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Abstract 

Atherosclerosis is an accumulation of lipid-rich plaques within arteries and a 

leading cause of death worldwide. Chronic low-grade inflammation is characteristic of 

atherosclerosis, where monocytes and macrophages play a critical role in the 

progression or regression of plaque. Dipeptidyl peptidase 4 (DPP4) is increased in 

conditions of metabolic dysfunction, and there is a strong association between 

monocyte DPP4 and the development of atherosclerosis. However, a causal 

mechanism linking increased monocyte DPP4 activity and atherogenesis remains to 

be revealed. We hypothesize that DPP4 regulates proteins in circulation and in 

macrophages to drive inflammation and atherosclerosis progression. Using in vivo 

and in vitro inflammatory models, we identified that DPP4 activity is increased during 

inflammation, and Dpp4 mRNA is upregulated in pro-inflammatory polarized 

macrophages. We also found that mononuclear phagocyte DPP4 may have a role in 

regulating circulating immune cell populations. Ependymin-related 1 (EPDR1) was 

identified as a DPP4 substrate via N-terminal enrichment mass spectrometry, where 

transcript expression was decreased in pro-inflammatory and anti-inflammatory 

polarized BMDMs from males. Additionally, we found correlations between circulating 

DPP4 protein and Hba1c and LDLc, while both DPP4 activity and protein correlated 

with HDLc in patients. EPDR1 increased with age and correlated with LDLc and 

plasma triglycerides in apoe-/- mice, while EPDR1 decreased with age in patients. 

These data suggest a role of DPP4 and EPDR1 in inflammation, macrophage 

phenotype, and metabolic dysfunction.   
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1. Introduction 

1.1 The Cardiovascular System and Cardiovascular Disease 

 Cardiovascular disease (CVD) remains the leading cause of death worldwide, 

accounting for almost 20 million deaths in 2021, where coronary artery disease (CAD), 

strokes and other arterial diseases account for over 60% of CVD-related deaths in the 

United States. CVD cost on the healthcare system has a profound economic impact 

on healthcare and society, the total cost of CVD in the United States alone totaled 

$422.3 billion between 2019 and 2020(1), and are predicted to increase to $1.2 trillion 

by 2035(2). Identifying the importance of shifting care from late-stage intervention to 

less resource-dependent pharmacological options. 

The cardiovascular system consists of blood vessels (veins, capillaries, 

arterioles, and arteries) and the heart. Its function is to circulate blood to body tissues 

and remove waste products(3). Cardiovascular disease is a term used to describe a 

multitude of non-communicable diseases affecting the cardiovascular system(4), 

typically leading to the dysfunctional circulation of blood(5).  

1.1.1 Atherosclerosis 

 Atherosclerosis is a subset of arteriosclerosis, which translates to “artery” and 

“hardening,” a defining characteristic of both is arterial wall thickening and the 

narrowing of the lumen, with a decreased ability to dilate(6–8). It is a maladaptive, 

chronic immunometabolic disease that develops over decades(9–11).  

1.1.1.1 Atherosclerosis Development 

 The tunica intima is an essential part of the artery, it comprises endothelial cells 

connected by extracellular matrix components, elastin, and smooth muscle cells. It 
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separates the lumen from the tunica media and is important in maintaining 

hemodynamic homeostasis by secreting anti-clotting agents and vasodilators like 

nitric oxide (NO)(12, 13). Hemodynamic changes can cause dysregulation of 

endothelial cells, and endothelial mechanoreceptors stimulate downstream signals to 

alter the landscape of the endothelium. These changes include a thickening of the 

tunica intima, an increased expression of adhesion molecules on the endothelial 

lining, and increased cell proliferation. Atherosclerotic plaques typically develop in 

areas of high disturbed flow and low or oscillatory shear stress, such as in arterial 

bifurcations and curvatures in the blood vessels. A common site with atheroma is the 

interior curvature between the ascending and descending aorta. This curvature 

causes a gradient change in hemodynamic properties, where there is high-velocity 

laminar blood flow in the outer curvature but disturbed turbulent blood flow in the inner 

curvature(13–15). The turbulent blood influences shear stress and causes endothelial 

phenotypic changes, leading to decreased arterial integrity, increasing permeability, 

cell turnover, adhesiveness, and increased intimal thickening(14, 16). Traditionally, 

these changes are described as the initial injury(17). On the other hand, homeostasis 

is maintained on the outer curvature of the artery, with maintained laminar blood flow, 

dilatory NO production, and expressions of genes involved in cell-cycle arrest(13, 15). 

