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Cardiac remodeling after myocardial infarction (MI) is indicated by infarct wall thinning, 

reduced ejection fraction, and dilation of the left ventricle (LV). Inflammation presides in 

the early days of MI as a key event in cardiac wound healing. Infiltration of inflammatory 

cells, predominantly neutrophils and macrophages, is stimulated by ischemic 

cardiomyocytes that secrete inflammatory cues. This dissertation focused on identifying 

factors that influence cardiac remodeling after MI. S100A9 is a neutrophil-derived factor 

identified that exacerbated infarct wall thinning and cardiac dilation by increasing 

neutrophil and macrophage infiltration. Similarly, murinoglobulin 1 (Mug1) and galectin 

(Lgals)3 were macrophage-derived factors identified that regulate neutrophil 

degranulation and correlate with infarct wall thickness. Matrix metalloproteinase (MMP)-

12 was released by both neutrophils and macrophages after MI and mapping the MMP-

12 signalome revealed that MMP-12 induced neutrophil apoptosis. In my current project, 

I identified 5 plasma markers of adverse cardiac remodeling after MI in a retrospective 

study at MI D3: apolipoprotein A1 (ApoA1), interleukin (IL)17E, immunoglobulin (Ig)A, 

haptoglobin, and tissue inhibitor of matrix metalloproteinases (TIMP)-1. ApoA1, IL-17E, 

IgA, and TIMP1 in the plasma mirrored cardiac dysfunction after MI in a prospective 

study at MI D7.  In conclusion, this thesis identified prominent modulators that influenced 

cardiac remodeling after MI. 
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CHAPTER 1. The Cardiac Wound Healing Response to Myocardial Infarction 

1. Introduction 

Myocardial infarction (MI) is defined as the presence of prolonged left ventricular 

ischemia due to blocked coronary artery, which causes the cardiomyocyte necrosis.(1) 

In the clinic, MI diagnosis includes the detection of cardiac biomarkers (e.g., troponin) 

above the 99th percentile of upper reference limit, along with other evidence of ischemia. 

Ischemia is demonstrated by the presence of symptoms, electrocardiogram changes, or 

imaging showing loss of viable myocardium or regional wall motion abnormality.(1) MI is 

also diagnosed in humans following sudden unexpected cardiac death with symptoms of 

ischemia or evidence of fresh thrombus at autopsy. The current optimum therapy for MI 

includes timely reperfusion, along with medical treatment including angiotensin 

converting enzyme inhibitors, beta blockers, and statins.(2-4) For the optimally treated 

patient who timely receives successful reperfusion, morbidity and mortality is low.  

Clinically, not everyone receives timely therapy. About 25% of patients with MI 

will not be reperfused due to a variety of explanations, including delayed presentation or 

diagnosis, and lack of success in reperfusion.(5) In addition, up to 30% of those provided 

reperfusion therapy will experience the phenomenon of ‘no-reflow’, which is a state of 

myocardial tissue hypoperfusion due to impaired microvascular flow that occurs in the 

presence of a patent epicardial coronary artery.(6) Combined, this results in a significant 

number of patients with MI who will undergo adverse cardiac remodeling and death due 

to rupture of the left ventricle (LV).(7) For these patients, the risk of progression to heart 

failure is high, and the majority of heart failure with reduced ejection fraction have MI as 

the underlying etiology.(8-10) 

In animal models of MI, the permanent occlusion non-reperfused MI recapitulates 

the phenotype of the patient with MI who progresses to heart failure and will be the focus 
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of this review.(11) As the mouse MI model of permanent occlusion has been extensively 

evaluated, we will use that as the primary model in our discussion. All animal MI models 

undergo a similar series of events; the major differences among them are the tolerance 

to ischemia and the temporal space in which each phase of wound healing occurs.(12-

15)    

After MI, the myocardium undergoes a series of events that initiates with 

inflammation and shifts to anti-inflammation before transitioning to tissue repair that 

culminates in scar formation to replace the necrotic myocardium. The overall response 

to MI is determined by two major steps, the first of which is the inflammatory response 

that includes the secretion of proteases to break down the extracellular matrix (ECM) 

and is a necessary step to clear necrotic cardiomyocytes. The second step is the 

generation of new ECM that comprises the scar; and this step is governed by the cardiac 

fibroblasts as the major source of new ECM synthesis. Leukocytes are central to both 

steps, contributing the proteases in the first step and stimulating the fibroblasts in the 

second step. Leukocytes transition from pro-inflammatory to anti-inflammatory and 

reparative cell phenotypes over the first week of MI. The balance between their 

phenotypes over the two steps of MI response determines the final quantity and quality 

of scar formed, which in turn contributes to chronic outcomes following MI, including the 

progression to heart failure.  

Necrotic myocytes release complement and other mediators such as damage 

associated molecular patterns (DAMPs) that initiate an early robust inflammatory 

response.(16) Macrophages and neutrophils in the circulation and spleen respond by 

infiltrating to the infarct site.(17-20) Neutrophils quickly predominate, such that by MI day 

1 the neutrophil is the primary cell type in the infarct.(21, 22) The macrophage peaks at 

MI day 3-5.(23)  The lymphocyte is another leukocyte present after MI, at lower numbers 

than the neutrophil or the macrophage, that contributes to the MI response.(24, 25) 
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Cardiac fibroblasts are present through the time course, peaking in proliferative capacity 

at MI day 3.(26) Inflammation peaks between MI day 1 and 3, followed by anti-

inflammation leading to tissue repair and scar formation over the course of MI. The early 

phase of response is crucial for MI wound healing, and we will discuss here the roles of 

the neutrophil, macrophage, and fibroblast to coordinate ECM turnover to regulate 

wound healing.  

2. Temporal evolution of Neutrophil phenotypes  

Neutrophils are among the first leukocytes to the ischemic injury after MI and 

serve as a crucial cell type to initiate and coordinate the early removal of necrotic debris. 

Neutrophil numbers peak at MI day 1 and return towards baseline values by day 7.(21) 

Neutrophil activation involves an increase in surface cell adhesion molecule expression 

that allow circulating neutrophils to enter the infarct region and mobilization of newly 

formed neutrophils from the bone marrow. Cardiomyocyte necrosis releases 

complement, DAMPs (e.g., high mobility group box1 (HMGB-1), S100A8/A9, 

mitochondrial DNA, adenosine triphosphate) and other signaling molecules that activate 

cell adhesion molecule expression on circulating neutrophils to trigger extravasation into 

the infarct region and stimulate maturation and recruitment of further neutrophils from 

the bone marrow. Reduced secretion of CXCL12 in the bone marrow allows mobilization 

of myeloid cells to the circulation through CXCL12/CXCR4 (fusin, CD184) axis.(27) 

CXCL12/CXCR4 axis is very important in early neutrophil and monocyte mobilization 

from the bone marrow to the circulation and hence for overall MI wound healing. CXCR4 

blockade by use of antagonist improves tissue repair after MI.(28, 29)  

Once extravasated, neutrophils shed L-selectin (CD62L) to allow diapedesis to 

the infarct and activation by binding toll like receptor (TLR)-4.(30) Activated neutrophils 

are characterized as CD62Llow and CXCR4high.(31, 32) Inhibition of neutrophil 

recruitment by using CD18 antibody reduces infarct size and improves cardiac 
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remodeling in a mouse reperfused MI model.(33) Neutrophils, once activated, traverse to 

the infarct region where they degranulate and release a number of proteases (e.g., 

matrix metalloproteinase (MMP)-8 and MMP-9 and neutrophil elastase) to breakdown 

ECM into fragments to remove necrotic cardiomyocytes.(34) Neutrophils also release a 

number of pro-inflammatory cytokines and chemokines that serve to amplify the 

inflammatory signal and herald in the macrophage.  

While the net effect of the neutrophil is destructive overall, neutrophil presence is 

required and essential for MI resolution.(35) A number of groups have shown that 

blocking neutrophil entry using anti-inflammatory strategies increases the incidence of 

rupture in mouse models of permanent occlusion MI. Neutrophil depletion started before 

MI worsens cardiac physiology after MI by altering the role of the macrophage.(35) While 

macrophage numbers are elevated in the neutrophil depleted mice due to increased 

infiltration, at the same time there is a reduction in their conversion to a reparative 

phenotype and reduced phagocytic capacity. Neutrophil gelatinase-associated lipocalin 

(NGAL) was identified in the MI neutrophil secretome as being the driver of the effect on 

macrophages, and NGAL alone could rescue the neutrophil depleted phenotype and 

convert macrophages to become phagocytic. Neutrophil depletion, therefore, was 

detrimental to cardiac repair.  

Prolonged pro-inflammation is also detrimental and has negative effects on 

cardiac physiology and survival. Inhibition of MMP-12 prevents neutrophil apoptosis from 

occurring and results in excessive infarct wall thinning and exacerbated LV remodeling 

due to the prolonged presence of neutrophils.(36, 37) The neutrophil, therefore, has a 

complex cellular role in MI remodeling. One reason for this complexity is that neutrophils 

across the MI time continuum undergo a full shift in cell polarization from early pro-

inflammation to anti-inflammation to repair.(21, 38) The change in MI microenvironment 

across the first week of MI dictates neutrophil phenotype, as neutrophils polarize in 
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response to the environment into which they enter. Single cell analysis revealed distinct 

neutrophil profiles across the response to MI. At MI day 1, neutrophils show higher 

expression of CD62L, CXCL3, CCL6, and CD177 that shifts to expression of ICAM1, 

tumor necrosis factor (TNF)a, and interleukin (IL)-23a at day 3 indicating activated or 

aged neutrophils. (32, 39)  At day 5, neutrophils express higher nuclear receptor 4A2 

(NR4A2) indicated resolution of inflammation with increased apoptosis. The MI 

neutrophil signaling map is shown in Figure 1.1.    

2.1 Pro-inflammatory neutrophils  

Activated neutrophils in the infarct show a pro-inflammatory phenotype. Upon 

entry to the ischemic site, neutrophils degranulate to release tissue degrading proteases, 

reactive oxygen species, chemokines, and cytokines.(19) The overall phenotype of the 

neutrophil at MI day 1 is pro-inflammatory, with invasion and degranulation being 

primary features. Proteomic analysis showed high upregulation of S100A9, fibrinogen, 

histones, and activin A indicating positive regulation of secretion.(38) The predominant 

MMPs are MMP-8 and MMP-9, although recently MMP-12 was shown to be expressed 

by the neutrophil.(19, 35, 36) Neutrophils also secrete myeloperoxidase, NGAL, and 

neutrophil elastase in response to MI. MMP-9 secreted by neutrophils in turn stimulates 

production of CXCR4 to further increase cell mobilization through a positive feedback 

loop.(40, 41) In the presence of the pro-inflammatory stimulus, fibronectin induces 

neutrophil degranulation to release MMP-9, which then breaks down fibronectin to its 

120 kDa fragment.(38)  

Neutrophils at MI days 1 and 3 are characterized by expression of pro-

inflammatory cytokines and chemokines, including IL-1b, IL-8, IL-12a, CC chemokines 

(CCL)3 and CCL5, CXCL1/2, lipopolysaccharide-induced CXC chemokine (LIX), 

TNF .(19)  Pro-inflammatory neutrophils also show low expression of anti-inflammatory 

proteins, including macrophage mannose receptor 1 (MRC1/CD206) and IL-10.(21)  The 
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release of pro-inflammatory mediators creates a gradient for chemotaxis to stimulate the 

entry of more neutrophils from circulation to the site of MI as part of the amplification 

process. This gradient also stimulates the entry of macrophages.(42) Pro-inflammatory 

neutrophil numbers correlate with the extent of infarct wall thinning.(21) Pro-

inflammatory neutrophils can sustain inflammation by forming neutrophil extracellular 

traps (NETs).(43, 44) 

At the same time, the presence of pro-inflammatory neutrophils is also essential 

in cardiac wound healing, as inflammation is required before resolution and repair can 

be initiated. For timely resolution of inflammation, it is important that pro-inflammatory 

neutrophils undergo apoptosis to remove them after cardiac wound healing has been 

initiated. Neutrophil apoptosis occurs through activation of caspase 3, and MMP-12 can 

stimulate neutrophil apoptosis directly.(36) MMP-9 reduces macrophage phagocytosis of 

apoptotic neutrophils, and MMP-9 also reduces neutrophil apoptosis indicated by 

reduced caspase 9.(45) MMP-9 therefore prevents neutrophils from becoming apoptotic 

and prevents macrophages from phagocytosing apoptotic neutrophils. Induction of 

neutrophil apoptosis also initiates the polarization to anti-inflammatory neutrophil 

phenotype, indicating there is a built-in shut off mechanism to temporally limit 

inflammation.    

2.2 Anti-inflammatory and reparative neutrophils.  

Within the infarct zone, by MI day 3 the progression to anti-inflammation and 

repair commences. The infarct environment shows increased expression of anti-

inflammatory molecules and growth factors such as IL-10, transforming growth factor- β 

(TGF-β) and vascular endothelial growth factor (VEGF), and this is the environment into 

which new neutrophils infiltrate. The overall phenotype of the neutrophil at MI day 3 is 

apoptotic, with cathepsin activity and ECM reorganization being primary features. The 

anti-inflammatory neutrophil is characterized by high expression of Ly6G and CD206, 
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which continue to increase until MI day 7.(21) CD206 in neutrophils is locally produced, 

as neutrophils in circulation at MI days 1, 3, or 5 were all CD206 negative.(21) Proteomic 

analysis showed high expression of cathepsin D, Epo-R, α-synuclein, fibronectin and 

fibrinogen indicating positive regulation of vasoconstriction.(38) By MI day 5, there is 

reduced neutrophil recruitment, and the neutrophils present have reduced pro- and 

elevated anti-inflammatory gene expression. By MI day 7, the overall phenotype of the 

neutrophil is reparative, with neutrophils contributing to ECM synthesis and 

reorganization as the top enriched pathway.(38)  

Cathepsins degrade ECM and stimulate apoptosis and autophagy, providing 

shut-off values to prevent extended neutrophil activity. Cathepsins degrade BCL-2 to 

stimulate apoptosis.(46) Cathepsin D mediates cytochrome c and primes caspase 8 

activation to stimulate apoptosis.(47) Fibronectin is 22-fold induced in neutrophils at MI 

day 3 compared to pre-MI resident neutrophils.(38) Fibronectin amplifies TNFα 

stimulated neutrophil apoptosis and augments macrophage uptake of apoptotic 

neutrophils, thus serving a dual role in promoting neutrophil removal from the MI.(48, 

49).  

The overall phenotype of the neutrophil at MI day 7 is reparative, with ECM 

reorganization being the primary feature. The direct role of neutrophils in tissue repair 

has been understudied, and neutrophils at MI day 5 and 7 have increased ECM protein 

expression, including fibrinogen, fibronectin, thrombospondin-2, galectin-3, MMP-2, 

tissue inhibitor of metalloproteinase (TIMP)-2, and vitronectin.(38) Neutrophils at MI day 

7 also express cathepsin B and S100A4.  

Fibrinogen stimulates fibroblast proliferation, indicating an upregulation of 

neutrophil to fibroblast cross-talk.(50) The increase in TIMP-2 indicates that neutrophils 

at later times of MI prevent further ECM breakdown by both reducing their expression of 

MMP-8 and -9 while upregulating TIMP. At the same time, the increased expression of 
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MMP-2 in the day 7 neutrophil indicates that it may also serve a neo-homeostatic role to 

help maintain the infarct scar, as MMP-2 is associated with cardiomyocyte 

homeostasis.(51) In vivo, exogenous IL-4 infusion started 24 h after MI reduced 

neutrophil expression of CCL3, IL-12a, TGF-β1, and TNFα at MI day 3.(52) Neutrophils 

stimulated in vitro with IL-4 show a strong anti-inflammatory polarization with increased 

expression of anti-inflammatory markers (i.e., arginase (ARG)1, CD206, TGF-β1, and 

chitinase-3-like protein 3 (YM1)).(53)   

As neutrophil directly regulate inflammatory response and tissue 

microenvironment in MI, targeting neutrophils or neutrophil components could be 

therapeutically viable. In cancer, training neutrophils towards granulopoeisis has shown 

to have a positive effect.(54) Inhibition of neutrophil dimer protein S100A8/A9 improves 

infarct size after MI.(55-57) Resolution promoting factors (resolvin D, annexin A1, and 

MMP-12) impact neutrophil infiltration and pro-inflammation.(37, 58, 59) Selective 

transdifferentiation of neutrophils from an inflammatory to reparative phenotype may 

provide improved response to MI. A significant challenge lies in identifying the 

appropriate time point to start the therapy, as pro-inflammatory neutrophils and 

subsequent signaling are essential for MI resolution. Sex as a biological variable may 

also need to be considered. While neutrophil numbers were lower in female mice at MI 

day 1, the neutrophils from the female mice showed higher per cell release of MMP-9 to 

maintain tissue clearance rates.(60, 61) The net effect of sex differences on remodeling 

remains to be fully elucidated.   
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3. Temporal evolution of Macrophage phenotypes  

Blood monocytes infiltrate to the LV infarct in response to chemotactic signals 

and initially differentiate into pro-inflammatory macrophages. Macrophages also 

 

Figure 1.1. Myocardial Infarction (MI) Neutrophil Signaling Network. 

After MI, necrotic cardiomyocytes release damage associated molecular patterns 
(DAMPs) that stimulate neutrophil infiltration from the circulation and mobilization of new 
neutrophils from the bone marrow, a process regulated by CXCL12/CXCR4 signaling. 
Blood neutrophils infiltrate to the infarct, shedding CD-62L along the way. MI neutrophils 
are polarized to a pro-inflammatory phenotype at MI day 1. Pro-inflammatory neutrophils 
undergo degranulation to release various proteases such as matrix metalloproteinase 
(MMP)-8, MMP-9, myeloperoxidase (MPO), neutrophil gelatinase associated lipocalin 
(NGAL) and neutrophil elastase. Pro-inflammatory neutrophils also secrete pro-
inflammatory proteins (e.g., S100A8/A9, interleukin (IL)-1β, IL-8, IL-12a, CCL3, CCL5, 
CXCL1/2, LIX, and tumor necrosis factor (TNF)α). With the change in tissue 
microenvironment to anti-inflammatory status, pro-inflammatory neutrophils undergo 
apoptosis and newly infiltrating neutrophils polarize to an anti-inflammatory phenotype. 
Anti-inflammatory neutrophils are characterized by increased expression of IL-10, 
Arginase (Arg)1, Ym1, tissue inhibitor of matrix metalloproteinase (TIMP)-2, and 
mannose receptor C-type 1 (Mrc1). By MI day 7, neutrophils show a reparative 
phenotype with predominant secretion of extracellular matrix (ECM) proteins such as 
fibronectin, fibrinogen, vitronectin, thrombospondin 2, galectin-3, cathepsin B, S100A4, 
MMP-2 and TIMP-2. Created with BioRender.com.  
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phenotypically evolve over the first week of MI (Figure 1.2).(23) Pro-inflammatory 

macrophages amplify the inflammatory signaling cascade, while anti-inflammatory and 

reparative macrophages phagocytose apoptotic neutrophils to shut off inflammation, and 

secrete growth factors and ECM components to initiate scar formation, and stimulate 

neovascularization in the infarct zone.   

3.1 Pro-inflammatory macrophages 

The overall phenotype of the macrophage at MI day 1 is pro-inflammatory, with 

cytokine upregulation and ECM degradation being primary features. Similar to 

neutrophils, pro-inflammatory macrophages express cytokines and chemokines, 

including IL-1b, IL-6, and TNFα.(53) CD14 is also upregulated at MI day 1. Th1- related 

cytokines activate M1 macrophages and induce pro-inflammatory activity. In addition to 

cytokine release, another major role of pro-inflammatory macrophages is to secrete 

MMP-8 and -9 to coordinate necrotic tissue removal in conjunction with the neutrophils. 

Enrichment analysis of the day 1 MI macrophage transcriptome showed upregulation of 

degranulation or release of tissue degrading proteases, and downregulation of ECM 

organization.    

In vivo, macrophages at MI day 1 are activated by binding of TLR ligands to TLR 

in a MYD88 dependent manner to induce transcription of interferon (IFN)γ and TNFα. 

Macrophages stimulated by pro-inflammatory cytokines secrete pro-inflammatory 

cytokines to maintain the inflammatory condition that extends neutrophil survival.(42) At 

MI day 1, pro-inflammatory macrophages (F4/80lowLy6Chigh) predominantly exhibit NF-κB 

and MAPK signal activation to increase IL-1β, IL-12a, CXCL4, ILR-2, MMP-8, and IL-24 

expression.(23) Hypoxic response is indicated in M1 macrophages at day 1 with 

differential expression of HIF-1α. Glycolysis, a metabolic hallmark of the pro-

inflammatory macrophage, is upregulated at MI day 1.(62, 63)  
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Pro-inflammatory macrophages associate with adverse cardiac remodeling after 

MI. In humans with acute MI, peak in pro-inflammatory monocytes (CD14+CD16-) in the 

blood negatively associated with recovery of ejection fraction 6 months after MI.(64) 

Peak circulating monocyte counts were higher in patients with acute MI who had pump 

failure or LV aneurysm, with monocyte counts correlating positively with LV end diastolic 

volumes and negatively with ejection fraction.(65) Similar results have been observed in 

mouse models of MI with increased macrophages correlated to higher incidences of LV 

rupture.(66) ApoEnull mice after MI have exacerbated infiltration and prolonged presence 

of pro-inflammatory macrophages resulting in reduced ejection fraction measured at MI 

day 21.(67) When the ApoEnull mice were treated with siRNA targeting CCR2, they were 

protected from heart failure and had improved MI wound healing.(67) Excessive 

inflammatory response caused by pro-inflammatory macrophages, therefore can be 

deleterious and appropriate targeting of this macrophage subtype may improve MI 

outcomes.  

