Roberts, J. A., Britten, K. M., Montefort, S., Djukanovic, R., 



 161 

Mueller, R., et al. Interleukin-4, -5, and -6 and tumor necrosis factor-alpha in 
normal and asthmatic airways: evidence for the human mast cell as a source of 
these cytokines. American journal of respiratory cell and molecular biology 10, 
471–480 (1994). 

103. Sun, M., Chen, M., Dawood, F., Zurawska, U., Li, J. Y., Parker, T., et al. Tumor 
Necrosis Factor-  Mediates Cardiac Remodeling and Ventricular Dysfunction 
After Pressure Overload State. Circulation 115, 1398–1407 (2007). 

104. Liu, J., Divoux, A., Sun, J., Zhang, J., Clément, K., Glickman, J. N., et al. Genetic 
deficiency and pharmacological stabilization of mast cells reduce diet-induced 
obesity and diabetes in mice. Nature Medicine 15, 940–945 (2009). 

105. Hultner, L., Szots, H., Welle, M., Van Snick, J., Moeller, J. & Dormer, P. Mouse 
bone marrow-derived IL-3 dependent mast cells and autonomous sublines produce 
IL-6. Immunology 67, 408–413 (1989). 

106. Stassen, M., Arnold, M., Hültner, L., Müller, C., Neudörfl, C., Reineke, T., et al.  
Murine Bone Marrow-Derived Mast Cells as Potent Producers of IL-9: 
Costimulatory Function of IL-10 and kit Ligand in the Presence of IL-1 . The 
Journal of Immunology 164, 5549–5555 (2000). 

107. Stassen, M., Müller, C., Arnold, M., Hültner, L., Klein-Hessling, S., Neudörfl, C., 
et al. IL-9 and IL-13 Production by Activated Mast Cells Is Strongly Enhanced in 
the Presence of Lipopolysaccharide: NF-κB Is Decisively Involved in the 
Expression of IL-9. The Journal of Immunology 166, 4391–4398 (2001). 

108. Hültner, L., Kölsch, S., Stassen, M., Kaspers, U., Kremer, J.-P., Mailhammer, R., 
et al. In Activated Mast Cells, IL-1 Up-Regulates the Production of Several Th2-
Related Cytokines Including IL-9. The Journal of Immunology 164, 5556–5563 
(2000). 

109. Li, B., Berman, J., Tang, J. T. & Lin, T. J. The early growth response factor-1 is 
involved in stem cell factor (SCF)-induced interleukin 13 production by mast cells, 
but is dispensable for SCF-dependent mast cell growth. Journal of Biological 
Chemistry 282, 22573–22581 (2007). 

110. Ho, L. H., Ohno, T., Oboki, K., Kajiwara, N., Suto, H., Iikura, M., et al. IL-33 
induces IL-13 production by mouse mast cells independently of IgE-Fc RI signals. 
Journal of Leukocyte Biology 82, 1481–1490 (2007). 

111. Ndaw, V. S., Abebayehu, D., Spence, A. J., Paez, P. A., Kolawole, E. M., 
Taruselli, M. T., et al. TGF-β1 Suppresses IL-33–Induced Mast Cell Function. The 
Journal of Immunology 199, 866–873 (2017). 

112. Allakhverdi, Z., Comeau, M. R., Jessup, H. K., Yoon, B. R. P., Brewer, A., 
Chartier, S., et al. Thymic stromal lymphopoietin is released by human epithelial 
cells in response to microbes, trauma, or inflammation and potently activates mast 
cells. Journal of Experimental Medicine 204, 253–258 (2007). 



 162 

113. Lee, S. A., Fitzgerald, S. M., Huang, S. K., Li, C., Chi, D. S., Milhorn, D. M., et 
al. Molecular regulation of interleukin-13 and monocyte chemoattractant protein-1 
expression in human mast cells by interleukin-1?? American Journal of 
Respiratory Cell and Molecular Biology 31, 283–291 (2004). 

114. Falanga, Y. T., Chaimowitz, N. S., Charles, N., Finkelman, F. D., Pullen, N. A., 
Barbour, S., et al. Lyn but Not Fyn Kinase Controls IgG-Mediated Systemic 
Anaphylaxis. The Journal of Immunology 188, 4360–4368 (2012). 

115. Rumsaeng, V., Cruikshank, W. W., Foster, B., Prussin, C., Kirshenbaum, A. S., 
Davis, T. A., et al. Human mast cells produce the CD4+ T lymphocyte 
chemoattractant factor, IL-16. The Journal of Immunology 159, (1997). 

116. Hsu, C.-L. L., Neilsen, C. V. & Bryce, P. J. IL-33 is produced by mast cells and 
regulates IgE-dependent inflammation. PLoS ONE 5, e11944 (2010). 

117. McHale, C., Mohammed, Z. & Gomez, G. Human Skin-Derived Mast Cells 
Spontaneously Secrete Several Angiogenesis-Related Factors. Frontiers in 
Immunology 10, 1445 (2019). 

118. Wang, S. W., Oh, C. K., Cho, S. H., Hu, G., Martin, R., Demissie-Sanders, S., et 
al. Amphiregulin expression in human mast cells and its effect on the primary 
human lung fibroblasts. Journal of Allergy and Clinical Immunology 115, 287–294 
(2005). 

119. Portales-Cervantes, L., Crump, O. M., Dada, S., Liwski, C. R., Gotovina, J., Haidl, 
I. D., et al. IL-4 enhances interferon production by virus-infected human mast 
cells. Journal of Allergy and Clinical Immunology (2020). 
doi:10.1016/j.jaci.2020.02.011 

120. Gupta, A. A., Leal-Berumen, I., Croitoru, K. & Marshall, J. S. Rat peritoneal mast 
cells produce IFN-gamma following IL-12 treatment but not in response to IgE-
mediated activation. The Journal of Immunology 157, (1996). 

121. Toda, S., Tokuda, Y., Koike, N., Yonemitsu, N., Watanabe, K., Koike, K., et al. 
Growth factor-expressing mast cells accumulate at the thyroid tissue- regenerative 
site of subacute thyroiditis. Thyroid 10, 381–386 (2000). 

122. Artuc, M., Muscha Steckelings, U. & Henz, B. M. Mast cell-fibroblast 
interactions: Human mast cells as source and inducers of fibroblast and epithelial 
growth factors. Journal of Investigative Dermatology 118, 391–395 (2002). 

123. Qu, Z., Liebler, J. M., Powers, M. R., Galey, T., Ahmadi, P., Huang, X. N., et al. 
Mast cells are a major source of basic fibroblast growth factor in chronic 
inflammation and cutaneous hemangioma. American Journal of Pathology 147, 
564–573 (1995). 

124. Reed, J. A., Albino, A. P. & McNutt, N. S. Human cutaneous mast cells express 
basic fibroblast growth factor - PubMed. Laboratory Investigation 215–222 



 163 

(1995). 

125. Ribatti, D., Crivellato, E., Candussio, L., Nico, B., Vacca, A., Roncali, L., et al. 
Mast cells and their secretory granules are angiogenic in the chick embryo 
chorioallantoic membrane. Clinical and Experimental Allergy 31, 602–608 (2001). 

126. Roos, A. B., Mori, M., Gura, H. K., Lorentz, A., Bjermer, L., Hoffmann, H. J., et 
al. Increased IL-17RA and IL-17RC in End-Stage COPD and the Contribution to 
Mast Cell Secretion of FGF-2 and VEGF. Respiratory Research 18, 1–4 (2017). 

127. Friedl, A., Chang, Z., Tierney, A. & Rapraeger, A. C. Differential binding of 
fibroblast growth factor-2 and -7 to basement membrane heparan sulfate: 
Comparison of normal and abnormal human tissues. American Journal of 
Pathology 150, 1443–1455 (1997). 

128. Wroblewski, M., Bauer, R., Cubas Córdova, M., Udonta, F., Ben-Batalla, I., 
Legler, K., et al. Mast cells decrease efficacy of anti-angiogenic therapy by 
secreting matrix-degrading granzyme B. Nature Communications 8, (2017). 

129. de Vries, V. C., Pino-Lagos, K., Nowak, E. C., Bennett, K. A., Oliva, C. & Noelle, 
R. J. Mast Cells Condition Dendritic Cells to Mediate Allograft Tolerance. 
Immunity 35, 550–561 (2011). 

130. Lin, T. J., Maher, L. H., Gomi, K., McCurdy, J. D., Garduno, R. & Marshall, J. S. 
Selective early production of CCL20, or macrophage inflammatory protein 3α, by 
human mast cells in response to Pseudomonas aeruginosa. Infection and Immunity 
71, 365–373 (2003). 

131. Jeong, W.-I., Do, S.-H., Jeong, D.-H., Hong, I.-H., Park, J.-K., Ran, K.-M., et al. 
Kinetics of MMP-1 and MMP-3 produced by mast cells and macrophages in liver 
fibrogenesis of rat - PubMed. Anticancer Research 3517–3526 (2006). 

132. Kimata, M., Ishizaki, M., Tanaka, H., Nagai, H. & Inagaki, N. Production of 
matrix metalloproteinases in human cultured mast cells: Involvement of protein 
kinase C-mitogen activated protein kinase kinase-extracellular signal-regulated 
kinase pathway. Allergology International 55, 67–76 (2006). 

133. Xu, L., Cai, Z., Yang, F. & Chen, M. Activation-induced upregulation of MMP9 in 
mast cells is a positive feedback mediator for mast cell activation. Molecular 
Medicine Reports 15, 1759–1764 (2017). 

134. Tanaka, A., Yamane, Y. & Matsuda, H. Mast Cell MMP-9 Production Enhanced 
by Bacterial Lipopolysaccharide. Journal of Veterinary Medical Science 63, 811–
813 (2001). 

135. Liao, C. H., Akazawa, H., Tamagawa, M., Ito, K., Yasuda, N., Kudo, Y., et al. 
Cardiac mast cells cause atrial fibrillation through PDGF-A-mediated fibrosis in 
pressure-overloaded mouse hearts. Journal of Clinical Investigation 120, 242–253 
(2010). 



 164 

136. Zhang, S., Anderson, D. F., Bradding, P., Coward, W. R., Baddeley, S. M., 
MacLeod, J. D. A., et al. Human mast cells express stem cell factor. Journal of 
Pathology 186, 59–66 (1998). 

137. Patella, V., Marino, I., Arbustini, E., Lamparter-Schummert, B., Verga, L., Adt, 
M., et al. Stem Cell Factor in Mast Cells and Increased Mast Cell Density in 
Idiopathic and Ischemic Cardiomyopathy. Circulation 97, 971–978 (1998). 

138. Akin, C., Jaffe, E. S., Raffeld, M., Kirshenbaum, A. S., Daley, T., Noel, P., et al. 
An immunohistochemical study of the bone marrow lesions of systemic 
mastocytosis: Expression of stem cell factor by lesional mast cells. American 
Journal of Clinical Pathology 118, 242–247 (2002). 

139. Welker, P., Grabbe, J., Gibbs, B., Zuberbier, T. & Henz, B. M. Human mast cells 
produce and differentially express both soluble and membrane-bound stem cell 
factor. Scandinavian Journal of Immunology 49, 495–500 (1999). 

140. de Paulis, A., Minopoli, G., Arbustini, E., de Crescenzo, G., Dal Piaz, F., Russo, 
T., et al. Stem cell factor is localized in, released from, and cleaved by human mast 
cells - PubMed. Journal of Immunology 2799–2808 (1999). Available at: 
https://pubmed.ncbi.nlm.nih.gov/10453024/. (Accessed: 21st August 2020) 

141. Gordon, J. R. & Galli, S. J. Promotion of mouse fibroblast collagen gene 
expression by mast cells stimulated via the FCεRI. role for mast cell-derived 
transforming growth factor β and tumor necrosis factor α. Journal of Experimental 
Medicine 180, 2027–2037 (1994). 

142. Kanbe, N., Kurosawa, M., Nagata, H., Saitoh, H. & Miyachi, Y. Cord blood-
derived human cultured mast cells produce transforming growth factor beta1. 
Clinical and experimental allergy : journal of the British Society for Allergy and 
Clinical Immunology 29, 105–13 (1999). 

143. Lindstedt, K. A., Wang, Y., Shiota, N., Saarinen, J., Hyytiäinen, M., Kokkonen, J. 
O., et al. Activation of paracrine TGF‐β1 signaling upon stimulation and 
degranulation of rat serosal mast cells: a novel function for chymase. The FASEB 
Journal 15, 1377–1388 (2001). 

144. Frank, B. T., Rossall, J. C., Caughey, G. H. & Fang, K. C. Mast Cell Tissue 
Inhibitor of Metalloproteinase-1 Is Cleaved and Inactivated Extracellularly by α-
Chymase. The Journal of Immunology 166, 2783–2792 (2001). 

145. Ohkawara, Y., Yamauchi, K., Tanno, Y., Tamura, G., Ohtani, H., Nagura, H., et 
al. Human lung mast cells and pulmonary macrophages produce tumor necrosis 
factor-alpha in sensitized lung tissue after IgE receptor triggering. American 
journal of respiratory cell and molecular biology 7, 385–392 (1992). 

146. Gibbs, B. F., Wierecky, J., Welker, P., Henz, B. M., Wolff, H. H. & Grabbe, J. 
Human skin mast cells rapidly release preformed and newly generated TNF-α and 
IL-8 following stimulation with anti-IgE and other secretagogues. Experimental 



 165 

Dermatology 10, 312–320 (2001). 

147. WALSH, L. J. Ultraviolet B irradiation of skin induces mast cell degranulation and 
release of tumour necrosis factor-α. Immunology and Cell Biology 73, 226–233 
(1995). 

148. Marshall, J. S., Leal-Berumen, I., Nielsen, L., Glibetic, M. & Jordana, M. 
Interleukin (IL)-10 inhibits long-term IL-6 production but not preformed mediator 
release from rat peritoneal mast cells. Journal of Clinical Investigation 97, 1122–
1128 (1996). 

149. Vosskuhl, K., Greten, T. F., Manns, M. P., Korangy, F. & Wedemeyer, J. 
Lipopolysaccharide-Mediated Mast Cell Activation Induces IFN-γ Secretion by 
NK Cells. The Journal of Immunology 185, 119–125 (2010). 

150. Gordon, J. R. & Galli, S. J. Mast cells as a source of both preformed and 
immunologically inducible TNF-α/cachectin. Nature 346, 274–276 (1990). 

151. Gordon, J. R., Burd, P. R. & Galli, S. J. Mast cells as a source of multifunctional 
cytokines. Immunology Today 11, 458–464 (1990). 

152. Gordon, J. R. & Galli, S. J. Release of both preformed and newly synthesized 
tumor necrosis factor α (TNF-α)/cachectin by mouse mast cells stimulated via the 
FcεRI. A mechanism for the sustained action of mast cell-derived TNF-α during 
IgE-dependent biological responses. Journal of Experimental Medicine 174, 103–
107 (1991). 

153. Walsh, L. J., Trinchieri, G., Waldorf, H. A., Whitaker, D. & Murphy, G. F. Human 
dermal mast cells contain and release tumor necrosis factor α, which induces 
endothelial leukocyte adhesion molecule 1. Proceedings of the National Academy 
of Sciences of the United States of America 88, 4220–4224 (1991). 

154. Benyon, R. C., Bissonnette, E. Y. & Befus, A. D. Tumor necrosis factor-alpha 
dependent cytotoxicity of human skin mast cells is enhanced by anti-IgE 
antibodies. The Journal of Immunology 147, (1991). 

155. Theoharides, T. C., Zhang, B., Kempuraj, D., Tagen, M., Vasiadi, M., Angelidou, 
A., et al. IL-33 augments substance P-induced VEGF secretion from human mast 
cells and is increased in psoriatic skin. Proceedings of the National Academy of 
Sciences 107, 4448–4453 (2010). 

156. Cao, J., Papadopoulou, N., Kempuraj, D., Boucher, W. S., Sugimoto, K., Cetrulo, 
C. L., et al. Human Mast Cells Express Corticotropin-Releasing Hormone (CRH) 
Receptors and CRH Leads to Selective Secretion of Vascular Endothelial Growth 
Factor. The Journal of Immunology 174, 7665–7675 (2005). 

157. Johnzon, C.-F., Rönnberg, E., Guss, B. & Pejler, G. Live Staphylococcus aureus 
Induces Expression and Release of Vascular Endothelial Growth Factor in 
Terminally Differentiated Mouse Mast Cells. Frontiers in Immunology 7, 23 



 166 

(2016). 

158. Grützkau, A., Krüger-Krasagakes, S., Baumeister, H., Schwarz, C., Kögel, H., 
Welker, P., et al. Synthesis, storage, and release of vascular endothelial growth 
factor/vascular permeability factor (VEGF/VPF) by human mast cells: 
Implications for the biological significance of VEGF206. Molecular Biology of the 
Cell 9, 875–884 (1998). 

159. Heissig, B., Rafii, S., Akiyama, H., Ohki, Y., Sato, Y., Rafael, T., et al. Low-dose 
irradiation promotes tissue revascularization through VEGF release from mast 
cells and MMP-9-mediated progenitor cell mobilization. Journal of Experimental 
Medicine 202, 739–750 (2005). 

160. Fan, L. & Iseki, S. Immunohistochemical localization of vascular endothelial 
growth factor in the globule leukocyte/mucosal mast cell of the rat respiratory and 
digestive tracts. Histochemistry and Cell Biology 111, 13–21 (1999). 

161. Boesiger, J., Tsai, M., Maurer, M., Yamaguchi, M., Brown, L. F., Claffey, K. P., et 
al. Mast cells can secrete vascular permeability factor/vascular endothelial cell 
growth factor and exhibit enhanced release after immunoglobulin E- dependent 
upregulation of Fcε receptor I expression. Journal of Experimental Medicine 188, 
1135–1145 (1998). 

162. Gombert, M., Dieu-Nosjean, M.-C., Winterberg, F., Bünemann, E., Kubitza, R. C., 
Da Cunha, L., et al. CCL1-CCR8 Interactions: An Axis Mediating the Recruitment 
of T Cells and Langerhans-Type Dendritic Cells to Sites of Atopic Skin 
Inflammation. The Journal of Immunology 174, 5082–5091 (2005). 

163. Wu, Z., MacNeil, A. J., Junkins, R., Li, B., Berman, J. N. & Lin, T.-J.  Mast Cell 
FcεRI-Induced Early Growth Response 2 Regulates CC Chemokine Ligand 1–
Dependent CD4 + T Cell Migration . The Journal of Immunology 190, 4500–4507 
(2013). 

164. Yano, K., Yamaguchi, M., De Mora, F., Lantz, C. S., Butterfield, J. H., Costa, J. J., 
et al. Production of macrophage inflammatory protein-1α by human mast cells: 
Increased anti-IgE-dependent secretion after IgE-dependent enhancement of mast 
cell IgE-binding ability. Laboratory Investigation 77, 185–193 (1997). 

165. Wang, H. W., Tedla, N., Lloyd, A. R., Wakefield, D. & McNeil, H. P. Mast cell 
activation and migration to lymph nodes during induction of an immune response 
in mice. Journal of Clinical Investigation 102, 1617–1626 (1998). 

166. Burke, S. M., Issekutz, T. B., Mohan, K., Lee, P. W. K., Shmulevitz, M. & 
Marshall, J. S. Human mast cell activation with virus-associated stimuli leads to 
the selective chemotaxis of natural killer cells by a CXCL8-dependent mechanism. 
Blood 111, 5467–5476 (2008). 

167. Kimura, Y., Pawankart, R., Aoki, M., Niimi, Y. & Kawana, S. Mast cells and T 
cells in Kimura’s disease express increased levels of interleukin-4, interleukin-5, 



 167 

eotaxin and rantes. Clinical and Experimental Allergy 32, 1787–1793 (2002). 

168. Möller, A., Lippert, U., Lessmann, D., Kolde, G., Hamann, K., Welker, P., et al. 
Human mast cells produce IL-8. The Journal of Immunology 151, (1993). 

169. Kashiwakura, J., Yanagisawa, M., Lee, H., Okamura, Y., Sasaki-Sakamoto, T., 
Saito, S., et al. Interleukin-33 Synergistically Enhances Immune Complex-Induced 
Tumor Necrosis Factor Alpha and Interleukin-8 Production in Cultured Human 
Synovium-Derived Mast Cells. International Archives of Allergy and Immunology 
161, 32–36 (2013). 

170. Al-Afif, A., Alyazidi, R., Oldford, S. A., Huang, Y. Y., King, C. A., Haidl, I. D., et 
al. Respiratory syncytial virus infection of primary human mast cells induces the 
selective production of type i interferons, CXCL10, and CCL4. Journal of Allergy 
and Clinical Immunology 136, 1346-1354.e1 (2015). 

171. Lundström, S. L., Saluja, R., Adner, M., Haeggström, J. Z., Nilsson, G. & 
Wheelock, C. E. Lipid mediator metabolic profiling demonstrates differences in 
eicosanoid patterns in two phenotypically distinct mast cell populations. Journal of 
Lipid Research 54, 116–126 (2013). 

172. Nakajima, K. I., Murakami, M., Yanoshita, R., Samejima, Y., Karasawa, K., 
Setaka, M., et al. Activated mast cells release extracellular type platelet-activating 
factor acetylhydrolase that contributes to autocrine inactivation of platelet-
activating factor. Journal of Biological Chemistry 272, 19708–19713 (1997). 

173. Prieschl, E. E., Csonga, R., Novotny, V., Kikuchi, G. E. & Baumruker, T. The 
balance between sphingosine and sphingosine-1-phosphate is decisive for mast cell 
activation after Fcε receptor I triggering. Journal of Experimental Medicine 190, 
1–8 (1999). 

174. Olivera, A., Urtz, N., Mizugishi, K., Yamashita, Y., Gilfillan, A. M., Furumoto, 
Y., et al. IgE-dependent activation of sphingosine kinases 1 and 2 and secretion of 
sphingosine 1-phosphate requires Fyn kinase and contributes to mast cell 
responses. Journal of Biological Chemistry 281, 2515–2525 (2006). 

175. Jolly, P. S., Bektas, M., Olivera, A., Gonzalez-Espinosa, C., Proia, R. L., Rivera, 
J., et al. Transactivation of Sphingosine-1-Phosphate Receptors by FcεRI 
Triggering Is Required for Normal Mast Cell Degranulation and Chemotaxis. 
Journal of Experimental Medicine 199, 959–970 (2004). 