Immune cells like monocytes migrate to the developing lesion and there is 

retention of low-density lipoproteins (LDL) between the tunica intima and tunica 

media(15, 18–20). This increased retention of LDL through transcytosis (21–24) 

causes further endothelial disturbance, including decreasing NO production(25). The 

lipid accumulation can be visualized and is known as the “fatty streak”(17, 26). 
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Simultaneously, as the lesion develops, macrophage infiltration increases(27, 28). 

These macrophages come from monocyte migration and tissue-resident niches, and 

can increase inflammation within the developing lesion, increasing inflammatory 

cytokine and chemokine secretion (TNF-alpha, IL-6, IL-1(9, 29), MCP1(30), 

CCL2(31), and CCL5(32)). This increases the expression of endothelial selectins and 

immune cell integrins increasing the migration of circulating immune cells(33) and 

forming the intermediate lesion.  

The process of immune cell migration is like that of a regular non-sterile 

immune response. Leukocytes, like monocytes, undergo extravasation when they 

encounter endothelial cell selectins like E- and P-selectins. These bind transiently, 

causing the rolling of the cells (margination)(34–36). Activated monocyte integrins 

ligands for VCAM-1, ICAM-1, and PECAM-1 increase adherence of cells(37) to begin 

the diapedesis process into the developing lesion(34–37). Immune cells enter the 

lesion to stimulate phenotypical changes in cells in the lesion(27, 38–41). Some of 

these phenotypic changes include the migration of vascular smooth muscle cells 

(VSMC) into the plaque, forming a layer of VSMCs underneath the endothelial lining 

and beginning to form a fibrous cap(42). Due to these environmental signals, VSMC  

can also increase their propensity to become pro-atherogenic foam cells(42, 43). 

Both immune cells and VSMC contribute to the development of a necrotic 

core(17, 26, 44). In homeostatic conditions, cells undergo regulated cell death like 

apoptosis and surrounding macrophages undergo efferocytosis to remove apoptotic 

remnants. However, in the plaque milieu, the microenvironment is very complex, there 

are inflammatory cytokines, cholesterol crystals, and oxidized LDL (oxLDL) which can 
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influence induction of regulated and unregulated cell death including apoptosis, 

necroptosis, pyroptosis, ferroptosis, and necrosis, leading to release of damage-

associated molecular patterns (DAMPs) and more inflammation(27, 39, 44–47). 

Additionally, there is the dysregulation of efferocytosis due to oxidized phospholipids 

(oxPL), inhibiting the recognition of debris by macrophages, paired with macrophage 

dysfunction, leading to decreased clearance of dead cell remnants(44, 46). In necrotic 

cores, homeostatic mechanisms are dysregulated, leading to a positive feedback loop 

of inflammation and cell death, and macrophages cannot handle this accumulation of 

DAMPs, oxLDL, oxPL, cholesterol crystals, and more. These can be characterized as 

vulnerable plaques, capable of forming a thrombus, and occluding the artery, as seen 

in myocardial infarcts and strokes(26, 40, 47). 
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Figure 1. Macrophage polarization in atherosclerosis. 

High turbulent blood flow causes hemodynamic changes and dysregulation in 

endothelial cells, leading to the thickening, retention of LDL, and development of a 

fatty streak and immune cell migration. Phenotypic changes in the developing lesions 

can lead to plaque rupture, typically seen in vulnerable plaque, or plaque erosion, 

commonly seen in more stable plaques. Either mechanism can lead to acute coronary 

occlusion, leading to partial or full occlusion of the artery. 
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1.1.1.2 Plaque Architecture  

 Atherosclerotic plaque begins between the tunica intima and tunica media. 

More advanced plaques are made up of a fibrous cap containing endothelial cells, 

ECM proteins, collagen, elastin and VSMC that migrated from the tunica media(26). 

This fibrous cap localizes and encapsulates the lesion(42). It provides structural 

support and elasticity and separates the developing atheroma from blood 

components(14, 15, 26). This defence mechanism is a response to cytokines like 

platelet-derived growth factor (PDGF), transforming growth factor-beta (TGF beta), 

and vascular endothelial growth factor (VEGF) from foam cells and endothelial cells 

that stimulate ECM component secretion, collagen production, and VSMC migration 

and proliferation(26, 42, 48). There is a balance between growth and deterioration of 

the fibrous cap, in more vulnerable plaques, there is increased inflammation and 

inflammatory M1-like macrophages, which increase matrix metalloproteases (MMP), 

like MMP9 that breakdown the ECM and collagen. On the other hand, in more stable 

plaques, pro-resolving, anti-inflammatory M2-like macrophages secrete fibrous cap 

growth factors(27, 28, 41, 47). Atheroma’s have complex microenvironments made 

up of various immune cells like T-cells, neutrophils, macrophages(9, 33, 49), modified 

lipids like cholesterol crystals and oxLDL, macrophage and VSMC-derived foam cells, 

VSMCs, cell death remnants, and more, followed by the tunica media and 

adventitia(12). 