3.2 Anti-inflammatory and reparative macrophages 

At about MI day 3, macrophages begin to polarize with the overall phenotype of 

the macrophage being anti-inflammatory, with proliferation, phagocytosis, and metabolic 

reprogramming being primary features.(23) These cells are characterized by high 

expression of IFN , IL-12a, and CXCL4, indicating a combination of pro- and anti-

inflammation. Anti-inflammatory macrophages can be stimulated in vitro by IL-4, IL-10, 

or IL-13.(53) While IL-4 is not endogenously expressed at high levels after MI, cells in 

the heart express IL-4 receptors and can respond to IL-4 stimulation.(52) Anti-

inflammatory genes expressed by macrophages include ARG1, IL-10, CD206, TGFβ, 

and YM1.(68) By MI day 7, the macrophage converts to a reparative phenotype, 

producing collagen, periostin (Postn), secreted protein acidic and rich in 

cysteine(SPARC), and lysyl oxidase.(26). 
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Engulfing of apoptotic neutrophils by macrophages involves GAS6 binding and 

MerTK activation through upregulation of AKT signaling.(69, 70) Acute inhibition of CD47 

during reperfused MI promotes macrophage phagocytosis and improves cardiac 

repair.(71) Neutrophil phagocytosis by macrophages reduces IL-23 release and triggers 

an anti-inflammatory response.(72) The anti-inflammatory macrophage stimulates 

fibroblast proliferation and ECM synthesis to initiate scar formation. TGF-β secreted by 

macrophages initiates the proliferative phase and induce repair and regeneration of 

ECM in the infarct region.(73). Anti-inflammatory macrophages also communicate with 

endothelial cells through release of growth factors (e.g., platelet derived growth factor) to 

stimulate the formation of new blood vessels necessary to vascularize the infarct 

scar.(74)   

As macrophages play various crucial physiological roles which are essential for 

infarct wound healing, complete depletion or early inhibition of macrophages holds less 

therapeutic potential. Depletion of macrophages by clodronate liposomes or genetic 

ablation both impairs wound repair.(68) In humans, pro-inflammatory M1 macrophages 

(CD14+CD16-) were lower in patients with thrombus after MI compared to patients 

without thrombus.(75, 76) In patients with ST segment elevation MI, blood CD14+CD16-  

monocyte counts negatively correlate with MI resolution.(77) Increasing macrophages 

proliferation by administration of macrophage colony-stimulating factor (M-CSF, CSF-1) 

reduces MI cardiac remodeling,(78) while administering an inducer of granulocyte-

macrophage colony-stimulating factor (GM-CSF) has the opposite effect.(79).  

Optimization or refinement of macrophage subtype kinetics may be beneficial in 

the MI response. A blunted or accelerated pro-inflammatory phase or an enhanced or 

early anti-inflammatory phase may provide an improved balance of phenotypes that 

allow the essential inflammation while promoting repair. CCR2 inhibition targets pro-

inflammatory monocytes (Ly-6Chigh) and is beneficial for MI repair.(77) Similarly, RNA 
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inhibition of the IRF5 transcription factor reduces pro-inflammatory macrophages 

numbers without altering anti-inflammatory or reparative macrophage.(80) IL-10, an anti-

inflammatory agent, administered 24 h after MI, improved ejection fraction and reduced 

cardiac dilation by reducing macrophage numbers, and shifting the phenotype to anti-

inflammation and repair.(81) IL-10 induces phagocytosis by acting through an IL-10-

STAT3-galectin 3 axis to upregulate production of osteopontin.(82) Macrophage induced 

phagocytosis is essential for tissue repair by clearing apoptotic cells and coordinating 

ECM reorganization during scar formation.(83) Effective strategies targeting the 

macrophage, therefore, will need to consider the necessity of inflammation.    
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4. Temporal evolution of fibroblast phenotypes  

The cardiac fibroblast is a resident cell type that actively participates in 

homeostasis of the myocardium by providing continuous low-grade turnover of ECM, 

contributing to vascular maintenance, and aiding in transduction of electrical signals.(26, 

 

Figure 1.2. MI Macrophage Signaling Network. 

Blood monocytes infiltrate to the infarct area and are initially polarized to pro-inflammatory 
macrophages by processes similar to neutrophils. Pro-inflammatory macrophages highly 
express cytokines (e.g., IL-1β, IL-12a, IL-23, and TNFα), as well as high expression of 
CD14. At MI day 1, macrophages aid the neutrophils in necrotic debris clearance by 
secreting tissue degrading proteases such as MMP-8 and MMP-9. By MI day 3, 
macrophages transition to an anti-inflammatory phenotype and phagocytose apoptotic 
neutrophils through cell surface expression of Mertk, Mrc1 and Fgcr2b. Anti-inflammatory 
macrophages secrete IL-10 and TGF-β, along with IFN-γ, IL-12a, and CXCL4, indicating a 
mixed profile. By MI day 7, macrophages continue to transition towards a reparative 
phenotype with secretion of ECM proteins such as collagen I, periostin (Postn), secreted 
protein acidic and rich in cysteine (SPARC) and lysyl oxidase (LOX). Created with 
BioRender.com.  
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74, 84-89) Following MI, the fibroblast transitions from supporting homeostatic functions 

to actively participating in all phases of infarct wound healing.(26, 74) While ECM 

synthesis and deposition is the major and most known role of the fibroblast during infarct 

healing, the fibroblast polarizes and shows a spectrum of phenotypes in response to 

changes in the microenvironment over the MI time continuum (Figure 1.3).(26) During 

the early inflammatory phase, ECM degradation is favoured over ECM deposition as 

removal of debris is necessary before scar formation.(90, 91) Consequently, fibroblasts 

polarize to support ECM degradation and necrotic debris removal. (26, 90) During the 

anti-inflammatory and reparative phase, changes in the microenvironment stimulate 

fibroblast proliferation and ECM synthesis resulting in scar formation.(26, 90)  

4.1 Pro-inflammatory fibroblasts  

The overall phenotype of the fibroblast at MI day 1 is pro-inflammatory, with 

cytokine upregulation and anti-migration being primary features. Cardiac fibroblasts both 

contribute and respond to pro-inflammatory signaling during MI.(84) DAMPs released by 

necrotic myocytes and leukocytes stimulate fibroblasts through pattern recognition 

receptors (TLRs, NLRs, IL-1R1, RAGE) to produce and release a range of chemokines 

(CXCL1, CXCL2, CXCL5, CXCL8, CXCL10, CX3C11, CCL2, CCL3, and CCL5) and 

cytokines (IL-1β, IL-6, IL-8, IL-12p40, IL-12p70, IL-13, TNFRSF9, and TNFα).(92-94) 

The MI day 1 fibroblast also produces colony stimulating factor (CSF)-1, which is needed 

for macrophage differentiation.(95) The production of pro-inflammatory cytokines by 

fibroblasts stimulates the influx of leukocytes into the infarct zone.(96-101) Cultured 

fibroblasts also produce pro-inflammatory chemokines and cytokines in response to 

IFNγ and TNFα, indicating a positive feedback loop is initiated in the presence of a pro-

inflammatory environment.(84, 102, 103) By transcriptomics, the most upregulated 

pathway in MI day 1 fibroblasts is chemokine- and cytokine-mediated inflammation 

indicating that cardiac fibroblast actively regulate the inflammatory response.(26) Pro-
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inflammatory fibroblasts also display a pro-survival, anti-proliferative and anti-migratory 

phenotype. The expression of anti-apoptotic BCL2 is increased in MI day 1 fibroblasts 

indicating a pro-survival phenotype, which would also prevent neutrophils from 

undergoing apoptosis.(26) This in conjunction with reduced migration rate and absence 

of proliferation favours ECM degradation.(26, 90) Thus pro-inflammatory fibroblasts 

promote leukocyte infiltration, ECM degradation and necrotic debris removal.   

4.2 Anti-inflammatory and reparative fibroblasts 

The inflammation starts to subside around MI day 3.(84) The overall phenotype 

of the fibroblast at MI day 3 is proliferative, with promotion of angiogenesis and ECM 

production being primary features. The shift from an inflammatory to an anti-

inflammatory environment induces transdifferentiation of the fibroblasts into 

myofibroblasts, which start to proliferate and migrate into the infarcted area, resulting in 

increased wound contraction and repair capacity.(26, 104, 105)  The main function of the 

fibroblast is to synthesize and secrete ECM, a function fundamental for formation of the 

collagen rich scar that replaces the necrotic myocytes.(74, 84, 90) Even though 

replacing myocytes with scar tissue results in loss of contractility and is suboptimal 

compared to the pre-MI state, formation of an infarct scar is crucial for structural integrity 

to prevent the formation of LV aneurysm and cardiac rupture and is an optimal response 

to MI.(104) 

TGF-β1, secreted by most myocardial cell types, including cardiomyocytes and 

macrophages, is the central mediator of myofibroblast activation.(34, 73, 105) IL-1, 

cardiotrophin-1, and fibroblast growth factor are additional factors that can stimulate 

fibroblast migration into the infarct, but their effect on infarct scar formation is still 

uncertain.(105-108) The myofibroblast is commonly defined as a post-injury fibroblast, a 

definition loosely based on the binary expression of alpha smooth muscle actin.(105) 

This terminology however, is limiting since it does not include all the different 
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phenotypes that the fibroblasts display during the MI time continuum.(84) MI day 3 

fibroblasts have a proliferative and pro-angiogenic phenotype.(26) Cholesterol 

biosynthesis, necessary for membrane synthesis and proliferation, is the major 

upregulated pathway in the MI day 3 fibroblast. Increased proliferation in combination 

with downregulation of pro-apoptotic genes (Caspase3) explains the increased fibroblast 

numbers detected around MI day 3.  

Angiogenesis, cell migration involved in sprouting angiogenesis, and blood 

vessel endothelial cell migration are additional processes upregulated in the MI day 3 

fibroblasts. In vitro, the secretome from day 3 fibroblasts stimulate endothelial cell tube 

formation, supporting the pro-angiogenic phenotype.(26) Collagen content in the 

infarcted area does not increase measurably until 3-7 days after MI and peaks after 3-6 

weeks.(104, 109) The fibroblasts that we typically think of, a prominent producer of 

ECM, are seen at MI day 7.(90)  The overall phenotype of the fibroblast at MI day 7 is 

scar forming, with ECM production and anti-angiogenesis being primary features. The 

secretome of day 7 fibroblasts is rich in collagen I alpha 1 and 2 chains, secreted protein 

acidic and rich in cysteine, and lysyl oxidase. At the same time, day 7 fibroblasts also 

secrete TIMP-1, TIMP-3 and THBS1, which inhibits ECM degradation and 

angiogenesis.(26) Thus, the anti-inflammatory and reparative fibroblasts support scar 

formation thorough ECM deposition and revascularization.  

Fibroblasts are very changeable in character and therefore amenable to 

therapy.(110) Promoting pro-angiogenic fibroblasts early on may be a way to accelerate 

revascularization and infarct healing. To do this, a better understanding of the factors 

that promote different fibroblast phenotypes is warranted. TGF-β1, in addition to 

stimulating ECM synthesis and deposition, is a very potent suppressor of inflammation 

and may therefore be used to promote infarct healing.(73) On the other hand, excessive 
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ECM deposition may induce arrhythmias and diastolic dysfunction, showing the 

importance of having the right amount at the right time.(111, 112)  

 

 

Figure 1.3. MI Fibroblast Signaling Network. 

In response to MI, cardiac fibroblasts initially polarize to a proinflammatory phenotype at MI 
day 1 and secrete cytokines and chemokines (e.g., CXCL1, 2, 5, 8, and 10, CX3C11, 
CCL2, 3, 5, IL-1β, IL-6, IL-8, IL-12p40, IL-12p70, IL-13, TNFα, Tnfrsf9, and CSF1) to 
facilitate leukocyte infiltration. By MI day 3, fibroblasts polarize to a more proliferative 

phenotype (Ckap4 expression) with characteristics of an activated myofibroblast ( smooth 
muscle actin expression and Tgfβ1). Activated myofibroblasts secrete ECM proteins, 
including collagen I and III, as well as fibronectin that initiates ECM deposition for scar 
formation. VEGF secretion increases at MI day 3, indicating an angiogenic role for 
fibroblasts. By MI day 7, fibroblasts continue secrete more ECM proteins (collagen I and III, 
TIMP-1 and collagen crosslinking proteins such as SPARC and LOX for scar maturation. 
Reparative fibroblasts at MI day 7 demonstrate an anti-angiogenic profile, indicated by 
expression of thrombospondin 1. Created with BioRender.com.  
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5. Conclusion 

The cardiac response to MI involves a series of wound healing events 

categorized as temporal shifts from pro-inflammation to anti-inflammation to repair and 

scar formation (Figure 1.4). The neutrophil, macrophage, and fibroblast all evolve in 

phenotype along this time continuum. Understanding the balance in interactions among 

these three cells types will provide insight into both the mechanisms involved as well as 

provide targets for therapeutic modulation. With increased awareness of the importance 

of rigor and reproducibility, a number of resources have been provided by the research 

community to aid in MI research.(5, 113)  

Fine tuning the system, rather than total ablation or overexpression of 

components, will likely yield a better outcome. Strategies that temper inflammation or 

accelerate the transition to turn off inflammation may provide a means to modify the 

response. Using resolution promoting factors is one such arena of promising 

research.(37, 59, 114) While clinical treatment of acute MI has improved dramatically 

over the last 40 years, preventing the progression to heart failure remains a significant 

clinical issue.  
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Figure 1.4. MI wound healing. 

Cardiac wound healing after MI is a balance between the breakdown of existing ECM and 
construction of new ECM to form an infarct scar. Changes in cellular phenotypes transition 
from early pro-inflammatory to anti-inflammatory and reparative polarization phenotypes. 
Pro-inflammatory cells clear necrotic tissue, while anti-inflammatory cells turn off the 
inflammatory response and reparative cells promote scar formation and maturation through 
secretion of ECM and ECM-modifying proteins. Created with Biorender.com.  
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CHAPTER 2. S100A9 is a functional effector of infarct wall thinning after 

myocardial infarction 

1. Introduction 

The response to myocardial infarction (MI) involves a robust immune response with 

inflammatory cell infiltration initiated within the first hours after coronary artery occlusion. 

Pro-inflammatory neutrophils and monocytes are early responders to danger associated 

molecular patterns (DAMPs) released from necrotic cardiomyocytes.(115-117) 

Leukocytes infiltrate the infarct regions and commence the inflammatory cascade by 

secreting cytokines, chemokines, and proteases essential for extracellular matrix (ECM) 

breakdown and remodeling. Excessive infiltration of pro-inflammatory cells after MI can 

have a negative impact on cardiac remodeling and repair mechanisms.(91, 118) While 

tempering the pro-inflammatory cascade will curb excessive cardiomyocyte and ECM 

turnover, pro-inflammation is an essential preceding guide for later anti-inflammatory and 

reparative signaling. For this reason, anti-inflammatory strategies that totally block pro-

inflammation have often resulted in negative impacts on cardiac remodeling.(119) 

 Cardiomyocyte necrosis and subsequent loss after MI defines the magnitude of 

infarct wall thinning that occurs.(38, 120) In the mouse MI model, maximum myocyte 

loss occurs within 24 h of ischemia initiation, with wall thinning peaking at day(D)1. 

Infarct wall thinning can be measured in vivo by echocardiography. Wall thinning 

weakens cardiac structure and can lead to formation of left ventricle (LV) aneurysms 

which can further progress to LV rupture. LV rupture, while less prevalent clinically due 

to the advent of reperfusion, is still a major cause of MI mortality in preclinical MI animal 

models and clinically with failed reperfusion or ineffective cardiac repair.(66, 121) About 

25% of MI cases in humans are non-reperfused due to inaccessibility or delayed 

presentation of MI or other medical contraindications. An additional ~30% of MI cases 
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undergoing percutaneous intervention fail and are categorized as no-reflow.(122, 123) 

No-reflow accounts for about 500,000 patients yearly in the United States alone.(122, 

123) In both of these cases, the patient is at high risk for adverse cardiac remodeling 

that progresses to heart failure. In mice, the non-reperfused MI model best replicates 

this clinical scenario. 

 Neutrophil numbers positively associate with LV rupture.(124) Neutrophils 

secrete a variety of proteases including serine proteases, matrix metalloproteinases 

(MMPs), and neutrophil elastase to orchestrate the removal of necrotic debris. The 

neutrophil expresses several MMPs, particularly MMP-8 and MMP-9, which are stored in 

pre-formed granules.(125) MMP-8 and MMP-9 proteolytically cleave a number of 

substrates including ECM, chemokines, and cytokines. Increased MMP-8 or MMP-9 in 

the infarct zone associates with LV rupture and heart failure progression after MI.(121, 

126-128)  

The S100A8/A9 complex, also known as calprotectin, is a DAMP secreted by 

neutrophils and monocytes and regulates inflammatory responses through its role in 

innate immunity.(129) The two subunits belong to the S100 family of proteins, which 

regulates various cellular functions including calcium balance, cellular migration, 

proliferation, and inflammation.(130) S100A8 and S100A9 combined account for 

approximately 45% of total cytosolic protein content in neutrophils. S100A9 is a calcium 

binding protein that primarily exists as a heterodimer with S100A8.  

The goal of this study was to identify proteins derived from the neutrophil that best 

correlate with infarct wall thinning and could serve as causal mediators. Our results 

identified 4 proteins, of which S100A9 was the highest extracellular component. We then 

tested the hypothesis that as a direct regulator, S100A9 administration after MI would 

increase infarct wall thinning. 
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2. Materials and Methods 

Identification of protein candidates 

 The experimental design workflow is detailed in Figure 2.1. We retrospectively 

interrogated a previously published MI neutrophil proteome and echocardiography 

dataset to identify proteins that best linked to infarct wall thinning.(38) The dataset 

included 123 neutrophil proteins, which were correlated with infarct wall thickness 

measurement by echocardiography (anterior wall thickness in systole, AWTs).(38) 

Infarct wall thinning index was calculated as the inverse of wall thickness (1/AWTs). The 

dataset included results for 3-6 month old C57BL/6J male(M) mice at control no MI D0 

(n=10) or MI D1 (n=10). Neutrophils were isolated from the infarct region at MI D1 and 

compared with no MI D0 LV neutrophils. By Pearson correlation analysis, the correlation 

coefficient (r) and p value were used to determine ranking. Positive correlations between 

wall thinning index and protein concentration (negative correlation between infarct wall 

thickness and protein concentration) were used for target selection and hypothesis 

generation for the prospective study.  
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Coronary artery ligation and echocardiography 

For the prospective evaluation, all animal procedures were approved by the 

Institutional Animal Care and Use Committee at the University of Nebraska Medical 

Center and were conducted in accordance with the Guide for the Care and Use of 

Laboratory Animals published by the National Institutes of Health.(131) We enrolled a 

new set of mice for validation assessment. C57BL/6J male mice (3-6 months old) were 

used for MI surgery using the same protocol as described previously.(21, 81, 118, 132-

134) Isoflurane (~2%) was used for anesthesia and buprenorphine-SR (0.5 mg/kg, 

 

Figure 2.1. Experimental design 

Created with BioRender.com. 
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subcutaneously) was given before surgery for analgesia. MI was confirmed at surgery by 

visual blanching of the left ventricle and changes in the electrocardiogram (ST segment 

elevation) and validated by terminal echocardiography and infarct sizing by 1% 2,3,5-

triphenyltetrazolium chloride (Sigma) staining. Mice were randomized to treatment 

groups and investigators were blinded for data acquisition and analysis.  

At the time of MI, recombinant S100A8/A9 (RnD Systems #8916-S8-050; 4.4 ng/g/h 

or 3.2 g/day, endotoxin-free) was given subcutaneously by osmotic minipump (Alzet 

#2001D for D1 and #1003D for D3). Osmotic minipumps were activated for 3 h for D1 

pumps and overnight for D3 pumps per manufacturer recommendation. S100A9 was 

given as a complex with S100A8 because in vivo the proteins exist as a stable 

heterodimer. The dose used was similar to previous reports.(55-57, 135) Saline was 

infused as the vehicle control. Echocardiography was performed prior to MI and at MI D1 

and D3 using the Vevo 3100 (FUJIFILM Visualsonics) in accordance to the guidelines 

for measuring cardiac physiology in mice.(136) Following echocardiography, the mice 

were sacrificed and the tissue was collected, snap frozen, and stored at -80 °C. Infarct 

sizes were calculated as the percentage infarcted area of total LV area using Adobe 

Photoshop. The LV infarct region was separated from the remote non-infarcted region 

and stored individually. Sample sizes were D1 saline (n=6M), D1 S100A8/A9 (n=7M), D3 

saline (n=6M), and D3 S100A8/A9 (n=5M). 

Degranulation assay 

Bone marrow derived neutrophils were isolated from C57BL/6J male mice (3-6 

months old; n=3) using the autoMACS Pro Separator (Miltenyi Biotec) with anti-Ly6G 

microbeads (Miltenyi Biotech; #130-120-337) as previously described.(118) Neutrophils 

(1.5 x 106 cells) were resuspended in 1 mL RPMI 1640 (Gibco, #21875034) with 1% 

penicillin/streptomycin (Thermo, #15140-122). The cells were stimulated with 

S100A8/A9 (RnD Systems, #8916-S8-050; 500 ng/mL) for 15 min at 37C. Unstimulated 
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neutrophils served as negative controls. At the end of stimulation, samples were 

centrifuged at 800xg for 8 min. The secretome (supernatant) and cell pellet were 

separated, individually snap frozen, and stored at -80 °C until use. MMP-9 release into 

the secretome was measured by immunoblotting, as an indicator of degranulation status.  

Immunoblotting 

Immunoblotting was performed according to the published guidelines.(137) For 

immunoblotting of infarcted LV, total protein (10 µg) was loaded on 4–12% Criterion XT 

Bis-Tris precast gels (Bio-Rad) and transferred to nitrocellulose membranes using the 

Trans-Blot Turbo Transfer Pack (Bio-Rad). Membranes were stained with Pierce 

Reversible Protein Stain Kit (Thermo Scientific). Membranes were blocked with Blotting 

Grade Blocker (5%, Bio-Rad) in phosphate buffer solution (PBS) containing 0.1% Tween 

20 and incubated overnight at 4°C with the primary antibody (Cedarlane, anti-mouse 

neutrophils #CL8993AP, 1:1000; Cedarlane, anti-mouse Mac-3 #CL8943AP-3, 1:1000; 

Invitrogen, anti- mouse S100A8 #PA5-79948, 1:1000; Invitrogen, anti-mouse S100A9 

#PA1-46489, 1:1000), followed by incubation at room temperature for 1 h with the 

secondary antibody (Vector laboratories, anti-rat IgG, #PI-9400, dilution 1:5000, anti-

rabbit IgG, #PI-1000, dilution 1:5000). Chemiluminescent images were captured using 

the iBright FL1000 imaging system (Thermo Fisher) and quantified using iBright analysis 

software 4.0.0. The blots were normalized to the total protein and the data are presented 

as normalized arbitrary units. Antibodies were validated using positive controls, including 

bone marrow derived neutrophils for the neutrophil Ly6b blot, LV macrophages for the 

Mac-3 blot, and recombinant mouse MMP-9 for MMP-9 blot. Spleen was used as a 

standard positive control for all blots.    