176. Moussion, C., Ortega, N. & Girard, J. P. The IL-1-like cytokine IL-33 is 
constitutively expressed in the nucleus of endothelial cells and epithelial cells in 
vivo: A novel ‘Alarmin’? PLoS ONE 3, 1–8 (2008). 

177. Schmitz, J., Owyang, A., Oldham, E., Song, Y., Murphy, E., McClanahan, T. K., 
et al. IL-33, an interleukin-1-like cytokine that signals via the IL-1 receptor-related 
protein ST2 and induces T helper type 2-associated cytokines. Immunity 23, 479–
490 (2005). 



 168 

178. Cayrol, C. & Girard, J. P. Interleukin-33 (IL-33): A nuclear cytokine from the IL-1 
family. Immunological Reviews 281, 154–168 (2018). 

179. Pichery, M., Mirey, E., Mercier, P., Lefrancais, E., Dujardin, A., Ortega, N., et al.  
Endogenous IL-33 Is Highly Expressed in Mouse Epithelial Barrier Tissues, 
Lymphoid Organs, Brain, Embryos, and Inflamed Tissues: In Situ Analysis Using 
a Novel Il-33–LacZ Gene Trap Reporter Strain . The Journal of Immunology 188, 
3488–3495 (2012). 

180. Jackson-Jones, L. H., Duncan, S. M., Magalhaes, M. S., Campbell, S. M., Maizels, 
R. M., McSorley, H. J., et al. Fat-associated lymphoid clusters control local IgM 
secretion during pleural infection and lung inflammation. Nature Communications 
7, 1–14 (2016). 

181. Liu, M., Silva-Sanchez, A., Randall, T. D. & Meza-Perez, S. Specialized immune 
responses in the peritoneal cavity and omentum. Journal of Leukocyte Biology 
(2020). doi:10.1002/JLB.5MIR0720-271RR 

182. Liew, F. Y., Girard, J. P. & Turnquist, H. R. Interleukin-33 in health and disease. 
Nature Reviews Immunology 16, 676–689 (2016). 

183. Kakkar, R., Hei, H., Dobner, S. & Lee, R. T. Interleukin 33 as a mechanically 
responsive cytokine secreted by living cells. Journal of Biological Chemistry 287, 
6941–6948 (2012). 

184. Kouzaki, H., Iijima, K., Kobayashi, T., O’Grady, S. M. & Kita, H. The Danger 
Signal, Extracellular ATP, Is a Sensor for an Airborne Allergen and Triggers IL-33 
Release and Innate Th2-Type Responses. The Journal of Immunology 186, 4375–
4387 (2011). 

185. Eguchi, A., Franz, N., Kobayashi, Y., Iwasa, M., Wagner, N., Hildebrand, F., et al. 
Circulating extracellular vesicles and their miR ‘Barcode’ differentiate alcohol 
drinkers with liver injury and those without liver injury in severe trauma patients. 
Frontiers in Medicine 6, 30 (2019). 

186. Larsen, K. M., Minaya, M. K., Vaish, V. & Peña, M. M. O. The role of IL-33/ST2 
pathway in tumorigenesis. International Journal of Molecular Sciences 19, (2018). 

187. Liu, X., Xiao, Y., Pan, Y., Li, H., Zheng, S. G. & Su, W. The role of the IL-
33/ST2 axis in autoimmune disorders: Friend or foe? Cytokine and Growth Factor 
Reviews 50, 60–74 (2019). 

188. Murdaca, G., Greco, M., Tonacci, A., Negrini, S., Borro, M., Puppo, F., et al. Il-
33/il-31 axis in immune-mediated and allergic diseases. International Journal of 
Molecular Sciences 20, (2019). 

189. Drake, L. Y. & Kita, H. IL-33: biological properties, functions, and roles in airway 
disease. Immunological Reviews 278, 173–184 (2017). 

190. Takatori, H., Makita, S., Ito, T., Matsuki, A. & Nakajima, H. Regulatory 



 169 

mechanisms of IL-33-ST2-mediated allergic inflammation. Frontiers in 
Immunology 9, (2018). 

191. Griesenauer, B. & Paczesny, S. The ST2/IL-33 axis in immune cells during 
inflammatory diseases. Frontiers in Immunology 8, 1–17 (2017). 

192. Kotsiou, O. S., Gourgoulianis, K. I. & Zarogiannis, S. G. IL-33/ST2 axis in organ 
fibrosis. Frontiers in Immunology 9, 2432 (2018). 

193. Aimo, A., Migliorini, P., Vergaro, G., Franzini, M., Passino, C., Maisel, A., et al. 
The IL-33/ST2 pathway, inflammation and atherosclerosis: Trigger and target? 
International Journal of Cardiology 267, 188–192 (2018). 

194. Vianello, E., Dozio, E., Tacchini, L., Frati, L. & Corsi Romanelli, M. M. ST2/IL-
33 signaling in cardiac fibrosis. International Journal of Biochemistry and Cell 
Biology 116, (2019). 

195. Ali, S., Mohs, A., Thomas, M., Klare, J., Ross, R., Schmitz, M. L., et al. The Dual 
Function Cytokine IL-33 Interacts with the Transcription Factor NF- B To 
Dampen NF- B-Stimulated Gene Transcription. The Journal of Immunology 187, 
1609–1616 (2011). 

196. Travers, J., Rochman, M., Miracle, C. E., Habel, J. E., Brusilovsky, M., Caldwell, 
J. M., et al. Chromatin regulates IL-33 release and extracellular cytokine activity. 
Nature Communications 9, 1–15 (2018). 

197. Yanagisawa, K., Takagi, T., Tsukamoto, T., Tetsuka, T. & Tominaga, S. ichi. 
Presence of a novel primary response gene ST2L, encoding a product highly 
similar to the interleukin 1 receptor type 1. FEBS Letters 318, 83–87 (1993). 

198. Cohen, E. S., Scott, I. C., Majithiya, J. B., Rapley, L., Kemp, B. P., England, E., et 
al. Oxidation of the alarmin IL-33 regulates ST2-dependent inflammation. Nature 
Communications 6, (2015). 

199. Cayrol, C. & Girard, J. P. The IL-1-like cytokine IL-33 is inactivated after 
maturation by caspase-1. Proceedings of the National Academy of Sciences of the 
United States of America 106, 9021–9026 (2009). 

200. Lüthi, A. U., Cullen, S. P., McNeela, E. A., Duriez, P. J., Afonina, I. S., Sheridan, 
C., et al. Suppression of Interleukin-33 Bioactivity through Proteolysis by 
Apoptotic Caspases. Immunity 31, 84–98 (2009). 

201. Roy, A., Ganesh, G., Sippola, H., Bolin, S., Sawesi, O., Dagälv, A., et al. Mast cell 
chymase degrades the alarmins heat shock protein 70, biglycan, HMGB1, and 
interleukin-33 (IL-33) and limits danger-induced inflammation. Journal of 
Biological Chemistry 289, 237–250 (2014). 

202. Fu, Z., Thorpe, M., Alemayehu, R., Roy, A., Kervinen, J., de Garavilla, L., et al. 
Highly Selective Cleavage of Cytokines and Chemokines by the Human Mast Cell 
Chymase and Neutrophil Cathepsin G. The Journal of Immunology 198, 1474–



 170 

1483 (2017). 

203. Lefrancais, E., Duval, A., Mirey, E., Roga, S., Espinosa, E., Cayrol, C., et al. 
Central domain of IL-33 is cleaved by mast cell proteases for potent activation of 
group-2 innate lymphoid cells. Proceedings of the National Academy of Sciences 
111, 15502–15507 (2014). 

204. Chackerian, A. A., Oldham, E. R., Murphy, E. E., Schmitz, J., Pflanz, S. & 
Kastelein, R. A. IL-1 Receptor Accessory Protein and ST2 Comprise the IL-33 
Receptor Complex. The Journal of Immunology 179, 2551–2555 (2007). 

205. Pinto, S. M., Subbannayya, Y., Rex, D. A. B., Raju, R., Chatterjee, O., Advani, J., 
et al. A network map of IL-33 signaling pathway. Journal of Cell Communication 
and Signaling 12, 615–624 (2018). 

206. Molofsky, A. B., Savage, A. K. & Locksley, R. M. Interleukin-33 in Tissue 
Homeostasis, Injury, and Inflammation. Immunity 42, 1005–1019 (2015). 

207. Neill, D. R., Wong, S. H., Bellosi, A., Flynn, R. J., Daly, M., Langford, T. K. A., 
et al. Nuocytes represent a new innate effector leukocyte that mediates type-2 
immunity. Nature 464, 1367–1370 (2010). 

208. Arpaia, N., Green, J. A., Moltedo, B., Arvey, A., Hemmers, S., Yuan, S., et al. A 
Distinct Function of Regulatory T Cells in Tissue Protection. Cell 162, 1078–1089 
(2015). 

209. Löhning, M., Stroehmann, A., Coyle, A. J., Grogan, J. L., Lin, S., Gutierrez-
Ramos, J. C., et al. T1/ST2 is preferentially expressed on murine Th2 cells, 
independent of interleukin 4, interleukin 5, and interleukin 10, and important for 
Th2 effector function. Proceedings of the National Academy of Sciences of the 
United States of America 95, 6930–6935 (1998). 

210. Suzukawa, M., Iikura, M., Koketsu, R., Nagase, H., Tamura, C., Komiya, A., et al. 
An IL-1 Cytokine Member, IL-33, Induces Human Basophil Activation via Its ST2 
Receptor. The Journal of Immunology 181, 5981–5989 (2008). 

211. Cherry, W. B., Yoon, J., Bartemes, K. R., Iijima, K. & Kita, H. A novel IL-1 
family cytokine, IL-33, potently activates human eosinophils. Journal of Allergy 
and Clinical Immunology 121, 1484–1490 (2008). 

212. Pecaric-Petkovic, T., Didichenko, S. A., Kaempfer, S., Spiegl, N. & Dahinden, C. 
A. Human basophils and eosinophils are the direct target leukocytes of the novel 
IL-1 family member IL-33. Blood 113, 1526–1534 (2009). 

213. Jiang, H. R., Milovanović, M., Allan, D., Niedbala, W., Besnard, A. G., Fukada, S. 
Y., et al. IL-33 attenuates EAE by suppressing IL-17 and IFN-γ production and 
inducing alternatively activated macrophages. European Journal of Immunology 
42, 1804–1814 (2012). 

214. Li, D., Guabiraba, R., Besnard, A. G., Komai-Koma, M., Jabir, M. S., Zhang, L., et 



 171 

al. IL-33 promotes ST2-dependent lung fibrosis by the induction of alternatively 
activated macrophages and innate lymphoid cells in mice. Journal of Allergy and 
Clinical Immunology 134, 1422-1432.e11 (2014). 

215. Bourgeois, E., van, L. P., Samson, M., Diem, S., Barra, A., Roga, S., et al. The 
pro-Th2 cytokine IL-33 directly interacts with invariant NKT and NK cells to 
induce IFN-γ production. European Journal of Immunology 39, 1046–1055 
(2009). 

216. Smithgall, M. D., Comeau, M. R., Park Yoon, B. R., Kaufman, D., Armitage, R. & 
Smith, D. E. IL-33 amplifies both Th1- and Th2-type responses through its activity 
on human basophils, allergen-reactive Th 2 cells, iNKT and NK Cells. 
International Immunology 20, 1019–1030 (2008). 

217. Bonilla, W. V., Fröhlich, A., Senn, K., Kallert, S., Fernandez, M., Johnson, S., et 
al. The alarmin interleukin-33 drives protective antiviral CD8+ T cell responses. 
Science 335, 984–989 (2012). 

218. Rank, M. A., Kobayashi, T., Kozaki, H., Bartemes, K. R., Squillace, D. L. & Kita, 
H. IL-33-activated dendritic cells induce an atypical TH2-type response. Journal 
of Allergy and Clinical Immunology 123, 1047–1054 (2009). 

219. Le, H. T., Tran, V. G., Kim, W., Kim, J., Cho, H. R. & Kwon, B.  IL-33 Priming 
Regulates Multiple Steps of the Neutrophil-Mediated Anti- Candida albicans 
Response by Modulating TLR and Dectin-1 Signals . The Journal of Immunology 
189, 287–295 (2012). 

220. Alves-Filho, J. C., Snego, F., Souto, F. O., Freitas, A., Verri, W. A., Auxiliadora-
Martins, M., et al. Interleukin-33 attenuates sepsis by enhancing neutrophil influx 
to the site of infection. Nature Medicine 16, 708–712 (2010). 

221. Bandara, G., Beaven, M. A., Olivera, A., Gilfillan, A. M. & Metcalfe, D. D. 
Activated mast cells synthesize and release soluble ST2-a decoy receptor for IL-
33. European Journal of Immunology 45, 3034–3044 (2015). 

222. Lécart, S., Lecointe, N., Subramaniam, A., Alkan, S., Ni, D., Chen, R., et al. 
Activated, but not resting human Th2 cells, in contrast to Th1 and T regulatory 
cells, produce soluble ST2 and express low levels of ST2L at the cell surface. 
European Journal of Immunology 32, 2979–2987 (2002). 

223. Mildner, M., Storka, A., Lichtenauer, M., Mlitz, V., Ghannadan, M., 
Hoetzenecker, K., et al. Primary sources and immunological prerequisites for sST2 
secretion in humans. Cardiovascular Research 87, 769–777 (2010). 

224. Watanabe, M., Nakamoto, K., Inui, T., Sada, M., Honda, K., Tamura, M., et al. 
Serum sST2 levels predict severe exacerbation of asthma. Respiratory Research 
19, 169 (2018). 

225. Southcombe, J. H., Benton, S. J., Hu, Y., von Dadelszen, P., Child, T., Snider, J. 



 172 

V., et al. Measurement of sST2 is comparable to PlGF in the diagnosis of early-
onset pre-eclampsia. Pregnancy Hypertension: An International Journal of 
Women’s Cardiovascular Health 3, 115–117 (2013). 

226. Sharim, J. & Daniels, L. B. Soluble ST2 and Soluble Markers of Fibrosis: 
Emerging Roles for Prognosis and Guiding Therapy. Current Cardiology Reports 
22, 1–8 (2020). 

227. Geenen, L. W., Baggen, V. J. M., Van Den Bosch, A. E., Eindhoven, J. A., 
Cuypers, J. A. A. E., Witsenburg, M., et al. Prognostic value of soluble ST2 in 
adults with congenital heart disease. Heart 105, 999–1006 (2019). 

228. Emdin, M., Aimo, A., Vergaro, G., Bayes-Genis, A., Lupón, J., Latini, R., et al. 
sST2 Predicts Outcome in Chronic Heart Failure Beyond NT−proBNP and High-
Sensitivity Troponin T. Journal of the American College of Cardiology 72, 2309–
2320 (2018). 

229. Kaptoge, S., Pennells, L., De Bacquer, D., Cooney, M. T., Kavousi, M., Stevens, 
G., et al. World Health Organization cardiovascular disease risk charts: revised 
models to estimate risk in 21 global regions. The Lancet Global Health 7, e1332–
e1345 (2019). 

230. Kong, P., Christia, P., Frongogiannis, N. G. & Frangogiannis, N. G. The 
Pathogenesis of Cardiac Fibrosis. Cellular and Molecular Life Sciences 71, 549–
574 (2014). 

231. Chen, B. & Frangogiannis, N. G. Immune cells in repair of the infarcted 
myocardium. Microcirculation 24, 1–10 (2017). 

232. Wynn, T. A. & Ramalingam, T. R. Mechanisms of fibrosis: Therapeutic 
translation for fibrotic disease. Nature Medicine 18, 1028–1040 (2012). 

233. Sansbury, B. E. & Spite, M. Resolution of acute inflammation and the role of 
resolvins in immunity, thrombosis, and vascular biology. Circulation Research 
119, 113–130 (2016). 

234. Gieseck, R. L., Wilson, M. S. & Wynn, T. A. Type 2 immunity in tissue repair and 
fibrosis. Nature Reviews Immunology 18, 62–76 (2017). 

235. Soonpaa, M. H. & Field, L. J. Survey of studies examining mammalian 
cardiomyocyte DNA synthesis. Circulation Research 83, 15–26 (1998). 

236. Walsh, S., Pontén, A., Fleischmann, B. K. & Jovinge, S. Cardiomyocyte cell cycle 
control and growth estimation in vivo-An analysis based on cardiomyocyte nuclei. 
Cardiovascular Research 86, 365–373 (2010). 

237. Westman, P. C., Lipinski, M. J., Luger, D., Waksman, R., Bonow, R. O., Wu, E., 
et al. Inflammation as a Driver of Adverse Left Ventricular Remodeling after 
Acute Myocardial Infarction. Journal of the American College of Cardiology 67, 
2050–2060 (2016). 



 173 

238. Prabhu, S. D. & Frangogiannis, N. G. The biological basis for cardiac repair after 
myocardial infarction. Circulation Research 119, 91–112 (2016). 

239. Steiner, D. R. S., Gonzalez, N. C. & Wood, J. G. Mast cells mediate the 
microvascular inflammatory response to systemic hypoxia. Journal of Applied 
Physiology 94, 325–334 (2003). 

240. Gwechenberger, M., Mendoza, L. H., Youker, K. A., Frangogiannis, N. G., Wayne 
Smith, C., Michael, L. H., et al. Cardiac myocytes produce interleukin-6 in culture 
and in viable border zone of reperfused infarctions. Circulation 99, 546–551 
(1999). 

241. Frangogiannis, N. G., Lindsey, M. L., Michael, L. H., Youker, K. a, Bressler, R. 
B., Mendoza, L. H., et al. Resident Cardiac Mast Cells Degranulate and Release 
Preformed TNF-α, Initiating the Cytokine Cascade in Experimental Canin 
Myocaridal Ischemia/Reperfusion. Circulation. 98, 699–710 (1998). 

242. Nian, M., Lee, P., Khaper, N. & Liu, P. Inflammatory cytokines and 
postmyocardial infarction remodeling. Circulation Research 94, 1543–1553 
(2004). 

243. Dewald, O., Zymek, P., Winkelmann, K., Koerting, A., Ren, G., Abou-Khamis, T., 
et al. CCL2/monocyte chemoattractant protein-1 regulates inflammatory responses 
critical to healing myocardial infarcts. Circulation Research 96, 881–889 (2005). 

244. Bujak, M., Dobaczewski, M., Chatila, K., Mendoza, L. H., Li, N., Reddy, A., et al. 
Interleukin-1 receptor type I signaling critically regulates infarct healing and 
cardiac remodeling. American Journal of Pathology 173, 57–67 (2008). 

245. Mann, D. L. Innate immunity and the failing heart: The cytokine hypothesis 
revisited. Circulation Research 116, 1254–1268 (2015). 

246. Boufenzer, A., Lemarié, J., Simon, T., Derive, M., Bouazza, Y., Tran, N., et al. 
TREM-1 mediates inflammatory injury and cardiac remodeling following 
myocardial infarction. Circulation Research 116, 1772–1782 (2015). 

247. Horckmans, M., Ring, L., Duchene, J., Santovito, D., Schloss, M. J., Drechsler, 
M., et al. Neutrophils orchestrate post-myocardial infarction healing by polarizing 
macrophages towards a reparative phenotype. European Heart Journal 38, 187–
197 (2017). 

248. Nahrendorf, M., Swirski, F. K., Aikawa, E., Stangenberg, L., Wurdinger, T., 
Figueiredo, J. L., et al. The healing myocardium sequentially mobilizes two 
monocyte subsets with divergent and complementary functions. Journal of 
Experimental Medicine 204, 3037–3047 (2007). 

249. Epelman, S., Lavine, K. J., Beaudin, A. E., Sojka, D. K., Carrero, J. A., Calderon, 
B., et al. Embryonic and adult-derived resident cardiac macrophages are 
maintained through distinct mechanisms at steady state and during inflammation. 



 174 

Immunity 40, 91–104 (2014). 

250. Swirski, F. K., Nahrendorf, M., Etzrodt, M., Wildgruber, M., Cortez-Retamozo, 
V., Panizzi, P., et al. Identification of splenic reservoir monocytes and their 
deployment to inflammatory sites. Science 325, 612–616 (2009). 

251. Saxena, A., Chen, W., Su, Y., Rai, V., Uche, O. U., Li, N., et al. IL-1 Induces 
Proinflammatory Leukocyte Infiltration and Regulates Fibroblast Phenotype in the 
Infarcted Myocardium. The Journal of Immunology 191, 4838–4848 (2013). 

252. Dick, S. A., Macklin, J. A., Nejat, S., Momen, A., Clemente-Casares, X., 
Althagafi, M. G., et al. Self-renewing resident cardiac macrophages limit adverse 
remodeling following myocardial infarction. Nature Immunology 20, 29–39 
(2019). 

253. Hulsmans, M., Sam, F. & Nahrendorf, M. Monocyte and macrophage 
contributions to cardiac remodeling. Journal of Molecular and Cellular 
Cardiology 93, 149–155 (2016). 

254. Zouggari, Y., Ait-Oufella, H., Bonnin, P., Simon, T., Sage, A. P., Guérin, C., et al. 
B lymphocytes trigger monocyte mobilization and impair heart function after acute 
myocardial infarction. Nature Medicine 19, 1273–1280 (2013). 

255. Iba, T., Hashiguchi, N., Nagaoka, I., Tabe, Y. & Murai, M. Neutrophil cell death 
in response to infection and its relation to coagulation. Journal of Intensive Care 1, 
(2013). 

256. Kolaczkowska, E. & Kubes, P. Neutrophil recruitment and function in health and 
inflammation. Nature Reviews Immunology 13, 159–175 (2013). 

257. DeCathelineau, A. M. & Henson, P. M. The final step in programmed cell death: 
Phagocytes carry apoptotic cells to the grave. Essays in Biochemistry 39, 105–117 
(2003). 

258. Wan, E., Yeap, X. Y. Y., Dehn, S., Terry, R., Novak, M., Zhang, S., et al. 
Enhanced efferocytosis of apoptotic cardiomyocytes through myeloid-epithelial-
reproductive tyrosine kinase links acute inflammation resolution to cardiac repair 
after infarction. Circulation Research 113, 1004–1012 (2013). 

259. Howangyin, K.-Y., Zlatanova, I., Pinto, C., Ngkelo, A., Cochain, C., Rouanet, M., 
et al. Myeloid-Epithelial-Reproductive Receptor Tyrosine Kinase and Milk Fat 
Globule Epidermal Growth Factor 8 Coordinately Improve Remodeling After 
Myocardial Infarction via Local Delivery of Vascular Endothelial Growth Factor. 
Circulation 133, 826–839 (2016). 