1.1.1.3 Changes in the microenvironment  

 As previously mentioned, plaques evolve and progress, and depending on the 

microenvironment, there can be different plaque phenotypes. Stable plaques are 
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favourable and have thick fibrous caps, greater than 65 µm in coronary arteries and 

greater than 165 µm in carotid arteries in humans(50, 51), their microenvironment is 

composed of a greater proportion of anti-atherosclerotic cells, like M2-like 

macrophages(27, 28, 41, 47). In humans, there can also be vulnerable plaque with 

thinner fibrous caps and a greater proportion of pro-atherosclerotic cells in the 

atheroma milieu, like M1-like macrophages, foam cells, etc.(27, 28, 41, 47). 

Morphological changes of plaque are dependent on microenvironment signalling, and 

are capable of shifting phenotypes. 

1.1.1.4 Mechanisms of Acute Arterial Occlusion  

Acute arterial occlusion occurs due to the formation of a thrombus that partially 

or completely occludes an artery, leading to decreased or no blood flow to the tissue 

downstream. This occurs due to plaque ruptures or plaque erosion, leading to the 

formation of a thrombus, however, these tend to arise in different plaque phenotypes. 

Acute arterial occlusions occur in acute coronary syndrome (myocardial infarcts, 

unstable angina), stroke, and acute limb ischemia(50, 52–55). 

1.1.1.4.1 Plaque Rupture  

 Over 60% of acute coronary syndromes are caused by plaque rupture. This 

presentation of acute arterial occlusion is seen in vulnerable and unstable 

atherosclerotic plaques(50, 52–55). These plaques have thin fibrous caps and 

typically a discontinuous intimal layer, leading to a weakness within a certain area of 

the fibrous cap. Over time, the fibrous cap can get degraded by MMPs, along with a 

large necrotic core and high levels of inflammation(14, 26). This microenvironment is 

ideal for the dysregulation of the endothelium that can eventually lead to rupture of 
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the atheroma, spilling pro-thrombotic elements, exposing ECM components and 

collagen to circulating blood and activating circulating platelets, causing the formation 

of a thrombus and quick occlusion of the artery(52–55). This leads to the fast onset of 

acute symptoms seen in myocardial infarction and strokes. 

1.1.1.4.2 Plaque Erosion  

 Plaque erosion arises less frequently than plaque rupture, occurring in around 

40% of patients presenting with a myocardial infarct(50). The etiology of this acute 

arterial occlusion is endothelial cell sloughing from the fibrous cap, exposing ECM 

components and collagen, activating circulating platelets and forming a thrombus, 

occluding the artery. For this reason, this form of arterial occlusion can present in both 

unstable and stable atherosclerotic lesions; however, is more frequent in larger stable 

plaques, as vulnerable lesions rupture before eroding. It is thought that changes in 

shear stress caused by turbulent blood flow for an extended period are the cause of 

endothelial sloughing(52–55). 
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Figure 2. Mechanisms of acute arterial occlusion. 

High turbulent blood flow causes hemodynamic changes dysregulation in endothelial 

cells (a), leading to the thickening, retention of LDL, and development of a fatty streak 

and immune cell migration (b). Phenotypic changes in the developing lesions can lead 

to plaque rupture (c), typically seen in vulnerable plaque, or plaque erosion (d), 

commonly seen in more stable plaques. Either mechanism can lead to acute coronary 

occlusion, leading to partial or full occlusion of the artery (e). 
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1.2.1 Metabolic Dysfunction in Cardiovascular Disease 

1.2.1.1 Glucose Metabolism in Cardiovascular Disease 

In healthy individuals, glucose metabolism is maintained in a narrow range with 

the use of two main glucoregulatory hormones: insulin and glucagon(56, 57). These 

proteins regulate glucose transport proteins on tissues, its absorption, glycogen 

anabolism and catabolism, and gluconeogenesis, ultimately keeping glucose in 

homeostasis(58). However, dysregulation within this system is a strong risk factor for 

cardiovascular disease, as seen in individuals with diabetes(59, 60). Increased blood 

glucose levels caused by defects in insulin secretion, action, or both can lead to 

endothelial dysfunction and chronic inflammation in circulation. Hyperglycemia can 

result in increased oxidative stress(6, 61), advanced glycation end products(62–64), 

reduced nitric oxide production(65), and activation of inflammatory pathways like 

nuclear factor κB (NFκB) in endothelial cells(66). This leads to dysfunction and 

increased rigidity of arteries(61, 67) and permeability of the endothelial layer(7), which 

disrupts blood flow and increases the risk for atherosclerosis and other cardiovascular 

diseases. 