 For immunoblotting of the neutrophil secretome, the above protocol was followed 

with the following modifications. Equal volume (10 µL) was loaded for each sample, 

because the cell number per volume was equal. The primary antibody used was against 
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MMP-9 (Millipore Sigma, #AB19016, dilution 1:1000), and the secondary antibody was 

anti-rabbit IgG (Vector Laboratories, #PI-1000, dilution 1:5000). The data are presented 

as arbitrary units.  

Statistics 

Statistical analyses were performed with GraphPad Prism 9, according to the 

guidelines outlined in Statistical Considerations in Reporting Cardiovascular 

Research.(138) Data were reported as mean±SEM. Normality was evaluated using the 

Shapiro-Wilk test, and all data passed normality. For correlation analysis, association 

between two variables was determined by calculating the Pearson correlation coefficient. 

Survival curves were analyzed by Mantel-cox (log-rank) test. The Students t-test was 

used to compare two groups; unpaired t-test was used for the in vivo data and paired t-

test was used for the in vitro data. A p value <0.05 was considered statistically 

significant. 

3. Results 

Neutrophil proteins positively correlated with the wall thinning index 

 Out of 123 proteins examined, four proteins positively correlated with the wall 

thinning index (Figure 2.2). Ranked by r, these were histone 1.2, S100A9, histone 3.1, 

and fibrinogen. The histone proteins identified are intracellular components and likely 

reflect the change in metabolic status of the neutrophil.(139-141) Because S100A9 was 

the highest ranked secreted factor, we evaluated whether it was causally involved in 

infarct wall thinning and could serve as a functional effector biomarker. 



28 
 

 

S100A8/A9 administration increased neutrophil infiltration at MI D1  

 To test whether exogenous administration of S100A8/A9 stimulated infarct wall 

thinning, we infused S100A8/A9 beginning at the time of MI. At MI D1, neutrophil and 

macrophage infiltration were measured by immunoblotting and infarct wall thickness by 

echocardiography. Survival at MI D1 was identical between MI groups, with 100% of 

mice enrolled with successful MI surviving to D1. Infarct size was also similar in both 

groups at MI D1 (Figure 2.3A and B); the saline group had an infarct size of 49±3% and 

the S100A8/A9 group 56±3% (p=0.082). Cardiac physiology, including wall thinning, was 

also similar between saline and S100A8/A9 treated groups at MI D1 (Figure 2.3C and 

D). To test whether exogenous administration of S100A8/A9 increased neutrophil and 

 

Figure 2.2. Neutrophil proteins positively correlated with the infarct wall thinning index 
at MI day 1. 

A) Histone 1.2, B) S100A9, C) Histone 3.1, and D) Fibrinogen.  

 



29 
 

macrophages influx to the infarct, we measured ly6b and mac-3 in the LV infarct by 

immunoblotting. Neutrophil and macrophage infiltration were robustly increased by 

S100A8/A9 treatment compared to saline control (Figure 2.3E and F). As expected, 

there was little to no neutrophil infiltration in the LV remote region and S100A8/A9 had 

no effect (0.54±0.14 normalized arbitrary units for saline and 0.62±0.13 normalized 

arbitrary units for S100A8/A9, p=0.66). This indicated that that the primary effect of 

S100A8/A9 at MI D1 was to amplify pro-inflammatory neutrophil and macrophage entry 

to the infarct.   
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Figure 2.3. S100A8/A9 robustly increased neutrophil and macrophage infiltration 
without changing cardiac physiology at MI day 1. 

A) Representative infarct size images taken after TTC staining of each treatment group. B) 
Infarct size was similar between saline and S100A8/A9 groups. C) Cardiac physiology 
variables were similar between the saline and S100A8/A9 groups. D) The infarct wall thinning 
index (1/AWTs) was similar between the saline and S100A8/A9 groups. E) Neutrophil (Ly6b 
expression) infiltration increased in the LV infarct in the S100A8/A9 infused group compared 
to saline vehicle control. F) Macrophage (Mac-3 expression) infiltration increased in the LV 
infarct in the S100A8/A9 infused group compared to saline vehicle control. Sample sizes were 
saline (n=6M) and S100A8/A9 (n=7M); data analyzed by unpaired t-test. 
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S100A9 administration increased infarct wall thinning at MI D3 

 To determine if the increased neutrophils at MI D1 would lead to increased infarct 

wall thinning later, we evaluated MI D3. Survival was not different between the saline 

group (6/6 survived, 100%) and the S100A8/A9 group (5/6 survived, 83%, p=0.31), and 

infarct sizes were similar (Figure 2.4A and B). Compared to saline control, S100A8/A9 

administration worsened cardiac physiology, as indicated by decreased ejection fraction 

and increased end systolic and end diastolic volumes (Figure 2.4C). S100A8/A9 

treatment resulted in a 22% increase in the wall thinning index (Figure 2.4D). By D3, 

neutrophil infiltration was not different between saline and S100A8/A9 groups (Figure 

2.5A (I)). There continued to be a sustained two-fold increase in macrophages in the 

S100A8/A9 group compared to saline (Figure 2.5B(I)). Neutrophil count at MI D3 

negatively correlated with infarct wall thinning index (r=-0.62, p=0.04; Figure 2.5A(II)), 

whereas macrophage count at MI D3 positively correlated with infarct wall thinning index 

(r=0.74, p=0.009; Figure 2.5B (II)). These results indicate that sustained S100A8/A9 

treatment increased macrophages at MI D3 to exacerbate infarct wall thinning. 
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Figure 2.4. S100A8/A9 increased wall thinning and impaired cardiac physiology after MI 
without affecting infarct sizes. 

A) Representative infarct size images taken after TTC staining of each treatment group. B) 
Infarct size was similar between Saline and S100A8/A9 groups. C) S100A8/A9 exacerbated 
overall cardiac dysfunction after MI compared to saline treatment. D) S100A8/A9 increased 
the infarct wall thinning index by 22% compared to saline treatment. E) Representative 
images of cardiac physiology measurements by 2D echocardiography; Saline (left) and 
S100A8/A9 (right). Sample sizes were saline (n=6) and S100A8/A9 (n=7); data analyzed by 
unpaired t-test. 
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S100A8/A9 did not increase MMP-9 in vivo and did not directly stimulate 

neutrophil degranulation in vitro 

 To evaluate whether the correlation of S100A9 to infarct wall thinning was linked 

to MMP-9, as MMP-9 is associated with MI death and LV rupture, we evaluated MMP-9 

protein expression in the LV infarct. There were no differences between groups at MI D1 

or D3 (Figure 2.6A(I) and (II)). To determine if S100A8/A9 had a direct effect on 

neutrophil degranulation, we stimulated bone marrow derived neutrophils in vitro with 

S100A8/A9 and measured MMP-9 release into the secretome as an index of 

degranulation. As shown in Figure 2.6B, S100A9 did not directly induce release of 

MMP-9. This indicates that the exacerbated LV physiology – increased wall thinning and 

 

Figure 2.5. Infarct wall thinning observed at MI day 3 negatively correlated with 
neutrophils and positively correlated with macrophages. 

A) I) S100A8/A9 did not change neutrophil infiltration (Ly6b expression) in the LV infarct in the 
S100A8/A9 group (n=6) compared to saline group (n=5), p=0.09. Data analyzed using 
unpaired t-test. II) Neutrophils negatively correlated with the infarct wall thinning index at MI 
D3. B) I) S100A8/A9 increased macrophage infiltration (Mac-3 expression) in the LV infarct in 
the S100A8/A9 group (n=6) compared to saline group (n=5), p=0.014. Data analyzed using 
unpaired t-test. II) Macrophages positively correlated with the infarct wall thinning index at MI 
D3.  
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dilation – seen due to administration of S100A8/A9 was primarily due to stimulating the 

influx of pro-inflammatory leukocytes at MI D1 and D3, and through stimulating tissue 

degrading action of macrophages more than neutrophils. 

 

S100A8/A9 activity increased with treatment 

S100A8 or S100A9 was not elevated at MI D1 or D3 in the infarct region of the 

S100A8/A9 treated mice (Figure 2.7A (I), (II) and B (I), (II)). This is consistent with past 

reports that S100A8/A9 has an auto-inhibitory feedback mechanism that turns off its 

production.(142, 143) To measure activity, we calculated the ratio of neutrophils and 

macrophages (immune cells) per unit of S100A8 or S100A9 expression in the LV infarct 

(Figure 2.7A (III) and B (III)). The neutrophil to S100A8 or S100A9 ratio and the 

macrophage to S100A9 ratio were all higher at MI D1, while the neutrophil to S100A8 

 

Figure 2.6. S100A8/A9 did not directly stimulate MMP-9 expression in vivo or neutrophil 
degranulation in vitro. 

A) I) S100A8/A9 did not increase MMP-9 expression in the LV infarct at MI D1. II) S100A8/A9 
did not increase MMP-9 expression in the LV infarct at MI D3. Sample sizes were saline (n=6) 
and S100A8/A9 (n=7); data analyzed by unpaired t-test. B) S100A8/A9 did not increase MMP-
9 release from bone marrow derived neutrophils stimulated with S100A8/A9 for 15 min in vitro. 
Samples were n=3; data analyzed using paired t-test. 
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ratio was lower at MI D3. This indicates that S100A8/A9 activity was higher in treated 

group compared to control, and administration of S100A8/A9 elevates inflammatory cell 

infiltration early as its primary mechanism of action for exacerbating LV physiology later 

in MI. 

 

4. Discussion 

The goal of this study was to identify proteins derived from the neutrophil that 

best correlate with infarct wall thinning and serve as causal mediators. We selected to 

evaluate the relationship between wall thinning and the neutrophil proteome at MI D1 

 

Figure 2.7. S100A8/A9 administration increased immune cells per S100A8 or S100A9 
at MI D1. 

A) I) S100A8 or II) S100A9 expression in the LV infarct was not elevated at MI D1. III) The 
neutrophil to S100A8 or S100A9 and macrophage to S100A9 ratios were increased in the 
S100A8/A9 treated group compared to saline. Samples sizes were saline (n=6) and 
S100A8/A9 (n=7); data analyzed using unpaired t-test. B) I) S100A8 or II) S100A9 
expression in the LV infarct was not elevated at MI D3. III) The neutrophil to S100A8 ratio 
decreased at MI D3. Samples were saline (n=6) and S100A8/A9 (n=5); data analyzed 
using unpaired t-test. 
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because both peak at this time point. There were four proteins identified that positively 

tracked with wall thinning: S100A9, Histone 1.2, Histone 3.1 and Fibrinogen. Of these, 

S100A9 was the highest ranked secreted factor. By in vivo exogenous S100A8/A9 

administration, S100A8/A9 increased leukocyte influx at MI day 1 and 3 and infarct wall 

thinning at MI day 3. Our results indicate that S100A9 is a functional effector of infarct 

wall thinning (Figure 2.8).   

 

 Activated neutrophils secrete DAMPs to maintain inflammatory status by 

renewing leukocyte infiltration. S100A8/A9 is a pro-inflammatory alarmin abundantly 

expressed in neutrophils.(119, 144) S100A8/A9 acts through toll-like receptor 4 (TLR4) 

and receptor of advanced end glycation end-products (RAGE) to activate innate immune 

responses.(125, 142, 145) S100A8/A9 primes the nucleotide-binding oligomerization 

 

Figure 2.8. S100A9 is a functional effector of infarct wall thinning. 

By retrospective evaluation followed by a prospective validation study, S100A9 was 
determined to be a functional effector of infarct wall thinning. Created with 
BioRender.com. 
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domain (NOD)–like receptor family pyrin domain–containing protein 3 (NLRP3) 

inflammasome to produce interleukin (IL)-1, which leads to myeloid cell recruitment to 

the infarct.(142, 146) Genetic disruption of S100A8/A9 or its downstream signaling 

mediators improves cardiac physiology after MI.(142) A similar study by Marinkovic and 

colleagues showed that short term pharmacological inhibition of S100A8/A9 also 

improves cardiac function at MI D3, which is similar to our findings.(147)  

 A primary role of the neutrophil in the infarct is to secrete proteases to remove 

necrotic myocytes and damaged ECM, which prepares the infarct for scar deposition. 

While neutrophils are essential for cardiac wound healing, excessive neutrophils amplify 

inflammation and promote excessive tissue proteolysis. Neutrophils secrete proteases 

by degranulation, including MMP-9, which regulates early clearance of the necrotic 

debris. Our lab has shown that neutrophils polarize over the course of MI, with the 

neutrophil proteome showing a functional shift from pro-inflammatory to reparative 

phenotype over the first week in mice.(21, 38) This study validates that increased influx 

of pro-inflammatory neutrophils, macrophages, and associated proteins after MI D1 

leads to sustained inflammation, which can debilitate the wound healing process. 

Targeting neutrophil polarization in cancer has shown positive results by decreasing 

tumor size and may be a potential avenue for MI therapy as well.(54) S100A9 could be a 

neutrophil specific therapeutic switch point.(148)  

In the present study, S100A8/A9 increased neutrophil and macrophage 

infiltration in the infarct at MI D1, leading to sustained increase of macrophages and 

increased wall thinning at MI D3. The LV samples were snap frozen and collected for 

biochemical analysis; as such, we were not able to perform immunohistochemistry to 

show localization of leukocytes within the infarct region. The effect on infiltration is 

limited to the infarct region, as the remote region showed little or no influx or neutrophils 

either with saline or S100A8/A9 treatment, which is consistent with past reports.(149)  
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Our results highlight that the effect of S100A8/A9 is not a direct effect on 

neutrophil degranulation. Degranulation was defined as MMP-9 release, which is one 

surrogate marker. Other markers of degranulation include MMP-8, myeloperoxidase, 

and serine elastase.(125) Rather, the effect was indirect in stimulating a greater influx of 

pro-inflammatory leukocytes. In addition, S100A9 is a calcium binding protein and as 

such could also have a direct effect on the cardiomyocyte sarcomere.(150) This would 

be consistent with the decrease in ejection fraction observed at MI D3 in the treated 

group. Our in vivo and in vitro results combined indicate that S100A8/A9 does not itself 

specifically target wall thinning through neutrophil degranulation. 

S100A8/A9 peaks within 6 h of MI and is autoregulated for its activity by the 

formation of oligotetramers, which competitively bind TLR-4 to block signaling and 

negatively feedback to reduce further production.(142, 143) S100A8/A9 acts as a major 

inducer for granulopoiesis and mobilization of granulocytes within the infarct.(142, 151) 

We observed that S100A8/A9 induced early changes in immune cell infiltration. 

S100A8/A9 potentiated inflammation by increasing pro-inflammatory leukocyte influx into 

the heart and exacerbated LV dysfunction after MI. S100A8/A9 stimulation of TLR4 

activates nuclear factor kappa-B (NF-kB) to induce translation of various pro-

inflammatory cytokines (e.g., tumor necrosis factor alpha (TNFα), IL-1, IL-6, and IL-

8.(57, 125, 129, 152) Serum S100A9 is a potential prognostic marker of major 

cardiovascular events in patients with acute MI and CXCR2+ neutrophils in the heart are 

the main producers of S100A9 early during reperfusion.(153, 154) There is strong 

evidence, therefore, that S100A9 is an effector marker. 

The infarct wall thinning index directly correlated with increased neutrophils and 

macrophages at MI D1 and with only macrophages at MI D3. While neutrophil influx was 

elevated at MI D1, macrophage numbers remained elevated at D3. Similar to 

neutrophils, pro-inflammatory macrophages peak at MI D1.(21, 133) S100A9 induces a 
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pro-inflammatory macrophage phenotype in osteoarthritis.(155) Macrophages also 

express S100A9, which is lost during conversion from pro- to anti-inflammatory 

phenotype.(152) Exogenous administration of S100A9 stimulates the transition from 

inflammatory Ly6Chi monocytes to reparatory Ly6Clo macrophages through upregulation 

of the transcription factor Nur77.(147, 156)  

Increased pro-inflammatory macrophage influx has been associated with LV 

rupture.(66) MI D3 macrophage numbers directly correlated with the infarct wall thinning 

index, which could be either a reflection or consequence of S100A8/A9 treatment, or 

both. MI D3 neutrophils show a negative correlation with infarct wall thinning, indicating 

that wall thinning seen with S100A8/A9 administration is due initially to action on the 

neutrophil and macrophage and later to the potentiation of macrophage activity. S100A9 

could be influencing neutrophil to macrophage cross-talk, as it is known that neutrophils 

coordinate the influx of macrophages.(157, 158) Disrupted leukocytes kinetics after MI 

induced by S100A8/A9 could explain the physiological effects observed.(114, 159) One 

limitation of this study was the use of only male mice. Future studies exploring the role of 

S100A8/A9 on MI remodeling in female mice is warranted.   

For this study, we focused on the highest ranked secreted protein, which was 

S100A9. For the S100A8/A9 (calprotectin) heterodimer complex, only S100A9 was 

measured in the protein array. The other proteins identified, histone 1.2, histone 3.1, and 

fibrinogen, were also strong indicators of wall thinning and should be evaluated in future 

studies. Histones are markers of NETosis and likely reflect intracellular re-organization 

of the neutrophil at MI D1.(145) Increased histones suggest formation of extracellular 

traps and sustenance of inflammation, which is also in line with our findings.(160) In a 

clinical study, Liu et al showed that neutrophils obtained from infarct related arteries 

released NETs and that dsDNA levels were significantly higher in coronary plasma 

samples and independently associated with in-hospital major adverse cardiac 
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events.(161) Inhibition of peptidyl arginine deiminase (PAD)-4, an enzyme responsible 

for citrullination of arginine in histones, by PAD4 specific chemical inhibitor GSK484 

protected against left ventricular dysfunction after MI.(162) Further, excessive NETs is 

associated with Reactive oxygen species(ROS)–dependent aggravation of myocardial 

injury in MI in Apolipoprotein E deficient mice.(163) Nagareddy et al linked the potential 

of NETosis to S100A8/A9 release from neutrophils in a recent article, demonstrating a 

requirement of NETosis in S100A8/A9-induced granulopoiesis.(145)   

Fibrinogen is a novel neutrophil marker of degranulation previously identified by 

our team which remains upregulated in neutrophil proteome throughout D7.(38) 

Increased production of fibrinogen at D1 of MI by neutrophils indicates a significant role 

of neutrophils in MI wound healing with key inputs in ECM reorganization. Early 

secretion of ECM proteins like fibrinogen from neutrophils could aid in formation of a 

provisional matrix scaffold for infiltrating neutrophils and monocytes in the infarct, hence 

sustaining inflammation.(164) Fibrinogen is also known to activate fibroblasts and 

increased fibrinogen early in MI can potentially be linked to fibrosis.(165) Fibrinogen has 

previously been suggested by many as a marker for stroke and MI.(166-169) However, 

this is the first time that fibrinogen has been linked with LV wall thinning and neutrophils, 

and is worth pursuing in future evaluations. 

5. Conclusion 

In summary, S100A9 is an early functional effector of LV infarct wall thinning in 

the mouse MI model of permanent occlusion. The mechanism of action of S100A9 is 

directed more at stimulating influx of neutrophils and macrophages rather than direct 

activation of neutrophil degranulation. Neutrophil proteins are not only potential early 

biomarkers, but also functional effectors for worsened LV physiology after MI and could 

be therapeutically targeted to promote infarct healing. 
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CHAPTER 3. Macrophages secrete murinoglobulin-1 and galectin-3 to 

regulate neutrophil degranulation after myocardial infarction 

1. Introduction 

In response to myocardial infarction (MI), the cardiac wound healing response 

involves an early phase of robust inflammation, which is an essential prerequisite event 

for later transition to resolution and repair that culminates in infarct scar formation.(52, 

91, 119, 170) Leukocyte infiltration is a key hallmark of the early inflammatory phase, 

with neutrophils and macrophages serving as the predominate cell contributions.(32, 95, 

171, 172) During the inflammatory phase, the neutrophils and macrophages instigate 

tissue repair by stimulating pro-inflammatory cytokines and proteases that remove 

necrotic cardiomyocytes.(14) Proteases such as matrix metalloproteinase (MMP)-9 

induce tissue degradation and extracellular matrix fragmentation.(128)  

Neutrophils that are activated to pro-inflammatory polarization release preformed 

granules by a process termed degranulation.(128, 173) Neutrophil granules contain 

MMP-8, MMP-9, myeloperoxidase (MPO), neutrophil granule associated lipocalin 

(NGAL), and neutrophil elastase (NE), all of which support infarct debris removal.(173) 

While neutrophil degranulation is essential to create an optimum environment for later 

scar formation, excessive degranulation can lead to excessive infarct wall thinning and 

dilation of the left ventricle (LV).(174, 175) Neutrophil numbers, MMP-9, and MPO have 

all been positively associated with increased risk of heart failure progression after MI and 

mortality.(124, 176-179)  

Various attempts have been made to globally target neutrophils or neutrophil 

activity after MI, and each of these studies showed detrimental effects on cardiac 

remodeling, indicating the importance of neutrophils in MI wound repair.(180-182) 

Neutrophil depleted mice given MI showed impaired clearance of apoptotic 
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cardiomyocytes and reduced phagocytic macrophage subtype, though anti-inflammatory 

macrophage phenotype increased early in the heart.(180) Neutrophil degranulation is a 

crucial step for the initiation of macrophage transdifferentiation to reparative phenotype. 

Neutrophil gelatinase-associated lipocalin (NGAL), is secreted from the neutrophil as a 

required switch for reparative macrophage polarization and negative feedback induction 

of phagocytosis to remove neutrophils.(180) Neutrophil to macrophage cross talk, 

therefore, is relevant for MI remodeling.  

Macrophages are the crucial cell types in the wound healing.(66, 75, 183) 

Monocytes infiltrate the infarct along with neutrophils, differentiates into macrophages in 

the infarct regions and initially serve as a pro-inflammatory cell.(32, 184) At MI day (D)1, 

macrophages are the second most abundant cell type in the infarct, transiting to the 

most abundant cell by MI D3-5.(95) By MI D3, macrophages are transitioning to anti-

inflammatory polarization, with efferocytosis of apoptotic neutrophils being a key 

feature.(52, 95) Neutrophil to macrophage cellular communication has been well studied 

by several groups,(185, 186) and the converse – macrophage to neutrophil cellular 

communication – is understudied. Because anti-inflammatory and reparative 

macrophages regulate other cell types (e.g., endothelial cells and cardiac fibroblasts), 

the pro-inflammatory macrophage may regulates neutrophil physiology as well.(187)   

The goal of this study, accordingly, was to explore the hypothesis that 

macrophages communicate to neutrophils at MI D1 to regulate degranulation during the 

pro-inflammatory phase. We catalogued the macrophage secretome and coupled results 

with a previously acquired transcriptomics dataset to identify major MI D1 secreted 

proteins secreted that regulated neutrophil degranulation.  