260. DeBerge, M., Yeap, X. Y., Dehn, S., Zhang, S., Grigoryeva, L., Misener, S., et al. 
MerTK cleavage on resident cardiac macrophages compromises repair after 
myocardial ischemia reperfusion injury. Circulation Research 121, 930–940 
(2017). 



 175 

261. Peiseler, M. & Kubes, P. More friend than foe: The emerging role of neutrophils in 
tissue repair. Journal of Clinical Investigation 129, 2629–2639 (2019). 

262. Dobaczewski, M., Xia, Y., Bujak, M., Gonzalez-Quesada, C. & Frangogiannis, N. 
G. CCR5 signaling suppresses inflammation and reduces adverse remodeling of 
the infarcted heart, mediating recruitment of regulatory T cells. American Journal 
of Pathology 176, 2177–2187 (2010). 

263. Hanna, R. N., Carlin, L. M., Hubbeling, H. G., Nackiewicz, D., Green, A. M., 
Punt, J. A., et al. The transcription factor NR4A1 (Nur77) controls bone marrow 
differentiation and the survival of Ly6C- monocytes. Nature Immunology 12, 778–
785 (2011). 

264. Hilgendorf, I., Gerhardt, L. M. S., Tan, T. C., Winter, C., Holderried, T. A. W., 
Chousterman, B. G., et al. Ly-6 chigh monocytes depend on nr4a1 to balance both 
inflammatory and reparative phases in the infarcted myocardium. Circulation 
Research 114, 1611–1622 (2014). 

265. Falkenham, A., De Antueno, R., Rosin, N., Betsch, D., Lee, T. D. G., Duncan, R., 
et al. Nonclassical resident macrophages are important determinants in the 
development of myocardial fibrosis. American Journal of Pathology 185, 927–942 
(2015). 

266. Shiraishi, M., Shintani, Y., Shintani, Y., Ishida, H., Saba, R., Yamaguchi, A., et al. 
Alternatively activated macrophages determine repair of the infarcted adult murine 
heart. Journal of Clinical Investigation 126, 2151–2166 (2016). 

267. Lavine, K. J., Pinto, A. R., Epelman, S., Kopecky, B. J., Clemente-Casares, X., 
Godwin, J., et al. The Macrophage in Cardiac Homeostasis and Disease: JACC 
Macrophage in CVD Series (Part 4). Journal of the American College of 
Cardiology 72, 2213–2230 (2018). 

268. Anzai, A., Anzai, T., Nagai, S., Maekawa, Y., Naito, K., Kaneko, H., et al. 
Regulatory role of dendritic cells in postinfarction healing and left ventricular 
remodeling. Circulation 125, 1234–1245 (2012). 

269. Hofmann, U., Beyersdorf, N., Weirather, J., Podolskaya, A., Bauersachs, J., Ertl, 
G., et al. Activation of CD4 + T lymphocytes improves wound healing and 
survival after experimental myocardial infarction in mice. Circulation 125, 1652–
1663 (2012). 

270. Weirather, J., Hofmann, U. D. W., Beyersdorf, N., Ramos, G. C., Vogel, B., Frey, 
A., et al. Foxp3+ CD4+ T cells improve healing after myocardial infarction by 
modulating monocyte/macrophage differentiation. Circulation Research 115, 55–
67 (2014). 

271. Ingason, A. B., Mechmet, F., Atacho, D. A. M., Steingrímsson, E. & Petersen, P. 
H. Distribution of mast cells within the mouse heart and its dependency on Mitf. 
Molecular Immunology 105, 9–15 (2019). 



 176 

272. Yano, T., Miura, T., Ikeda, Y., Matsuda, E., Saito, K., Miki, T., et al. Intracardiac 
fibroblasts, but not bone marrow derived cells, are the origin of myofibroblasts in 
myocardial infarct repair. Cardiovascular Pathology 14, 241–246 (2005). 

273. Tarbit, E., Singh, I., Peart, J. N. & Rose’Meyer, R. B. Biomarkers for the 
identification of cardiac fibroblast and myofibroblast cells. Heart Failure Reviews 
24, 1–15 (2019). 

274. Rengo, G., Cannavo, A., Liccardo, D., Zincarelli, C., De Lucia, C., Pagano, G., et 
al. Vascular endothelial growth factor blockade prevents the beneficial effects of 
β-blocker therapy on cardiac function, angiogenesis, and remodeling in heart 
failure. Circulation: Heart Failure 6, 1259–1267 (2013). 

275. Zisa, D., Shabbir, A., Mastri, M., Suzuki, G. & Lee, T. Intramuscular VEGF 
repairs the failing heart: role of host-derived growth factors and mobilization of 
progenitor cells. AJP: Regulatory, Integrative and Comparative Physiology 297, 
R1503–R1515 (2009). 

276. Xu, X. H., Xu, J., Xue, L., Cao, H. L., Liu, X. & Chen, Y. J. VEGF attenuates 
development from cardiac hypertrophy to heart failure after aortic stenosis through 
mitochondrial mediated apoptosis and cardiomyocyte proliferation. Journal of 
cardiothoracic surgery 6, 54 (2011). 

277. Illigens, B. M. W. M.-W., Casar Berazaluce, A., Poutias, D., Gasser, R., del Nido, 
P. J. & Friehs, I. Vascular Endothelial Growth Factor Prevents Endothelial-to-
Mesenchymal Transition in Hypertrophy. Annals of Thoracic Surgery 104, 932–
939 (2017). 

278. Tao, H., Chen, Z.-W., Yang, J.-J. & Shi, K.-H. MicroRNA-29a suppresses cardiac 
fibroblasts proliferation via targeting VEGF-A/MAPK signal pathway. 
International Journal of Biological Macromolecules 88, 414–423 (2016). 

279. Breuss, J. M. & Uhrin, P. VEGF-initiated angiogenesis and the uPA/uPAR system. 
Cell Adhesion & Migration 6, 535–540 (2012). 

280. Christia, P., Bujak, M., Gonzalez-Quesada, C., Chen, W., Dobaczewski, M., 
Reddy, A., et al. Systematic Characterization of Myocardial Inflammation, Repair, 
and Remodeling in a Mouse Model of Reperfused Myocardial Infarction. Journal 
of Histochemistry and Cytochemistry 61, 555–570 (2013). 

281. Takemura, G., Ohno, M., Hayakawa, Y., Misao, J., Kanoh, M., Ohno, A., et al. 
Role of apoptosis in the disappearance of infiltrated and proliferated interstitial 
cells after myocardial infarction. Circulation Research 82, 1130–1138 (1998). 

282. Zymek, P., Bujak, M., Chatila, K., Cieslak, A., Thakker, G., Entman, M. L., et al. 
The Role of Platelet-Derived Growth Factor Signaling in Healing Myocardial 
Infarcts. Journal of the American College of Cardiology 48, 2315–2323 (2006). 

283. Zhao, W., Zhao, T., Huang, V., Chen, Y., Ahokas, R. A. & Sun, Y. Platelet-



 177 

derived growth factor involvement in myocardial remodeling following infarction. 
Journal of Molecular and Cellular Cardiology 51, 830–838 (2011). 

284. Kain, V., Ingle, K. A., Colas, R. A., Dalli, J., Prabhu, S. D., Serhan, C. N., et al. 
Resolvin D1 activates the inflammation resolving response at splenic and 
ventricular site following myocardial infarction leading to improved ventricular 
function. Journal of Molecular and Cellular Cardiology 84, 24–35 (2015). 

285. Nigrovic, P. A., Gray, D. H. D., Jones, T., Hallgren, J., Kuo, F. C., Chaletzky, B., 
et al. Genetic inversion in mast cell-deficient Wshmice interrupts corin and 
manifests as hematopoietic and cardiac aberrancy. American Journal of Pathology 
173, 1693–1701 (2008). 

286. Buckley, C. L. & Stokes, A. J. Corin-deficient W-sh mice poorly tolerate increased 
cardiac afterload. Regulatory Peptides 172, 44–50 (2011). 

287. Gersch, C., Dewald, O., Zoerlein, M., Michael, L. H., Entman, M. L. & 
Frangogiannis, N. G. Mast cells and macrophages in normal C57/BL/6 mice. 
Histochemistry and cell biology 118, 41–49 (2002). 

288. Saarinen, J., Kalkkinen, N., Welgus, H. G. & Kovanen, P. T. Activation of human 
interstitial procollagenase through direct cleavage of the Leu83-Thr84bond by 
mast cell chymase. Journal of Biological Chemistry 269, 18134–18140 (1994). 

289. Kanbe, N., Kurosawa, M., Nagata, H., Yamashita, T., Kurimoto, F. & Miyachi, Y. 
Production of fibrogenic cytokines by cord blood-derived cultured human mast 
cells. The Journal of allergy and clinical immunology 106, S85-90 (2000). 

290. Miyazaki, M., Takai, S., Jin, D. & Muramatsu, M. Pathological roles of 
angiotensin II produced by mast cell chymase and the effects of chymase 
inhibition in animal models. Pharmacology and Therapeutics 112, 668–676 
(2006). 

291. Cho, S. H., Lee, S. H., Kato, A., Takabayashi, T., Kulka, M., Shin, S. C., et al. 
Cross-Talk between Human Mast Cells and Bronchial Epithelial Cells in 
Plasminogen Activator Inhibitor-1 Production via Transforming Growth Factor-
β1. American Journal of Respiratory Cell and Molecular Biology 52, 88–95 
(2015). 

292. Takai, S., Jin, D., Sakaguchi, M., Katayama, S., Muramatsu, M., Sakaguchi, M., et 
al. A novel chymase inhibitor, 4-[1-([bis-(4-methyl-phenyl)-methyl]-carbamoyl)3-
(2-ethoxy-benzyl)-4-oxo-azetidine-2-yloxy]-benzoic acid (BCEAB), suppressed 
cardiac fibrosis in cardiomyopathic hamsters. The Journal of pharmacology and 
experimental therapeutics 305, 17–23 (2003). 

293. Lindstedt, K. A., Wang, Y., Shiota, N., Saarinen, J., Hyytiäinen, M., Kokkonen, J. 
O., et al. Activation of paracrine TGF-beta1 signaling upon stimulation and 
degranulation of rat serosal mast cells: a novel function for chymase. FASEB 
journal : official publication of the Federation of American Societies for 



 178 

Experimental Biology 15, 1377–88 (2001). 

294. Tatler, A. L., Porte, J., Knox, A., Jenkins, G. & Pang, L. Tryptase activates TGFβ 
in human airway smooth muscle cells via direct proteolysis. Biochemical and 
Biophysical Research Communications 370, 239–242 (2008). 

295. Akers, I. A., Parsons, M., Hill, M. R., Hollenberg, M. D., Sanjar, S., Laurent, G. J., 
et al. Mast cell tryptase stimulates human lung fibroblast proliferation via 
protease-activated receptor-2. American Journal of Physiology-Lung Cellular and 
Molecular Physiology 278, L193–L201 (2000). 

296. Abe, M., Kurosawa, M., Ishikawa, O., Miyachi, Y. & Kido, H. Mast cell tryptase 
stimulates both human dermal fibroblast proliferation and type I collagen 
production. Clinical & Experimental Allergy 28, 1509–1517 (1998). 

297. Garbuzenko, E., Nagler, A., Pickholtz, D., Gillery, P., Reich, R., Maquart, F.-X., et 
al. Human mast cells stimulate fibroblast proliferation, collagen synthesis and 
lattice contraction: a direct role for mast cells in skin fibrosis. Clinical and 
experimental allergy : journal of the British Society for Allergy and Clinical 
Immunology 32, 237–46 (2002). 

298. Gruber, B. L., Kew, R. R., Jelaska, A., Marchese, M. J., Garlick, J., Ren, S., et al. 
Human mast cells activate fibroblasts: tryptase is a fibrogenic factor stimulating 
collagen messenger ribonucleic acid synthesis and fibroblast chemotaxis. Journal 
of immunology (Baltimore, Md. : 1950) 158, 2310–7 (1997). 

299. Cairns, J. A. & Walls, A. F. Mast cell tryptase stimulates the synthesis of type I 
collagen in human lung fibroblasts. The Journal of clinical investigation 99, 1313–
21 (1997). 

300. Gailit, J., Marchese, M. J., Kew, R. R. & Gruber, B. L. The Differentiation and 
Function of Myofibroblasts is Regulated by Mast Cell Mediators. Journal of 
Investigative Dermatology 117, 1113–1119 (2001). 

301. Zhao, X. Y., Zhao, L. Y., Zheng, Q. S., Su, J. L., Guan, H., Shang, F. J., et al. 
Chymase induces profibrotic response via transforming growth factor-β1/Smad 
activation in rat cardiac fibroblasts. Molecular and Cellular Biochemistry 310, 
159–166 (2008). 

302. Caughey, G. H., Raymond, W. W. & Wolters, P. J. Angiotensin II generation by 
mast cell alpha- and beta-chymases. Biochimica et biophysica acta 1480, 245–57 
(2000). 

303. Li, M., Liu, K., Michalicek, J., Angus, J. A., Hunt, J. E., Dell’Italia, L. J., et al. 
Involvement of chymase-mediated angiotensin II generation in blood pressure 
regulation. Journal of Clinical Investigation 114, 112–120 (2004). 

304. Takai, S., Jin, D., Sakaguchi, M. & Miyazaki, M. A Single Treatment With a 
Specific Chymase Inhibitor, TY-51184, Prevents Vascular Proliferation in Canine 



 179 

Grafted Veins. Journal of Pharmacological Sciences 94, 443–448 (2004). 

305. Hale, T. M., Robertson, S. J., Burns, K. D. & deBlois, D. Short-term ACE 
inhibition confers long-term protection against target organ damage. Hypertension 
Research 35, 604–610 (2012). 

306. D’Souza, K. M., Biwer, L. A., Madhavpeddi, L., Ramaiah, P., Shahid, W. & Hale, 
T. M. Persistent change in cardiac fibroblast physiology after transient ACE 
inhibition. American Journal of Physiology-Heart and Circulatory Physiology 
309, H1346–H1353 (2015). 

307. Liang, B. & Leenen, F. H. H. Prevention of salt induced hypertension and fibrosis 
by angiotensin converting enzyme inhibitors in Dahl S rats. British Journal of 
Pharmacology 152, 903–914 (2007). 

308. Gut, N., Piecha, G., Aldebssi, F., Schaefer, S., Bekeredjian, R., Schirmacher, P., et 
al. Erythropoietin combined with ACE inhibitor prevents heart remodeling in 5/6 
nephrectomized rats independently of blood pressure and kidney function. 
American journal of nephrology 38, 124–35 (2013). 

309. Koskinen, P. K., Kovanen, P. T., Lindstedt, K. A. & Lemström, K. B. Mast cells in 
acute and chronic rejection of rat cardiac allografts - a major source of basic 
fibroblast growth factor. Transplantation 71, 1741–1747 (2001). 

310. Kleinbongard, P., Schulz, R. & Heusch, G. TNFα in myocardial 
ischemia/reperfusion, remodeling and heart failure. Heart Failure Reviews 16, 49–
69 (2011). 

311. Duerrschmid, C., Crawford, J. R., Reineke, E., Taffet, G. E., Trial, J., Entman, M. 
L., et al. TNF receptor 1 signaling is critically involved in mediating angiotensin-
II-induced cardiac fibrosis. Journal of molecular and cellular cardiology 57, 59–
67 (2013). 

312. Wang, Y., Li, Y., Wu, Y., Jia, L., Wang, J., Xie, B., et al. 5TNF-α and IL-1β 
Neutralization Ameliorates Angiotensin II-Induced Cardiac Damage in Male Mice. 
Endocrinology 155, 2677–2687 (2014). 

313. Wang, Y., Wu, Y., Chen, J., Zhao, S. & Li, H. Pirfenidone attenuates cardiac 
fibrosis in a mouse model of TAC-induced left ventricular remodeling by 
suppressing NLRP3 inflammasome formation. Cardiology 126, 1–11 (2013). 

314. Fairweather, D. L., Frisancho-Kiss, S., Yusung, S. A., Barrett, M. A., Davis, S. E., 
Gatewood, S. J. L., et al. Interferon-γ protects against chronic viral myocarditis by 
reducing mast cell degranulation, fibrosis, and the profibrotic cytokines 
transforming growth factor-β1, interleukin-1β, and interleukin-4 in the heart. 
American Journal of Pathology 165, 1883–1894 (2004). 

315. Coronado, M. J., Brandt, J. E., Kim, E., Bucek, A., Bedja, D., Abston, E. D., et al. 
Testosterone and interleukin-1β increase cardiac remodeling during coxsackievirus 



 180 

B3 myocarditis via serpin A 3n. American Journal of Physiology-Heart and 
Circulatory Physiology 302, H1726–H1736 (2012). 

316. Frangogiannis, N. G. Interleukin-1 in cardiac injury, repair, and remodeling: 
pathophysiologic and translational concepts. Discoveries (Craiova, Romania) 3, 1–
14 (2015). 

317. Palaniyandi, S. S., Inagaki, K. & Mochly-Rosen, D. Mast cells and εPKC: A role 
in cardiac remodeling in hypertension-induced heart failure. Journal of Molecular 
and Cellular Cardiology 45, 779–786 (2008). 

318. Kanemitsu, H., Takai, S., Tsuneyoshi, H., Yoshikawa, E., Nishina, T., Miyazaki, 
M., et al. Chronic chymase inhibition preserves cardiac function after left 
ventricular repair in rats. European Journal of Cardio-thoracic Surgery 33, 25–31 
(2008). 

319. Matsumoto, T., Wada, A., Tsutamoto, T., Ohnishi, M., Isono, T. & Kinoshita, M. 
Chymase inhibition prevents cardiac fibrosis and improves diastolic dysfunction in 
the progression of heart failure. Circulation 107, 2555–2558 (2003). 

320. Wei, C.-C. C., Hase, N., Inoue, Y., Bradley, E. W., Yahiro, E., Li, M., et al. Mast 
cell chymase limits the cardiac efficacy of Ang I-converting enzyme inhibitor 
therapy in rodents. The Journal of clinical investigation 120, 1229–39 (2010). 

321. Wang, H., Da Silva, J., Alencar, A., Zapata-Sudo, G., Lin, M. R., Sun, X., et al. 
Mast Cell Inhibition Attenuates Cardiac Remodeling and Diastolic Dysfunction in 
Middle-aged, Ovariectomized Fischer 344 × Brown Norway Rats. Journal of 
Cardiovascular Pharmacology 68, 49–57 (2016). 

322. Levick, S. P., McLarty, J. L., Murray, D. B., Freeman, R. M., Carver, W. E. & 
Brower, G. L. Cardiac mast cells mediate left ventricular fibrosis in the 
hypertensive rat heart. Hypertension 53, 1041–1047 (2009). 

323. Lin, T. J. & Befus, A. D. Differential regulation of mast cell function by IL-10 and 
stem cell factor. Journal of immunology (Baltimore, Md. : 1950) 159, 4015–23 
(1997). 

324. Somasundaram, P., Ren, G., Nagar, H., Kraemer, D., Mendoza, L., Michael, L. H., 
et al. Mast cell tryptase may modulate endothelial cell phenotype in healing 
myocardial infarcts. Journal of Pathology 205, 102–111 (2005). 

325. Luitel, H., Sydykov, A., Schymura, Y., Mamazhakypov, A., Janssen, W., Pradhan, 
K., et al. Pressure overload leads to an increased accumulation and activity of mast 
cells in the right ventricle. Physiological Reports 5, 1–14 (2017). 

326. Li, J., Lu, H., Plante, E., Meléndez, G. C., Levick, S. P. & Janicki, J. S. Stem cell 
factor is responsible for the rapid response in mature mast cell density in the 
acutely stressed heart. Journal of Molecular and Cellular Cardiology 53, 469–474 
(2012). 



 181 

327. Ito, T., Smrz, D., Jung, M.-Y., Bandara, G., Desai, A., Smrzova, S., et al. Stem 
Cell Factor Programs the Mast Cell Activation Phenotype. The Journal of 
Immunology 188, 5428–5437 (2012). 

328. Faber, T. W., Pullen, N. A., Fernando, J. F. A., Kolawole, E. M., McLeod, J. J. A., 
Taruselli, M., et al. ADAM10 is required for SCF-induced mast cell migration. 
Cellular Immunology 290, 80–88 (2014). 

329. Oldford, S. A., Haidl, I. D., Howatt, M. A., Leiva, C. A., Johnston, B. & Marshall, 
J. S. A Critical Role for Mast Cells and Mast Cell-Derived IL-6 in TLR2-Mediated 
Inhibition of Tumor Growth. The Journal of Immunology 185, 7067–7076 (2010). 

330. Zweifel, M., Matozan, K., Dahinden, C., Schaffner, T. & Mohacsi, P. 
Eotaxin/CCL11 levels correlate with myocardial fibrosis and mast cell density in 
native and transplanted rat hearts. Transplantation Proceedings 42, 2763–2766 
(2010). 

331. Verma, S. K., Garikipati, V. N. S., Krishnamurthy, P., Schumacher, S. M., 
Grisanti, L. A., Cimini, M., et al. Interleukin-10 inhibits bone marrow fibroblast 
progenitor cell-mediated cardiac fibrosis in pressure-overloaded myocardium. 
Circulation 136, 940–953 (2017). 

332. Verma, S. K., Krishnamurthy, P., Barefield, D., Singh, N., Gupta, R., Lambers, E., 
et al. Interleukin-10 Treatment Attenuates Pressure Overload-Induced 
Hypertrophic Remodeling and Improves Heart Function via Signal Transducers 
and Activators of Transcription 3-Dependent Inhibition of Nuclear Factor- B. 
Circulation 126, 418–429 (2012). 

333. Krishnamurthy, P., Rajasingh, J., Lambers, E., Qin, G., Losordo, D. W. & Kishore, 
R. IL-10 inhibits inflammation and attenuates left ventricular remodeling after 
myocardial infarction via activation of STAT3 and suppression of HuR. 
Circulation Research 104, 9–19 (2009). 

334. Bujak, M., Dobaczewski, M., Gonzalez-Quesada, C., Xia, Y., Leucker, T., Zymek, 
P., et al. Induction of the CXC chemokine interferon-γ-inducible protein 10 
regulates the reparative response following myocardial infarction. Circulation 
Research 105, 973–983 (2009). 