1.2.1.2 Lipid Metabolism in Cardiovascular Disease 

 Triglycerides, phospholipids, and sterols are hydrolyzed by lipases beginning 

in the oral cavity into the small intestine enterocytes, into free fatty acids, 

monoacylglycerols, lysophospholipids, and cholesterol, and absorbed by enterocytes 

and repackaged into triglycerides in the cells. Following resynthesis, it is packaged as 

chylomicrons, a triglyceride-rich lipoprotein and secreted into circulation, where it can 

interact with lipoprotein lipase to release free fatty acids for tissue energy production 

(68, 69). Endogenous lipoproteins are synthesized in the liver, first as triglyceride-rich, 
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very low-density lipoproteins (VLDL). Where metabolized, VLDL turns into cholesterol 

and triglyceride-rich intermediate density lipoproteins (IDL) and then cholesterol-rich 

low-density lipoproteins (LDL), which can deliver cholesterol to many tissues and can 

be taken up by different tissues, mainly the liver(70, 71). LDL cholesterol has been 

identified as a causal factor for the development of atherosclerosis(72, 73) through 

the retention and deposition of particles into the arterial wall and the development of 

plaque, as described previously. 

 High-density lipoprotein (HDL) is synthesized in the liver and the intestine(68, 

74, 75), where its role is to transport phospholipids and cholesterol that have been 

effluxed out of cells through the actions of two ATP-binding cassette transporters 

(ABC): ABCA1 and ABCG1(74, 76). Additionally, it can receive phospholipids and 

cholesterol from VLDL and chylomicrons during LPL-mediated lipolysis(70). Cells 

accumulate cholesterol mainly through deposition by circulating lipoproteins and de 

novo cholesterol synthesis(70, 77). Most cells do not have mechanisms for the 

catabolism of excess cholesterol, but some cell types can convert cholesterol into 

steroid hormones, and some cell types on epithelial tissues can secrete cholesterol. 

However, most cells cannot decrease their cholesterol transport intrinsically and need 

a different mechanism(70, 78, 79). HDL-mediated reverse cholesterol transport is 

essential in removing excess cholesterol from cells. As noted, ABCA1 and ABCG1 are 

important in cholesterol efflux to HDL. As intracellular cholesterol increases, so does 

the formation of oxysterols, activating the transcription factor liver X receptor 

(LXR)(76). This results in increased ABCA1 and ABCG1 and enhanced cholesterol 

efflux from the cell. After cholesterol efflux onto HDL, it can travel to the liver and 

interact with hepatic scavenger receptor class B type 1 (SR-B1), resulting in the 
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selective uptake of cholesterol from HDL and conversion and secretion of cholesterol 

into bile acids(68, 70).  

 Dysregulation of circulating blood lipoproteins, as seen in dyslipidemia, is a 

strong risk factor for cardiovascular disease(80, 81). This imbalance in blood lipids 

can be a result of poor diet, physical inactivity, obesity, and the use of tobacco and is 

estimated to affect more than half the global population(29, 82). LDL cholesterol has 

been proposed as a stimulator of inflammation through a macrophage CD36-TLR4-

TLR6 pathways activating the NLRP3 inflammasome and the NFκB pathways(29, 83).  

1.3 The Immune System 

The immune system is a collection of tissues, cells, and chemicals that protect 

the body from “foreign” pathogens(84, 85). There are structural barriers like epithelial 

barriers like the skin or the lining of our respiratory tract and digestive tract, or 

endothelial barriers like endothelial cells in the vasculature(86). Immune system 

defences are tailored towards specific functions and include the innate immune 

system, which acts quickly and is the first line of defence against “foreign” pathogens, 

and the adaptive immune system, tailored towards immunological memory, mounting 

more sophisticated, specific responses toward previously exposed pathogens, which 

takes longer to mount an attack. These systems are interconnected in their abilities to 

fight pathogens through indirect cytokine signaling and direct cell-cell 

communication(87). 