2. Methods 

Animal Use  
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All animal procedures were performed according to the Guide for the Care and 

Use of Laboratory Animals, and all protocols were pre-approved by the Institutional 

Animal Care and Use Committee at the University of Mississippi Medical Center or the 

University of Nebraska Medical Center.(188) C57BL/6J wild-type mice of both sexes (3–

6 months old) were either purchased from Jackson Laboratory or in house bred and 

housed in the animal facility. All mice were maintained together in the same room, under 

a 12:12 h light-dark cycle and given ad libitum access to standard mouse chow and 

water.  

Mapping the MI D1 macrophage secretome 

The experimental design is detailed in Figure 3.1. We evaluated the MI D1 

macrophage secretome from male mice (C57BL/6J, ages 3-6 months) subjected to 

coronary artery ligation surgery as described previously.(95, 113) Macrophages from no 

MI D0 were used as the control, and sample sizes were n=4 pooled sets per group. 

Transcriptomics was performed in the cell pellets from the same paired cell sets, and 

this dataset has previously been evaluated and published.(95) Macrophage secretomes 

were evaluated by mass spectrometry using the Q Exactive (ThermoFisher, Waltham, 

MA) as previously described.(26) The mass spectrometry proteomics data have been 

deposited to the ProteomeXchange Consortium via the PRIDE partner repository with 

the dataset identifier PXD011780.(189) Volcano plotting was used to rank individual 

proteins.  
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Bone marrow derived neutrophil isolation and stimulation 

Bone marrow derived neutrophils were isolated from male and female mice using 

the autoMACS Pro Separator (Miltenyi Biotec) with anti-Ly6G microbeads (Miltenyi 

Biotech; #130-120-337) as previously described.(118) To isolate bone marrow derived 

cells, bone marrow was flushed from femur and tibia using a 26-guage needle and 10 

mL syringe filled with RPMI 1640 media supplemented with 1% penicillin/streptomycin 

(Thermo, #15140-122) and 2 mM EDTA. Single cell suspension was obtained by 

passing over 30 µm pre-separation filters (Miltenyi Biotec, #130-041-407). Red blood cell 

lysis buffer (Miltenyi Biotec, #130-094-183) was added to the suspension to lyse 

 

Figure 3.1. Experimental Design 

Created with BioRender.com. 
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erythrocytes. The single cell suspension was centrifuged at 400 x g for 10 min, and the 

cell pellet was resuspended in PEB buffer (PBS containing 2 mM EDTA and 0.5% BSA). 

Neutrophils were labeled using magnetic anti-Ly-6G MicroBeads, ultrapure by incubation 

for 10 min at 4⁰C (Miltenyi Biotec, #130-120-337) and sorted using a AutoMACS Pro 

Separator. Cells were counted using a hemocytometer and plated at 1 x 106 cells/mL. 

Neutrophils were stimulated for 15 min at 37⁰C in RPMI 1640 media (Gibco) with 1% 

antibiotics (Thermo).(36, 171)  

For the first set of experiments, the groups were: a) unstimulated, b) phorbol 

myristate acetate (PMA, 2 nM), c) PMA + MI D1 macrophage secretome (10%), d) PMA 

+ MI D1 macrophage secretome + murinoglobulin-1 blocking antibody (200 ng/mL). For 

the second set of experiments, the groups were: a) unstimulated, b) IL-1β (200 ng/ml) as 

an MI relevant positive control stimulus, c) MUG1 (500 ng/ml), d) IL-1β + MUG1. For the 

third set of experiments, the groups were: a) unstimulated, b) IL-1β (200 ng/ml) c) Lgals3 

(500 ng/ml), and d) IL-1β + Lgals3. MUG1 and Lgals3 stimulation was done using 

separate sets of mice. For the fourth set, the groups were: 1) unstimulated, 2) Lgals3, 

and 3) Lgals3 + MUG1. Following stimulation, the cells were centrifuged at 800 g for 8 

min to separate secretome (supernatant) and cell pellets, which were separately snap 

frozen at -80C and stored until use.  

Cytokine Array 

Proteome Profiler Mouse XL Cytokine Array Kit (ARY028; RnD Systems) 

containing 111 mouse proteins was used to analyze the secretome from stimulation set 

1 according to manufacturer instructions.(190) Images were captured using the iBright 

FL1000 imaging system (Thermo Fisher) and chemiluminescence intensity was 

quantified using HLimage++ (Western vision) software. Duplicate technical replicates 

were averaged for each sample and reported as relative intensity. 

Immunoblotting  
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Immunoblotting was performed according to the published guidelines.(137) For 

immunoblotting of the neutrophil secretome, samples were volume loaded (10 μL) onto 

4–12% Criterion XT Bis-Tris precast gel (Bio-Rad) and transferred to nitrocellulose 

membranes using the Trans-Blot Turbo Transfer Pack (Bio-Rad). MMP-9 antibody (EMD 

Millipore, #Ab19016 dilution:1:1000) was used as the primary antibody, and goat anti-

rabbit IgG (Vector Laboratories, #PI1000 dilution:1:1000) was used as secondary 

antibody. The data were plotted as relative chemiluminescence intensity.  

For immunoblotting of LV infarct for the MI time-course of MUG1 and Lgals3, 

total protein (10 μg) was run on 4–12% Criterion XT Bis-Tris precast gels (Bio-Rad) and 

transferred to nitrocellulose membranes using the Trans-Blot Turbo Transfer Pack (Bio-

Rad). Membranes were stained with Peirce Reversible Protein Stain Kit (Thermo Fisher) 

and images were taken for total membrane protein estimation. Rabbit anti-MUG1 

(MyBiosource, #MBS1496515, dilution:1:1000) and rat anti-mouse Lgals3 (Invitrogen, 

#MAI-940, dilution:1:1000) were used as primary antibodies. The corresponding 

secondary antibodies used were goat anti-rabbit IgG (Vector Laboratories, #PI1000 

dilution:1:1000) and horse anti-mouse (Vector Laboratories, #PI2000; dilution:1:1000). 

Liver was used a positive control for MUG1, and lung was used as a positive control for 

Lgals3. Chemiluminescent images were captured using the iBright FL1000 imaging 

system (Thermo Fisher) and quantified using iBright analysis software 4.0.0. The blots 

were normalized to the total membrane protein, and the data plotted as normalized 

relative intensity.  

Statistics and bioinformatics analysis  

Statistical analyses were performed using GraphPad Prism 9 according to the 

guidelines outlined in Statistical Considerations in Reporting Cardiovascular 

Research.(138) Data are reported as mean±SEM for group comparisons. One-way 

ANOVA was used to compare more than 2 groups with a Newman-Keuls post-hoc test 
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for multiple comparisons. A paired Students t-test was used to compare two groups from 

the paired stimulus experiments. Data was autoscaled and run in Metaboanalyst 5.0 

(https://www.metaboanalyst.ca/) for data visualization by volcano plot.(191) Enrichment 

analysis was done using Enrichr, a bioinformatics tool developed by Ma’ayan 

Laboratory.(192) GO and KEGG pathways were used for enriched processes and 

pathways. A p value <0.05 was considered statistically significant. We coupled our 

proteomics data with bioinformatics analysis for a comprehensive multi-omics evaluation 

of data.(193, 194) 

3. Results 

MUG1 was the major upregulated protein in the MI D1 macrophage secretome.  

By mass spectrometry, 246 proteins were detected in either no MI D0 or MI D1 

macrophage secretomes. Out of 246 proteins, 39 proteins were statistically different (all 

p<0.05); 22 of which were upregulated and 17 were downregulated (Figure 3.2A). By 

volcano plot, MUG1 was the highest ranked upregulated protein, followed by β-actin like 

protein 2 (ACTBL2), vimentin (VIM), arf-GAP with SH3 domain, and ANK repeat and PH 

domain-containing protein 2 (ASAP1). Ubiquitin carboxyl-terminal hydrolase 48 (USP48) 

was the highest ranked downregulated protein, followed by centrosomal protein of 162 

kDa (CEP162), fatty acid-binding protein heart (FABP3), myoglobin (MB), and nuclear 

receptor coactivator 3 (NCOA3; Figure 3.2B). For the upregulated proteins, IL-17 

signaling was the most enriched pathway, while for the downregulated proteins, PPAR 

signaling was the most enriched pathway (Figure 3.2C). 

https://www.metaboanalyst.ca/
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MI D1 macrophage secretome signaled through MUG1 to blunt neutrophil 

degranulation.  

The experimental design is detailed in Figure 3.3A. Bone marrow derived 

neutrophils treated with PMA, a positive control for neutrophil degranulation, showed 

robust release of MMP-9 into the secretome (Figure 3.3B). Degranulation of MMP-9 

was attenuated by the addition of D1 MI macrophage secretome, an effect reversed by 

addition of a MUG1 blocking antibody. Out of 111 cytokines examined, 62 proteins were 

different by ANOVA, and the top 25 differentially expressed proteins are shown in 

Figure 3.3C. For the proteins induced by PMA that were attenuated by the MI D1 

macrophage secretome, cytokine-cytokine receptor interaction was the major enriched 

pathway (Figure 3.3D top). The ability of the MI D1 macrophage secretome to reduce 

 

Figure 3.2. D1 Macrophage secretome shows MUG1 as the highest ranked 
upregulated protein and USP48 as the highest ranked downregulated protein. 

A) Heat map shows the highest ranked proteins by p value and fold-change combined at 
D0 and MI D1 (n=4 each). B) By Volcano plot, MUG1 is the most upregulated protein and 
USP-48 is the most downregulated protein in MI D1 secretome. C) Enrichment analysis 
shows that MI D1 upregulated proteins (left) are most enriched for the IL-17 signaling 
pathway and MI D1 downregulated proteins (right) are most enriched for the PPAR 
signaling pathway. Sample sizes were n=4M per group; analysis done by unpaired 
Students t-test and Enrichr pathway analysis. 
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proteins induced by PMA stimulation was reversed by addition of a blocking MUG1 

antibody, and cytokine-cytokine receptor interaction was the major pathway enriched 

pathway affected (Figure 3.3D bottom). The MI D1 macrophage secretome, therefore, 

acted in part through MUG1 to blunt neutrophil degranulation.  

 

MUG1 directly inhibited IL-1β stimulated neutrophil degranulation.  

The experimental design is detailed in Figure 3.4A. IL-1β upregulated 92 

proteins out of 111 (all p<0.05 for IL-1β vs. unstimulated). The top 4 were NGAL (3.9-

fold, p=<0.0001), MMP-9 (5.7-fold, p=<0.0001), CCL6 (2.2-fold, p=0.0006) and CHI3L1 

 

Figure 3.3. D1 MI macrophage secretome reduces neutrophil degranulation from 
neutrophils through MUG1 action. 

A) Experimental design. B) Neutrophils treated with phorbol 12-myristate-13-acetate (PMA) 
induced MMP-9 release, a surrogate marker of neutrophil degranulation. Treatment with MI 
D1 macrophage secretome significantly reduced MMP-9 release, and effect reversed by 
addition of a MUG1 blocking antibody. C) Heatmap of the top 25 proteins ranked by 
ANOVA for differences (PMA + MI D1 macrophage secretome + MUG1 Ab vs. PMA + MI 
D1 macrophage secretome). D) Enrichment analysis shows that the proteins 
downregulated by the D1 MI macrophage secretome were most enriched for cytokine-
cytokine receptor interaction (top) and addition of a MUG1 blocking Ab to PMA+ MI D1 
macrophage secretome upregulated proteins enriched for cytokine-cytokine receptor 
interaction (bottom). Sample sizes were n=4M per group; analysis done by one way 
ANOVA with Student Newman-Keuls post-hoc test, paired Students t-test, and Enrichr 
pathway analysis. 
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(2.0-fold, p=0.001). MUG1 attenuated IL-1β stimulated neutrophil degranulation 

measured by the release of MMP-9 by 60% (Figure 3.4B). Of the 92 proteins induced by 

IL-1β, MUG1 reduced expression for 13 of the proteins (Figure 3.4C). Of these, MMP-9, 

MPO, and NGAL had the greatest reduction (Figure 3.4D top). MUG1 by itself did not 

induce changes in the neutrophil secretome (all 111 proteins were p=not significant), 

indicating that MUG1 blunted degranulation only in the presence of a pro-inflammatory 

stimulus. Enrichment analysis of the 13 proteins downregulated by MUG1 treatment 

showed that IL-17 signaling and chemokine and cytokine mediated signaling were the 

two most enriched pathways (Figure3. 4D bottom).  

 

 

Figure 3.4. MUG1 downregulates neutrophil degranulation and pro-inflammatory 
cytokine release. 

A) Experimental design. B) Neutrophils treated with IL-1β induced MMP-9 release, a 
surrogate marker of neutrophil degranulation which was attenuated by supplementation of 
MUG1 in the presence of IL-1β. C) Heatmap ranking of the 13 IL-1β stimulated neutrophil 
proteins that were decreased by MUG1. D) Enrichment analysis shows that MUG1 
downregulated proteins enriched for the IL-17 signaling pathway (top). By volcano plotting, 
MMP-9, MPO, and NGAL were the IL-1β induced neutrophil proteins most downregulated 
by MUG1 (bottom). Sample sizes were n=8, 4M/4F; analysis done by one way ANOVA with 
Student Newman-Keuls post-hoc test and Paired Students t-test, and Enrichr pathway 
analysis. 
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Lgals3 was expressed by MI D1 macrophages and promotes neutrophil 

degranulation.  

Lgals3 is a pro-inflammatory protein highly expressed by MI D1 macrophages 

(Figure 3.5A).(95) Lgals3 interacts with soluble fibrinogen, a neutrophil protein 

increased in MI D1 that correlates with infarct wall thinning, we hypothesized Lgals3 

could be another macrophage secreted protein that affected neutrophil physiology.(195, 

196) The experimental design is detailed in Figure 3.5B. IL-1β alone robustly increased 

neutrophil degranulation. Lgals3 alone also showed strong pro-degranulatory activity 

(Figure 3.5C). Lgals3 stimulation did not amplify the IL-1β effect, indicating that Lgals3 

and IL-1β may use the same signaling pathways. Compared to unstimulated, Lgals3 

directly increased expression of 9 proteins (Figure 3.5D); top of which were MPO, MMP-

9, CST3, NGAL and CCL6. All 9 proteins were also upregulated by IL-1β, indicating 

similar pathways were induced by the two stimuli. Enrichment analysis of the proteins 

upregulated by Lgals3 revealed leukocyte transendothelial migration as the most 

upregulated pathway (Figure 3.5E top), indicating the Lgals3 may also serve a role in 

stimulating neutrophil influx to the infarct. Volcano plot visualization showed that the 

highest ranked proteins was MPO, followed by MMP-9 and NGAL, all of which are the 

components of neutrophil degranulation (Figure 3.5E bottom) This experiment 

demonstrated that Lgals3 directly stimulates neutrophil degranulation.  



52 
 

 

MUG1 prevented Lgals3 induced degranulation.  

Lgals3 binds α2-macroglobulin, a homologue of MUG1; therefore, MUG1 may 

bind Lgals3 to inhibit its action on neutrophil degranulation.(197) Indeed, neutrophils 

stimulated with a combination of MUG1 and Lgals3 showed a 64% reduction in Lgals3-

induced release of MMP-9 (Figure 3.6). MUG1 and Lgals3 therefore, could be 

endogenous mechanisms employed by macrophages to regulate neutrophil 

degranulation.  

 

Figure 3.5. Lgals3 is upregulated in the macrophage and increases MMP-9 release 
from neutrophils. 

A) Lgals3 mRNA expression increases by 2.2 folds in MI D1 macrophages compared to D0 
no MI controls. B) Experimental design. C) Neutrophils treated with IL-1β induced MMP-9 
release, a surrogate marker of neutrophil degranulation. Lgals3 was independently able to 
induce MMP-9 release. Co-stimulating Lgals3 with IL-1β did not have an additive effect 
(p=0.885 for IL-1β vs. IL-1β + Lgals3). D) Heatmap shows the top 9 proteins increased by 
IL-1β compared to unstimulated controls, ranked by p value. E) Enrichment analysis shows 
that IL-1β downregulated proteins were most enriched for leukocyte transendothelial 
migration (top). By volcano plot MPO was the most upregulated neutrophil protein by 
Lgals3. Sample sizes were n=8, 4M/4F; analysis done by one way ANOVA with Student 
Newman-Keuls post-hoc test, Paired Students t-test, and Enrichr pathway analysis.  
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The MUG1 to Lgals3 ratio peaked at MI D1 and positively correlated with infarct 

wall thickness.  

To evaluate MUG1 and Lgals3 expression in the LV infarct, we measured the 

expression time course by immunoblotting (Figure 3.7A). MUG1 protein expression 

peaked at MI D3 (6-fold increased vs. D0) and returned to D0 values by MI D7 (Figure 

3.7B (I) & (II)). Lgals3 protein expression peaked at MI D7 (634-fold increase vs. D0). 

The MUG1 to Lgals3 ratio peaked at MI D1 (Figure 3.7B (III)), and infarct wall thickness 

at all MI times correlated positively with the MUG1 to Lgals3 ratio (r=0.60, p=0.02) 

 

Figure 3.6. MUG1 inhibits LGALS3 induced neutrophil degranulation. 

Immunoblot for MMP-9 release into the neutrophil secretome showed that MUG1 
inhibited neutrophil degranulation induced by Lgals3 by 64%. Sample sizes were 
n=8, 4M/4F; analysis done by one way ANOVA with Student Newman-Keuls post-
hoc test. 
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(Figure 3.7B (IV)). This indicates that macrophage MUG1 expression is an endogenous 

protective mechanism to limit neutrophil degranulation and excessive infarct wall 

thinning early in MI.  

 

4. Discussion 

The goal of this study was to determine how the MI D1 macrophage secretome 

regulates neutrophil degranulation. The striking findings from this study were: 1) Mug1 

was the highest ranked protein secreted by the MI D1 macrophage; 2) The MI D1 

macrophage secretome attenuated neutrophil degranulation induced by PMA, an effect 

reversed by addition of a Mug1 blocking antibody; 3) Mug1 attenuated IL-1β induced 

degranulation, while Lgals3 also induced degranulation, and the effects of both IL-1β 

and Lgasl3 were blocked by Mug1; and 4) the MUG1 to Lgals3 ratio in vivo linked with 

 

Figure 3.7. MUG1 peaks at MI D3 and LGALS3 peaks at MI D7 in the LV infarct, and 
MUG1 activity peaks at MI D1 and Lgals3 activity peaks at MI D7. 

A) Representative MUG1 immunoblot of LV infarct samples (left). Representative Lgals3 
immunoblot of LV infarct samples (right). B) MUG1 increased after MI, peaking at MI D3 (6-
fold increase vs. D0) and returned to D0 levels by MI D7. Lgals3 increased from MI D3 and 
peaked at MI D7 of MI (634-fold compared to D0). The MUG1 to Lgals3 ratio peaked at MI 
D1, and the MUG1 to Lglas3 ratio positively correlated with infarct wall thickness. Sample 
sizes were n=7-8 per group, 3-4M/4F; analysis done by one-way ANOVA with Student 
Newman-Keuls post-hoc test. 
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infarct wall thickness. Combined, our results revealed that the D1 MI macrophage 

regulates neutrophil degranulation by secreting Lgals3 as a pro- and Mug1 as an anti-

degranulatory protein (Figure 3.8) . At MI D1, the balance favors Mug1 activity to 

contain and prevent excessive neutrophil degranulation early in MI when inflammation is 

high. 

 

 

Figure 3.8. Macrophage coordinates neutrophil degranulation after MI. 

Macrophages inhibit neutrophil degranulation by secretion of MUG1 and 
induce neutrophil degranulation by secretion of Lgals3 to coordinate early 
MI wound healing. Release of MMP-9 provides an additional feedback to 
degrade Lgals3. Created with BioRender.com. 
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Excessive neutrophil activation and degranulation can exacerbate inflammation 

after MI and worsen cardiac dysfunction, though neutrophil activation and degranulation 

early in MI is essential for initiation of the infarct wound healing.(19, 198) Increased 

neutrophil activity can induce wall thinning after MI and lead to LV aneurysms and death 

due to LV rupture.(196, 199) LV wall thinning after MI peaks at D1, which occurs due to 

the loss of cardiomyocyte due to ischemia, along with neutrophil infiltration. Neutrophils 

remove the necrotic debris and lays ground for ECM deposition by releasing ECM 

degrading enzymes from its granules.(173) As inhibition of early ECM fragmentation is 

necessary, our study sheds light on an endogenous mechanism of regulation of 

excessive neutrophil activity through macrophage-neutrophil communication. MUG1 

release by macrophages limiting neutrophil degranulation could potentially be an 

initiation in resolution of inflammation and tissue repair. 

MUG1 was the highest ranked upregulated protein secreted by D1 macrophages 

and USP48 was the highest ranked downregulated protein. Our data shows that D1 

macrophage secretome hints for IL-17 signaling upregulation. Necroptosis and 

endocytosis enrichment hints for crucial role of macrophages in early would healing 

phase and regulation of removal of necrotic debris.(200) Regulation of  actin-

cytoskeleton by macrophages indicates its role in neutrophil degranulation.(201) PPAR 

signaling pathway coming as a most enriched downregulated pathway further 

establishes central role of macrophages in MI wound healing as activation of PPAR 

signaling has been implicated for Ischemia reperfusion repair and reduction of infarct 

sizes.(202-204) PPARγ activation in neutrophils is known to turn off NF-κB activation 

and stimulate LXR/RXR signaling to initiate resolution.(205)  

As we focused on macrophage-neutrophil communication through its major 

upregulated protein in the secretome for this study, we observed that macrophage 

secretome neutrophil degranulation was one of the components modulated by D1 MI 



57 
 

macrophages. Macrophage secretome treatment downregulated most of the cytokine 

release and cytokine-cytokine receptor interaction was the major enriched 

downregulated pathway in neutrophils followed by TNF signaling and Age-RAGE 

signaling pathway. This shows that D1 macrophages secretes factors to limit major 

inflammatory pathways in neutrophils. Macrophage secretome could be the negative 

feedback required to dwindle neutrophil numbers after D1.(171) With addition of MUG1 

blocking antibody to the macrophage secretome and PMA we see upregulation of 

cytokine release. Also, it is hard to miss that cytokine-cytokine receptor interaction, TNF 

signaling and AGE-RAGE signaling pathway come back as enriched upregulated 

pathways with MUG1 blocking antibody treatment. This shows us that MUG1 is a key 

regulator of neutrophil activity.  