335. Saxena, A., Bujak, M., Frunza, O., Dobaczewski, M., Gonzalez-Quesada, C., Lu, 
B., et al. CXCR3-independent actions of the CXC chemokine CXCL10 in the 
infarcted myocardium and in isolated cardiac fibroblasts are mediated through 
proteoglycans. Cardiovascular Research 103, 217–227 (2014). 

336. Shiraha, H., Glading, A., Gupta, K. & Wells, A. IP-10 inhibits epidermal growth 
factor-induced motility by decreasing epidermal growth factor receptor-mediated 
calpain activity. The Journal of cell biology 146, 243–54 (1999). 

337. Tager, A. M., Kradin, R. L., LaCamera, P., Bercury, S. D., Campanella, G. S. V., 
Leary, C. P., et al. Inhibition of Pulmonary Fibrosis by the Chemokine IP-



 182 

10/CXCL10. American Journal of Respiratory Cell and Molecular Biology 31, 
395–404 (2004). 

338. Nako, H., Kataoka, K., Koibuchi, N., Dong, Y. F., Toyama, K., Yamamoto, E., et 
al. Novel mechanism of angiotensin II-induced cardiac injury in hypertensive rats: 
The critical role of ASK1 and VEGF. Hypertension Research 35, 194–200 (2012). 

339. Tang, J.-M. M., Luo, B., Xiao, J. H., Lv, Y. X., Li, X. L., Zhao, J. H., et al. VEGF-
A promotes cardiac stem cell engraftment and myocardial repair in the infarcted 
heart. International Journal of Cardiology 183, 221–231 (2015). 

340. Yang, L., Kwon, J., Popov, Y., Gajdos, G. B., Ordog, T., Brekken, R. A., et al. 
Vascular endothelial growth factor promotes fibrosis resolution and repair in mice. 
Gastroenterology 146, 1339-1350.e1 (2014). 

341. Saluja, R., Zoltowska, A., Ketelaar, M. E. & Nilsson, G. IL-33 and Thymic 
Stromal Lymphopoietin in mast cell functions. European Journal of 
Pharmacology 778, 68–76 (2016). 

342. Motakis, E., Guhl, S., Ishizu, Y., Itoh, M., Kawaji, H., Hoon, M. De, et al. 
Redefinition of the human mast cell transcriptome by deep-CAGE sequencing. 
123, 58–67 (2014). 

343. Yin, H., Li, P., Hu, F., Wang, Y., Chai, X. & Zhang, Y. IL-33 attenuates cardiac 
remodeling following myocardial infarction via inhibition of the p38 MAPK and 
NF-κB pathways. Molecular Medicine Reports 9, 1834–1838 (2014). 

344. Ruisong, M., Xiaorong, H., Gangying, H., Chunfeng, Y., Changjiang, Z., Xuefei, 
L., et al. The protective role of interleukin-33 in myocardial ischemia and 
reperfusion is associated with decreased HMGB1 expression and up-regulation of 
the P38 MAPK signaling pathway. PLoS ONE 10, 1–12 (2015). 

345. Rui, T., Zhang, J., Xu, X., Yao, Y., Kao, R. & Martin, C. M. Reduction in IL-33 
expression exaggerates ischaemia/reperfusion-induced myocardial injury in mice 
with diabetes mellitus. Cardiovascular Research 94, 370–378 (2012). 

346. Lavine, K. J., Epelman, S., Uchida, K., Weber, K. J., Nichols, C. G., Schilling, J. 
D., et al. Distinct macrophage lineages contribute to disparate patterns of cardiac 
recovery and remodeling in the neonatal and adult heart. Proceedings of the 
National Academy of Sciences 113, E1414–E1414 (2016). 

347. Gomez Perdiguero, E., Klapproth, K., Schulz, C., Busch, K., Azzoni, E., Crozet, 
L., et al. Tissue-resident macrophages originate from yolk-sac-derived erythro-
myeloid progenitors. Nature 518, 547–551 (2015). 

348. Molawi, K., Wolf, Y., Kandalla, P. K., Favret, J., Hagemeyer, N., Frenzel, K., et 
al. Progressive replacement of embryo-derived cardiac macrophages with age. The 
Journal of Experimental Medicine 211, 2151–2158 (2014). 

349. Jenkins, S. J., Ruckerl, D., Thomas, G. D., Hewitson, J. P., Duncan, S., 



 183 

Brombacher, F., et al. IL-4 directly signals tissue-resident macrophages to 
proliferate beyond homeostatic levels controlled by CSF-1. The Journal of 
Experimental Medicine 210, 2477–2491 (2013). 

350. Bosurgi, L., Cao, Y. G. G., Cabeza-Cabrerizo, M., Tucci, A., Hughes, L. D. L. D. 
L. D., Kong, Y., et al. Macrophage function in tissue repair and remodeling 
requires IL-4 or IL-13 with apoptotic cells. Science 356, 1072–1076 (2017). 

351. Shao, Z., Nazari, M., Guo, L., Li, S.-H. H., Sun, J., Liu, S.-M. M., et al. The 
cardiac repair benefits of inflammation do not persist: Evidence from mast cell 
implantation. Journal of Cellular and Molecular Medicine 19, 2751–2762 (2015). 

352. Reber, L. L., Marichal, T. & Galli, S. J. New models for analyzing mast cell 
functions in vivo. Trends in Immunology 33, 613–625 (2012). 

353. Kwon, J. S., Kim, Y. S., Cho, A. S., Cho, H. H., Kim, J. S., Hong, M. H., et al. 
The novel role of mast cells in the microenvironment of acute myocardial 
infarction. Journal of Molecular and Cellular Cardiology 50, 814–825 (2011). 

354. Nazari, M., Ni, N. C., Lüdke, A., Li, S. H., Guo, J., Weisel, R. D., et al. Mast cells 
promote proliferation and migration and inhibit differentiation of mesenchymal 
stem cells through PDGF. Journal of Molecular and Cellular Cardiology 94, 32–
42 (2016). 

355. Briest, W., Rabler, B., Deten, A. & Zimmer, H.-G. Norepinephrine-induced 
cardiac hypertrophy and fibrosis are not due to mast cell degranulation Article. 
Molecular and Cellular Biochemistry 252, 229–237 (2003). 

356. Ngkelo, A., Richart, A., Kirk, J. A., Bonnin, P., Vilar, J., Lemitre, M., et al. Mast 
cells regulate myofilament calcium sensitization and heart function after 
myocardial infarction. The Journal of Experimental Medicine 213, 1353–1374 
(2016). 

357. Akgul, A., Youker, K. A., Noon, G. P. & Loebe, M. Quantitative Changes in Mast 
Cell Populations After Left Ventricular Assist Device Implantation. ASAIO 
Journal 51, 275–280 (2005). 

358. Dilsizian, V., Eckelman, W. C., Loredo, M. L., Jagoda, E. M. & Shirani, J. 
Evidence for tissue angiotensin-converting enzyme in explanted hearts of ischemic 
cardiomyopathy using targeted radiotracer technique. Journal of nuclear 
medicine : official publication, Society of Nuclear Medicine 48, 182–7 (2007). 

359. Petrovic, D., Zorc, M., Zorc-Pleskovic, R. & Vraspir-Porenta, O. Morphometrical 
and stereological analysis of myocardial mast cells in myocarditis and dilated 
cardiomyopathy. Folia biologica 45, 63–6 (1999). 

360. Batlle, M., Pérez-Villa, F., Lázaro, A., Garcia-Pras, E., Ramirez, J., Ortiz, J., et al. 
Correlation Between Mast Cell Density and Myocardial Fibrosis in Congestive 
Heart Failure Patients. Transplantation Proceedings 39, 2347–2349 (2007). 



 184 

361. Roldão, J. A., Beghini, M., Ramalho, L. S., Porto, C. S., Rodrigues, D. B. R., 
Teixeira, V. P. A., et al. Comparison between the collagen intensity and mast cell 
density in the lingual muscles and myocardium of autopsied chronic chagasic and 
nonchagasic patients. Parasitology Research 111, 647–654 (2012). 

362. Frangogiannis, N. G., Shimoni, S., Chang, S. M., Ren, G., Shan, K., Aggeli, C., et 
al. Evidence for an Active Inflammatory Process in the Hibernating Human 
Myocardium. The American Journal of Pathology 160, 1425–1433 (2002). 

363. Milei, J., Fernández Alonso, G., Vanzulli, S., Storino, R., Matturri, L. & Rossi, L. 
Myocardial inflammatory infiltrate in human chronic chagasic cardiomyopathy: 
Immunohistochemical findings. Cardiovascular Pathology 5, 209–219 (1996). 

364. Huang, Z. G., Jin, Q., Fan, M., Cong, X. L., Han, S. F., Gao, H., et al. Myocardial 
Remodeling in Diabetic Cardiomyopathy Associated with Cardiac Mast Cell 
Activation. PLoS ONE 8, 22–24 (2013). 

365. Zhang, W., Chancey, A. L., Tzeng, H.-P. H. P., Zhou, Z., Lavine, K. J., Gao, F., et 
al. The development of myocardial fibrosis in transgenic mice with targeted 
overexpression of tumor necrosis factor requires mast cell-fibroblast interactions. 
Circulation 124, 2106–2116 (2011). 

366. Oka, T., Kalesnikoff, J., Starkl, P., Tsai, M. & Galli, S. J. Evidence questioning 
cromolyn’s effectiveness and selectivity as a mast cell stabilizer in mice. 
Laboratory Investigation 92, 1472–1482 (2012). 

367. Nyekel, F. N., Pacreau, E., Benadda, S., Msallam, R., Abrink, M., Pejler, G., et al. 
Mast cell degranulation exacerbates skin rejection by enhancing neutrophil 
recruitment. Frontiers in Immunology 9, (2018). 

368. Reber, L. L., Daubeuf, F., Pejler, G., Abrink, M. & Frossard, N. Mast Cells 
Contribute to Bleomycin-Induced Lung Inflammation and Injury in Mice through a 
Chymase/Mast Cell Protease 4-Dependent Mechanism. The Journal of 
Immunology 192, 1847–1854 (2014). 

369. Gutierrez, D. A., Muralidhar, S., Feyerabend, T. B., Herzig, S. & Rodewald, H. R. 
Hematopoietic Kit Deficiency, rather than Lack of Mast Cells, Protects Mice from 
Obesity and Insulin Resistance. Cell Metabolism 21, 678–691 (2015). 

370. Marshall, J. S. S., Ford, G. P. P. & Bell, E. B. B. Formalin sensitivity and 
differential staining of mast cells in human dermis. The British journal of 
dermatology 117, 29–36 (1987). 

371. Demyanets, S., Kaun, C., Pentz, R., Krychtiuk, K. A., Rauscher, S., Pfaffenberger, 
S., et al. Components of the interleukin-33/ST2 system are differentially expressed 
and regulated in human cardiac cells and in cells of the cardiac vasculature. 
Journal of Molecular and Cellular Cardiology 60, 16–26 (2013). 

372. Chen, W. Y., Hong, J., Gannon, J., Kakkar, R. & Lee, R. T. Myocardial pressure 



 185 

overload induces systemic inflammation through endothelial cell IL-33. 
Proceedings of the National Academy of Sciences of the United States of America 
112, 7249–7254 (2015). 

373. Weinberg, E. O., Shimpo, M., Hurwitz, S., Tominaga, S. ichi, Rouleau, J. L. & 
Lee, R. T. Identification of serum soluble ST2 receptor as a novel heart failure 
biomarker. Circulation 107, 721–726 (2003). 

374. Sánchez-Más, J., Lax, A., Asensio-López, M. del C., Fernandez-Del Palacio, M. J., 
Caballero, L., Santarelli, G., et al. Modulation of IL-33/ST2 system in 
postinfarction heart failure: Correlation with cardiac remodelling markers. 
European Journal of Clinical Investigation 44, 643–651 (2014). 

375. Yao, Y., Chen, R., Ying, C., Zhang, G., Rui, T. & Tao, A. Interleukin-33 
attenuates doxorubicin-induced cardiomyocyte apoptosis through suppression of 
ASK1/JNK signaling pathway. Biochemical and Biophysical Research 
Communications 493, 1288–1295 (2017). 

376. Seki, K., Sanada, S., Kudinova, A. Y., Steinhauser, M. L., Handa, V., Gannon, J., 
et al. Interleukin-33 prevents apoptosis and improves survival after experimental 
myocardial infarction through ST2 signaling. Circulation: Heart Failure 2, 684–
691 (2009). 

377. Rui, T. & Tang, Q. IL-33 Attenuates Anoxia/Reoxygenation-Induced 
Cardiomyocyte Apoptosis by Inhibition of PKCβ/JNK Pathway. PLoS ONE 8, 
e56089 (2013). 

378. Li, J., Shen, D., Tang, J., Wang, Y., Wang, B., Xiao, Y., et al. IL-33 attenuates 
ventricular remodeling after myocardial infarction through inducing alternatively 
activated macrophages ethical standards statement. European Journal of 
Pharmacology 854, 307–319 (2019). 

379. Veeraveedu, P. T., Sanada, S., Okuda, K., Fu, H. Y., Matsuzaki, T., Araki, R., et 
al. Ablation of IL-33 gene exacerbate myocardial remodeling in mice with heart 
failure induced by mechanical stress. Biochemical Pharmacology 138, 73–80 
(2017). 

380. Chen, Y., Zuo, J., Chen, W., Yang, Z., Zhang, Y., Hua, F., et al. The enhanced 
effect and underlying mechanisms of mesenchymal stem cells with IL-33 
overexpression on myocardial infarction. Stem Cell Research and Therapy 10, 
(2019). 

381. Sanada, S., Hakuno, D., Higgins, L. J., Schreiter, E. R., McKenzie, A. N. J. & Lee, 
R. T. IL-33 and ST2 comprise a critical biomechanically induced and 
cardioprotective signaling system. The Journal of clinical investigation 117, 1538–
49 (2007). 

382. Brunner, S. M., Schiechl, G., Falk, W., Schlitt, H. J., Geissler, E. K. & Fichtner-
Feigl, S. Interleukin-33 prolongs allograft survival during chronic cardiac 



 186 

rejection. Transplant International 24, 1027–1039 (2011). 

383. Turnquist, H. R., Zhao, Z., Rosborough, B. R., Liu, Q., Castellaneta, A., Isse, K., 
et al.  IL-33 Expands Suppressive CD11b + Gr-1 int and Regulatory T Cells, 
including ST2L + Foxp3 + Cells, and Mediates Regulatory T Cell-Dependent 
Promotion of Cardiac Allograft Survival . The Journal of Immunology 187, 4598–
4610 (2011). 

384. Li, T., Zhang, Z., Bartolacci, J. G., Dwyer, G. K., Liu, Q., Mathews, L. R., et al. 
Graft IL-33 regulates infiltrating macrophages to protect against chronic rejection. 
Journal of Clinical Investigation 130, (2020). 

385. Miller, A. M., Xu, D., Asquith, D. L., Denby, L., Li, Y., Sattar, N., et al. IL-33 
reduces the development of atherosclerosis. The Journal of Experimental Medicine 
205, 339–346 (2008). 

386. Abston, E. D., Barin, J. G., Cihakova, D., Bucek, A., Coronado, M. J., Brandt, J. 
E., et al. IL-33 independently induces eosinophilic pericarditis and cardiac dilation 
ST2 improves cardiac function. Circulation: Heart Failure 5, 366–375 (2012). 

387. Pentz, R., Kaun, C., Thaler, B., Stojkovic, S., Lenz, M., Krychtiuk, K. A., et al. 
Cardioprotective cytokine interleukin-33 is up-regulated by statins in human 
cardiac tissue. Journal of Cellular and Molecular Medicine 22, 6122–6133 (2018). 

388. Weinberg, E. O., Shimpo, M., De Keulenaer, G. W., MacGillivray, C., Tominaga, 
S. ichi, Solomon, S. D., et al. Expression and regulation of ST2, an interleukin-1 
receptor family member, in cardiomyocytes and myocardial infarction. Circulation 
106, 2961–2966 (2002). 

389. Shimpo, M., Morrow, D. A., Weinberg, E. O., Sabatine, M. S., Murphy, S. A., 
Antman, E. M., et al. Serum Levels of the Interleukin-1 Receptor Family Member 
ST2 Predict Mortality and Clinical Outcome in Acute Myocardial Infarction. 
Circulation 109, 2186–2190 (2004). 

390. Lotierzo, M., Dupuy, A. M., Kalmanovich, E., Roubille, F. & Cristol, J. P. sST2 as 
a value-added biomarker in heart failure. Clinica Chimica Acta 501, 120–130 
(2020). 

391. Miller, A. M., Purves, D., McConnachie, A., Asquith, D. L., Batty, G. D., Burns, 
H., et al. Soluble ST2 Associates with Diabetes but Not Established 
Cardiovascular Risk Factors: A New Inflammatory Pathway of Relevance to 
Diabetes? PLoS ONE 7, e47830 (2012). 

392. Coglianese, E. E., Larson, M. G., Vasan, R. S., Ho, J. E., Ghorbani, A., McCabe, 
E. L., et al. Distribution and clinical correlates of the interleukin receptor family 
member soluble ST2 in the Framingham Heart Study. Clinical Chemistry 58, 
1673–1681 (2012). 

393. Dieplinger, B., Egger, M., Poelz, W., Gabriel, C., Haltmayer, M. & Mueller, T. 



 187 

Soluble ST2 is not independently associated with androgen and estrogen status in 
healthy males and females. Clinical Chemistry and Laboratory Medicine 49, 
1515–1518 (2011). 

394. Aimo, A., Januzzi, J. L., Vergaro, G., Richards, A. M., Lam, C. S. P., Latini, R., et 
al. Circulating levels and prognostic value of soluble ST2 in heart failure are less 
influenced by age than N-terminal pro-B-type natriuretic peptide and high-
sensitivity troponin T. European Journal of Heart Failure (2020). 
doi:10.1002/ejhf.1701 

395. Coronado, M. J., Bruno, K. A., Blauwet, L. A., Tschöpe, C., Cunningham, M. W., 
Pankuweit, S., et al. Elevated sera sST2 is associated with heart failure in men ≤50 
years old with myocarditis. Journal of the American Heart Association 8, (2019). 

396. Demyanets, S., Speidl, W. S., Tentzeris, I., Jarai, R., Katsaros, K. M., Farhan, S., 
et al. Soluble ST2 and Interleukin-33 Levels in Coronary Artery Disease: Relation 
to Disease Activity and Adverse Outcome. PLoS ONE 9, e95055 (2014). 

397. Dhillon, O. S., Narayan, H. K., Khan, S. Q., Kelly, D., Quinn, P. A., Squire, I. B., 
et al. Pre-discharge risk stratification in unselected STEMI: Is there a role for ST2 
or its natural ligand IL-33 when compared with contemporary risk markers? 
International Journal of Cardiology 167, 2182–2188 (2013). 

398. O’Donoghue, M. L., Morrow, D. A., Cannon, C. P., Jarolim, P., Desai, N. R., 
Sherwood, M. W., et al. Multimarker Risk Stratification in Patients With Acute 
Myocardial Infarction. Journal of the American Heart Association 5, (2016). 

399. Mebazaa, A., Di Somma, S., Maisel, A. S. & Bayes-Genis, A. ST2 and 
multimarker testing in acute decompensated heart failure. American Journal of 
Cardiology 115, 38B-43B (2015). 

400. Barutaut, M., Fournier, P., Peacock, W. F., Evaristi, M. F., Dambrin, C., Caubère, 
C., et al. sST2 adds to the prognostic value of Gal-3 and BNP in chronic heart 
failure. Acta Cardiologica (2019). doi:10.1080/00015385.2019.1669847 

401. Parikh, R. H., Seliger, S. L., Christenson, R., Gottdiener, J. S., Psaty, B. M. & 
deFilippi, C. R. Soluble ST2 for Prediction of Heart Failure and Cardiovascular 
Death in an Elderly, Community-Dwelling Population. Journal of the American 
Heart Association 5, (2016). 

402. Zile, M. R., Jhund, P. S., Baicu, C. F., Claggett, B. L., Pieske, B., Voors, A. A., et 
al. Plasma Biomarkers Reflecting Profibrotic Processes in Heart Failure with a 
Preserved Ejection Fraction: Data from the Prospective Comparison of ARNI with 
ARB on Management of Heart Failure with Preserved Ejection Fraction Study. 
Circulation: Heart Failure 9, (2016). 

403. Weir, R. A. P., Miller, A. M., Murphy, G. E. J., Clements, S., Steedman, T., 
Connell, J. M. C., et al. Serum Soluble ST2. A Potential Novel Mediator in Left 
Ventricular and Infarct Remodeling After Acute Myocardial Infarction. Journal of 



 188 

the American College of Cardiology 55, 243–250 (2010). 

404. Zile, M. R., O’Meara, E., Claggett, B., Prescott, M. F., Solomon, S. D., Swedberg, 
K., et al. Effects of Sacubitril/Valsartan on Biomarkers of Extracellular Matrix 
Regulation in Patients With HFrEF. Journal of the American College of 
Cardiology 73, 795–806 (2019). 

405. O’Meara, E., Prescott, M. F., Claggett, B., Rouleau, J. L., Chiang, L. M., Solomon, 
S. D., et al. Independent Prognostic Value of Serum Soluble ST2 Measurements in 
Patients With Heart Failure and a Reduced Ejection Fraction in the PARADIGM-
HF Trial (Prospective Comparison of ARNI With ACEI to Determine Impact on 
Global Mortality and Morbidity in Heart Failure). Circulation. Heart failure 11, 
e004446 (2018). 

406. Adamo, L., Rocha-Resende, C., Prabhu, S. D. & Mann, D. L. Reappraising the 
role of inflammation in heart failure. Nature Reviews Cardiology 1–17 (2020). 
doi:10.1038/s41569-019-0315-x 

407. Serhan, C. N. Treating inflammation and infection in the 21st century: New hints 
from decoding resolution mediators and mechanisms. FASEB Journal 31, 1273–
1288 (2017). 

408. Feehan, K. T. & Gilroy, D. W. Is Resolution the End of Inflammation? Trends in 
Molecular Medicine 25, 198–214 (2019). 

409. Franks, A. L. & Slansky, J. E. Multiple associations between a broad spectrum of 
autoimmune diseases, chronic inflammatory diseases and cancer. Anticancer 
Research 32, 1119–1136 (2012). 

410. Sugimoto, M. A., Sousa, L. P., Pinho, V., Perretti, M. & Teixeira, M. M. 
Resolution of inflammation: What controls its onset? Frontiers in Immunology 7, 
(2016). 

411. Sinagra, E., Perricone, G., Romano, C. & Cottone, M. Heart failure and anti tumor 
necrosis factor-alpha in systemic chronic inflammatory diseases. European 
Journal of Internal Medicine 24, 385–392 (Eur J Intern Med, 2013). 

412. Kotyla, P. J. Bimodal function of anti-TNF treatment: Shall we be concerned about 
anti-TNF treatment in patients with rheumatoid arthritis and heart failure? 
International Journal of Molecular Sciences 19, (2018). 

413. Chung, E. S., Packer, M., Lo, K. H., Fasanmade, A. A. & Willerson, J. T. 
Randomized, double-blind, placebo-controlled, pilot trial of infliximab, a chimeric 
monoclonal antibody to tumor necrosis factor-α, in patients with moderate-to-
severe heart failure: Results of the anti-TNF therapy against congestive heart 
failure (ATTACH) trial. Circulation 107, 3133–3140 (2003). 

414. Lauw, F. N., Pajkrt, D., Hack, C. E., Kurimoto, M., van Deventer, S. J. H. & van 
der Poll, T. Proinflammatory Effects of IL-10 During Human Endotoxemia. The 



 189 

Journal of Immunology 165, 2783–2789 (2000). 

415. Cooper, P. J., Fekade, D., Remick, D. G., Grint, P., Wherry, J. & Griffin, G. E. 
Recombinant Human Interleukin‐10 Fails to Alter Proinflammatory Cytokine 
Production or Physiologic Changes Associated with the Jarisch‐Herxheimer 
Reaction. The Journal of Infectious Diseases 181, 203–209 (2000). 

416. Döcke, W.-D., Asadullah, K., Belbe, G., Ebeling, M., Höflich, C., Friedrich, M., et 
al. Comprehensive biomarker monitoring in cytokine therapy: heterogeneous, 
time-dependent, and persisting immune effects of interleukin-10 application in 
psoriasis. Journal of Leukocyte Biology 85, 582–593 (2009). 

417. Tilg, H., van Montfrans, C., van den Ende, A., Kaser, A., van Deventer, S. J. H., 
Schreiber, S., et al. Treatment of Crohn’s disease with recombinant human 
interleukin 10 induces the proinflammatory cytokine interferon gamma. Gut 50, 
191–5 (2002). 

418. Sharif, M. N., Tassiulas, I., Hu, Y., Mecklenbräuker, I., Tarakhovsky, A. & 
Ivashkiv, L. B. IFN-alpha priming results in a gain of proinflammatory function by 
IL-10: implications for systemic lupus erythematosus pathogenesis. Journal of 
immunology (Baltimore, Md. : 1950) 172, 6476–81 (2004). 

419. Sugimoto, M. A., Vago, J. P., Perretti, M. & Teixeira, M. M. Mediators of the 
Resolution of the Inflammatory Response. Trends in Immunology 40, 212–227 
(2019). 

420. Freire, M. O. & Van Dyke, T. E. Natural resolution of inflammation. 
Periodontology 2000 63, 149–164 (2013). 

421. Zindel, J. & Kubes, P. DAMPs, PAMPs, and LAMPs in Immunity and Sterile 
Inflammation. Annual Review of Pathology: Mechanisms of Disease 15, 493–518 
(2020). 

422. Huber-Lang, M., Lambris, J. D. & Ward, P. A. Innate immune responses to 
trauma. Nature Immunology 19, 327–341 (2018). 

423. Markiewski, M. M., Nilsson, B., Nilsson Ekdahl, K., Mollnes, T. E. & Lambris, J. 
D. Complement and coagulation: strangers or partners in crime? Trends in 
Immunology 28, 184–192 (2007). 

424. Ricklin, D., Hajishengallis, G., Yang, K. & Lambris, J. D. Complement: A key 
system for immune surveillance and homeostasis. Nature Immunology 11, 785–
797 (2010). 

425. Peiseler, M. & Kubes, P. Macrophages play an essential role in trauma-induced 
sterile inflammation and tissue repair. European Journal of Trauma and 
Emergency Surgery 44, 335–349 (Springer Berlin Heidelberg, 2018). 

426. Liu, J., Zhang, Z., Chai, L., Che, Y., Min, S. & Yang, R. Identification and 
characterization of a unique leucine-rich repeat protein (LRRC33) that inhibits 



 190 

Toll-like receptor-mediated NF-κB activation. Biochemical and Biophysical 
Research Communications 434, 28–34 (2013). 

427. Divanovic, S., Trompette, A., Atabani, S. F., Madan, R., Golenbock, D. T., 
Visintin, A., et al. Negative regulation of Toll-like receptor 4 signaling by the 
Toll-like receptor homolog RP105. Nature Immunology 6, 571–578 (2005). 

428. Taganov, K. D., Boldin, M. P., Chang, K. J. & Baltimore, D. NF-κB-dependent 
induction of microRNA miR-146, an inhibitor targeted to signaling proteins of 
innate immune responses. Proceedings of the National Academy of Sciences of the 
United States of America 103, 12481–12486 (2006). 

429. Sheedy, F. J., Palsson-Mcdermott, E., Hennessy, E. J., Martin, C., O’Leary, J. J., 
Ruan, Q., et al. Negative regulation of TLR4 via targeting of the proinflammatory 
tumor suppressor PDCD4 by the microRNA miR-21. Nature Immunology 11, 141–
147 (2010). 

430. Muxel, S. M., Laranjeira-Silva, M. F., Carvalho-Sousa, C. E., Floeter-Winter, L. 
M. & Markus, R. P. The RelA/cRel nuclear factor- κ B (NF- κ B) dimer, crucial 
for inflammation resolution, mediates the transcription of the key enzyme in 
melatonin synthesis in RAW 264.7 macrophages. Journal of Pineal Research 60, 
394–404 (2016). 

431. Ishikawa, H., Claudio, E., Dambach, D., Raventós-Suárez, C., Ryan, C. & Bravo, 
R. Chronic inflammation and susceptibility to bacterial infections in mice lacking 
the polypeptide (p)105 precursor (NF-κB1) but expressing p50. Journal of 
Experimental Medicine 187, 985–996 (1998). 

432. Trahtemberg, U. & Mevorach, D. Apoptotic cells induced signaling for immune 
homeostasis in macrophages and dendritic cells. Frontiers in Immunology 8, 1356 
(2017). 

433. Ziegler-Heitbrock, L. The p50-homodimer mechanism in tolerance to LPS. 
Journal of Endotoxin Research 7, 219–222 (2001). 

434. Chen, Y. L., Huang, Y. L., Lin, N. Y., Chen, H. C., Chiu, W. C. & Chang, C. J. 
Differential regulation of ARE-mediated TNFα and IL-1β mRNA stability by 
lipopolysaccharide in RAW264.7 cells. Biochemical and Biophysical Research 
Communications 346, 160–168 (2006). 

435. Sauer, I., Schaljo, B., Vogl, C., Gattermeier, I., Kolbe, T., Müller, M., et al. 
Interferons limit inflammatory responses by induction of tristetraprolin. Blood 107, 
4790–4797 (2006). 

436. Ogilvie, R. L., John, J. R. S., Rattenbacher, B., Vlasova, I. A., Williams, D. A., 
Hau, H. H., et al. Tristetraprolin mediates interferon-γ mRNA decay. Journal of 
Biological Chemistry 284, 11216–11223 (2009). 

437. Carballo, E. Feedback Inhibition of Macrophage Tumor Necrosis Factor- 



 191 

Production by Tristetraprolin. Science 281, 1001–1005 (1998). 

438. Ma, X. Y., Wang, H., Ding, B., Zhong, H., Ghosh, S. & Lengyel, P. The 
interferon-inducible p202a protein modulates NF-κB activity by inhibiting the 
binding to DNA of p50/p65 heterodimers and p65 homodimers while enhancing 
the binding of p50 homodimers. Journal of Biological Chemistry 278, 23008–
23019 (2003). 

439. Hansen, W. R., Keelan, J. A., Skinner, S. J. M. & Mitchell, M. D. Key enzymes of 
prostaglandin biosynthesis and metabolism. Coordinate regulation of expression 
by cytokines in gestational tissues: A review. Prostaglandins and Other Lipid 
Mediators 57, 243–257 (1999). 

440. Gresnigt, M. S., Joosten, L. A. B., Verschueren, I., van der Meer, J. W. M., Netea, 
M. G., Dinarello, C. A., et al. Neutrophil-Mediated Inhibition of Proinflammatory 
Cytokine Responses. The Journal of Immunology 189, 4806–4815 (2012). 

441. Chakrabarti, S. Regulation of matrix metalloproteinase-9 release from IL-8-
stimulated human neutrophils. Journal of Leukocyte Biology 78, 279–288 (2005). 

442. Chakrabarti, S., Zee, J. M. & Patel, K. D. Regulation of matrix metalloproteinase-9 
(MMP-9) in TNF-stimulated neutrophils: novel pathways for tertiary granule 
release. Journal of Leukocyte Biology 79, 214–222 (2006). 

443. Wiehler, S., Cuvelier, S. L., Chakrabarti, S. & Patel, K. D. p38 MAP kinase 
regulates rapid matrix metalloproteinase-9 release from eosinophils. Biochemical 
and Biophysical Research Communications 315, 463–470 (2004). 

444. Tanaka, A., Arai, K., Kitamura, Y. & Matsuda, H. Matrix metalloproteinase-9 
production, a newly identified function of mast cell progenitors, is downregulated 
by c-kit receptor activation. Blood 94, 2390–5 (1999). 

445. Newby, A. C. Metalloproteinase production from macrophages – a perfect storm 
leading to atherosclerotic plaque rupture and myocardial infarction. Experimental 
Physiology 101, 1327–1337 (2016). 

446. Parks, W. C., Wilson, C. L. & López-Boado, Y. S. Matrix metalloproteinases as 
modulators of inflammation and innate immunity. Nature Reviews Immunology 4, 
617–629 (2004). 

447. Lee, K. M., McKimmie, C. S., Gilchrist, D. S., Pallas, K. J., Nibbs, R. J., Garside, 
P., et al. D6 facilitates cellular migration and fluid flow to lymph nodes by 
suppressing lymphatic congestion. Blood 118, 6220–6229 (2011). 

448. Gearing, A. J. H., Beckett, P., Christodoulou, M., Churchill, M., Clements, J., 
Davidson, A. H., et al. Processing of tumour necrosis factor-α precursor by 
metalloproteinases. Nature 370, 555–557 (1994). 

449. Nibbs, R. J. B. & Graham, G. J. Immune regulation by atypical chemokine 
receptors. Nature Reviews Immunology 13, 815–829 (2013). 



 192 

450. Lee, K. M., Nibbs, R. J. B. & Graham, G. J. D6: The ‘crowd controller’ at the 
immune gateway. Trends in Immunology 34, 7–12 (2013). 

451. Ariel, A., Fredman, G., Sun, Y. P., Kantarci, A., Van Dyke, T. E., Luster, A. D., et 
al. Apoptotic neutrophils and T cells sequester chemokines during immune 
response resolution through modulation of CCR5 expression. Nature Immunology 
7, 1209–1216 (2006). 

452. Wang, J., Hossain, M., Thanabalasuriar, A., Gunzer, M., Meininger, C. & Kubes, 
P. Visualizing the function and fate of neutrophils in sterile injury and repair. 
Science 358, 111–116 (2017). 

453. Gong, J., Liu, H., Wu, J., Qi, H., Wu, Z., Shu, H., et al. Maresin 1 prevents 
lipopolysaccharide-induced neutrophil survival and accelerates resolution of acute 
lung injury. Shock 44, 371–380 (2015). 

454. Scannell, M., Flanagan, M. B., deStefani, A., Wynne, K. J., Cagney, G., Godson, 
C., et al. Annexin-1 and Peptide Derivatives Are Released by Apoptotic Cells and 
Stimulate Phagocytosis of Apoptotic Neutrophils by Macrophages. The Journal of 
Immunology 178, 4595–4605 (2007). 

455. Maderna, P., Yona, S., Perretti, M. & Godson, C.  Modulation of Phagocytosis of 
Apoptotic Neutrophils by Supernatant from Dexamethasone-Treated Macrophages 
and Annexin-Derived Peptide Ac 2–26 . The Journal of Immunology 174, 3727–
3733 (2005). 

456. Dalli, J., Norling, L. V., Renshaw, D., Cooper, D., Leung, K. Y. & Perretti, M. 
Annexin 1 mediates the rapid anti-inflammatory effects of neutrophil-derived 
microparticles. Blood 112, 2512–2519 (2008). 

457. Dalli, J., Montero-Melendez, T., Norling, L. V., Yin, X., Hinds, C., Haskard, D., et 
al. Heterogeneity in neutrophil microparticles reveals distinct proteome and 
functional properties. Molecular and Cellular Proteomics 12, 2205–2219 (2013). 

458. Dalli, J. & Serhan, C. N. Specific lipid mediator signatures of human phagocytes: 
Microparticles stimulate macrophage efferocytosis and pro-resolving mediators. 
Blood 120, (2012). 

459. Gordon, S. & Plüddemann, A. Macrophage clearance of apoptotic cells: A critical 
assessment. Frontiers in Immunology 9, 1–9 (2018). 

460. McShane, L., Tabas, I., Lemke, G., Kurowska-Stolarska, M. & Maffia, P. TAM 
receptors in cardiovascular disease. Cardiovascular Research 115, 1286–1295 
(2019). 

461. Lemke, G. How macrophages deal with death. Nature Reviews Immunology 19, 
539–549 (2019). 

462. Uderhardt, S., Herrmann, M., Oskolkova, O. V., Aschermann, S., Bicker, W., 
Ipseiz, N., et al. 12/15-Lipoxygenase Orchestrates the Clearance of Apoptotic 



 193 

Cells and Maintains Immunologic Tolerance. Immunity 36, 834–846 (2012). 

463. Fadok, V. A., Bratton, D. L., Konowal, A., Freed, P. W., Westcott, J. Y. & 
Henson, P. M. Macrophages that have ingested apoptotic cells in vitro inhibit 
proinflammatory cytokine production through autocrine/paracrine mechanisms 
involving TGF-β, PGE2, and PAF. Journal of Clinical Investigation 101, 890–898 
(1998). 

464. Lee, H. N., Kumar Kundu, J., Cha, Y. N. & Surh, Y. J. Resolvin D1 stimulates 
efferocytosis through p50/p50-mediated suppression of tumor necrosis factor-α 
expression. Journal of Cell Science 126, 4037–4047 (2013). 

465. Serhan, C. N., Dalli, J., Karamnov, S., Choi, A., Park, C., Xu, Z., et al. 
Macrophage proresolving mediator maresin 1 stimulates tissue regeneration and 
controls pain. The FASEB Journal 26, 1755–1765 (2012). 

466. Schwab, J. M., Chiang, N., Arita, M. & Serhan, C. N. Resolvin E1 and protectin 
D1 activate inflammation-resolution programmes. Nature 447, 869–874 (2007). 

467. Bystrom, J., Evans, I., Newson, J., Stables, M., Toor, I., Van Rooijen, N., et al. 
Resolution-phase macrophages possess a unique inflammatory phenotype that is 
controlled by cAMP. Blood 112, 4117–4127 (2008). 

468. Serhan, C. N. Pro-resolving lipid mediators are leads for resolution physiology. 
Nature 510, 92–101 (2014). 

469. Newson, J., Stables, M., Karra, E., Arce-Vargas, F., Quezada, S., Motwani, M., et 
al. Resolution of acute inflammation bridges the gap between innate and adaptive 
immunity. Blood 124, 1748–1764 (2014). 

470. Newson, J., Motwani, M. P., Kendall, A. C., Nicolaou, A., Muccioli, G. G., 
Alhouayek, M., et al. Inflammatory Resolution Triggers a Prolonged Phase of 
Immune Suppression through COX-1/mPGES-1-Derived Prostaglandin E2. Cell 
Reports 20, 3162–3175 (2017). 

471. Zhang, D., Spielmann, A., Wang, L., Ding, G., Huang, F., Gu, Q., et al. Mast-cell 
degranulation induced by physical stimuli involves the activation of transient-
receptor-potential channel TRPV2. Physiological Research 61, 113–124 (2012). 

472. Murphy, G. F., Austen, K. F., Fonferko, E. & Sheffer, A. L. Morphologically 
distinctive forms of cutaneous mast cell degranulation induced by cold and 
mechanical stimuli: An ultrastructural study. The Journal of Allergy and Clinical 
Immunology 80, 603–611 (1987). 

473. Fernandez, J. U., Millrine, D. & Jones, S. A. Tracking competent host defence to 
chronic inflammation: An in vivo model of peritonitis. in Methods in Molecular 
Biology 1725, 65–75 (Humana Press Inc., 2018). 

474. Tomasdottir, V., Vikingsson, A., Hardardottir, I. & Freysdottir, J. Murine antigen-
induced inflammation-A model for studying induction, resolution and the adaptive 



 194 

phase of inflammation. Journal of Immunological Methods 415, 36–45 (2014). 

475. Laurin, L.-P. P., Brissette, M.-J. J., Lepage, S. & Cailhier, J. F. F. Regulation of 
Experimental Peritonitis: A Complex Orchestration. 120, e41–e46 (2012). 

476. Serhan, C. N. Resolution Phase of Inflammation: Novel Endogenous Anti-
Inflammatory and Proresolving Lipid Mediators and Pathways. Annual Review of 
Immunology 25, 101–137 (2007). 

477. Lastrucci, C., Baillif, V., Behar, A., Saati, T. Al, Dubourdeau, M., Maridonneau‐
Parini, I., et al. Molecular and cellular profiles of the resolution phase in a damage‐
associated molecular pattern (DAMP)‐mediated peritonitis model and revelation of 
leukocyte persistence in peritoneal tissues. The FASEB Journal 29, 1914–1929 
(2015). 

478. Driscoll, W. S., Vaisar, T., Tang, J., Wilson, C. L. & Raines, E. W. Macrophage 
ADAM17 deficiency augments CD36-dependent apoptotic cell uptake and the 
linked anti-inflammatory phenotype. Circulation Research 113, 52–61 (2013). 

479. Lumbroso, D., Soboh, S., Maimon, A., Schif-Zuck, S., Ariel, A. & Burstyn-Cohen, 
T. Macrophage-derived protein S facilitates apoptotic polymorphonuclear cell 
clearance by resolution phase macrophages and supports their reprogramming. 
Frontiers in Immunology 9, 10–13 (2018). 

480. Bianconi, E., Piovesan, A., Facchin, F., Beraudi, A., Casadei, R., Frabetti, F., et al. 
An estimation of the number of cells in the human body. Annals of Human Biology 
40, 463–471 (2013). 

481. Doran, A. C., Yurdagul, A. & Tabas, I. Efferocytosis in health and disease. Nature 
Reviews Immunology 20, 254–267 (2020). 

482. Morioka, S., Maueröder, C. & Ravichandran, K. S. Living on the Edge: 
Efferocytosis at the Interface of Homeostasis and Pathology. Immunity 50, 1149–
1162 (2019). 

483. Sen, P., Wallet, M. A., Yi, Z., Huang, Y., Henderson, M., Mathews, C. E., et al. 
Apoptotic cells induce Mer tyrosine kinase-dependent blockade of NF-κB 
activation in dendritic cells. Blood 109, 653–660 (2007). 

484. Rothlin, C. V., Ghosh, S., Zuniga, E. I., Oldstone, M. B. A. & Lemke, G. TAM 
Receptors Are Pleiotropic Inhibitors of the Innate Immune Response. Cell 131, 
1124–1136 (2007). 

485. Chiang, N., Fredman, G., Bäckhed, F., Oh, S. F., Vickery, T., Schmidt, B. A., et al. 
Infection regulates pro-resolving mediators that lower antibiotic requirements. 
Nature 484, 524–528 (2012). 

486. Cai, B., Kasikara, C., Doran, A. C., Ramakrishnan, R., Birge, R. B. & Tabas, I. 
MerTK signaling in macrophages promotes the synthesis of inflammation 
resolution mediators by suppressing CaMKII activity. Science Signaling 11, 



 195 

(2018). 

487. Cai, B., Thorp, E. B., Doran, A. C., Subramanian, M., Sansbury, B. E., Lin, C.-S. 
S., et al. MerTK cleavage limits proresolving mediator biosynthesis and 
exacerbates tissue inflammation. Proceedings of the National Academy of Sciences 
113, 6526–6531 (2016). 

488. Choi, J. Y., Seo, J. Y., Yoon, Y. S., Lee, Y. J., Kim, H. S. & Kang, J. L. Mer 
signaling increases the abundance of the transcription factor LXR to promote the 
resolution of acute sterile inflammation. Science Signaling 8, ra21–ra21 (2015). 

489. Martinez, J., Almendinger, J., Oberst, A., Ness, R., Dillon, C. P., Fitzgerald, P., et 
al. Microtubule-associated protein 1 light chain 3 alpha (LC3)-associated 
phagocytosis is required for the efficient clearance of dead cells. Proceedings of 
the National Academy of Sciences of the United States of America 108, 17396–
17401 (2011). 

490. Mukundan, L., Odegaard, J. I., Morel, C. R., Heredia, J. E., Mwangi, J. W., 
Ricardo-Gonzalez, R. R., et al. PPAR-Δ senses and orchestrates clearance of 
apoptotic cells to promote tolerance. Nature Medicine 15, 1266–1272 (2009). 

491. Fond, A. M., Lee, C. S., Schulman, I. G., Kiss, R. S. & Ravichandran, K. S. 
Apoptotic cells trigger a membrane-initiated pathway to increase ABCA1. Journal 
of Clinical Investigation 125, 2748–2758 (2015). 

492. Xu, L., Zhao, P., Xu, Y., Gao, L., Wang, H., Jia, X., et al. Tim-4 protects mice 
against lipopolysaccharide-induced endotoxic shock by suppressing the NF-κB 
signaling pathway. Laboratory Investigation 96, 1189–1197 (2016). 

493. Liu, W., Bai, F., Wang, H., Liang, Y., Du, X., Liu, C., et al. Tim-4 Inhibits NLRP3 
Inflammasome via the LKB1/AMPKα Pathway in Macrophages. The Journal of 
Immunology 203, 990–1000 (2019). 

494. Ariel, A. & Serhan, C. N. New lives given by cell death: Macrophage 
differentiation following their encounter with apoptotic leukocytes during the 
resolution of inflammation. Frontiers in Immunology 3, 1–6 (2012). 

495. Peter, C., Waibel, M., Radu, C. G., Yang, L. V., Witte, O. N., Schulze-Osthoff, K., 
et al. Migration to apoptotic ‘find-me’ signals is mediated via the phagocyte 
receptor G2A. Journal of Biological Chemistry 283, 5296–5305 (2008). 