MUG1 is a 180 kDa protein that has been characterized as a widespread 

protease inhibitor belonging to α2-macroglobulin family.(206) Our study is the first to our 

knowledge to suggest MUG1 release from the macrophages. The amount of literature 

available on MUG1 is meager. It is known that murine MUG1 is a homologue of human 

α2-macroglobulin, another protease inhibitor and a major component of human 

plasma(207). Comparisons of MUG1 and mouse α2-macroglobulin show that they inhibit 

thrombin, plasmin, and pancreatic elastase. In addition to those mouse α2-macroglobulin 

further inhibited clotting factor Xa, plasma kallikrein, submaxillary gland trypsin-like 

proteinase, and neutrophil elastase.(208) Before this study, MUG1 was thought to act 

primarily in the plasma as a protease inhibitor.  Interestingly, MUG1 deficient mice also 

show elevated plasma levels of TNFα and IFNγ indicating its role in inflammation.(209, 

210) Here, we show that MUG1 secreted by macrophages blunts neutrophil 

degranulation with reduced secretion of MPO, MMP-9 and MPO as its major action. 

Cytokines downregulated by MUG1 matched similar pathway enrichment as shown by 

macrophage secretome with chemokine signaling and cytokine-cytokine receptor 
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interaction as most enriched pathways. Our study shows enrichment for downregulation 

of MAPK and PI3K-AKT signaling pathway, however further work on signaling paradigm 

affected by MUG1 is warranted. 

Lgals3 was the second protein we focused on this study as it was one of the pro-

inflammatory protein secreted by macrophages at MI D1. Lgals3 stimulated release of 

degranulation component such as MPO, MMP-9 and NGAL by itself. Enrichment 

analysis was showed maximum enrichment for leukocyte transendothelial migration. It 

has previously been shown that Lgals3 incudes β1integrin mediated cellular adhesion 

and migration by increasing binding to fibronectin, laminin and collagen 1.(211) Lgals3 is 

a lectin of approximately 35 kDa that has been identified as a biomarker of inflammation 

and fibrosis.(212-215) 2013 guidelines from American College of Cardiology 

Foundation/American Heart Association has recognized Lgals3 as a predictive 

biomarker for hospitalization and death in heart failure patients.(216, 217) Activated 

macrophages secretes Lgals3 and are the major source.(213) Lgals3 is highly 

expressed when monocytes differentiate to macrophages.(218) We have previously 

shown that neutrophils also secretes Lgals3, and MI neutrophils show their peak Lgals3 

expression at MI D7.(38) Most of the literature available has focused the role of Lgals3 in 

fibrosis, fibroblast activation and proliferation.(219, 220) Our study uniquely identifies 

role of Lgals3 in neutrophil degranulation.  

Time course of MUG1 and Lgals3 in the LV infarct shows that both proteins 

increase after MI and peaks at different time points in MI; MUG1 early in MI and Lgals3, 

later, at D7 in MI. Highest expression of MUG1 at D3 shows that MUG1 activity (MUG1/ 

Lgals3) was highest at D1, this suggests that MUG1 culminates as pro-inflammation 

peaks in the LV. This is also in line with our findings that MUG1 activity requires pro-

inflammatory stimuli, while Lgals3 action does not require pro-inflammation as Lgals3 

peaks when inflammation is subsiding in the infarct region. As both MUG1 and Lgals3 
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were macrophage secreted proteins, we looked if both proteins work through similar 

signaling pathway and is an inbuilt mechanism to regulate neutrophil degranulation. 

Decrease in MMP-9 release seen with combined stimulation of bone marrow derived 

neutrophils with MUG1 and Lgals3 suggest Lgals3 as a downstream of MUG1. Lgals3 

can bind to various protease inhibitors including α2-macroglobulin.(197) Therefore, there 

is a potential for MUG1 inhibition of Lgals3 induced degranulation through Lgals3 

binding to MUG1.(197)  

Lgals3 is degraded by MMP-2 and MMP-9.(221) This suggests that Lgals3 action 

on neutrophil degranulation is similar to fibronectin as we have shown before, which is 

also a substrate of MMP-9. MMP-9 degradation of Lgals3 further stimulates MMP-9 

release.(222) Lgals3 is a downstream regulator of MMP-9 and Lgals3 degraded by 

MMP-9 induces further activation of MMP-9 in chondrocytes in vitro, while full length 

Lgals3 induces MMP-9 null like effect.(223) Therefore, it is really intriguing that Lgals3 

could have different functions based on its enzymatic fragmentation. Early action of 

Lgals3 on neutrophil degranulation could be due to degraded Lgals3 whereas later MI 

action of Lgals3 on cellular proliferation and migration could be due to decreased Lgals3 

degradation as MMP-9 peaks early in MI.(222) Lgals3 null mice shows reduced 

macrophage infiltration and early polarization to M2 like phenotype worsening cardiac 

physiology after MI. Lgals3 null mice shows increased neutrophils after infiltration and 

reduced apoptosis.(224, 225) This indicates that Lgals3 has a complex role in MI would 

healing and careful tapping of the MUG1-Lgals3 signaling axis for optimization of 

neutrophil degranulation after MI could be of potential value to improve LV physiology.  

As direct targeting neutrophils numbers and activity has negative impact in MI 

resolution, optimal regulation of neutrophil degranulation by aiming at the neutrophil 

kinetics could be next frontier for neutrophil specific therapies. Neutrophil specific 

proteins such as S100A8/A9 has been shown as a potential target, our paper shows a 
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new way to modulate neutrophils i.e. through macrophages.(196) While rupture is not as 

common now in humans with the advent of reperfusion, excessive wall thinning can lead 

to LV aneurysms.(5, 8) Hence, treatments that could limit excessive wall thinning could 

prove useful in preventing poor outcomes and exogenous MUG1 treatment following MI 

could mitigate excessive wall thinning after MI.  

5. Conclusion 

In conclusion, we show that MI D1 macrophages secretes various factors to 

regulate neutrophil degranulation. MUG1 secreted by macrophages inhibits neutrophil 

degranulation, whereas Lgals3 secreted by macrophages can induce neutrophil 

degranulation. The key lies on the temporal expression of these two proteins in the LV 

infarct. MUG1 which peaks at D3 of MI can inhibit neutrophil degranulation signals 

caused by Lgals3. Therefore, effective optimization of MUG1 to limit excessive 

neutrophil degranulation and, hence, the tissue damage could rescue early rescue of the 

adverse LV remodeling after MI. 
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CHAPTER 4. MMP-12 Polarizes The Neutrophil Signalome Towards An 

Apoptotic Signature 

1. Introduction 

Macrophage polarization is a well-studied process, and macrophages 

transdifferentiate phenotypes based on the type of stimulus present in the 

environment.(226) For example, interleukin (IL)-1β, interferon (IFN)γ, lipopolysaccharide 

(LPS), or phorbol 12-myristate 13-acetate (PMA)-stimulated macrophages convert to a 

pro-inflammatory phenotype, also termed classical activation or M1 polarization.(227, 

228) Similarly, IL-4 or IL-10-stimulated macrophages convert to an anti-inflammatory 

phenotype, also termed alternative activation or M2 polarization.(81, 229)  

In contrast to macrophages, neutrophils have predominantly been considered a 

pro-inflammatory cell type, degranulating proteases and other proteins from preformed 

granules in response to inflammatory or infectious stimuli.(230, 231) We have recently 

shown that neutrophils actually display a large range of phenotypes over the course of 

the myocardial infarction (MI) wound healing phase.(171) Neutrophil phenotypes range 

from pro-inflammatory early in MI to anti-inflammatory and reparative later. (173, 222) 

The same stimuli that polarize macrophages (e.g., IL-1β and IL-4) also polarize 

neutrophils.(232) 

Matrix metalloproteinase (MMP)-12 is produced by neutrophils, and neutrophils 

stimulated with MMP-12 upregulate caspase-3 in vitro.(36) Further, MMP-12 inhibition 

affects neutrophil phenotype in the left ventricle to impair cardiac wound repair after MI 

by prolonging neutrophil presence and pro-inflammatory status.(36) Understanding how 

neutrophils signal in response to MMP-12 stimulation would provide insight into MMP-12 

regulation of inflammation.  
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During the shift from pro-inflammation to anti-inflammation, neutrophils undergo 

apoptosis to remove the inflammatory signal. Neutrophil apoptosis is one important 

mechanism for inflammation resolution.(173, 233) In MI wound healing, neutrophils start 

to undergo apoptosis starting day 3 of MI in mice and they are phagocytosed by 

macrophages.(52) Compared to necrosis, apoptosis subdues inflammation as it avoids 

release of danger associated molecular patterns (DAMPs), and further inactivates 

DAMPs such as high mobility group box protein 1 (HMGB1).(234) Apoptotic cells are 

inactive but can decoy cytokines and scavenge receptors, aiding in inflammation 

resolution.(235) Neutrophil apoptosis delays in acute myocardial infarction with 

prolonged inflammation.(236)  

We hypothesized that MMP-12 is a novel modifier of PMN signaling. To address 

this hypothesis, we mapped the neutrophil protein signalome in response to MMP-12 

and compared the response to stimulation by IL-1β as a prototypical pro-inflammatory 

stimulus and IL-4 as a prototypical anti-inflammatory stimulus. 

2. Methods 

Animal use.  

The overall experimental design is detailed in Figure 4.1. All animal procedures 

were performed according to the Guide for the Care and Use of Laboratory Animals, and 

all protocols were pre-approved by the Institutional Animal Care and Use Committee at 

the University of Nebraska Medical Center.(188) C57BL/6J wild-type mice of both sexes 

(3–6 months old) were obtained either by purchasing from Jackson Laboratory or from 

an in house breeding colony and were housed in the animal facility. All mice were 

housed together in the same room, under a 12:12 h light-dark cycle and given ad libitum 

access to standard mouse chow and water.  
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Dot-blot analysis.   

Human plasma samples were obtained from the University of Mississippi Medical 

Center and used for subsequent dot-blot for MMP-12 plasma concentration.  Plasma 

was collected at 48h after admission in patients with MI (n= 41) or from healthy controls 

(n=18) with Institutional Review Board at the University of Mississippi Medical Center 

(IRB# 2013-0164) approval. All participants gave written consent before participation in 

the study. The investigation conformed to the principles outlined in the Declaration of 

Helsinki. 

Plasma was diluted 10 folds and 2 μL of was added to 6 μL of loading buffer 

(without dye) and 22 μL of distilled water for a total of 30 μL. The samples denatured by 

heating to 95 °C for 5 mins. Final volume was made to 510 μL by adding 480 μL of PBS 

and loaded to the nitrocellulose membrane. Membrane was incubated overnight with 

primary human anti-MMP-12 (Epitomics, #EP1906, dilution 1:500), followed by 

 

Figure 4.1. Experimental design.  

Created with BioRender.com.Created with BioRender.com. 
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secondary goat anti-rabbit (Vector, #PI1000, dilution 1:5000) for 1 hour. 

Chemiluminiscent images were taken and analyzed. Data is normalized to total protein 

and concentration is reported as μg/200nL.  

In situ hybridization.   

LV mid-sections were fixed in 10% zinc-buffered formalin, paraffin-embedded, 

and sectioned at 5 µm. Slides were deparaffinized and rehydrated. 4 RNAscope probes 

were used: Mmp12 (ACD, #406551), L6g6e- Neutrophil (ACD, #506391-C2), Lamp2-

Macrophage (ACD, #422851-C3), and Pdgfra-Fibroblast (ACD, #480661-C4), as well as 

the kits from Advanced Cell Diagnostics and Akoya Biosciences. RNAscope Protease 

Plus was added within the barrier on the tissue, placed into the HybEZ II Hybridization 

oven (ACD) at 40°C for 30 minutes followed by addition of mixture of RNAscope probes 

and subsequent incubation in the HybEZ oven for 2 hours at 40°C. RNA amplification 

was done one at a time by incubation at 40°C for 30 minutes. HRP-conjugated channel 

was added followed by fluorophore addition to the channel and addition of HRP blocker. 

This step was repeated 4 time for 4 channels. Opal 520 was used for C1, Opal 620 was 

used for C2, Opal 690 was used for C3 and Polaris 780 was used for C4. The slides 

were then incubated in diluted DAPI (Akoya, #FP1490) for 5 minutes and mounted using 

Prolong Antifade Mountant (Invitrogen, #P36980). The slides were acquired using an 

Akoya Mantra Quantitative Pathology Workstation (Perkin Elmer) and analyzed using 

Akoya inFrom Tissue Analysis Software. 

Bone marrow derived neutrophil isolation and stimulation.  

  Neutrophils were isolated from the femur and tibia of mice as previously 

described.(222) Using a 26-gauge needle and 10 mL syringe filled with RPMI 1640 

media supplemented with 1% penicillin/streptomycin and 2 mM EDTA, bone marrow 

cells were flushed from the bones. The cell suspension was filtered through 30 μM filter 

to obtain single cell suspension. Single cell suspension was incubated with anti-Ly6G 
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magnetic ultrapure microbeads (Miltenyi Biotec, #130-120-337), and neutrophils were 

sorted through magnetic columns in the AutoMACS Pro Separator. Neutrophils (1 × 106) 

were stimulated with IL-1 (200 ng/ml, RnD systems, #401-ML), IL-4 (20 ng/ml, RnD 

systems, #404-ML), or MMP-12 (500 ng/ml, Enzo Life Sciences #BML-SE138-0010) and 

incubated for 15 min at 37°C in 1 ml of RPMI 1640 media. The negative control was 

unstimulated cells. Samples sizes were n=3 M and 3 F biological replicates for each 

stimulus group, performed as a paired stimulation.  Following stimulation, cells were 

centrifuged at 800xg for 8 min and cell pellets were used for the transcription factor 

signaling array, while the secretome was used for the cytokine array. 

Signaling protein array.  

The Cell Signaling Phospho Antibody Array (Full Moon Biosystems, #PCS300 

https://www.fullmoonbio.com/product/cell-signaling-phospho-antibody-array/) contains 

16 known pathways and 304 proteins. Each glass array slide contains replicate spots for 

each protein. All procedures were performed according to manufacturer 

recommendations. Cell pellets (1 × 106 cells) were washed in 1 mL of ice-cold 

phosphate buffered saline (PBS) for 2 min at 500 x g, repeated twice for a total of 3 

washes. The cells were lysed with lysis beads in 50 μL of Extraction Buffer, vortexed for 

30 seconds, placed on ice for 10 min and the process was repeated for 6 times.  The 

samples were then centrifuged at 10,000 x g for 5 min at 4°C. The supernatant was 

transferred to a new tube, centrifuged at 18,000 x g for 15 min at 4°C, and transferred to 

a new tube. The spin columns with dry gel were reconstituted with 650 μL of labeling 

buffer, vortexed for 5 sec, and incubated for 30 min at RT. After hydration, the spin 

columns were put into a wash tube and spun down at 750 x g for 2 min to remove 

excess fluid. The wash tubes were discarded, and the spin columns were placed into 

collection tubes. The clear supernatant was transferred to a spin column and centrifuged 

at 750 x g for 2 min. The purified protein in the collection tube was quantified and 
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assessed for quality using a Nanodrop 2000 and measuring absorbance at A280. To a 

new tube, 25 μL of the sample, 50 μL of labeling buffer, and 3 μL of Biotin/DMF solution 

were added. This mixture was incubated for 1 h at RT with vortexing every 10 min. Stop 

reagent (35 μL) was added to the tube, and the samples were incubated for 30 min at 

RT with vortexing every 10 min. The samples were stored at -80°C and used within a 

month on the arrays. 

The antibody arrays were equilibrated to RT for 1 h, removed from the package, 

and allowed to dry at RT for another 30 min. The arrays were put into blocking solution 

on an orbital shaker rotating at 55 rpm for 30 min at RT. The arrays were placed in 50 

mL conical tubes and rinsed with water, shaking for 10 sec repeated 10 times. The 

prepared samples were added to 6 mL of coupling solution and incubated with the 

arrays on an orbital shaker at 35 rpm for 1 h at RT. The arrays were washed in 30 ml of 

1x wash solution at 55 rpm for 10 min 3 times. The arrays were rinsed again in water as 

described above. To 60 mL detection buffer, 60 μl of Cy-3 streptavidin (GE Healthcare, 

#PA43001) was added and the array was incubated with 30 mL for 20 min at 35 rpm at 

RT covered with aluminum foil. The arrays were washed and rinsed as described above 

and dried in a centrifuge at 1300 x g for 5 min. The glass slides were packaged and sent 

to Fullmoon biosystem for analysis. Microarray scanner was used to image and images 

were used to quantify signal intensity. Average of two replicate spots are taken and data 

is normalized to median value of average signal intensity for all antibodies in the array.  

Multi-analyte cytokine profiling of the secretome.  

The secretome from the neutrophil stimulation were used for V-PLEX Mouse 

Cytokine 29-Plex Kit (Mesoscale Discovery, #K15267D), which contained three plate 

(Proinflammatory panel with 10 proteins, Cytokine panels with 9 proteins and TH17 

panel with 9 proteins) for total of 28 cytokines. The V-PLEX arrays are validated by 

Mesoscale Discovery as per the guidelines for fit-for-purpose method development and 
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validation for successful biomarker measurement.(237) Plate comes with a kit for all the 

required reagents and buffers used. 0.05% tween containing phosphate-buffered saline 

(TPBS) was made in the lab as a wash buffer as recommended. The 96 well plates were 

filled with two columns of standards at serial dilutions and 80 different secretome 

samples for each run. Before loading the samples, the plates were washed 3 times with 

150 μL per well of 0.05% TPBS. Standards (50 μL each) were loaded into the plate, 

followed by the neutrophil secretome (25 μL) diluted in 25 μL of diluent 41 (1:1). The 

plates were sealed and placed on a shaker to incubate at RT for 2 h. The plates were 

washed again 3 times with 150 μL per well of 0.05% TPBS. Detection antibody solution 

(25 μL) was added to each well. The plates were sealed and incubated at RT with 

shaking for 2 h. The plates were washed as described above, and 150 μL of 2x read 

buffer T was added to each well. The plates were read in the Mesoscale Quikplex SQ 

120, and the data was processed through the discovery workbench software analysis 

program (Mesoscale Discovery). 

MMP-12 substrate analysis.  

Human recombinant proteins – β-Catenin (Abnova, #H00001499-P01), Cadherin-

3 (Abnova, #H00001001-P01), Cadherin-1 (RnD Systems, #8875-EC) and Catenin-α2 

(Abnova, #H00001496-P01) – were incubated with the active catalytic domain of human 

MMP-12 (Enzo life sciences, #BML-SE138-0010) at a 5:1 ratio (1 μg recombinant 

protein: 0.2 μg enzyme) at 37°C in 10 μL of 1x zymogram buffer (Life technologies, 

#LC2671) for up to 24h. Experiments were run in triplicate. The reaction was stopped at 

each timepoint by addition of 0.5 μL of 0.5M EDTA to each 10 μL reaction, which was 

then stored at 4°C until the next day and run on SDS-PAGE gels. Timing was adjusted 

for each protein to see maximum range of enzymatic degradation. Silver staining was 

performed using Pierce™ Silver Stain Kit (Thermo Scientific, 24612) as per 

manufacturer recommendation. The gels were imaged using iBrightFL1000.  
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Statistics and Bioinformatics.  

Statistical analyses were performed using GraphPad Prism 9 according to the 

guidelines outlined in Statistical Considerations in Reporting Cardiovascular 

Research.(138) Data are reported as mean±SEM for group comparisons. To compare 

each stimulus group to the unstimulated negative control, a paired Students t-test was 

used. A volcano plot was generated to rank based on p value and log-fold change. A 

Venn diagram was created to visualize inter-group overlap using DeepVenn 

(http://www.deepvenn.com/).(238) Enrichment analysis was performed using Enrichr 

(https://maayanlab.cloud/Enrichr/), a bioinformatics tool developed by the Ma’ayan 

Laboratory.(192) Statistically significant proteins were used for enrichment analysis. GO 

Biological process 2021 and were used for enriched biological processes. Transcription 

factor protein-protein interactions was used to identify pathways enriched transcription 

factors. A p value <0.05 was considered statistically significant. 

3. Results 

MMP-12 increases early in MI in humans and neutrophils are a source of MMP-12.  

After MI, MMP-12 increased 6.3-fold in plasma compared to healthy controls 

(Figure 4.2). In situ hybridization of mouse LV sections show that neutrophils express 

Mmp12 along with macrophages and fibroblasts (Figure 4.3). Macrophages were the 

major source of Mmp12, with neutrophils and fibroblasts also contributing to the 

expression profile. 
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Figure 4.2. MMP-12 increases after MI. 

In human, plasma MMP-12 increases within 48h of MI presentation. 

 

Figure 4.3. Neutrophils are one of the sources of MMP-12 after MI. 

After MI, neutrophils, macrophages, and fibroblast, all, express Mmp12 at D1, D3 and D7 in 
the infarct region. Sample includes infarct tissue from n=6, 3M/3F for each day- 1, 3, and 7. 
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IL-1β induced the neutrophil signalome towards cytokine mediated inflammation.  

  For neutrophils stimulated with IL-1β, there were 25 proteins differentially 

expressed in the two arrays; 22 were upregulated and 3 were downregulated.  As a 

positive control, IL-1β increased 18647-fold in the secretome (p<0.0001). By fold 

change, next 4 proteins that increased by IL-1β were IL-2 (127.5-fold, p=0.03), IFNγ 

(15.2-fold, p=0.001), IL-5 (11.2-fold, p=0.004) and IL-6 (8.4-fold, p=0.01). By volcano 

plot, top upregulated proteins included IFNγ, IL-5, CXCL1 (8.4-fold, p=0.005), TNFα 

(3.7-fold, p=0.0006), and phosphorylated serum response factor (SRF, 1.04-fold, 

p=0.003). The three downregulated proteins were transforming growth factor receptor 

type 2 (TGFBR2, 0.87-fold, p=0.047), polo like kinase 1 (PLK1, 0.93-fold, p=0.034), and 

cyclin dependent kinase 1 (CDK1, 0.97-fold, 0.035; Figure 4.4A).  

  Enrichment analysis of the upregulated genes showed that CCAAT enhancer 

binding protein beta (CEBPB) was the most enriched transcription factor, followed by 

promyelocytic leukemia nuclear body scaffold (PML), nuclear factor kappa beta subunit 

1 (NFKB1), zinc Finger E-Box Binding Homeobox 1 (ZEB1) and Floricaula/leafy-like 

protein (FL1; Figure 4.4B). The heatmap shows the top 25 proteins changed in 

neutrophils with IL-1β treatment (Figure 4.4C). The most enriched biological pathway by 

GO biological process was cytokine-mediated signaling pathway (Figure 4.4D). IL-1β, 

therefore, stimulated a strong pro-inflammatory profile, as would be expected. IL-1β 

treatment increased IL-10 release in neutrophils, a known anti-inflammatory molecule, 

which was unexpected and suggests activation of a negative feedback response. 