496. Lauber, K., Bohn, E., Kröber, S. M., Xiao, Y. J., Blumenthal, S. G., Lindemann, R. 
K., et al. Apoptotic cells induce migration of phagocytes via caspase-3-mediated 
release of a lipid attraction signal. Cell 113, 717–730 (2003). 

497. Gude, D. R., Alvarez, S. E., Paugh, S. W., Mitra, P., Yu, J., Griffiths, R., et al. 
Apoptosis induces expression of sphingosine kinase 1 to release sphingosine‐1‐
phosphate as a “come‐and‐get‐me” signal. The FASEB Journal 22, 2629–2638 
(2008). 



 196 

498. Luo, B., Gan, W., Liu, Z., Shen, Z., Wang, J., Shi, R., et al. Erythropoeitin 
Signaling in Macrophages Promotes Dying Cell Clearance and Immune Tolerance. 
Immunity 44, 287–302 (2016). 

499. Kronlage, M., Song, J., Sorokin, L., Isfort, K., Schwerdtle, T., Leipziger, J., et al. 
Autocrine purinergic receptor signaling is essential for macrophage chemotaxis. 
Science Signaling 3, (2010). 

500. Elliott, M. R., Chekeni, F. B., Trampont, P. C., Lazarowski, E. R., Kadl, A., Walk, 
S. F., et al. Nucleotides released by apoptotic cells act as a find-me signal to 
promote phagocytic clearance. Nature 461, 282–286 (2009). 

501. Haynes, S. E., Hollopeter, G., Yang, G., Kurpius, D., Dailey, M. E., Gan, W. B., et 
al. The P2Y12 receptor regulates microglial activation by extracellular 
nucleotides. Nature Neuroscience 9, 1512–1519 (2006). 

502. Truman, L. A., Ford, C. A., Pasikowska, M., Pound, J. D., Wilkinson, S. J., 
Dumitriu, I. E., et al. CX3CL 1/fractalkine is released from apoptotic lymphocytes 
to stimulate macrophage chemotaxis. Blood 112, 5026–5036 (2008). 

503. Savill, J. & Fadok, V. Corpse clearance defines the meaning of cell death. Nature 
407, 784–788 (2000). 

504. Fadok, V. A., Voelker, D. R., Campbell, P. A., Cohen, J. J., Bratton, D. L. & 
Henson, P. M. Exposure of phosphatidylserine on the surface of apoptotic 
lymphocytes triggers specific recognition and removal by macrophages - PubMed. 
148, (1992). 

505. Gheibi Hayat, S. M., Bianconi, V., Pirro, M. & Sahebkar, A. Efferocytosis: 
molecular mechanisms and pathophysiological perspectives. Immunology and Cell 
Biology 97, 124–133 (2019). 

506. Moffatt, O. D., Devitt, A., Bell, E. D., Simmons, D. L. & Gregory, C. D. 
Macrophage Recognition of ICAM-3 on Apoptotic Leukocytes | The Journal of 
Immunology. J Immunol 162, 6800–10 (1999). 

507. Segawa, K., Kurata, S., Yanagihashi, Y., Brummelkamp, T. R., Matsuda, F. & 
Nagata, S. Caspase-mediated cleavage of phospholipid flippase for apoptotic 
phosphatidylserine exposure. Science 344, 1164–1168 (2014). 

508. Suzuki, J., Imanishi, E. & Nagata, S. Xkr8 phospholipid scrambling complex in 
apoptotic phosphatidylserine exposure. Proceedings of the National Academy of 
Sciences of the United States of America 113, 9509–9514 (2016). 

509. Suzuki, J., Umeda, M., Sims, P. J. & Nagata, S. Calcium-dependent phospholipid 
scrambling by TMEM16F. Nature 468, 834–840 (2010). 

510. Suzuki, J., Denning, D. P., Imanishi, E., Horvitz, H. R. & Nagata, S. Xk-related 
protein 8 and CED-8 promote phosphatidylserine exposure in apoptotic cells. 
Science 341, 403–406 (2013). 



 197 

511. Miyanishi, M., Tada, K., Koike, M., Uchiyama, Y., Kitamura, T. & Nagata, S. 
Identification of Tim4 as a phosphatidylserine receptor. Nature 450, 435–439 
(2007). 

512. Park, D., Tosello-Trampont, A. C., Elliott, M. R., Lu, M., Haney, L. B., Ma, Z., et 
al. BAI1 is an engulfment receptor for apoptotic cells upstream of the 
ELMO/Dock180/Rac module. Nature 450, 430–434 (2007). 

513. Lemke, G. Biology of the TAM receptors. Cold Spring Harbor Perspectives in 
Biology 5, 1–17 (2013). 

514. Albert, M. L., Kim, J. I. & Birge, R. B. α(v)β5 Integrin recruits the CrkII-
Dock180-Rac1 complex for phagocytosis of apoptotic cells. Nature Cell Biology 2, 
899–905 (2000). 

515. Akakura, S., Singh, S., Spataro, M., Akakura, R., Kim, J. Il, Albert, M. L., et al. 
The opsonin MFG-E8 is a ligand for the αvβ5 integrin and triggers DOCK180-
dependent Rac1 activation for the phagocytosis of apoptotic cells. Experimental 
Cell Research 292, 403–416 (2004). 

516. Dransfield, I., Zagórska, A., Lew, E. D., Michail, K. & Lemke, G. Mer receptor 
tyrosine kinase mediates both tethering and phagocytosis of apoptotic cells. Cell 
Death and Disease 6, (2015). 

517. Zagórska, A., Través, P. G., Lew, E. D., Dransfield, I. & Lemke, G. 
Diversification of TAM receptor tyrosine kinase function. Nature Immunology 15, 
920–928 (2014). 

518. Nishi, C., Toda, S., Segawa, K. & Nagata, S. Tim4- and MerTK-Mediated 
Engulfment of Apoptotic Cells by Mouse Resident Peritoneal Macrophages. 
Molecular and Cellular Biology 34, 1512–1520 (2014). 

519. Moon, B., Lee, J., Lee, S. A., Min, C., Moon, H., Kim, D., et al. Mertk Interacts 
with Tim-4 to Enhance Tim-4-Mediated Efferocytosis. Cells 9, (2020). 

520. Flannagan, R. S., Canton, J., Furuya, W., Glogauer, M. & Grinstein, S. The 
phosphatidylserine receptor TIM4 utilizes integrins as coreceptors to effect 
phagocytosis. Molecular Biology of the Cell 25, 1511–1522 (2014). 

521. Proto, J. D., Doran, A. C., Gusarova, G., Yurdagul, A., Sozen, E., Subramanian, 
M., et al. Regulatory T Cells Promote Macrophage Efferocytosis during 
Inflammation Resolution. Immunity 49, 666-677.e6 (2018). 

522. Park, S. Y., Jung, M. Y., Kim, H. J., Lee, S. J., Kim, S. Y., Lee, B. H., et al. Rapid 
cell corpse clearance by stabilin-2, a membrane phosphatidylserine receptor. Cell 
Death and Differentiation 15, 192–201 (2008). 

523. Nishi, C., Yanagihashi, Y., Segawa, K. & Nagata, S. MERTK tyrosine kinase 
receptor together with TIM4 phosphatidylserine receptor mediates distinct signal 
transduction pathways for efferocytosis and cell proliferation. Journal of 



 198 

Biological Chemistry 294, 7221–7230 (2019). 

524. Miki, H., Suetsugu, S. & Takenawa, T. WAVE, a novel WASP-family protein 
involved in actin reorganization induced by Rac. EMBO Journal 17, 6932–6941 
(1998). 

525. Evans, I. R., Ghai, P. A., Urbančič, V., Tan, K. L. & Wood, W. SCAR/WAVE-
mediated processing of engulfed apoptotic corpses is essential for effective 
macrophage migration in Drosophila. Cell Death and Differentiation 20, 709–720 
(2013). 

526. Martinez, J., Malireddi, R. K. S., Lu, Q., Cunha, L. D., Pelletier, S., Gingras, S., et 
al. Molecular characterization of LC3-associated phagocytosis reveals distinct 
roles for Rubicon, NOX2 and autophagy proteins. Nature Cell Biology 17, 893–
906 (2015). 

527. Wang, Y., Subramanian, M., Yurdagul, A., Barbosa-Lorenzi, V. C., Cai, B., de 
Juan-Sanz, J., et al. Mitochondrial Fission Promotes the Continued Clearance of 
Apoptotic Cells by Macrophages. Cell 171, 331-345.e22 (2017). 

528. Camenisch, T. D., Koller, B. H., Earp, H. S. & Matsushima, G. K. A Novel 
Receptor Tyrosine Kinase, Mer, Inhibits TNF-α Production and 
Lipopolysaccharide-Induced Endotoxic Shock | The Journal of Immunology. J 
Immunol 162, 3498–3503 (1999). 

529. Abdolmaleki, F., Farahani, N., Hayat, S. M. G., Pirro, M., Bianconi, V., Barreto, 
G. E., et al. The role of efferocytosis in autoimmune diseases. Frontiers in 
Immunology 9, 1645 (2018). 

530. Gullstrand, B., Mårtensson, U., Sturfelt, G., Bengtsson, A. A. & Truedsson, L. 
Complement classical pathway components are all important in clearance of 
apoptotic and secondary necrotic cells. Clinical and Experimental Immunology 
156, 303–311 (2009). 

531. Trouw, L. A., Blom, A. M. & Gasque, P. Role of complement and complement 
regulators in the removal of apoptotic cells. Molecular Immunology 45, 1199–1207 
(2008). 

532. Nagata, S. & Tanaka, M. Programmed cell death and the immune system. Nature 
Reviews Immunology 17, 333–340 (2017). 

533. Cohen, P. L., Caricchio, R., Abraham, V., Camenisch, T. D., Charles Jennette, J., 
Roubey, R. A. S., et al. Delayed apoptotic cell clearance and lupus-like 
autoimmunity in mice lacking the c-mer membrane tyrosine kinase. Journal of 
Experimental Medicine 196, 135–140 (2002). 

534. A-Gonzalez, N., Bensinger, S. J., Hong, C., Beceiro, S., Bradley, M. N., Zelcer, 
N., et al. Apoptotic Cells Promote Their Own Clearance and Immune Tolerance 
through Activation of the Nuclear Receptor LXR. Immunity 31, 245–258 (2009). 



 199 

535. Shao, W. H. & Cohen, P. L. Disturbances of apoptotic cell clearance in systemic 
lupus erythematosus. Arthritis Research and Therapy 13, 202 (2011). 

536. Herrmann, M., Voll, R. E., Zoller, O. M., Hagenhofer, M., Ponner, B. B. & 
Kalden, J. R. Impaired phagocytosis of apoptotic cell material by monocyte-
derived macrophages from patients with systemic lupus erythematosus. Arthritis 
and Rheumatism 41, 1241–1250 (1998). 

537. Schrijvers, D. M., De Meyer, G. R. Y., Kockx, M. M., Herman, A. G. & Martinet, 
W. Phagocytosis of apoptotic cells by macrophages is impaired in atherosclerosis. 
Arteriosclerosis, Thrombosis, and Vascular Biology 25, 1256–1261 (2005). 

538. Thorp, E., Cui, D., Schrijvers, D. M., Kuriakose, G. & Tabas, I. Mertk receptor 
mutation reduces efferocytosis efficiency and promotes apoptotic cell 
accumulation and plaque necrosis in atherosclerotic lesions of Apoe-/- mice. 
Arteriosclerosis, Thrombosis, and Vascular Biology 28, 1421–1428 (2008). 

539. Eltboli, O., Bafadhel, M., Hollins, F., Wright, A., Hargadon, B., Kulkarni, N., et 
al. COPD exacerbation severity and frequency is associated with impaired 
macrophage efferocytosis of eosinophils. BMC Pulmonary Medicine 14, (2014). 

540. Grabiec, A. M. & Hussell, T. The role of airway macrophages in apoptotic cell 
clearance following acute and chronic lung inflammation. Seminars in 
Immunopathology 38, 409–423 (2016). 

541. Anderton, H., Wicks, I. P. & Silke, J. Cell death in chronic inflammation: breaking 
the cycle to treat rheumatic disease. Nature Reviews Rheumatology 16, 496–513 
(2020). 

542. Rider, P., Voronov, E., Dinarello, C. A., Apte, R. N. & Cohen, I. Alarmins: Feel 
the Stress. The Journal of Immunology 198, 1395–1402 (2017). 

543. Land, W. G. & Land, W. G. DAMPs and SAMPs as Molecular Biomarkers, 
Therapeutic Targets, and Therapeutics. in Damage-Associated Molecular Patterns 
in Human Diseases 261–278 (Springer International Publishing, 2020). 
doi:10.1007/978-3-030-53868-2_7 

544. Gong, T., Liu, L., Jiang, W. & Zhou, R. DAMP-sensing receptors in sterile 
inflammation and inflammatory diseases. Nature Reviews Immunology 20, 95–112 
(2020). 

545. Vénéreau, E., Ceriotti, C. & Bianchi, M. E. DAMPs from cell death to new life. 
Frontiers in Immunology 6, 1 (2015). 

546. Amarante-Mendes, G. P., Adjemian, S., Branco, L. M., Zanetti, L. C., Weinlich, R. 
& Bortoluci, K. R. Pattern recognition receptors and the host cell death molecular 
machinery. Frontiers in Immunology 9, (2018). 

547. Zhang, X., Jiang, H., Gong, Q., Fan, C., Huang, Y. & Ling, J. Expression of high 
mobility group box 1 in inflamed dental pulp and its chemotactic effect on dental 



 200 

pulp cells. Biochemical and Biophysical Research Communications 450, 1547–
1552 (2014). 

548. Meng, E., Guo, Z., Wang, H., Jin, J., Wang, J., Wang, H., et al. High Mobility 
Group Box 1 Protein Inhibits the Proliferation of Human Mesenchymal Stem Cells 
and Promotes Their Migration and Differentiation along Osteoblastic Pathway. 
Stem Cells and Development 17, 805–814 (2008). 

549. Lotfi, R., Eisenbacher, J., Solgi, G., Fuchs, K., Yildiz, T., Nienhaus, C., et al. 
Human mesenchymal stem cells respond to native but not oxidized damage 
associated molecular pattern molecules from necrotic (tumor) material. European 
Journal of Immunology 41, 2021–2028 (2011). 

550. Chavakis, E., Hain, A., Vinci, M., Carmona, G., Bianchi, M. E., Vajkoczy, P., et 
al. High-mobility group box 1 activates integrin-dependent homing of endothelial 
progenitor cells. Circulation Research 100, 204–212 (2007). 

551. Campana, L., Santarella, F., Esposito, A., Maugeri, N., Rigamonti, E., Monno, A., 
et al. Leukocyte HMGB1 Is Required for Vessel Remodeling in Regenerating 
Muscles. The Journal of Immunology 192, 5257–5264 (2014). 

552. Mitola, S., Belleri, M., Urbinati, C., Coltrini, D., Sparatore, B., Pedrazzi, M., et al. 
Cutting Edge: Extracellular High Mobility Group Box-1 Protein Is a 
Proangiogenic Cytokine. The Journal of Immunology 176, 12–15 (2006). 

553. De Mori, R., Straino, S., Di Carlo, A., Mangoni, A., Pompilio, G., Palumbo, R., et 
al. Multiple effects of high mobility group box protein 1 in skeletal muscle 
regeneration. Arteriosclerosis, Thrombosis, and Vascular Biology 27, 2377–2383 
(2007). 

554. Albert, J. L., Boyle, J. P., Roberts, J. A., John Challiss, R. A., Gubby, S. E. & 
Boarder, M. R. Regulation of brain capillary endothelial cells by P2Y receptors 
coupled to Ca 2+ , phospholipase C and mitogen-activated protein kinase. British 
Journal of Pharmacology 122, 935–941 (1997). 

555. Erlinge, D. Extracellular ATP: A growth factor for vascular smooth muscle cells. 
General Pharmacology 31, 1–8 (1998). 

556. Takada, H., Furuya, K. & Sokabe, M. Mechanosensitive ATP release from 
hemichannels and Ca2+ influx through TRPC6 accelerate wound closure in 
keratinocytes. Journal of Cell Science 127, 4159–4171 (2014). 

557. Kaczmarek, E., Erb, L., Koziak, K., Jarzyna, R., Wink, M. R., Guckelberger, O., et 
al. Modulation of endothelial cell migration by extracellular nucleotides. 
Involvement of focal adhesion kinase and phosphatidylinositol 3-kinase-mediated 
pathways. Thrombosis and Haemostasis 93, 735–742 (2005). 

558. Jin, H., Seo, J., Eun, S. Y., Joo, Y. N., Park, S. W., Lee, J. H., et al. P2Y 2 R 
activation by nucleotides promotes skin wound-healing process. Experimental 



 201 

Dermatology 23, 480–485 (2014). 

559. Takahashi, K., Fukushima, S., Yamahara, K., Yashiro, K., Shintani, Y., Coppen, S. 
R., et al. Modulated inflammation by injection of high-mobility group box 1 
recovers post-infarction chronically failing heart. Circulation 118, S106–S114 
(2008). 

560. Limana, F., Esposito, G., Fasanaro, P., Foglio, E., Arcelli, D., Voellenkle, C., et al. 
Transcriptional profiling of Hmgb1-induced myocardial repair identifies a key role 
for notch signaling. Molecular Therapy 21, 1841–1851 (2013). 

561. Wang, C. M., Chang, Y. Y. & Sun, S. H. Activation of P2X7 purinoceptor-
stimulated TGF-β1 mRNA expression involves PKC/MAPK signalling pathway in 
a rat brain-derived type-2 astrocyte cell line, RBA-2. Cellular Signalling 15, 1129–
1137 (2003). 

562. Nishida, M., Sato, Y., Uemura, A., Narita, Y., Tozaki-Saitoh, H., Nakaya, M., et 
al. P2Y6 receptor-Gα12/13 signalling in cardiomyocytes triggers pressure 
overload-induced cardiac fibrosis. EMBO Journal 27, 3104–3115 (2008). 

563. Novitskaya, T., Chepurko, E., Covarrubias, R., Novitskiy, S., Ryzhov, S. V., 
Feoktistov, I., et al. Extracellular nucleotide regulation and signaling in cardiac 
fibrosis. Journal of Molecular and Cellular Cardiology 93, 47–56 (2016). 

564. Lu, D., Soleymani, S., Madakshire, R. & Insel, P. A. ATP released from cardiac 
fibroblasts via connexin hemichannels activates profibrotic P2Y 2 receptors. The 
FASEB Journal 26, 2580–2591 (2012). 

565. Ohno, T., Oboki, K., Kajiwara, N., Morii, E., Aozasa, K., Flavell, R. A., et al. 
Caspase-1, Caspase-8, and Calpain Are Dispensable for IL-33 Release by 
Macrophages. The Journal of Immunology 183, 7890–7897 (2009). 

566. Talabot-Ayer, D., Lamacchia, C., Gabay, C. & Palmer, G. Interleukin-33 is 
biologically active independently of caspase-1 cleavage. Journal of Biological 
Chemistry 284, 19420–19426 (2009). 

567. Bessa, J., Meyer, C. A., de Vera Mudry, M. C., Schlicht, S., Smith, S. H., Iglesias, 
A., et al. Altered subcellular localization of IL-33 leads to non-resolving lethal 
inflammation. Journal of Autoimmunity 55, 33–41 (2014). 

568. Sachet, M., Liang, Y. Y. & Oehler, R. The immune response to secondary necrotic 
cells. Apoptosis 22, 1189–1204 (2017). 

569. Lunderius-Andersson, C., Enoksson, M. & Nilsson, G. Mast cells respond to cell 
injury through the recognition of IL-33. Frontiers in Immunology 3, 1–9 (2012). 

570. Rosin, N. L., Sopel, M. J., Falkenham, A., Lee, T. D. G. & Légaré, J. F. Disruption 
of collagen homeostasis can reverse established age-related myocardial fibrosis. 
American Journal of Pathology 185, 631–642 (2015). 



 202 

571. Rådinger, M., Jensen, B. M., Kuehn, H. S., Kirshenbaum, A. & Gilfillan, A. M. 
Generation, Isolation, and Maintenance of Human Mast Cells and Mast Cell Lines 
Derived from Peripheral Blood or Cord Blood. in Current Protocols in 
Immunology Chapter 7, Unit 7.37 (John Wiley & Sons, Inc., 2010). 

572. Carpentier, G., Berndt, S., Ferratge, S., Rasband, W., Cuendet, M., Uzan, G., et al. 
Angiogenesis Analyzer for ImageJ — A comparative morphometric analysis of 
“Endothelial Tube Formation Assay” and “Fibrin Bead Assay”. Scientific Reports 
10, (2020). 

573. Underwood, R. A., Gibran, N. S., Muffley, L. A., Usui, M. L. & Olerud, J. E. 
Color Subtractive–Computer-assisted Image Analysis for Quantification of 
Cutaneous Nerves in a Diabetic Mouse Model. Journal of Histochemistry & 
Cytochemistry 49, 1285–1291 (2001). 

574. Gaspard, G. J. & Pasumarthi, K. B. Quantification of cardiac fibrosis by colour-
subtractive computer-assisted image analysis. Clinical and Experimental 
Pharmacology and Physiology 35, 679–686 (2008). 

575. Castonguay, M. C., Wang, Y., Gerhart, J. L., Miller, D. V., Stulak, J. M., Edwards, 
W. D., et al. Surgical pathology of atrial appendages removed during the cox-maze 
procedure: A review of 86 Cases (2004 to 2005) with implications for prognosis. 
American Journal of Surgical Pathology 37, 890–897 (2013). 

576. Zhang, Q., Raoof, M., Chen, Y., Sumi, Y., Sursal, T., Junger, W., et al. Circulating 
mitochondrial DAMPs cause inflammatory responses to injury. Nature 464, 104–
107 (2010). 

577. Frieler, R. A. & Mortensen, R. M. Immune cell and other noncardiomyocyte 
regulation of cardiac hypertrophy and remodeling. Circulation 131, 1019–1030 
(2015). 

578. Mouton, A. J., DeLeon-Pennell, K. Y., Rivera Gonzalez, O. J., Flynn, E. R., 
Freeman, T. C., Saucerman, J. J., et al. Mapping macrophage polarization over the 
myocardial infarction time continuum. Basic Research in Cardiology 113, (2018). 

579. Simões, F. C., Cahill, T. J., Kenyon, A., Gavriouchkina, D., Vieira, J. M., Sun, X., 
et al. Macrophages directly contribute collagen to scar formation during zebrafish 
heart regeneration and mouse heart repair. Nature communications 11, 600 (2020). 

580. Olivera, A., Beaven, M. A. & Metcalfe, D. D. Mast cells signal their importance in 
health and disease. Journal of Allergy and Clinical Immunology 142, 381–393 
(2018). 

581. Shiota, N., Rysa, J., Kovanen, P. T., Ruskoaho, H., Kokkonen, J. O. & Lindstedt, 
K. A. A role for cardiac mast cells in the pathogenesis of hypertensive heart 
disease. J Hypertens 21, 1935–1944 (2003). 

582. Abdel-Majid, R. M. & Marshall, J. S.  Prostaglandin E 2 Induces Degranulation-



 203 

Independent Production of Vascular Endothelial Growth Factor by Human Mast 
Cells . The Journal of Immunology 172, 1227–1236 (2004). 

583. Shimokawa, C., Kanaya, T., Hachisuka, M., Ishiwata, K., Hisaeda, H., Kurashima, 
Y., et al. Mast Cells Are Crucial for Induction of Group 2 Innate Lymphoid Cells 
and Clearance of Helminth Infections. Immunity 46, 863-874.e4 (2017). 

584. Fang, L., Murphy, A. J. & Dart, A. M. A Clinical Perspective of Anti-Fibrotic 
Therapies for Cardiovascular Disease. Frontiers in Pharmacology 8, 186 (2017). 

585. Halova, I., Rönnberg, E., Draberova, L., Vliagoftis, H., Nilsson, G. P. & Draber, P. 
Changing the threshold—Signals and mechanisms of mast cell priming. 
Immunological Reviews 282, 73–86 (2018). 

586. Schiechl, G., Hermann, F. J., Rodriguez Gomez, M., Kutzi, S., Schmidbauer, K., 
Talke, Y., et al. Basophils Trigger Fibroblast Activation in Cardiac Allograft 
Fibrosis Development. American Journal of Transplantation 16, 2574–2588 
(2016). 

587. Nakajima, T., Matsumoto, K., Suto, H., Tanaka, K., Ebisawa, M., Tomita, H., et 
al. Gene expression screening of human mast cells and eosinophils using high-
density oligonucleotide probe arrays: abundant expression of major basic protein 
in mast cells. Blood 98, 1127–34 (2001). 

588. Villani, A.-C., Satija, R., Reynolds, G., Sarkizova, S., Shekhar, K., Fletcher, J., et 
al. Single-cell RNA-seq reveals new types of human blood dendritic cells, 
monocytes, and progenitors. Science (New York, N.Y.) 356, eaah4573 (2017). 

589. Aguiar, C. M., Gawdat, K., Legere, S., Marshall, J., Hassan, A., Kienesberger, P. 
C., et al. Fibrosis independent atrial fibrillation in older patients is driven by 
substrate leukocyte infiltration: Diagnostic and prognostic implications to patients 
undergoing cardiac surgery. Journal of Translational Medicine 17, (2019). 

590. Dahlin, J. S., Malinovschi, A., Öhrvik, H., Sandelin, M., Janson, C., Alving, K., et 
al. Lin- CD34hi CD117int/hi FcεRI+ cells in human blood constitute a rare 
population of mast cell progenitors. Blood 127, 383–91 (2016). 

591. Yu, P. J., Cassiere, H. A., Fishbein, J., Esposito, R. A. & Hartman, A. R. 
Outcomes of Patients With Prolonged Intensive Care Unit Length of Stay After 
Cardiac Surgery. Journal of Cardiothoracic and Vascular Anesthesia 30, 1550–
1554 (2016). 

592. Nattel, S. Molecular and Cellular Mechanisms of Atrial Fibrosis in 
Atrial Fibrillation. JACC: Clinical Electrophysiology 3, 425–435 (2017). 

593. Andrade, J., Khairy, P., Dobrev, D. & Nattel, S. The clinical profile and 
pathophysiology of atrial fibrillation: relationships among clinical features, 
epidemiology, and mechanisms. Circulation research 114, 1453–68 (2014). 

594. Knackstedt, C., Gramley, F., Schimpf, T., Mischke, K., Zarse, M., Plisiene, J., et 



 204 

al. Association of echocardiographic atrial size and atrial fibrosis in a sequential 
model of congestive heart failure and atrial fibrillation. Cardiovascular Pathology 
17, 318–324 (2008). 

595. Abhayaratna, W. P., Seward, J. B., Appleton, C. P., Douglas, P. S., Oh, J. K., 
Tajik, A. J., et al. Left Atrial Size. Physiologic Determinants and Clinical 
Applications. Journal of the American College of Cardiology 47, 2357–2363 
(2006). 

596. Platonov, P. G. Atrial fibrosis: An obligatory component of arrhythmia 
mechanisms in atrial fibrillation? Journal of Geriatric Cardiology 14, 233–237 
(2017). 

597. Edston, E. & van Hage-Hamsten, M. Postmortem Diagnosis of Anaphylaxis. in 
Forensic Pathology Reviews 267–281 (Humana Press, 2005). doi:10.1007/978-1-
59259-910-3_8 

598. Juliano, G. R., Skaf, M. F., Ramalho, L. S., Juliano, G. R., Torquato, B. G. S., 
Oliveira, M. S., et al. Analysis of mast cells and myocardial fibrosis in autopsied 
patients with hypertensive heart disease. Revista Portuguesa de Cardiologia 
(2020). doi:10.1016/j.repc.2019.11.003 

599. Mackiewicz, Z., Rimkevičius, A., Petersen, J., Andersen, C. B., Dudek, E., 
Vytrasova, M., et al. Macrophages overloaded with tissue debris in Wegener’s 
granulomatosis. Annals of the Rheumatic Diseases 64, 1229–1232 (2005). 

600. Venteclef, N. ., Guglielmi, V. ., Balse, E. ., Gaborit, B. ., Cotillard, A. ., Atassi, F. 
., et al. Human epicardial adipose tissue induces fibrosis of the atrial myocardium 
through the secretion of adipo-fibrokines | European Heart Journal | Oxford 
Academic. European Heart Journal 36, 795–805 (2015). 

601. Gramley, F., Lorenzen, J., Jedamzik, B., Gatter, K., Koellensperger, E., Munzel, 
T., et al. Atrial fibrillation is associated with cardiac hypoxia. Cardiovascular 
Pathology 19, 102–111 (2010). 

602. Vicinanza, C., Aquila, I., Scalise, M., Cristiano, F., Marino, F., Cianflone, E., et al. 
Adult cardiac stem cells are multipotent and robustly myogenic: C-kit expression 
is necessary but not sufficient for their identification. Cell Death and 
Differentiation 24, 2101–2116 (2017). 

603. Sultana, N., Zhang, L., Yan, J., Chen, J., Cai, W., Razzaque, S., et al. Resident c-
kit + cells in the heart are not cardiac stem cells. Nature Communications 6, 
(2015). 

604. Oldford, S. A. & Marshall, J. S. Mast cells as targets for immunotherapy of solid 
tumors. Molecular Immunology 63, 113–124 (2015). 

605. Coussens, L. M., Raymond, W. W., Bergers, G., Laig-Webster, M., Behrendtsen, 
O., Werb, Z., et al. Inflammatory mast cells up-regulate angiogenesis during 



 205 

squamous epithelial carcinogenesis. Genes and Development 13, 1382–1397 
(1999). 

606. Varricchi, G., Loffredo, S., Borriello, F., Pecoraro, A., Rivellese, F., Genovese, A., 
et al. Superantigenic Activation of Human Cardiac Mast Cells. International 
Journal of Molecular Sciences 20, 1828 (2019). 

607. Varricchi, G., Marone, G. & Kovanen, P. T. Cardiac Mast Cells: Underappreciated 
Immune Cells in Cardiovascular Homeostasis and Disease. Trends in Immunology 
41, 734–746 (2020). 

608. Hazzan, T., Eberle, J., Worm, M. & Babina, M. Apoptotic resistance of human 
skin mast cells is mediated by Mcl-1. Cell Death Discovery 3, (2017). 

609. Reber, L. L. & Frossard, N. Targeting mast cells in inflammatory diseases. 
Pharmacology and Therapeutics 142, 416–425 (2014). 

610. Küchler, A. M., Pollheimer, J., Balogh, J., Sponheim, J., Manley, L., Sorensen, D. 
R., et al. Nuclear interleukin-33 is generally expressed in resting endothelium but 
rapidly lost upon angiogenic or proinflammatory activation. American Journal of 
Pathology 173, 1229–1242 (2008). 

611. Moulin, D., Donzé, O., Talabot-Ayer, D., Mézin, F., Palmer, G. & Gabay, C. 
Interleukin (IL)-33 induces the release of pro-inflammatory mediators by mast 
cells. Cytokine 40, 216–225 (2007). 

612. Iikura, M., Suto, H., Kajiwara, N., Oboki, K., Ohno, T., Okayama, Y., et al. IL-33 
can promote survival, adhesion and cytokine production in human mast cells. 
Laboratory Investigation 87, 971–978 (2007). 

613. Taracanova, A., Alevizos, M., Karagkouni, A., Weng, Z., Norwitz, E., Conti, P., et 
al. SP and IL-33 together markedly enhance TNF synthesis and secretion from 
human mast cells mediated by the interaction of their receptors. Proceedings of the 
National Academy of Sciences of the United States of America 114, E4002–E4009 
(2017). 

614. Taracanova, A., Tsilioni, I., Conti, P., Norwitz, E. R., Leeman, S. E. & 
Theoharides, T. C. Substance P and IL-33 administered together stimulate a 
marked secretion of IL-1β from human mast cells, inhibited by methoxyluteolin. 
Proceedings of the National Academy of Sciences of the United States of America 
115, E9381–E9390 (2018). 

615. Rivellese, F., Suurmond, J., Habets, K., Dorjée, A. L., Ramamoorthi, N., 
Townsend, M. J., et al. Ability of interleukin-33- and immune complex-triggered 
activation of human mast cells to down-regulate monocyte-mediated immune 
responses. Arthritis and Rheumatology 67, 2343–2353 (2015). 

616. Balato, A., Lembo, S., Mattii, M., Schiattarella, M., Marino, R., De Paulis, A., et 
al. IL-33 is secreted by psoriatic keratinocytes and induces pro-inflammatory 



 206 

cytokines via keratinocyte and mast cell activation. Experimental Dermatology 21, 
892–894 (2012). 

617. Montuori, N. & Ragno, P. Role of uPA/uPAR in the Modulation of Angiogenesis. 
in Chemical Immunology and Allergy 99, 105–122 (S. Karger AG, 2013). 

618. Heymans, S., Luttun, A., Nuyens, D., Theilmeier, G., Creemers, E., Moons, L., et 
al. Inhibition of plasminogen activators or matrix metalloproteinases prevents 
cardiac rupture but impairs therapeutic angiogenesis and causes cardiac failure. 
Nature Medicine 5, 1135–1142 (1999). 

619. Traktuev, D. O., Tsokolaeva, Z. I., Shevelev, A. A., Talitskiy, K. A., Stepanova, 
V. V., Johnstone, B. H., et al. Urokinase gene transfer augments angiogenesis in 
ischemic skeletal and myocardial muscle. Molecular Therapy 15, 1939–1946 
(2007). 

620. Stepanova, V., Jayaraman, P. S., Zaitsev, S. V., Lebedeva, T., Bdeir, K., Kershaw, 
R., et al. Urokinase-type plasminogen activator (upa) promotes angiogenesis by 
attenuating proline-rich homeodomain protein (prh) transcription factor activity 
and de-repressing vascular endothelial growth factor (vegf) receptor expression. 
Journal of Biological Chemistry 291, 15029–15045 (2016). 

621. Horiguchi, K., Yoshikawa, S., Saito, A., Haddad, S., Ohta, T., Miyake, K., et al. 
Real-time imaging of mast cell degranulation in vitro and in vivo. Biochemical and 
Biophysical Research Communications 479, 517–522 (2016). 

622. DiPietro, L. A. Angiogenesis and wound repair: when enough is enough. Journal 
of Leukocyte Biology 100, 979–984 (2016). 

623. Eming, S. A., Martin, P. & Tomic-Canic, M. Wound repair and regeneration: 
Mechanisms, signaling, and translation. Science Translational Medicine 6, (2014). 

624. Stack, M. S. & Johnson, D. A. Human mast cell tryptase activates single-chain 
urinary-type plasminogen activator (pro-urokinase) - PubMed. J Biol Chem 269, 
9416–9 (1994). 

625. Li, C., Zhu, H. Y., Bai, W. D., Su, L. L., Liu, J. Q., Cai, W. X., et al. MiR-10a and 
miR-181c regulate collagen type I generation in hypertrophic scars by targeting 
PAI-1 and uPA. FEBS Letters 589, 380–389 (2015). 

626. Heymans, S., Lupu, F., Terclavers, S., Vanwetswinkel, B., Herbert, J. M., Baker, 
A., et al. Loss or inhibition of uPA or MMP-9 attenuates LV remodeling and 
dysfunction after acute pressure overload in mice. American Journal of Pathology 
166, 15–25 (2005). 

627. Gupta, K. K., Donahue, D. L., Sandoval-Cooper, M. J., Castellino, F. J. & Ploplis, 
V. A. Plasminogen Activator Inhibitor-1 Protects Mice Against Cardiac Fibrosis 
by Inhibiting Urokinase-type Plasminogen Activator-mediated Plasminogen 
Activation. Scientific Reports 7, (2017). 



 207 

628. Sperr, W. R., Bankl, H. C., Mundigler, G., Klappacher, G., Grossschmidt, K., 
Agis, H., et al. The human cardiac mast cell: localization, isolation, phenotype, 
and functional characterization. Blood. 84, 3876–3884 (1994). 

629. Martin, S. J. Cell death and inflammation: the case for IL-1 family cytokines as the 
canonical DAMPs of the immune system. The FEBS Journal 283, 2599–2615 
(2016). 

630. Demyanets, S., Konya, V., Kastl, S. P., Kaun, C., Rauscher, S., Niessner, A., et al. 
Interleukin-33 induces expression of adhesion molecules and inflammatory 
activation in human endothelial cells and in human atherosclerotic plaques. 
Arteriosclerosis, Thrombosis, and Vascular Biology 31, 2080–2089 (2011). 

631. Pollheimer, J., Bodin, J., Sundnes, O., Edelmann, R. J., Skånland, S. S., Sponheim, 
J., et al. Interleukin-33 drives a proinflammatory endothelial activation that 
selectively targets nonquiescent cells. Arteriosclerosis, Thrombosis, and Vascular 
Biology 33, (2013). 

632. Umebashi, K., Tokito, A., Yamamoto, M. & Jougasaki, M. Interleukin-33 induces 
interleukin-8 expression via JNK/c-Jun/AP-1 pathway in human umbilical vein 
endothelial cells. PLoS ONE 13, (2018). 

633. Long, D., Yang, J., Wu, X., Gui, Y. & Yu, L. Urokinase-type plasminogen 
activator protects human umbilical vein endothelial cells  from apoptosis in sepsis. 
International journal of clinical and experimental pathology 12, 77–86 (2019). 

634. Song, T., Meng, S., Xu, S.-T., Jin, S.-J., Zeng, Q.-Z. & Gu, G.-J. The 
overexpression of uPA promotes the proliferation and fibrinolytic activity of 
human umbilical vein endothelial cells - PubMed. Int J Clin Exp Pathol 12, 2959–
66 (2019). 

635. Finlay, C. M., Cunningham, K. T., Doyle, B. & Mills, K. H. G. IL-33–Stimulated 
Murine Mast Cells Polarize Alternatively Activated Macrophages, Which 
Suppress T Cells That Mediate Experimental Autoimmune Encephalomyelitis. The 
Journal of Immunology 205, 1909–1919 (2020). 

636. Kieran, I., Knock, A., Bush, J., So, K., Metcalfe, A., Hobson, R., et al. Interleukin-
10 reduces scar formation in both animal and human cutaneous wounds: Results of 
two preclinical and phase II randomized control studies. Wound Repair and 
Regeneration 21, 428–436 (2013). 

637. Liechty, K. W., Kim, H. B., Adzick, N. S. & Crombleholme, T. M. Fetal wound 
repair results in scar formation in interleukin-10-deficient mice in a syngeneic 
murine model of scarless fetal wound repair. in Journal of Pediatric Surgery 35, 
866–873 (W.B. Saunders, 2000). 

638. Gordon, A., Kozin, E. D., Keswani, S. G., Vaikunth, S. S., Katz, A. B., Zoltick, P. 
W., et al. Permissive environment in postnatal wounds induced by adenoviral-
mediated overexpression of the anti-inflammatory cytokine interleukin-10 prevents 



 208 

scar formation. Wound Repair and Regeneration 16, 70–79 (2008). 

639. Shirakawa, K., Endo, J., Kataoka, M., Katsumata, Y., Yoshida, N., Yamamoto, T., 
et al. IL (Interleukin)-10–STAT3–Galectin-3 Axis Is Essential for Osteopontin-
Producing Reparative Macrophage Polarization After Myocardial Infarction. 
Circulation 138, 2021–2035 (2018). 

640. Shirakawa, K., Endo, J., Kataoka, M., Katsumata, Y., Anzai, A., Moriyama, H., et 
al. MerTK Expression and ERK Activation Are Essential for the Functional 
Maturation of Osteopontin-Producing Reparative Macrophages After Myocardial 
Infarction. Journal of the American Heart Association 9, e017071 (2020). 

641. Snodgrass, R. G., Benatzy, Y., Schmid, T., Namgaladze, D., Mainka, M., Schebb, 
N. H., et al. Efferocytosis potentiates the expression of arachidonate 15-
lipoxygenase (ALOX15) in alternatively activated human macrophages through 
LXR activation. Cell Death and Differentiation (2020). doi:10.1038/s41418-020-
00652-4 

642. Ellis, S., Lin, E. J. & Tartar, D. Immunology of Wound Healing. Current 
Dermatology Reports 7, 350–358 (2018). 

643. Das, A., Abas, M., Biswas, N., Banerjee, P., Ghosh, N., Rawat, A., et al. A 
Modified Collagen Dressing Induces Transition of Inflammatory to Reparative 
Phenotype of Wound Macrophages. Scientific Reports 9, (2019). 

644. Jun, J. Il, Kim, K. H. & Lau, L. F. The matricellular protein CCN1 mediates 
neutrophil efferocytosis in cutaneous wound healing. Nature Communications 6, 
(2015). 

645. Zhang, S., Weinberg, S., DeBerge, M., Gainullina, A., Schipma, M., Kinchen, J. 
M., et al. Efferocytosis Fuels Requirements of Fatty Acid Oxidation and the 
Electron Transport Chain to Polarize Macrophages for Tissue Repair. Cell 
Metabolism 29, 443-456.e5 (2019). 

646. Choi, Y. S., Choi, H. J., Min, J. K., Pyun, B. J., Maeng, Y. S., Park, H., et al. 
Interleukin-33 induces angiogenesis and vascular permeability through 
ST2/TRAF6-mediated endothelial nitric oxide production. Blood 114, 3117–3126 
(2009). 

647. Stojkovic, S., Kaun, C., Heinz, M., Krychtiuk, K. A., Rauscher, S., Lemberger, C. 
E., et al. Interleukin-33 induces urokinase in human endothelial cells-possible 
impact on angiogenesis. Journal of Thrombosis and Haemostasis 12, 948–957 
(2014). 

648. Akimoto, M., Maruyama, R., Takamaru, H., Ochiya, T. & Takenaga, K. Soluble 
IL-33 receptor sST2 inhibits colorectal cancer malignant growth by modifying the 
tumour microenvironment. Nature Communications 7, (2016). 

649. Liu, J., Wang, W., Wang, L., Chen, S., Tian, B., Huang, K., et al. IL-33 Initiates 



 209 

Vascular Remodelling in Hypoxic Pulmonary Hypertension by up-Regulating 
HIF-1α and VEGF Expression in Vascular Endothelial Cells. EBioMedicine 33, 
196–210 (2018). 

650. Rahat, M. A. & Shakya, J. Parallel Aspects of the Microenvironment in Cancer 
and Autoimmune Disease. Mediators of Inflammation 2016, (2016). 

651. Nathan, C. Neutrophils and immunity: Challenges and opportunities. Nature 
Reviews Immunology 6, 173–182 (2006). 

652. Scott, R. S., McMahon, E. J., Pop, S. M., Reap, E. A., Caricchio, R., Cohen, P. L., 
et al. Phagocytosis and clearance of apoptotic cells is mediated by MER. Nature 
411, 207–211 (2001). 

653. Toda, S., Segawa, K. & Nagata, S. MerTK-mediated engulfment of pyrenocytes by 
central macrophages in erythroblastic islands. Blood 123, 3963–3971 (2014). 

654. Gautiar, E. L., Shay, T., Miller, J., Greter, M., Jakubzick, C., Ivanov, S., et al. 
Gene-expression profiles and transcriptional regulatory pathways that underlie the 
identity and diversity of mouse tissue macrophages. Nature Immunology 13, 1118–
1128 (2012). 

655. Felton, J. M., Lucas, C. D., Dorward, D. A., Duffin, R., Kipari, T., Vermeren, S., 
et al. Mer-mediated eosinophil efferocytosis regulates resolution of allergic airway 
inflammation. Journal of Allergy and Clinical Immunology 142, 1884-1893.e6 
(2018). 

656. Triantafyllou, E., Pop, O. T., Possamai, L. A., Wilhelm, A., Liaskou, E., 
Singanayagam, A., et al. MerTK expressing hepatic macrophages promote the 
resolution of inflammation in acute liver failure. Gut 67, 333–347 (2018). 

657. Palomo, J., Dietrich, D., Martin, P., Palmer, G. & Gabay, C. The interleukin (IL)-1 
cytokine family - Balance between agonists and antagonists in inflammatory 
diseases. Cytokine 76, 25–37 (2015). 

658. Gautier, V., Cayrol, C., Farache, D., Roga, S., Monsarrat, B., Burlet-Schiltz, O., et 
al. Extracellular IL-33 cytokine, but not endogenous nuclear IL-33, regulates 
protein expression in endothelial cells. Scientific Reports 6, 1–12 (2016). 

659. Molofsky, A. B., Van Gool, F., Liang, H. E., Van Dyken, S. J., Nussbaum, J. C., 
Lee, J., et al. Interleukin-33 And Interferon-γ Counter-Regulate Group 2 Innate 
Lymphoid Cell Activation During Immune Perturbation. Immunity 43, 161–174 
(2015). 