Overall, these results served as a positive control indicative of pro-inflammatory 

stimulation.   
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IL-4 induced the neutrophil signalome towards cytokine release and intracellular 

signaling response through protein phosphorylation.  

For neutrophils stimulated with IL-4, there were 85 unique proteins differentially 

expressed in the two arrays; 49 were upregulated and 36 were downregulated. As a 

positive control, IL-4 was increased 63420-fold in the secretome (p=0.02). By fold 

change, next 4 factors increased were IL-2 (19.1-fold, p=0.01), IL-31 (8.0-fold, p=0.006), 

IL-5 (3.7-fold, p=0.01) and RELA/NFkBp65 (3.3-fold, p=0.02). By volcano plot, top 

 

Figure 4.4. IL-1β induces neutrophil signalome towards cytokine mediated 
inflammation. 

A) Volcano plot shows top differentially expressed proteins in neutrophils after IL-1β 
treatment. B) Enrichment analysis shows top 5 most enriched transcription factors based on 
p-value. CEBPB is the most enriched transcription factor for IL-1β induced protein changes. 
C) Heat map shows IL-1β top 25 proteins that are upregulated or downregulated with IL-1β 
treatment. IL-1β, TNFα, and IFNγ were the top three upregulated proteins and PLK1, 
TGFBR2, and CDK1 were top three downregulated proteins based on p-value. D) 
Enrichment analysis shows that cytokine-mediated signaling pathway as the most enriched 
GO biological process for IL-1β induced neutrophil signalome. 
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upregulated proteins included IL-4, mitogen-activated protein kinase kinase (MEK1, 1.9-

fold, p=0.0005), stress activated protein kinases/ Jun amino-terminal kinases 

(SAPK/JNK, 1.2-fold, p=0.0009), ABL proto-oncogene 1 (Abl1, 1.04-fold, p=0.0009), IL-

23 (2.0-fold, p=0.001), and cyclin dependent kinase 1 (CDK1, 1.3-fold increase, 

p=0.002). By volcano plot, top 5 downregulated genes were tumor protein p73 (P73, 

0.83-fold, p=0.0007), signal transducer and activator of transcription 4 (STAT4, 0.77-fold, 

0.001), checkpoint kinase 1 (CHK1, 0.81-fold, p=0.001), GRB2 associated binding 

protein 1 (GAB1, 0.81-fold, p= 0.002), and eukaryotic translation initiation 

factor 4E (eIF4E)-binding protein 1 (4E-BP1, 0.87-fold, p=0.047, Figure 4.5A).  

  Enrichment analysis showed that signal transducer and activator of transcription 

(STAT)3 was the most enriched transcription factor for all differentially expressed 

proteins, followed by STAT1, catenin beta 1 (CTNNB1), EA1 binding protein P300 

(EP300), and androgen receptor (AR; Figure 4.5B). The heatmap in Figure 4.5C shows 

the top 25 proteins changed in neutrophils with IL-4 treatment. The most enriched 

biological process was cellular response to cytokine stimulus (Figure 4.5D). IL-4, 

therefore, stimulated a release of cytokine weaker than IL-1β, as would be expected, 

along with regulation of cell cycle (CDK1, Cyclin D1) and apoptosis (FOXO1, P73). Of 

note, IL-4 maintained a basal inflammation activation in neutrophils, reflected by 

increased activation of the NFkB pathway. Overall, these results served as a positive 

control for the anti-inflammatory stimulation in neutrophils.   
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MMP-12 induced active intracellular signaling in neutrophil protein 

phosphorylation.   

For neutrophils stimulated with MMP-12, there were 81 proteins differentially 

expressed; 55 were upregulated and 26 were downregulated. By fold change, IL-4 (20.0-

fold, p=0.001), RELA/NFkBp65 (3.6-fold, p=0.0001), Macrophage inflammatory protein 

(MIP)-2 (2.0-fold, p=0.04), Syk (1.8-fold, p=0.005) and MIP-1 (1.7.3-fold, p=0.01). By 

volcano plot ranking, top 5 upregulated proteins were forkhead box O1 (FOXO1, 1.4-

 

Figure 4.5. IL-4 induces neutrophil signalome towards cytokine release and 
intracellular signaling response. 

A) Volcano plot shows top differentially expressed proteins in neutrophils after IL-4 
treatment. B) Enrichment analysis shows top 5 most enriched transcription factors based on 
p-value. STAT3 is the most enriched transcription factor for IL-4 induced protein changes. C) 
Heat map shows IL-4 top 25 proteins that are upregulated or downregulated with IL-4 
treatment. MEK1, SAPK/JNK, and ABL1 were the top three upregulated proteins and P73, 
STAT4, and CHK1 were top three downregulated proteins based on p-value. D) Enrichment 
analysis shows that cellular response to cytokine stimulus as the most enriched GO 
biological process for IL-4 induced neutrophil signalome. 
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fold, p<0.0001), liver kinase B1 (LKB1, 1.2-fold, p<0.0001), RELA proto-oncogene, 

NFkB subunit (RELA, 3.6-fold, p=0.0002), G protein coupled receptor kinase 2 (GRK2, 

1.5-fold, p=0.0003), and Smad family member 3 (SMAD3, 1.3-fold, p=0.003). By volcano 

plot, top 5 downregulated proteins were checkpoint kinase 1 (CHK1, 0.79-fold, 

p=0.0004), glycogen synthase kinase 3 beta (GSK3β, 0.50-fold, 0.0009) tumor protein 

p53 (P53, 0.76-fold, p=0.0001), interferon gamma receptor alpha (IFNGR1, 0.84-fold, 

p=0.001), and RELB proteo-oncogene, NFkB subunit (GAB1, 0.80-fold, p= 0.002, 

Figure 4.6A).  

Enrichment analysis showed that specificity protein 1 (SP1) was the most 

enriched transcription factor, followed by CEBPB, fos proto-oncogene (FOS), Estrogen 

receptor 1 (ESR1), and tumor protein 53 (TP53; Figure 4.6B). The heatmap in Figure 

4.6C shows the top 25 proteins changed in neutrophils with MMP-12 treatment. The 

most enriched biological process by GO biological process was protein phosphorylation, 

indicating MMP-12 induces strong intracellular signaling (Figure 4.6D). MMP-12 

stimulated a mixed pro-inflammatory and anti-inflammatory profile. MMP-12 stimulated a 

3.6-fold increase in RELA indicative of pro-inflammation and a 20-fold increase in IL-4 

indicative of anti-inflammation. The top pathways induced by MMP-12 intracellular 

signaling were associated with the regulation of cell cycle and apoptotic processes.  
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MMP-12 induced an IL-4-like neutrophil signalome.  

Out of the 332 proteins evaluated (304 in the signaling array and 28 in the 

cytokine panel), the Venn diagram in Figure 4.7 showed that compared to the 

unstimulated control, IL-1β altered 25 proteins, IL-4 altered 84 proteins, and MMP-12 

altered 81 proteins. MMP-12 shared 9 proteins with IL-1β and 52 proteins with IL-4. A 

total of 26 proteins showed changes unique to MMP-12. Overall, the neutrophil 

signalome showed an overall higher resemblance towards neutrophils polarized by IL-4. 

 

Figure 4.6. MMP-12 induces neutrophil signalome towards apotosis and intracellular 
signaling response. 

A) Volcano plot shows top differentially expressed proteins in neutrophils after MMP-12 
treatment. B) Enrichment analysis shows top 5 most enriched transcription factors based on 
p-value. SP1 is the most enriched transcription factor for MMP-12 induced protein changes. 
C) Heat map shows IL-4 top 25 proteins that are upregulated or downregulated with MMP-
12 treatment. FOXO1, LKB1, and RELA were the top three upregulated proteins and CHK1, 
GSK3β, and IFNGR1 were top three downregulated proteins based on p-value. D) 
Enrichment analysis shows that protein phosphorylation as the most enriched GO biological 
process for MMP-12 induced neutrophil signalome indicating intracellular signaling. 
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MMP-12 induced neutrophil apoptosis through upregulation of FOXO1 signaling.  

As FOXO1 was the highest ranked protein (Figure 4.8A) and apoptosis was one 

of the top-enriched pathways, we evaluated BH3 family protein expression in response 

to MMP-12. MMP-12 increased the pro-apoptotic proteins (1.1-fold, p=0.038, Figure 

4.8B) and Bid (1.7-fold, p=0.02, Figure 4.8C). Along with FOXO1 signaling, 

phosphorylation of the proto-oncogene c-Jun (c-Jun) was increased 1.1-fold (p=0.003 

Figure 4.8D) in neutrophils reflective of apoptotic signaling with MMP-12 stimulation. 

The FOXO1 mediated increase in Bcl2-family proteins was responsible for the apoptotic 

signature induced in the neutrophil signalome. 

 

Figure 4.7. MMP-12 stimulated neutrophil signalome showed IL-4 like response. 

MMP-12 and IL-4 shared changes in 52 proteins while MMP-12 and IL-1β shared 9 
protein changes. Proportional venn diagram was created using deepvenn.com. 
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MMP-12 induced neutrophil adhesion through down regulation of WNT signaling.  

As GSK3β was downregulated 50%, we looked at WNT signaling components 

that regulate cell adhesion. β-catenin was downregulated in MMP-12 stimulated 

neutrophils (0.84-fold, p=0.054) which suggested that MMP-12 might cleave β-catenin. 

We performed in vitro substrate analysis by incubating MMP-12 with β-catenin. MMP-12 

proteolytically processed β-catenin within 3h of incubation (Figure 4.9A). As β-catenin is 

associated with adherens junctions and actin-cytoskeleton involved in cellular adhesion, 

we looked at cadherins -1 (CDH1) and -3 (CDH3) and catenin-α2 (Ctnna2) to see if 

MMP-12 downregulated cellular adhesion through cleavage of these proteins. By 

enzymatic action, MMP-12 cleaved CDH3 (Figure 4.9B) and Ctnna2 (Figure 4.9C) 

 

Figure 4.8. MMP-12 induces neutrophil apoptosis via FOXO1 and c-Jun 
phosphorylation. 

A) MMP-12 increases expression of FOXO1. B) MMP-12 induced FOXO1 increase 
amplifies expression of Bax. C) MMP-12 induced FOXO1 increase amplifies 
expression of BID. D) MMP-12 treatment induces c-Jun phosphorylation in neutrophils. 
All of these increases indicate for neutrophil apoptosis. 
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rapidly within 15 mins of incubation. CDH1 was not cleaved by MMP-12 by 24h of 

incubation. Overall, downregulation of WNT signaling through enzymatic cleavage of 

cadherins and catenin indicated that MMP-12 downregulated proteins involved in cellular 

adhesion. 

 

4. Discussion 

The goal of this project was to identify how the neutrophil responds to a range of 

stimuli. The major findings were: 1) Neutrophils shows unique polarization to specific 

stimulus; 2) MMP-12 induced neutrophil signalome shows higher closeness in response 

towards IL-4; and 3) MMP-12 polarizes neutrophil signalome towards apoptotic signature 

by upregulating FOXO1 and downregulating WNT signaling (Figure 4.10). Our results 

highlight neutrophils have a lot more plasticity than previously appreciated and shows 

the unique range of polarization response in neutrophils. 

 

Figure 4.9. MMP-12 downregulates WNT signaling by inducing cleavage of 
catenins and cadherins, adherens junction proteins, and impairs cellular 
adhesion. 

A) By silver staining, MMP-12 cleaves β-catenin when incubated with catalytic domain 
of MMP-12 at 5 (β-catenin): 1(MMP-12) ratio within 1h of incubation. B) MMP-12 
cleaves Cadherin-3 when incubated with catalytic domain of MMP-12 at 5:1 ratio within 
15’ of incubation. C) MMP-12 cleaves Catenin-α2 when incubated with catalytic 
domain of MMP-12 at 5:1 ratio within 15’ of incubation. 
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Historically, neutrophils have always been regarded as a proinflammatory cell 

type. Lately, various groups have shown phenotypic transition of neutrophils from pro-

inflammatory to anti-inflammatory and tissue reparatory subtype over the course of 

wound healing in different disease environment, including myocardial infarction.(32, 171, 

172, 222, 239-242) Neutrophils are the crucial element of myocardial infarction 

resolution as they initiate the early process of necrotic debris removal and later lay 

ground for ECM remodeling by secreting ECM proteins.(91) Steffens group have shown 

that neutrophils depletion impairs MI wound healing by decreased macrophage 

differentiation and downregulated debris clearance leading to fibrosis.(180) As neutrophil 

depletion does not yield favorable results, it is important to know how neutrophils are 

 

Figure 4.10. MMP-12 induces apoptosis in neutrophils by 
upregulating FOXO1 and impairs cellular adhesion through 
cleavage of adherens junction proteins. 

Created with BioRender.com. 
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modulated under different physiological stimuli in order to target detrimental effect 

elicited by neutrophils. 

IL-1β is a major pro-inflammatory signal present at day 1 and 3 of MI, which 

polarizes neutrophils to pro-inflammatory tissue degrading phenotype by activating them 

as they enter the infarct site. IL-4 is one of the anti-inflammatory signals prevalent later 

in MI, which is responsible for the change in tissue microenvironment to anti-

inflammatory and change in cellular phenotype. Previously we have shown that MMP-12 

increases after MI and remains elevated until day 7 of MI in the infarct region in 

mice.(36) MMP-12 elevation seen in human plasma after MI further validates that MMP-

12 increases early in response to ischemic injury. We have also previously shown that 

neutrophils are early source of MMP-12 in the infarct. In situ hybridization strengthens 

the fact that neutrophils are one of the predominant sources of MMP-12 in the LV along 

with macrophages and fibroblasts, though it was previously though macrophages are the 

only major source.(243, 244) Therefore, using specific MI specific polarization stimuli, we 

attempted to look at the polarization phenotype and compare neutrophil physiology 

changes with resolution promoting factor, MMP-12.(245) 

  IL-1β stimulated neutrophils showed expected pro-inflammatory cytokine 

expression such as TNFα. We see an activation of inflammasome response with 

increase in Caspase 1 which further increases IL-1β production.(246) Enrichment 

analysis for IL-1β showed enrichment for cytokine production. CEBP is the major 

enriched transcription factor enriched which is associated with IL-6 production.(247) 

Previously, it has been shown that NFkB and CEBP regulates IL-6 promoter.(247) 

CEBPB is associated withgranulopoeisis and at day 1 of MI neutrophils have increased 

expression of CEBPB along with hypoxia induced factor alpha as recently shown by 

Vafadearnejad et al.(32) IL-1β induced neutrophil physiology showed similar property to 

Lipopolysaccharide (LPS) response as indicated by enrichment analysis in GO biological 
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process. LPS stimulates neutrophils for IL-6 and TNFα production, which has been 

previously shown.(248, 249) IL-1β was a great downstream effector for cytokine release 

that induces cellular migration such as CXCL1, which is also a LPS like response.(250) 

We see lesser change in cellular signaling molecule and robust effect on cytokine 

release. 

  IL-4 stimulation, on the other hand, had mixed response with which increased 

massive signaling changes. Enrichment analysis showed STAT3 as a major enriched 

transcription factor for IL-4 stimulated signaling changes, which entails for protective role 

of IL-4 in myocardial infarction. STAT3 has been shown to have protective role in 

myocardial infarction and ischemia reperfusion injury along with other cardiovascular 

diseases as it regulates ROS production in mitochondria and induces 

angiogenesis.(251-253) MEK1 upregulation seen with IL-4 treatment also strengthen 

protective role of IL-4 in MI signaling, as MEK1-ERK2 signaling pathway has protective 

role in ischemic injury mainly through cardiomyocyte action.(254) Though MEK1 is 

associated with delay in apoptosis in neutrophils, MEK1 signaling in cardiomyocyte 

impairs their apoptosis and hence cardiomyocyte death.(254-256) MEK1 impairs MI 

induced remodeling by increased phosphorylation of STAT3 and downregulation of 

MMP-9 in the infarct.(257) STAT4 downregulation could be responsible for anti-

inflammatory action of IL-4 as STAT4 is required for IL-12 induced inflammation in 

neutrophils.(258, 259) IL-4 in overall promoted signaling that promotes MI wound 

healing.  

  MMP-12 stimulation of neutrophils showed unique phenotype which showed 

apoptotic changes. Interestingly, we see combined pro-inflammatory and anti-

inflammatory changes with MMP-12 treatment. MMP-12 directly stimulates, both, IL-4 

and NFkB action through RELA bringing both IL-1β and IL-4 like responses to neutrophil 

physiology. SP1 was the most enriched transcription factor in MMP-12, which when 
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inhibited is protective against myocardial ischemia injury through inhibition of 

cardiomyocytes cell death.(260-262) CBEPB enrichment is similar to IL-1β. FOXO1 was 

the most upregulated signaling molecule in MMP-12 treated neutrophils, which is 

associated with apoptosis of various cell types.(263, 264) FOXO1 is associated with 

apoptosis due to increased oxidative stress and DNA damage.(265, 266) FOXO1 

induces pro-apoptotic response through Bcl-2 family proteins.(263) We see an increased 

expression of Bcl-2 family proteins Bax and Bid which validates upregulation of 

neutrophil apoptosis through FOXO1. Reseveratrol and Cucurmin induces apoptotic 

response through FOXO1.(264, 267) Increase in RELA could also be a response to 

FOXO1 increase.(268) MMP-12 also increases phosphorylation of other apoptotic 

proteins such as c-Jun.(269, 270)  We see downregulation of p53, which is also an 

important gene in apoptotic signaling. Literature suggests that p53 independent 

apoptosis is induced by reseveratrol through FOXO1 under oxidative stress which is 

similar to MMP-12.(271)  

FOXO1 is also a member of WNT signaling which regulates cellular adhesion 

and migration.(272) We see downregulation of GSK3β which is responsible for β-catenin 

degradation by phosphorylation of GSK3β.(273) As, MMP-12 enzymatically cleaves β-

catenin, downregulation of GSK3β could be a potential negative feedback response. β-

catenin is a component of adherens junction along with other cadherins, catenins and 

actin filaments.(274, 275) MMP-12 enzymatic degradation of adherens junction would 

suggest its role in cellular adhesion and migration along with cellular apoptosis. Overall 

lab has shown that MMP-12 degrades actin-filaments and impairs neutrophil infiltration 

in arthritis.(276) This corroborates with our finding that MMP-12 impairs cellular 

adhesion by action on adherent junction. Decreased cellular adhesion of neutrophils 

after MI would potentially limit inflammation in MI. 
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5. Conclusion  

In summary, we used various stimuli to polarize neutrophils and map their 

signalome. We see strong cytokine-mediated inflammatory LPS-like signalome with IL-

1β. Similarly, with IL-4 we see subdued inflammation with IL-4 treatment. MMP-12 

treatment induced a robust apoptotic neutrophil signalome. IL-1β induces IL-10 and 

indicates that pro-inflammation is a necessary first step before you can get to anti-

inflammation & that IL-4 induces pro-inflammation marker NFkB, indicating that some 

pro-inflammatory signaling networks may serve dual purposes- therefore, blocking pro-

inflammation has multiple negative consequences for downstream anti-inflammatory 

signaling. This is a key point why blocking pro-inflammation has not been a useful 

strategy for cardiac wound healing after MI.(277)  
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CHAPTER 5. Harnessing the plasma proteome to predict cardiac 

remodeling after myocardial infarction 

1. Introduction 

Myocardial infarction (MI) induces robust infarct wall thinning and dilation of the 

left ventricle (LV) over the first week in mice.(22, 34, 222, 278) In response to MI, 

cardiac wound healing involves the early initiation of inflammation to clear necrotic 

debris followed by fibroblast activation to secrete extracellular matrix needed to form the 

infarct scar. Cardiac remodeling starts with infarct wall thinning due to early 

cardiomyocyte necrosis, with the greatest change in wall thinning occurring over the first 

24h of MI. Wall thinning is followed by LV dilation with reduced ejection fraction and 

volume overload.(119)  

Several plasma markers have been previously identified that assess the 

inflammatory component of MI.(279) Early inflammation markers of MI include c reactive 

protein, matrix metalloproteinase (MMP)-9, myeloperoxidase, galectin-3, and neutrophil 

blood count; all have  been shown, both in mice and in humans, to reflect the 

inflammatory component and predict adverse outcomes, namely progression to heart 

failure and death.(124, 176-178, 280-288) The early phase of inflammation is followed 

by consecutive phases of anti-inflammation and repair.(84, 278) As such, inflammatory 

markers that are transient in expression in plasma and may not hold predictive reliability 

at every timepoint of MI. Thus, examination of those markers needs to occur at an 

optimum snapshot in time that may not be easily translatable from mouse to human or 

may not be uniform across individual patients. Diagnostic or prognostic markers that 

continuously predict cardiac dysfunction over a range of times after MI is of high clinical 

significance.  
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Reliable biomarkers with uniform patterns will aid in better treatment for patients 

with MI by providing an easier way to develop a personalized medicine strategy.(289, 

290) Identification of biomarkers that are functionally relevant also reveals signaling 

mechanisms, which potentially will uncover new therapeutic targets. Here, we used data 

from three different proteomics platforms in mice to identify plasma markers of adverse 

cardiac remodeling after MI. We hypothesized that the identified plasma markers could 

reflect cardiac physiology across an extended timepoint of MI. The hypothesis was 

tested in a second validation cohort to examine continued predictability at an extended 

timepoint of MI. We also examined by glycoprotein array human plasma from patients 

with MI to identify signaling associated with the identified biomarkers.  

2. Methods 

Experimental design 

The experimental design included a retrospective study using a previously 

collected database and tissue bank, a prospective study using a new cohort of mice, and 

a human cohort (Figure 5.1).  
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Retrospective study  

  All animal procedures were approved by the Institutional Animal Care and Use 

Committee and were conducted in accordance with the Guide for the Care and Use of 

Laboratory Animals published by the National Institutes of Health.(291) The mouse 

Heart Attack Research Tool (mHART) database and tissue bank consists of data 

combined from across MI projects published since 2007 under standard operating 

procedures from a single site lab.(292) For the retrospective analysis, we included data 

for male and female C57BL/6J mice (n=31) ranging from 3 to 6 months of age that were 

evaluated at day (D)0 (no MI) or MI D3. The database was accessed on May 2020 (by 

 

Figure 5.1. Experimental design. 

Created with BioRender.com.  
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UC). The plasma analysis was originally evaluated by multi-analyte profiling using a 60 

protein array (Rules Based Medicine / Myriad). Echocardiography included examination 

of dimensions: end systolic dimension (ESD) and end diastolic dimension (EDD), 

volumes: end systolic volume (ESV) and end diastolic volume (EDV), and wall thickness: 

anterior wall thickness at systole (AWTs) and anterior wall thickness at diastole (AWTd). 