660. Halim, T. Y. F., Steer, C. A., Mathä, L., Gold, M. J., Martinez-Gonzalez, I., 
McNagny, K. M., et al. Group 2 innate lymphoid cells are critical for the initiation 
of adaptive T helper 2 cell-mediated allergic lung inflammation. Immunity 40, 
425–435 (2014). 

661. Liu, Q., Dwyer, G. K., Zhao, Y., Li, H., Mathews, L. R., Chakka, A. B., et al. IL-



 210 

33–mediated IL-13 secretion by ST2+ Tregs controls inflammation after lung 
injury. JCI Insight 4, (2019). 

662. Lam, E. P. S., Kariyawasam, H. H., Rana, B. M. J., Durham, S. R., McKenzie, A. 
N. J., Powell, N., et al. IL-25/IL-33-responsive TH2 cells characterize nasal polyps 
with a default TH17 signature in nasal mucosa. Journal of Allergy and Clinical 
Immunology 137, 1514–1524 (2016). 

663. Blom, L., Poulsen, B. C., Jensen, B. M., Hansen, A. & Poulsen, L. K. IL-33 
induces IL-9 production in human CD4+ T cells and basophils. PLoS ONE 6, 
(2011). 

664. Tu, L., Chen, J., Xu, D., Xie, Z., Yu, B., Tao, Y., et al. IL-33-induced alternatively 
activated macrophage attenuates the development of TNBS-induced colitis. 
Oncotarget 8, 27704–27714 (2017). 

665. Perales-Puchalt, A., Svoronos, N., Villarreal, D. O., Zankharia, U., Reuschel, E., 
Wojtak, K., et al. IL-33 delays metastatic peritoneal cancer progression inducing 
an allergic microenvironment. OncoImmunology 8, (2019). 

666. Bou Ghosn, E. E., Cassado, A. A., Govoni, G. R., Fukuhara, T., Yang, Y., 
Monack, D. M., et al. Two physically, functionally, and developmentally distinct 
peritoneal macrophage subsets. Proceedings of the National Academy of Sciences 
of the United States of America 107, 2568–2573 (2010). 

667. Kay, E., Gomez-Garcia, L., Woodfin, A., Scotland, R. S. & Whiteford, J. R. 
Sexual dimorphisms in leukocyte trafficking in a mouse peritonitis model. Journal 
of Leukocyte Biology 98, 805–817 (2015). 

668. Yamamoto, Y., Saito, H., Setogawa, T. & Tomioka, H. Sex differences in host 
resistance to Mycobacterium marinum infection in mice. Infection and Immunity 
59, 4089–4096 (1991). 

669. Cain, D. W., O’Koren, E. G., Kan, M. J., Womble, M., Sempowski, G. D., Hopper, 
K., et al. Identification of a Tissue-Specific, C/EBPβ-Dependent Pathway of 
Differentiation for Murine Peritoneal Macrophages. The Journal of Immunology 
191, 4665–4675 (2013). 

670. Kayashima, Y., Makhanova, N. & Maeda, N. DBA/2J Haplotype on Distal 
Chromosome 2 Reduces Mertk Expression, Restricts Efferocytosis, and Increases 
Susceptibility to Atherosclerosis. Arteriosclerosis, Thrombosis, and Vascular 
Biology 37, e82–e91 (2017). 

671. Kurowska-Stolarska, M., Stolarski, B., Kewin, P., Murphy, G., Corrigan, C. J., 
Ying, S., et al. IL-33 Amplifies the Polarization of Alternatively Activated 
Macrophages That Contribute to Airway Inflammation. Journal of Immunology 
183, (2009). 

672. Sheng, Y.-R. R., Hu, W.-T. T., Wei, C.-Y. Y., Tang, L.-L. L., Liu, Y.-K. Y. K. Y.-



 211 

Y., Liu, Y.-K. Y. K. Y.-Y., et al. IL-33/ST2 axis affects the polarization and 
efferocytosis of decidual macrophages in early pregnancy. American Journal of 
Reproductive Immunology 79, 1–10 (2018). 

673. Stolarski, B., Kurowska-Stolarska, M., Kewin, P., Xu, D. & Liew, F. Y. IL-33 
Exacerbates Eosinophil-Mediated Airway Inflammation. The Journal of 
Immunology 185, 3472–3480 (2010). 

674. Hung, L. Y., Lewkowich, I. P., Dawson, L. A., Downey, J., Yang, Y., Smith, D. 
E., et al. IL-33 drives biphasic IL-13 production for noncanonical Type 2 
immunity against hookworms. Proceedings of the National Academy of Sciences 
of the United States of America 110, 282–287 (2013). 

675. Molinaro, R., Pecli, C., Guilherme, R. F., Alves-Filho, J. C., Cunha, F. Q., Canetti, 
C., et al. CCR4 Controls the Suppressive Effects of Regulatory T Cells on Early 
and Late Events during Severe Sepsis. PLOS ONE 10, e0133227 (2015). 

676. Gooderham, M. J., Hong, H. C. ho, Eshtiaghi, P. & Papp, K. A. Dupilumab: A 
review of its use in the treatment of atopic dermatitis. Journal of the American 
Academy of Dermatology 78, S28–S36 (2018). 

677. Barnes, P. J. Targeting cytokines to treat asthma and chronic obstructive 
pulmonary disease. Nature Reviews Immunology 18, 454–466 (2018). 

678. Braddock, M., Hanania, N. A., Sharafkhaneh, A., Colice, G. & Carlsson, M. 
Potential Risks Related to Modulating Interleukin-13 and Interleukin-4 Signalling: 
A Systematic Review. Drug Safety 41, 489–509 (2018). 

679. Sierra-Filardi, E., Nieto, C., Domínguez-Soto, Á., Barroso, R., Sánchez-Mateos, 
P., Puig-Kroger, A., et al. CCL2 Shapes Macrophage Polarization by GM-CSF and 
M-CSF: Identification of CCL2/CCR2-Dependent Gene Expression Profile. The 
Journal of Immunology 192, 3858–3867 (2014). 

680. Takahashi, M., Galligan, C., Tessarollo, L. & Yoshimura, T. Monocyte 
Chemoattractant Protein-1 (MCP-1), Not MCP-3, Is the Primary Chemokine 
Required for Monocyte Recruitment in Mouse Peritonitis Induced with 
Thioglycollate or Zymosan A. The Journal of Immunology 183, 3463–3471 
(2009). 

681. Ahmed, A. & Koma, M. K. Interleukin-33 Triggers B1 Cell Expansion and Its 
Release of Monocyte/Macrophage Chemoattractants and Growth Factors. 
Scandinavian Journal of Immunology 82, 118–124 (2015). 

682. Yoshimura, T., Galligan, C., Takahashi, M., Chen, K., Liu, M., Tessarollo, L., et 
al. Non-myeloid cells are major contributors to innate immune responses via 
production of monocyte chemoattractant protein-1/CCL2. Frontiers in 
Immunology 4, (2013). 

683. Grazioli, S. & Pugin, J. Mitochondrial damage-associated molecular patterns: 



 212 

From inflammatory signaling to human diseases. Frontiers in Immunology 9, 
(2018). 

684. Lu, Y., Basatemur, G., Scott, I. C., Chiarugi, D., Clement, M., Harrison, J., et al. 
Interleukin-33 Signaling Controls the Development of Iron-Recycling 
Macrophages. Immunity 52, 782-793.e5 (2020). 

685. Wang, J. & Kubes, P. A Reservoir of Mature Cavity Macrophages that Can 
Rapidly Invade Visceral Organs to Affect Tissue Repair. Cell 165, 668–678 
(2016). 

686. Minutti, C. M., Jackson-Jones, L. H., García-Fojeda, B., Knipper, J. A., 
Sutherland, T. E., Logan, N., et al. Local amplifiers of IL-4Ra-mediated 
macrophage activation promote repair in lung and liver. Science 356, 1076–1080 
(2017). 

687. Tran, V. G., Cho, H. R. & Kwon, B.  IL-33 Priming Enhances Peritoneal 
Macrophage Activity in Response to Candida albicans . Immune Network 14, 201 
(2014). 

688. Mok, M. Y., Huang, F. P., Ip, W. K., Lo, Y., Wong, F. Y., Chan, E. Y. T., et al. 
Serum levels of IL-33 and soluble ST2 and their association with disease activity 
in systemic lupus erythematosus. Rheumatology 49, 520–527 (2009). 

689. Margiotta, D. P. E., Navarini, L., Vadacca, M., Lo Vullo, M., Pignataro, F., Basta, 
F., et al. The IL33/ST2 axis in Sjogren syndrome in relation to disease activity - 
PubMed. Eur Rev Med Pharmacol Sci 20, 1295–9 (2016). 

690. Novak, M. L. & Thorp, E. B. Shedding light on impaired efferocytosis and 
nonresolving inflammation. Circulation Research 113, 9–12 (2013). 

691. Felton, J. M., Lucas, C. D., Rossi, A. G. & Dransfield, I. Eosinophils in the lung - 
modulating apoptosis and efferocytosis in airway inflammation. Frontiers in 
Immunology 5, (2014). 

692. Boeltz, S., Hagen, M., Knopf, J., Mahajan, A., Schick, M., Zhao, Y., et al. 
Towards a pro-resolving concept in systemic lupus erythematosus. Seminars in 
Immunopathology 41, 681–697 (2019). 

693. Salgado, S., Garcia, J., Vera, J., Siller, F., Bueno, M., Miranda, A., et al. Liver 
cirrhosis is reverted by urokinase-type plasminogen activator gene therapy. 
Molecular Therapy 2, 545–551 (2000). 

694. Huang, E. Y., Wu, H., Island, E. R., Chong, S. S., Warburton, D., Anderson, K. D., 
et al. Differential expression of urokinase-type plasminogen activator and 
plasminogen activator inhibitor-1 in early and late gestational mouse skin and skin 
wounds. Wound Repair and Regeneration 10, 387–396 (2002). 

695. Li, F., Huang, Q., Chen, J., Peng, Y., Roop, D. R., Bedford, J. S., et al. Apoptotic 
cells activate the ‘phoenix rising’ pathway to promote wound healing and tissue 



 213 

regeneration. Science Signaling 3, (2010). 

696. Das, A., Ghatak, S., Sinha, M., Chaffee, S., Ahmed, N. S., Parinandi, N. L., et al. 
Correction of MFG-E8 Resolves Inflammation and Promotes Cutaneous Wound 
Healing in Diabetes. The Journal of Immunology 196, 5089–5100 (2016). 

697. Zhao, H., Moarbes, V., Gaudreault, V., Shan, J., Aldossary, H., Cyr, L., et al. Sex 
differences in IL-33-induced STAT6-dependent type 2 airway inflammation. 
Frontiers in Immunology 10, 859 (2019). 

698. Mathä, L., Shim, H., Steer, C. A., Yin, Y. H., Martinez, I. & Fumio Takei, G. 
Female and male mouse lung group 2 innate lymphoid cells differ in gene 
expression profiles and cytokine production. PLoS ONE 14, (2019). 

699. Piro, M., Della Bona, R., Abbate, A., Biasucci, L. M. & Crea, F. Sex-Related 
Differences in Myocardial Remodeling. Journal of the American College of 
Cardiology 55, 1057–1065 (2010). 

700. Garate-Carrillo, A., Gonzalez, J., Ceballos, G., Ramirez-Sanchez, I. & Villarreal, 
F. Sex related differences in the pathogenesis of organ fibrosis. Translational 
Research 222, 41–55 (2020). 

701. Kasperska-Zajac, A., Brzoza, Z. & Rogala, B. Sex hormones and urticaria. Journal 
of Dermatological Science 52, 79–86 (2008). 

702. Schaum, N., Karkanias, J., Neff, N. F., May, A. P., Quake, S. R., Wyss-Coray, T., 
et al. Single-cell transcriptomics of 20 mouse organs creates a Tabula Muris. 
Nature 562, 367–372 (2018). 

703. Pinto, A. R., Ilinykh, A., Ivey, M. J., Kuwabara, J. T., D’antoni, M. L., Debuque, 
R., et al. Revisiting cardiac cellular composition. Circulation Research 118, 400–
409 (2016). 

704. Skelly, D. A., Squiers, G. T., McLellan, M. A., Bolisetty, M. T., Robson, P., 
Rosenthal, N. A., et al. Single-Cell Transcriptional Profiling Reveals Cellular 
Diversity and Intercommunication in the Mouse Heart. Cell Reports 22, 600–610 
(2018). 

705. Martini, E., Kunderfranco, P., Peano, C., Carullo, P., Cremonesi, M., Schorn, T., et 
al. Single-Cell Sequencing of Mouse Heart Immune Infiltrate in Pressure 
Overload–Driven Heart Failure Reveals Extent of Immune Activation. Circulation 
140, 2089–2107 (2019). 

706. Zhou, Y., Pan, P., Yao, L., Su, M., He, P., Niu, N., et al. CD117-positive cells of 
the heart: Progenitor cells or mast cells? Journal of Histochemistry and 
Cytochemistry 58, 309–316 (2010). 

707. Volz, H. C., Laohachewin, D., Seidel, C., Lasitschka, F., Keilbach, K., 
Wienbrandt, A. R., et al. S100A8/A9 aggravates post-ischemic heart failure 
through activation of RAGE-dependent NF-κB signaling. Basic Research in 



 214 

Cardiology 107, (2012). 

708. Dybdahl, B., Wahba, A., Lien, E., Flo, T. H., Waage, A., Qureshi, N., et al. 
Inflammatory response after open heart surgery: Release of heat-shock protein 70 
and signaling through toll-like receptor-4. Circulation 105, 685–690 (2002). 

709. Dolmatova, E., Spagnol, G., Boassa, D., Baum, J. R., Keith, K., Ambrosi, C., et al. 
Cardiomyocyte ATP release through pannexin 1 aids in early fibroblast activation. 
American Journal of Physiology-Heart and Circulatory Physiology 303, H1208–
H1218 (2012). 

710. Angsana, J., Chen, J., Liu, L., Haller, C. A. & Chaikof, E. L. Efferocytosis as a 
regulator of macrophage chemokine receptor expression and polarization. 
European Journal of Immunology 46, 1592–1599 (2016). 

711. Bain, C. C. & Jenkins, S. J. The biology of serous cavity macrophages. Cellular 
Immunology 330, 126–135 (2018). 

712. Deniset, J. F., Belke, D., Lee, W. Y., Jorch, S. K., Deppermann, C., Hassanabad, 
A. F., et al. Gata6+ Pericardial Cavity Macrophages Relocate to the Injured Heart 
and Prevent Cardiac Fibrosis. Immunity 51, 131-140.e5 (2019). 

713. Bain, C. C., Hawley, C. A., Garner, H., Scott, C. L., Schridde, A., Steers, N. J., et 
al. Long-lived self-renewing bone marrow-derived macrophages displace embryo-
derived cells to inhabit adult serous cavities. Nature Communications 7, 1–14 
(2016). 

714. Hashimoto, D., Chow, A., Noizat, C., Teo, P., Beasley, M. B., Leboeuf, M., et al. 
Tissue-resident macrophages self-maintain locally throughout adult life with 
minimal contribution from circulating monocytes. Immunity 38, 792–804 (2013). 

715. Dewald, O., Ren, G., Duerr, G. D., Zoerlein, M., Klemm, C., Gersch, C., et al. Of 
Mice and Dogs: Species-Specific Differences in the Inflammatory Response 
Following Myocardial Infarction. American Journal of Pathology 164, 665–677 
(2004). 

716. Chin, H. J., Lee, S. & Lee, D. Tamoxifen-inducible cardiac-specific Cre transgenic 
mouse using VIPR2 intron. Laboratory Animal Research 36, (2020). 

717. Doetschman, T. & Azhar, M. Cardiac-specific inducible and conditional gene 
targeting in mice. Circulation Research 110, 1498–1512 (2012). 

718. Ono, Y., Yoshino, O., Hiraoka, T., Akiyama, I., Sato, E., Ito, M., et al. IL-33 
Exacerbates Endometriotic Lesions via Polarizing Peritoneal Macrophages to M2 
Subtype. Reproductive Sciences 27, 869–876 (2020). 

719. Lilla, J. N., Chen, C., Mukai, K., Benbarak, M. J., Franco, C. B., Yu, M., et al. 
Reduced mast cell and basophil numbers and function in Cpa3-Cre ; Mcl-1 fl / fl 
mice Reduced mast cell and basophil numbers and function in Cpa3-Cre ; Mcl-1 fl 
/ fl mice. 118, 6930–6938 (2012). 



 215 

 

APPENDIX A. 
Mast cells are present in the murine heart and have been shown to increase prior 

to and during tissue remodeling 324–326, 330, 356,360. However the specific role of mast cells 

in murine models of cardiac fibrosis has not been determined, as various studies have 

attributed both detrimental and beneficial roles to these cells 75. This could be an artifact 

of the commonly used mouse model of mast cell deficiency the KitWsh/Wsh (Wsh) model. 

Wsh mice have an inversion mutation of the gene for c-kit, a crucial mast cell growth 

factor receptor, that overlaps with several adjacent genes 285, including the gene encoding 

Corin. Corin is a cardiac-specific blood pressure regulator, and as such naïve Wsh mice 

have increased susceptibility to aberrancies in blood pressure and cardiac function 286. 

Therefore, Wsh mice are a poor model to study mast cells in CVD in general. We sought 

to determine the role of mast cells in an Angiotensin II (AngII)-mediated model of 

hypertrophy and cardiac fibrosis that has been well established by our group 265,570. We 

used the Cpa3-Cre; Mcl-1fl/fl model, referred to as hello kitty mice, which uses a cre-

mediated excision mechanism to remove anti-apoptotic protein Mcl-1 for targeted 

apoptosis in carboxypeptidase A3 expressing cells 715. This results in a systemic 

deficiency in mast cells, as well as a reduction in basophils. Hello kitty mice can then be 

compared to mice that are Cpa3-Cre; Mcl-1+/fl, termed heterozygotes here, that are mast 

cell sufficient. Corin mRNA was detectable in hello kitty, heterozygote, and C57BL/6 

mice, but not Wsh (Fig. 1A).  

Hello kitty and heterozygous mice received 1.44mg/kg/day AngII systemically via 

mini-osmotic pumps implanted subcutaneously for 7 or 28 days prior to sacrifice. After 7 
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days of AngII, body weight change was comparable between both Hello kitty and 

heterozygous mice (Fig. 1B), as was hypertrophy (Fig. 1C) and collagen content in 

cardiac sections as determined by SRFG staining (Fig. 1D). Additionally, expression of 

fibrosis-associated genes Vegfa, Col3a1, Col1a1 (Fig. 1E), Tgfb, Mmp9, Ccl2, and Acta2 

(Fig. 1F) was not impacted by mast cell deficiency after AngII treatment. We increased 

the length of AngII treatment to 28 days, where we observed similar impacts on body 

weight change (Fig. 2A), hypertrophy (Fig. 2B), collagen content (Fig. 2C), and fibrosis-

associated gene expression (Fig. 2D-E). This would indicate that mast cells do not impact 

fibrosis in the context of AngII-mediated hypertrophy. However, we were struck during 

our analysis by the paucity of mast cells in heterozygote and C57BL/6 myocardial tissue 

in comparison to human samples. During the course of this project, it was shown by 

Ingason and colleagues that murine mast cell distribution is fundamentally different than 

that of humans271, with a higher density of mast cells in the epicardium, compared to their 

presence being highest in the myocardium in humans. As such, the actions of mast cells 

on the cardiac microenvironment is likely fundamentally different between the two 

species. Therefore, we chose to discontinue this project in favour of focusing our efforts 

on the role of mast cells in human atrial fibrosis as outlined in chapter 3.  
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Figure 1. Mast cells do not influence fibrosis or hypertrophy after 7 days of AngII. Mast 
cell deficient (Hello Kitty, n=9) and sufficient (Heterozygote, n=7) mice experience 
equivalent AngII-mediated hypertrophy and fibrosis after 7 days. Hello kitty and hello 
kitty heterozygotes both express Corin, which is not expressed by Wsh mice (A). Hello 
kitty mice and heterozygotes experience similar body weight change over the course of 7 
days of AngII (B). Hypertrophy (C), and % collagen (D) were also equivalent between 
the two groups after 7 days of AngII. Expression of fibrosis-associated genes Vegfa, 
Col3a1, Col1a1 (E), Tgfb, Mmp9, Ccl2, and Acta2 (F) were also similar between both 
groups. 
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Figure 2. Mast cells do not influence fibrosis or hypertrophy after 28 days of AngII. 
AngII treatment for 28 days has similar impacts on mast cell deficient and sufficient 
mice. Hello kitty mice (n=8) and heterozygotes (n=6) experienced comparable body 
weight change (A), hypertrophy (B), and change in % collagen (C) over the course of 28 
days of AngII. Expression of fibrosis-associated genes Vegfa, Col3a1, Col1a1 (D), Tgfb, 
Mmp9, Ccl2, and Acta2 (E) were also similar between both groups.  
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APPENDIX B. 
 To determine the optimal dose of IL-33 to activate CBMCs in vitro, dose response 

experiments were conducted with three donors to at 3 ng/mL, 10 ng/mL, and 30 ng/mL 

IL-33. Production of IL-13, VEGF-A, uPA and IL-10 was assessed in response. IL-33 at 

30 ng/mL showed the greatest response across all four mediators assessed (Fig. 3A-D). 

We then conducted a time course at 3h, 6h, and 24h with our chosen dose of 30 ng/mL, 

and IL-10, IL-13, VEGF-A and uPA. We found that 24h of IL-33 activation yielded the 

best response in all four mediators assessed (Fig. 3E-G). Of note, there was no uPA 

present in media from CBMCs harvested at 3h or 6h and as such we did not include uPA 

in the resultant figure. 
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Figure 3. Dose response and time course activations of CBMCs with IL-33. To determine 
optimal dose of IL-33 to activate CBMCs, cells from 3 donors were cultured for 24h with 
3 ng/mL, 10 ng/mL, and 30 ng/mL. Optimal dose was determined by assessing IL-10 (A), 
IL-13 (B), VEGF-A (C), and uPA (D) in culture media. Time course experiments were 
then conducted for 3h, 6h, and 24h at 30 ng/mL IL-33. Optimal time for activation was 
determined by assessing IL-10 (E), IL-13 (F), and VEGF-A (G). Data represented as 
mean  SEM.   
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APPENDIX C 
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