Infarct size was included to confirm MI. We additionally screened the banked plasma 

using two additional protein arrays- V-PLEX Plus Mouse Cytokine 29-plex Kit (Meso 

Scale Discovery (MSD), Cat. No. K15267G) and Proteome Profiler Mouse XL Cytokine 

Array (R&D Systems (R&D), Cat. No. ARY028) containing 111 proteins, both of which 

were performed according to manufacturer instructions. Combined, this yielded 165 

unique plasma analytes and 6 variables of cardiac physiology.        

Prospective study 

A new cohort of mice (n=20) underwent surgery and cardiac physiology was 

assessed by echocardiography per established guidelines and standard operating 

procedures.(23, 26, 52, 293-295) At D3 of MI, the mice underwent echocardiography 

using the VEVO 3100 (Fujifilm) and blood was collected by submandibular vein 

collection in heparin to obtain plasma. At MI D7, the mice underwent echocardiography 

and were sacrificed. Blood was collected from the jugular vein to obtain D7 plasma, and 

the LV infarct region (infarct and border) was collected separate from the remote region. 

Immunoblotting 

Immunoblotting was performed according to the published guidelines.(296) LV 

infarct protein was homogenized in TPERTM tissue protein extraction buffer (Thermo 

Fisher, Cat. No. 78510, 16 ul/ 1 mg LVI). Protein was quantified using Nanodrop 

(Thermo Fisher, Cat. No. ND2000). A total of 0.1 uL plasma or 10 ug total LV protein for 

LV infarct was loaded onto 4–12% Criterion XT Bis-Tris precast gels (Bio-Rad, Cat. No. 

345-0125) and transferred onto Trans-Blot Turbo Transfer Pack Nitrocellulose 
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Membranes (Bio-Rad, Cat. No. 170-4159). The membranes were stained with Pierce 

Reversible Protein Stain Kit for nitrocellulose membranes (Thermo Scientific, Rockford, 

IL) and densitometry was analyzed for normalization of LV samples.(52, 222, 297, 298) 

Membranes were blocked with Blotting Grade Blocker (Bio-Rad) in 5% triphosphate 

buffer solution and incubated overnight with primary antibody at 4°C followed by 

incubation at room temperature for 1h with secondary antibody. The antibodies used 

included ApoA1 (Abcam, Cat. No. ab227455, 1:1000), Haptoglobin (Thermo Fisher 

Scientific, Cat. No. MA5-32584,1:1000), and IL-17E/IL-25 (R&D systems, Cat. No.  

MAB1399, 1:1000). For ApoA1 and Haptoglobin primary antibodies, the blots were 

incubated with goat anti-rabbit IgG secondary antibody (Vector Laboratories, Cat. No. 

PI-1000, 1:5000). For IL-17E/IL25 primary antibody, the blot was incubated with goat 

anti-rat IgG secondary antibody (Vector Laboratories, Cat. No. PI-9400, 1:5000). For 

TIMP-1 assessment, we tried the following 4 antibodies, and none gave a specific band 

of the right molecular weight: Abcam Cat. No. ab38978, ab216432, and ab179580 

(1:1000) and Epitomics Cat. No. 3346-1 (1:1000). Chemiluminescent images were 

captured using the iBright FL1000 imaging system (Thermo Fisher) and quantified using 

iBright analysis software 4.0.0. The blots were normalized to the total protein, and the 

data were presented as normalized arbitrary units. 

IgA isotyping panel 

Plasma and infarct homogenates were used to quantify IgA expression by a 

mouse isotyping panel (MSD, Cat. No. K15183B). The experiment was run as per 

manufacturer recommendations. The plate contained 7 antibody fixed spots in each well 

of the isotyping panel, and each spot was linked to electrodes for signal quantification. A 

sulpho-tagged antibody was used with appropriate read buffer after sample incubation 

and electrical signals were quantified. LV samples were normalized to total protein and 

reported as ng/µg, whereas plasma samples were volume loaded and reported as µg/µl 
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with appropriate dilution correction. Plasma samples were run at 1:10,000 dilution and 

LV infarct samples were run at 1:100 dilution.  

Human evaluation 

All participants gave written consent before participation in the study. The 

investigation conformed to the principles outlined in the Declaration of Helsinki. The 

human subject protocol was approved by the Institutional Review Board at the University 

of Mississippi Medical Center (IRB# 2013-0164). Plasma was collected at 48h after 

admission in patients with MI (n= 41) or from healthy controls (n=18). Patient 

characteristics are listed in Table 5.1.(298)  

 

Healthy controls (n=18) MI (48 h; n=41) 

Age (years) 48 (range 25-76) 56 (range 33-72) 

Sex 14 Women, 4 Men 18 Women, 23 Men 

Race 7 Black, 11 White 18 Black, 23 White 

Table 5.1. Patient Characterstics. 

Glycoprotein array  

The Human Glycosylation Antibody Array 1000 (RayBio®, Cat. No. GAH-GCM-

1000-4) contained pre-blocked glass slides coated with antibodies for 1000 glycosylated 

proteins. The array was performed according to manufacturer instructions. The slides 

were incubated with human plasma (1:5 dilution) and washed to remove unbound 

proteins. Five unique biotin-labeled lectins were incubated with the array. Each lectin 

bound their respective glycan moieties on the captured proteins present on the glass 

surface. Streptavidin-conjugated fluorescent dye (Cy3 equivalent) was added to the 

array which recognized the biotin attached to any bound lectin molecule. Chemidoc laser 

fluorescence scanning (Biorad laboratories) was used to visualize the signals. Signals 

were quantified and normalized to reference spots. CXCL4 concentrations were 

previously reported from this dataset.(298)   
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Statistical Analysis and Bioinformatics:  

Statistical analyses were performed with GraphPad Prism 9, according to the 

guidelines outlined in Statistical Considerations in Reporting Cardiovascular 

Research.(299) For all analyses, p<0.05 was considered significant. Pearson correlation 

was conducted between the 6 cardiac physiology variables and all 165 protein 

candidates. Multiple regression was used to increase stringency of the identified plasma 

markers to predict specific echocardiography variables. Multicollinearity among proteins 

was checked with Variance Inflation Factor (VIF) score>5.0. Protein candidates with 

r>0.60 were accepted for further evaluation. An unpaired t-test was used for 

retrospective data with D0 and D3 plasma derived from different mice; and a paired t-

test was used for the prospective data with D3 and D7 plasma derived from the same 

mouse. Bioinformatics tools provided in Metaboanalyst 5.0 were used for correlation 

analysis, partial least squares – discriminant analysis (PLS-DA) and volcano plotting. 

PLS-DA important features analysis was used to rank proteins based on Variable 

Importance in Projection (VIP) scores. The Enrichr bioinformatic platform was used for 

transcription factor enrichment assessment and associated Kyoto Encyclopedia of 

Genes and Genomes (KEGG) pathway enrichment analysis of the human glycoarray 

data.(191, 192, 300, 301) 

3. Results 

Five candidates in the MI D3 plasma proteome mirrored cardiac physiology  

Out of 165 unique proteins, 46 proteins correlated with at least one of the 6 

cardiac physiology variables across D0 and MI D3 (all p<0.05; primary cardiac 

physiology data provided in Table 5.2). When we ranked significant proteins by r value, 

24 proteins had r>0.5 and 5 proteins had r>0.6 for all 6 echocardiography variables. The 

5 proteins were Apolipoprotein A1 (ApoA1), Interleukin (IL)-17E/IL-25 (IL-17E), 

Immunoglobulin (Ig)A, Haptoglobin, and Tissue Inhibitor of Metalloproteinase-1 (TIMP-
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1). By multiple regression to further test the stringency of these markers, all 5 plasma 

markers remained significant (p<0.05) for at least one of the 6 cardiac physiology 

variables (Figure 5.2A). Figure 5.2B shows the representative correlation where ApoA1 

correlated with AWTs. These 5 proteins were further evaluated in a prospective study. 

Table 5.3 contains cardiac physiology data for the prospective study.  

 

 

 

 

Figure 5.2. By retrospective analysis, we identify five plasma proteins as markers of 
cardiac physiology after MI. 

We identified 5 proteins as potential markers of cardiac physiology, by regression and 
multiple regression analysis. A) Correlation heatmap of the top 5 protein candidates 
(ApoA1, Haptoglobin, IgA, IL-17E, and TIMP-1) with the 6 cardiac physiology parameters 
(ESD, EDD, ESV, EDV, AWTs, and AWTd). B) A representative correlation: ApoA1 
negatively correlated with AWTs. 
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Table 5.2. Cardiac physiology data (Retrospective). 

 
D0 D3 p value 

End Diastolic Dimension (EDD, mm) 3.52±0.10 4.54±0.10 3.06E-08 

End Systolic Dimension (ESD, mm) 2.20±0.10 4.17±0.11 2.23E-14 

End Diastolic Volume (EDV, μL) 58±3 95±5 7.97E-07 

End Systolic Volume (ESV, μL) 19±1 78±5 4.54E-13 

Septal Wall Thickness (Diastole) AWTd, mm 0.85±0.02 0.57±0.04 1.07E-07 

Septal Wall Thickness (Systole) AWTs, mm 1.20±0.05 0.59±0.03 6.07E-12 

Ejection Fraction (EF) 68±2 19±2 3.6E-18 

Infarct size (%) NA 49±2 NA 

 

Table 5.3. Cardiac physiology data (Prospective). 

 
D0 D3 p value 

End Diastolic Dimension (EDD, mm) 3.68±0.06 5.22±0.17 1.90266E-10 

End Systolic Dimension (ESD, mm) 2.46±0.05 4.85±0.19 1.11715E-14 

End Diastolic Volume (EDV, μL) 54±2 92±6 9.96225E-08 

End Systolic Volume (ESV, μL) 20±1 76±6 1.91992E-11 

Septal Wall Thickness (Diastole) AWTd, mm 0.77±0.02 0.48±0.02 1.33898E-12 

Septal Wall Thickness (Systole) AWTs, mm 0.94±0.03 0.53±0.03 1.04089E-12 

Ejection Fraction (EF) 64±2 19±2 5.4015E-22 

Infarct size (%) NA 51±2 NA 

 

ApoA1 mirrored and predicted cardiac physiology.  

In both the retrospective and prospective studies, plasma ApoA1 increased with 

MI (Figure 5.3A top and bottom). ApoA1 increased 1.5-fold from D0 to MI D3 in the 

retrospective study and increased 2.3-fold from D3 to D7 in the prospective study. In 

addition, the MI D3 plasma concentration of ApoA1 correlated with MI D7 plasma, 



93 
 

indicating predictive capability. ApoA1 in the MI D7 plasma correlated with MI D7 cardiac 

physiology, with the highest correlation being to AWTd and ESV (Figure 5.3B). In the 

human cohort, ApoA1 correlated with 89 other glycoproteins (all p<0.05): Bone 

Morphogenetic protein-9 (BMP-9), BRG1 associated factor 57 (BAF57), Aldolase B, 

Focal Adhesion Kinase (FAK), and S100A6 being the top 5. By enrichment analysis, 

foxm1 was the most enriched transcription factor associated with ApoA1 protein-protein 

interactions. KEGG human pathway revealed that cytokine-cytokine receptor interaction 

was the most enriched pathway linked to ApoA1 and its associated proteins (Figure 

5.3C).  

 

 

 

Figure 5.4. ApoA1 mirrored and predicted cardiac physiology after MI. 

A) ApoA1 increased over the course of MI. ApoA1 increased from D0 to MI D3 in the 
retrospective plasma analysis (top). ApoA1 further increased from MI D3 to D7 in the 
prospective plasma analysis (bottom). B) Correlation heat map of MI D7 ApoA1 plasma 
concentration with D3 plasma concentration and 6 cardiac physiology parameters at MI D7 
(top). MI D7 plasma correlated with D3 plasma, ESD, EDD, ESV, EDV, and AWTd; and 
ApoA1 D7 plasma negatively correlated with D7 AWTd (bottom). C) Protein-protein 
interaction between ApoA1 and 999 other glycoproteins in the human plasma showed 
cytokine-cytokine receptor signaling as the most enriched pathway (top) and foxm1 was the 
most enriched transcription factor associated with ApoA1 signaling (bottom). 
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IL-17E/IL-25 mirrored cardiac dilation after MI.  

IL-17E/IL-25, similar to ApoA1, linearly increased after MI, showing 5.3-fold 

increase from D0 to MI D3 in the retrospective plasma and 1.8-fold increase from MI D3 

to D7 in the prospective plasma (Figure 5.4A top and bottom). IL-17E correlated with 

cardiac physiology at the early timepoint of MI (D3) and showed extended prediction of 

LV dilation (both volumes and dimensions) at MI D7. At MI D7, plasma IL-17E/IL-25 had 

highest correlation with ESV (Figure 5.4B). From the human glycoarray expression, IL-

17E showed protein-protein interaction (PPIs) with 180 glycoproteins (all p<0.05). IL-

12p40, IL-3 R alpha, IL-20R beta, IL-11, and Leptin (OB) were the top 5 glycoproteins 

positively correlating with IL-17E. Stat3 was the most enriched transcription factor and 

cytokine-cytokine receptor interaction was the most enriched pathway in KEGG human 

pathway (Figure 5.4C).  
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IgA mirrored and predicted cardiac physiology 

Plasma IgA also showed linearity in expression after MI, similar to ApoA1 and IL-

17E, with the lowest expression at D0 and the highest expression at MI D7. 

Retrospective plasma showed a 3.5-fold increase from D0 to MI D3, while the 

prospective plasma showed an 1.3-fold increase from MI D3 to D7 (Figure 5.5A top and 

bottom). IgA in the LV infarct at MI D7 predicted cardiac physiology and also correlated 

with MI D7 plasma expression (Figure 5.5B). Like IL-17E/IL-25, LV infarct expression of 

IgA at D7 predicted LV dilation at D7, with the highest correlation being to ESV (Figure 

5.5C). IgA was not among the proteins measured in the human glycoarray, thus the 

protein-protein interaction analysis for IgA was not performed. 

 

Figure 5.6. IL-17E mirrored and predicted cardiac physiology after MI. 

A) Interleukin (IL)-17E increased over the course of MI. IL-17E increased from D0 to MI D3 
in the retrospective plasma analysis (top). IL-17E further increased from MI D3 to D7 in the 
prospective plasma analysis (bottom).  B) Correlation heatmap of MI D7 plasma with D7 
LVI tissue, D3 plasma concentrations, and D7 cardiac physiology variables (top). The D7 
plasma correlated with ESD, EDD, and ESV. IL-17E D7 plasma concentration positively 
correlated with ESD (bottom). C) Protein-protein interactions between IL-17E and the 999 
other glycoproteins in human plasma showed cytokine-cytokine receptor signaling as the 
most enriched pathway (top) and stat3 as the most enriched transcription factor associated 
with IL-17E signaling (bottom). 

 

 

Figure 5.7. IL-17E mirrored and predicted cardiac physiology after MI. 

A) Interleukin (IL)-17E increased over the course of MI. IL-17E increased from D0 to MI D3 
in the retrospective plasma analysis (top). IL-17E further increased from MI D3 to D7 in the 
prospective plasma analysis (bottom).  B) Correlation heatmap of MI D7 plasma with D7 
LVI tissue, D3 plasma concentrations, and D7 cardiac physiology variables (top). The D7 
plasma correlated with ESD, EDD, and ESV. IL-17E D7 plasma concentration positively 
correlated with ESD (bottom). C) Protein-protein interactions between IL-17E and the 999 
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Haptoglobin is an early marker of cardiac dysfunction after MI.  

Haptoglobin expression peaked at MI D3, giving an inverted U-shaped 

expression curve. Haptoglobin increased 1.4-fold from D0 to MI D3 and decreased 3.0-

fold from MI D3 to D7 (Figure 5.6A top and bottom). Plasma Haptoglobin expression 

correlated with cardiac physiology at MI D3 in the retrospective study, but not at D7 in 

the prospective study, indicating haptoglobin was a time specific marker of MI (Figure 

5.6B). Human plasma expression of Haptoglobin correlated with 73 other glycoproteins 

(all p<0.05), with the highest positive correlations being to IL-34, Fibronectin, Glucose-

regulated protein (GRP75), Programmed cell death protein 1 (PD-1), and 

Proopiomelanocortin (POMC). Protein-protein interaction analysis indicated stat1 as the 

 

Figure 5.8. IgA mirrored and predicted cardiac physiology after MI. 

A) IgA increased over the course of MI. IgA increased from D0 to MI D3 in the retrospective 
plasma analysis (top). IgA further increased from MI D3 to D7 in the prospective plasma 
(bottom). B) Correlation heatmap of D7 LVI tissue expression of IgA with D7 plasma 
concentration of IgA and the 6 D7 cardiac physiology variables. D7 tissue IgA concentration 
correlated with ESD, EDD, ESV and EDV. C) D7 LVI tissue concentration positively 
correlated with ESV (top). MI D7 plasma correlated with D7 LVI tissue IgA (bottom). 

 

 

Figure 5.9. IgA mirrored and predicted cardiac physiology after MI. 

A) IgA increased over the course of MI. IgA increased from D0 to MI D3 in the retrospective 
plasma analysis (top). IgA further increased from MI D3 to D7 in the prospective plasma 
(bottom). B) Correlation heatmap of D7 LVI tissue expression of IgA with D7 plasma 
concentration of IgA and the 6 D7 cardiac physiology variables. D7 tissue IgA concentration 
correlated with ESD, EDD, ESV and EDV. C) D7 LVI tissue concentration positively 
correlated with ESV (top). MI D7 plasma correlated with D7 LVI tissue IgA (bottom). 
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most enriched transcription factor and cytokine-cytokine receptor interaction as the most 

enriched pathway in KEGG human pathway (Figure 5.6C).  

 

TIMP-1 increased after MI and predicted cardiac physiology:  

Plasma TIMP-1 linearly increased after MI, showing 4.2-fold in plasma from D0 to 

MI D3 in the retrospective plasma and 1.4-fold increase from MI D3 to D7 in the 

prospective plasma. (Figure 5.7A top and bottom) TIMP-1 correlated with cardiac 

physiology at the early timepoint of MI (D3) and showed extended prediction of LV 

dilation (end systolic and diastolic volumes) at MI D7. At MI D7, plasma TIMP-1 had 

highest correlation with ESV (Figure 5.4B). In human plasma glycoarray expression, 

TIMP-1 correlated with 37 out of 999 other glycoproteins (all p<0.05), and the highest 

ranked were TIMP-4, TNF-related apoptosis-inducing ligand receptor 2 (Trail R2/CR5/T), 

 

Figure 5.10. Haptoglobin is an early marker of cardiac dysfunction after MI. 

A) Haptoglobin expression peaked at MI D3. Haptoglobin increased from D0 to MI D3 in the 
retrospective plasma analysis (top). Haptoglobin decreased from MI D3 to D7 in the 
prospective plasma analysis (bottom). B) Correlation heatmap of D7 plasma Haptoglobin 
expression with D3 plasma expression and the 6 D7 cardiac physiology variables. C) 
Protein-protein interaction between Haptoglobin and the 999 other glycoproteins in the 
human plasma showed cytokine-cytokine receptor signaling as the most enriched pathway 
(top) and stat1 as the most enriched transcription factor associated with Haptoglobin 
signaling (bottom). 

 

 

Figure 5.11. Haptoglobin is an early marker of cardiac dysfunction after MI. 

A) Haptoglobin expression peaked at MI D3. Haptoglobin increased from D0 to MI D3 in the 
retrospective plasma analysis (top). Haptoglobin decreased from MI D3 to D7 in the 
prospective plasma analysis (bottom). B) Correlation heatmap of D7 plasma Haptoglobin 
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Transforming growth factor beta-2 (TGF-beta 2), Osteoactivin/GPN, and TNF-related 

apoptosis-inducing ligand (Trail/TNFSF10). TIMP-1 and its interactors were enriched for 

USF2 signaling and cytokine-cytokine receptor interaction was the most enriched KEGG 

pathway (Figure 5.7C).  

 

Human glycoarray analysis revealed a shift in plasma glycoproteome with MI.  

The human plasma glycoproteome shifted with MI, as illustrated by partial least 

squares discriminant analysis (PLS-DA; Figure 5.8A). By unpaired t-test, 83 

glycoproteins out of 999 increased or decreased after MI (all p<0.05; Figure 5.8B). PLS-

DA important feature analysis showed Megakaryocyte-associated tyrosine kinase 

(MATK), Tyrosine-protein kinase fer (FER), and Flap endonuclease 1 (Fen1) as the top 

 

Figure 5.12. TIMP-1 mirrored and predicted cardiac physiology after MI. 

A) TIMP-1 increased over the course of MI. TIMP-1 increased from D0 to MI D3 in the 
retrospective plasma analysis (top). TIMP-1 further increased from MI D3 to D7 in the 
prospective plasma analysis (bottom).  B) Correlation heatmap of MI D7 plasma with D7 
LVI tissue, D3 plasma concentrations, and D7 cardiac physiology variables (top). The D7 
plasma correlated with ESD, EDD, and ESV. TIMP-1 D7 plasma concentration positively 
correlated with ESD (bottom). C) Protein-protein interactions between TIMP-1 and the 999 
other glycoproteins in human plasma showed cytokine-cytokine receptor signaling as the 
most enriched pathway (top) and usf2 as the most enriched transcription factor associated 
with TIMP-1 signaling (bottom). 
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3 increased glycoproteins while Growth factor receptor bound protein 2 (Grb2), 

Vasopressin, and Intracellular adhesion moleculre-5 (ICAM-5) were the top 3 decreased 

glycoproteins at 48h after MI compared to healthy controls. Volcano plotting showed 

Grb2 and ICAM-5 as the most increased glycoprotein while Calbindin D and 11 beta 

hydroxysteroid dehydrogenase type 1 (11b-HSD1) as the largest decreased 

glycoproteins by combined p-value and fold change (Figure 5.8C).  

 

4. Discussion  

  The objectives of this study were to: 1) identify in a mouse model the plasma 

proteins at MI D3 that mirror LV wall thickness and dilation; 2) validate candidates in a 

second cohort for the ability to predict cardiac remodeling at MI D7; and 3) evaluate 

translation to humans with MI. Five proteins were identified in the MI D3 plasma that 

mirrored echocardiography: ApoA1, Haptoglobin, IgA, IL-17E, and TIMP-1. Of these 

proteins, ApoA1, IgA, and IL-17E mirrored current and predicted future adverse cardiac 

remodeling. In the human cohort, cytokine-cytokine receptor interaction was the most 

 

Figure 5.14. Human glycoproteome profile shows dynamic shift after MI. 

A) Human plasma showed a shift in total glycoproteome profile after MI. B) Important 
feature analysis based on very important protein (VIP) scores. C) Volcano plot analysis 
illustrated the major glycoproteins increased and decreased after MI. 

 

 

Figure 5.15. Human glycoproteome profile shows dynamic shift after MI. 

A) Human plasma showed a shift in total glycoproteome profile after MI. B) Important 
feature analysis based on very important protein (VIP) scores. C) Volcano plot analysis 
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enriched pathway, with foxm1, stat1, stat3, and usf1 being the most enriched 

transcription factors. Combined, our results revealed that the inflammatory status of the 

LV spilling into the plasma can be used to indicate both present and predict future LV 

infarct wall thinning and dilation (Figure 5.9). 

 

ApoA1 is a major component of high-density lipoprotein (HDL) cholesterol, which 

transports excess cholesterol from peripheral tissues to the liver. ApoA1 was previously 

identified as a better predictor for ischemic heart disease and cardiovascular mortality 

than HDL, low-density lipoprotein, or apolipoprotein B.(302) ApoA1 positively correlates 

with HDL and negatively correlates with c-reactive protein. The Apolipoprotein-related 

 

Figure 5.16. ApoA1, IgA, IL-17E and TIMP-1 predicts cardiac remodeling after MI. 

Created with BioRender.com. 
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Mortality RISk study (AMORIS) showed that increased risk of fatal MI strongly correlated 

with ApoB/ApoA1 ratio, indicating ApoA1 may serve protective roles prior to MI.(303) 

However, studies on role of ApoA1 after MI are lacking.  

Similar to our observations in mice, increased IL-17E/IL-25 also associates with 

severity of coronary artery disease in humans.(304) Macrophages and T lymphocytes 

are the major sources of IL-17E, and both macrophages and T lymphocytes increase 

under a variety of ischemic conditions, including acute MI and unstable and stable 

angina pectoris.(304) IL-17E promotes TH2 cytokine responses, and inhibition of IL-17E 

in cancer increases macrophage and T lymphocyte numbers by inhibiting apoptosis and 

promoting cellular proliferation.(305, 306) IL-17E promotes angiogenesis by increasing 

vascular endothelial growth factor signaling in endothelial cells.(307) Our understanding 

of the role of IL-17E in MI is incomplete and needs further study.  

In line with our findings, others have shown that IgA increases with MI.(308, 309) 

We extend these past observations to show linearity in the increase of plasma IgA level 

over the course of MI remodeling in mice. Elevated plasma IgA is a marker of previous 

MI, indicating temporal sustainability in humans.(309)  Increased IgA in MI could be due 

to increased B-cell mediated inflammation. Targeted B-cell therapy has been suggested 

in atherosclerosis and various cardiovascular diseases.(310) B-cell depletion using 

monoclonal CD-20 antibody resulted in better MI remodeling through reduced monocyte 

recruitment.(311, 312) 

Haptoglobin is a plasma protein that binds to hemoglobin, and increased binding 

occurs in response to immune activation. Haptoglobin increases after MI and elevated 

Haptoglobin is a known risk factor for MI and congestive heart failure.(313-315) The 

AMORIS study revealed that increased Haptoglobin correlated to higher risk ratio for MI, 

irrespective of total cholesterol levels.(313) We observed a time specific change in 

Haptoglobin expression, with an inverted U-shaped pattern in mice over the first week of 



102 
 

MI remodeling, which could be due to inflammation going down after MI D3 as 

Haptoglobin is a known positive acute phase protein.(316) As such, Haptoglobin is likely 

a better early diagnostic and prognostic marker of MI outcomes.  

TIMP-1 is an endogenous inhibitor of MMPs, including MMP-9.(317) In a human 

study with 389 males undergoing coronary angiography, TIMP-1 was identified as the 

only biomarker that could independently predict all-cause mortality and MI.(318) In that 

study, lower plasma TIMP-1 after MI yielded improved survival rates. TIMP-1 and MMP-

9 are documented indicators of cardiac remodeling after MI.(319) The biological function 

of TIMP-1 may have a U-shaped curve, as animal studies with overexpression of TIMP-1 

also show protection.(320)  

In the validation cohort, three identified markers, ApoA1, IgA, and IL-17E, 

extended from MI D3 to D7 in terms of ability of plasma concentrations to mirror current 

cardiac physiology status. This was important to assess because information on valid 

clinical equivalence for mouse MI timepoints are not available; and markers that can 

predict cardiac physiology across MI remodeling timepoints will be valuable for 

translation. In contrast, Haptoglobin has a small window of predictability, making it easy 

to miss the optimum evaluation time.  

Bioinformatics analyses of the human cohort revealed cytokine-cytokine receptor 

pathway as the most enriched signaling pathway for all 4 proteins (IgA was not 

measured in the human cohort). Foxm1, stat3, stat1 and usf2 were the transcription 

factors associated with ApoA1, IL-17E, Haptoglobin, and TIMP-1. Foxm1 is required for 

cardiomyocyte development and has cardioprotective properties.(321, 322) Similar to 

foxm1, activation of stat3 signaling in MI has protective actions to inhibit 

inflammation.(83, 323) Rapamycin and Empagliflozin both attenuate MI remodeling 

through actions on cell death and both activating stat3 signaling.(324, 325) Stat1 inhibits 

autophagy and is detrimental in MI remodeling by promoting inflammation.(326, 327) 
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While information on usf2 roles in MI is limited, usf2 is one of the top 5 upregulated 

transcription factors with larger transcription regulator network associated with 

differentially expressed genes in myocardial infarction, along with stat3.(328) Usf2 is 

associated with iron overload and regulates hepcidin expression, which increases in the 

LV remote region after MI.(329) These transcription factors, therefore, are directly and 

indirectly connected with MI remodeling.    

5. Conclusion 

Our results revealed that MI shifts the plasma proteome, with ApoA1, IL-17E, 

IgA, Haptoglobin, and TIMP-1 serving as plasma mirrors of cardiac remodeling. ApoA1, 

IL-17E, and IgA have an extended window for predicting cardiac physiology after MI, 

while the window is narrow for Haptoglobin. All markers signal primarily through the 

cytokine-cytokine receptor interaction pathway. Clinical evaluation of these markers may 

help to improve early identification of patients vulnerable for later death or development 

of congestive heart failure.   
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CHAPTER 6. DISCUSSION 

Neutrophil crosstalk during cardiac wound healing  

after myocardial infarction 

When coronary ischemia extends past the point of reversibility, myocardial 

infarction (MI) ensues and cardiomyocytes undergo necrosis.(7, 330, 331) Myocardial 

ischemia initiates an early phase of inflammation, which later progresses to tissue repair 

over the course of MI with change in tissue microenvironment to anti-inflammation 

(Figure 6.1). Cardiac remodeling after MI is dependent of optimal timing of these phases 

as they ensure for timely healing of the infarcted myocardium.  

 

Clinically, the current optimal therapy is reperfusion to restore blood flow through 

the occluded coronary artery.(2) Approximately 25% of patients will not be reperfused, 

due in part to patients not seeking medical attention early enough.(5, 332-335) In 

addition, up to 30% of those patients undergoing successful reperfusion therapy will 

experience no-reflow, a state of myocardial hypoperfusion due to impaired microvascular 

flow despite the presence of a patent epicardial coronary artery.(6) Combined, this 

contributes to a significant number of patients undergoing adverse cardiac remodeling 

 

Figure 6.1. Wound healing after MI. 

In the response to myocardial infarction (MI), neutrophils and monocytes infiltrate early to 
the infarct region and initiate a robust phase of inflammation which peaks between D1 
and D3. As necrotic tissue clearance is complete, tissue microenvironment changes to 
anti-inflammation, which later progressed to tissue repair. Created with BioRender.com 

 

 

Figure 6.2. Wound healing after MI. 

In the response to myocardial infarction (MI), neutrophils and monocytes infiltrate early to 
the infarct region and initiate a robust phase of inflammation which peaks between D1 
and D3. As necrotic tissue clearance is complete, tissue microenvironment changes to 
anti-inflammation, which later progressed to tissue repair. Created with BioRender.com 
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and progressing to heart failure after MI.(7) Heart failure affects over 20 million people 

worldwide,(336, 337) and MI is the underlying etiology for the majority of heart failure 

cases.(8, 338, 339) Despite research efforts to improve the clinical scenario, the 5 year 

mortality for heart failure has not changed over the past 50 years and remains at 

50%.(337)  

Cardiomyocyte death releases danger associated molecular patterns (DAMPs) 

and initiates the complement cascade that brings in inflammatory leukocytes from the 

circulation.(119, 340) The entry of leukocytes into the infarct region begins a series of 

wound healing events that transcend through pro-inflammation to anti-inflammation to 

tissue repair phases, culminating in the generation of an infarct scar that provides 

architectural and structural support to the infarcted left ventricle.(91) While macrophages 

are initially the first to infiltrate, neutrophils quickly overtake by numbers, and at MI day 1 

in the mouse non-reperfused MI model are the predominant leukocytes in the 

infarct.(184, 341) Neutrophil numbers peak at MI days 1 and 3, slowly returning towards 

baseline numbers by day 7.(32, 158, 171, 342) During this period, the neutrophil 

interacts with the cardiomyocyte, macrophage, fibroblast, and endothelial cell to 

coordinate the wound healing response.(172) Neutrophil interactions with endothelial 

cells during diapedesis have been well studied.(173) A half of this thesis focused on the 

importance of neutrophils in MI wound healing, primarily focusing on their crosstalk with 

cardiomyocytes and macrophages in the MI heart to regulated wall thinning after MI 

(Figure 6.2).  
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1. Neutrophil cross talk at MI day 1.  

The pro-inflammatory neutrophil peaks at MI day 1.(171, 222) In response to MI, 

neutrophils are activated and infiltrate into the infarct region where they interact with the 

necrotic cardiomyocyte and other inflammatory cells. To infiltrate into the infarct, the 

 

Figure 6.3. Neutrophil crosstalk after MI. 

In the response to myocardial infarction (MI), neutrophils communicate with cardiomyocytes 
and macrophages. Necrotic cardiomyocytes release damage associated molecular patterns 
(DAMPs) that stimulate neutrophil infiltration. At the site of the infarct, neutrophils are pro-
inflammatory and degranulate to release proteases such as matrix metalloproteinase 
(MMP)-8, MMP-9 and neutrophil elastase (NE) along with neutrophil gelatinase-associated 
lipocalin (NGAL) that break down the extracellular matrix to release necrotic 
cardiomyocytes. Pro-inflammatory neutrophils bring in pro-inflammatory macrophages to 
amplify the inflammatory response through secretion of interleukin (IL)-1β, Mug1, Lgals3, 
and MMP-12. As wound healing progresses to the anti-inflammation phase, macrophages 
phagocytose apoptotic neutrophils and necrotic cardiomyocytes and secrete IL-10 to 
convert neutrophils and macrophages to an anti-inflammatory phenotype.  Created with 
BioRender.com. 
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neutrophil interacts with endothelial cells within the coronary vasculature to promote its 

extravasation. Neutrophils recruited from the bone marrow to the circulation sheds L-

selectin (CD-62L) upon activation. L-selectin and ICAM-1 interactions are required for 

adhesion, neutrophil rolling across endothelial cells and diapedesis.(173, 343) L-Selectin 

and ICAM-1 on the endothelial cell work in concert to mediate neutrophil diapedesis by 

regulating adhesion.(30) Cytokines such as IL-8 and TNF-α induces L-selectin shedding 

and neutrophil entry to the infarct.(30)  

The MI day 1 neutrophil is a pro-inflammatory cell that promotes and amplifies 

the inflammatory response by working in concert with necrotic cardiomyocytes and 

activated resident fibroblasts to signal the further influx of leukocytes.(173, 344)  

Neutrophils release a number of chemotactic factors (i.e., CCL3/macrophage 

inflammatory protein (MIP)-1α, CCL5/RANTES, CXCL1 and CXCL2) that drive the influx 

of pro-inflammatory macrophages in a positive feedback mechanism.(173, 345) Further, 

neutrophils also secrete endogeneous DAMPs such as S100A8 and S100A9 which 

induces further granulopoiesis through interleukin (IL)-1β secretion and toll like receptor 

(TLR)4 activation.(142, 346) The pro-inflammatory MI microenvironment is maintained 

by infiltrating neutrophils through production of pro-inflammatory cytokines such as IL-

1β.(347) Reactive oxygen species (ROS) produced by neutrophils activates the 

inflammasome to further augment IL-1β signaling.(348) IL-1β prevents fibroblast 

proliferation and myofibroblast activation and increases production of MMP-3 and MMP-

8 to increase collagen degradation.(344, 347, 349)  

Another primary role of the pro-inflammatory neutrophil is to degranulate, 

releasing proteases that degrade the extracellular matrix (ECM) surrounding the necrotic 

cardiomyocyte.(22) This is a necessary step in the wound healing process to remove 

necrotic debris and provide space for the infarct scar. If there is too much degradation of 

existing ECM before new ECM can form, the result is excessive infarct wall thinning. In 
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the non-reperfused MI model in mice, this can lead to rupture.(66) In humans, while 

rupture is not as prevalent as it was before the advent of reperfusion, LV aneurysms can 

form, yielding a weakened ventricular architecture.(350) Excessive infarct wall thinning 

can amplify dilation of the left ventricle and stimulate the progression to heart failure.(22) 

The neutrophils also contain components that indirectly influence wall thinning, such as 

S100A9.(147) S100A9 forms a heterodimer with S100A8, in vivo. Short term blockade of 

S100A9 improves cardiac physiology after MI.(147) S100A9 has been discussed as a 

potential therapeutic target after MI that directly targets the immune cell population.(148, 

156)  

While depletion of pro-inflammatory neutrophils is in theory a logical therapeutic 

plan, the actual implementation has consistently been unsuccessful. Early attempts to 

block inflammation using methylprednisolone yielded promising results in animal models, 

followed by a clinical trial that yielded cardiac rupture and consequently was terminated 

early.(170, 351) Since that time, therapy has been more directly targeted at the 

neutrophil or particular neutrophil components, to similar results.(147, 186) Steffens and 

colleagues demonstrated that neutrophils release neutrophil gelatinase associated 

lipocalin (NGAL) that directly stimulates macrophages to convert to a reparative 

phenotype.(180, 198) Inhibiting neutrophils as a global strategy, therefore, prevents 

macrophage conversion.  

2. Neutrophil cross talk at MI day 3. 

The anti-inflammatory neutrophil peaks at MI day 3.(171, 222) The MI day 3 

neutrophil is apoptotic, with high cathepsin activity and roles in ECM 

reorganization.(222) The anti-inflammatory neutrophil is characterized by high 

expression of Ly6G and CD206, which continue to increase until MI day 7.(171) 

Neutrophils cross-talk with macrophages at MI day 3 primarily by undergoing apoptosis 

and being phagocytosed by the macrophage.(184)  
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Rather than inhibiting the pro-inflammatory neutrophil, which is necessary for 

later anti-inflammation and repair, an effective strategy may be to promote early anti-

inflammation instead. When IL-4 is endogenously administered by subcutaneous 

infusion beginning at MI day 1, the MI day 3 neutrophil shows less pro-inflammation 

(CCL3, IL-12a, TGF-β1, and TNF-α) while the macrophage shows more anti-

inflammation (ARG1 and YM1).(118) The IL-4 treatment showed increased phagocytosis 

of apoptotic neutrophils by MI day 3 macrophages, without a change in necrotic myocyte 

uptake, and this effect is mediated through FCGF2b, MERTK, and MRC1.(118)  

Resolution promoting factors (RPFs) regulate inflammation and promote tissue 

repair after MI by targeting immune cell trafficking, their activation and cytokine 

production.(114, 352) Known resolution promoting factors include resolvin E1, lipoxin 

A4, MMP-12, and protectin-D1 which enhance MI wound repair by targeting 

neutrophils.(198, 277, 352, 353) Similarly, annexin A1, a neutrophil derived microvesicle 

protein is also known to inhibit inflammation by targeting leukocyte infiltration.(354, 355) 

Neutrophils at MI day 3 also secrete factors such as fibronectin and fibrinogen that 

stimulate fibroblasts to proliferate and help with ECM reorganization.(222) 

Therapeutically modifying the neutrophil at MI day 3 for optimum effect would include 

promoting apoptosis of lingering pro-inflammatory neutrophils and stimulating the 

conversion of anti-inflammatory and reparative neutrophils.  

3. Neutrophils cross talk at MI days 5-7.  

The reparative neutrophil peaks at MI days 5-7.(171, 222) At this time, the 

neutrophil is characterized by roles in repair and ECM reorganization.(222, 356) While 

the reparative neutrophil cross talks with macrophages, fibroblasts, and endothelial cells, 

the direct role of neutrophils in tissue repair has been understudied. Neutrophils at MI 

day 5 and 7 have increased protein expression of several reparative factors, including 

fibrinogen, cathepsin B, S100A4, fibronectin, thrombospondin-2, lgals3, MMP-2, tissue 
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inhibitor of metalloproteinase (TIMP)-2, and vitronectin.(222) Both neutrophil secreted 

fibronectin and lgals3 autoregulate MMP-9 release, as MMP-9 degrades fibronectin and 

lgals3. Neutrophil to fibroblast cross talk occurs in part through ECM mediators such as 

fibrinogen, which stimulates fibroblast proliferation.(50) The increase in TIMP-2 would 

prevent further ECM breakdown to turn off necrotic cardiomyocyte debris removal after it 

is no longer needed. At the same time, the increased expression of MMP-2 may indicate 

a neo-homeostatic role to help maintain the infarct scar, as MMP-2 is linked to 

cardiomyocyte homeostasis.(51) 

The need for the neutrophil to convert to an anti-inflammatory and reparative 

phenotype is illustrated by studies that prevent conversion. When MMP-12 is inhibited 

using the specific inhibitor RXP 470.1 initiated at 3 hours after MI, neutrophils do not 

undergo apoptosis and cardiac remodeling is worsened at MI day 7 (more dilation, more 

remodeling, and lower ejection fraction).(36) Neutrophils both produce and respond to 

MMP-12, as MMP-12 itself directly stimulates neutrophils in vitro to undergo apoptosis 

by activating caspase 3.(36) Therapeutically stimulating the reparative neutrophil is a 

promising area that needs further investigation.(180, 186, 198)  

4. Identifying therapeutic targets after myocardial infarction 

Exploring disease proteomics has been an excellent method for recognition of 

therapeutic targets.(290, 357, 358) As my thesis focuses on identifying potential 

therapeutic targets, I used proteomics to study cellular specific protein targets and 

plasma-derived protein targets. As I discussed how neutrophil target mapping would be 

beneficial for modulating neutrophil physiology for therapeutic benefit in the previous 

section, harnessing plasma proteomics would be equally beneficial as it is a noninvasive 

and translational way for identifying prognostic, diagnostic and functional markers of 

cardiac remodeling.(359)  



111 
 

Plasma reflects the ECM changes in the heart after myocardial infarction.(360) 

Targeted proteomics allows to identify low abundance proteins in the plasma that 

reflects cardiac physiology changes.(361) Various factors has been previously identified 

that are helpful for diagnosis of myocardial infarction. However, identification of plasma 

markers that mirrors extent of adverse cardiac remodeling has been lacking. My study 

shows the possibility of using markers to predict future progression to heart failure and 

potential MI outcomes. This would be highly valuable for personalizing medicine and 

improving therapeutic precision. 

One of the major findings of my study is that acute phase proteins such as 

Haptoglobin are good marker of diagnosis as it is a time-specific marker. Acute phase 

proteins do not mirror overall cardiac physiology after MI in a wholesome manner, as 

previously thought.(362) ApoA1 highlights the potential of targeting lipoproteins in MI, 

while IL-17E demands for further extensive study as it has not been explored. On the 

other hand, immunoglobulins mirroring cardiac dysfunction after myocardial infarction 

hints for humoral immunity component in MI which has not as equally been appreciates 

as innate immunity.(363) This suggests for B-cell having significant role in regulating 

wound healing phase and heart failure progression, in overall.(364) TIMP-1 is a strong 

ECM component which has complex and essential role in myocardial infarction.(364) 

Integrated omics is one major component of my study as it links proteomics to 

previously studied and identified results to give a comprehensive result through 

bioinformatics application.(365, 366) Identification of potential pathway involved and 

enriched transcription factors further allows for delineation of potential targets for further 

research.  

5. Future Directions and Conclusions  

The knowledge of MI wound healing and the role of inflammation has been 

amplified over the last decade. While our knowledge has grown exponentially, question 
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remain on how to modify the neutrophil to allow optimal wound healing to occur in a 

controlled way. A crucial component to consider is the time and space of where in the MI 

remodeling continuum the response is when the intervention occurs. We know that 

excessive neutrophil function is detrimental, and amplified release of neutrophil 

components can extend the initial injury. At the same time, we know that early complete 

neutrophil depletion impairs wound healing, indicating that there is a need for neutrophils 

and the infarct to proceed through the pro-inflammatory phase before repair can be 

accomplished. The neutrophil has been the target of many interventions, all with a 

general lack of success, and we must glean information from those studies to identify 

new targets that temper rather than exclude components of the wound healing process.   

Along these lines, there is a need to triangulate information when developing 

experimental designs that target the neutrophil and the overall MI wound healing.(367) 

With the information already obtained by the MI remodeling community, this area is ripe 

for evaluation using computational modeling approaches. Simulation experiments may 

provide a means to quickly test effects of interventions on neutrophil responses, and 

such approaches have been exploited for the understanding of complex cellular 

signaling and immune responses.(368) Computational modeling of the macrophage and 

fibroblast have yielded insights into their cell physiology in MI, and similar approaches 

would likely be fruitful for the neutrophil.(369, 370) These approaches may also improve 

the rigor and reproducibility of research targeting the neutrophil by unveiling connections 

that would not be observed using traditional in vitro and in vivo approaches, thus 

increasing odds of translating a novel therapy. Recent guidelines provide extensive 

information on how to use the MI model in mice to understand how the neutrophil 

regulates cardiac remodeling.(113)  This can be used to further our research on 

identified predictors to study their functional predictability.   
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In conclusion, the neutrophil cross talks with several cell types, including 

cardiomyocytes and macrophages during MI wound healing to coordinate the cardiac 

remodeling process. The neutrophil remains a viable candidate for intervention if we can 

figure out the optimal conditions of modification to achieve a favorable and predictable 

outcome. Previous studies focusing on anti-inflammation alone has shown that pro-

inflammation is extremely important in MI wound healing. A new challenge lies in 

identification of an optimum timeline to limit inflammation and promote anti-inflammation. 

Moderation of inflammation and modulation of the inflammatory phase might take us to 

the next avenue in myocardial infarction research.  
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