1.3.1 The Innate Immune System  

The innate immune system is responsible for early defences from perceived 

pathogens and response to injury. It uses mechanical or physical (epithelial and 
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mucosal membranes, mucus, etc.), chemical (microbicidal peptides, defensins, 

enzymes, pH regulation, etc.) barriers, as well as cell-mediated innate defences when 

those fail. These innate cell-mediated defenses include tissue-resident cells and 

incoming recruited cells(86, 88, 89). However, in many cases, soluble mediators like 

pro-inflammatory cytokines and chemokines, secreted by immune cells, discussed 

later, can stimulate increased myelopoiesis and travelling of these newly acquired 

cells to the site of injury(90, 91). 

1.3.1.1 Organs in the Innate Immune System  

 Multiple tissues are involved in the development, differentiation, and detection 

of pathogens in the immune system. Primary lymphoid organs like the bone marrow 

and the thymus are responsible for the production of the cells(87) or further 

differentiation(92, 93); where the hematopoiesis occurs in the bone marrow, giving 

rise to myeloid cells and naive lymphoid cells(87, 88, 94, 95), and the thymus trains 

and further differentiate naive T-cells into effector cells(92, 93). There are also 

secondary lymphoid organs, which are important in recognizing pathogens and 

stimulating the immune response. These tissues include the spleen, lymph nodes, 

and mucosal-associated lymphoid tissues (MALT)(96). The spleen is the first line of 

defense against blood-borne pathogens. The spleen can be broken down into red and 

white pulp and contain passing red blood cells and immune cells like macrophages, 

dendritic cells (DC), and B- and T-cells, respectively(97, 98). Upon discovering blood-

born pathogens, antigen-presenting cells (APCs) like macrophages and DCs 

phagocytose the pathogen and present it to lymphoid cells. Lymph capillaries are an 

important entrance of APCs to the lymph nodes, where lymphoid cells can be 



   

 

14 
 

activated and matured to stimulate the immune system(96, 99, 100). MALT can be 

found near epithelial layers and give rise to tissue-resident immune cells to protect 

from oncoming pathogens and stimulate the immune system if necessary(96). 

1.3.1.2 Hematopoiesis  

 The cellular components of blood are made in the red bone marrow found in 

the long bones of the body, starting with niches of self-renewing, pluripotent 

hematopoietic stem cells (HPCs) that can differentiate into many different cell 

types(87). Cell fate determination of HPCs is dependent on microenvironmental cues 

where cytokines, growth factors, and cell-cell communication between HPCs and 

stromal cells determine whether lymphopoiesis or myelopoiesis take precedence and 

what specific cell types(87, 94, 95). There are two lineages: lymphoid and myeloid. 

The lymphoid lineage gives rise to natural killer cells, T-cells, and B-cells, with the 

possibility of long-term immunological memory as a characteristic of T- and B-cells(87, 

94). The myeloid lineage gives rise to all other cellular components, from cells of the 

innate immune system to erythrocytes and megakaryocytes to produce platelets(88, 

95). In short, myelopoiesis occurs when HPCs differentiate into common myeloid 

progenitors, then to granulocyte/macrophage (GM) progenitors or 

megakaryocyte/erythrocyte progenitors. GM progenitor cells can differentiate into 

most cells of the innate immune system, dependent on microenvironmental 

signalling(87, 94, 95). This can be used ex vivo to stimulate the differentiation of cells 

to specific cell types. For example, to get bone-marrow-derived macrophages, you 

can use GM-CSF (colony-stimulating factor) and M-CSF (macrophage-colony 
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stimulating factor) to generate bone-marrow-derived monocytes and 

macrophages(101, 102). 

1.3.1.3 Cells of the Innate Immune System 

 Each cell in the immune system has a specific role, sometimes overlapping, 

but all can work together to overcome pathogens, and sometimes molecules stimulate 

sterile inflammation when there is an immune system activation without the presence 

of an exogenous pathogen or in response to injury, as described earlier with the 

example of increased accumulation of LDL particles. Some cells of the innate immune 

system can be categorized based on appearance and functions, such as, phagocytes, 

APCs, and other cells of the immune system(86, 88, 90, 91). The phagocytes 

encompass neutrophils, dendritic cells, monocytes, and macrophages, as they can 

use phagocytosis to kill microbes(103, 104). These can be subcategorized based on 

histological and morphological properties of their nucleus, where neutrophils are 

polymorphonuclear phagocytes(49, 90, 105), and dendritic cells, monocytes and 

macrophages are mononuclear phagocytes(103, 106–108). APCs are important in 

ingesting microbes and pathogens and identifying antigens to lymphocytes to 

stimulate the adaptive immune systems and immunological memory. These cells 

include dendritic cells, macrophages, and lymphocytic B-cells(109–112). 

Furthermore, other cells of the innate immune system include mast cells, basophils, 

and eosinophils, important in allergic reactions, inflammation, and anti-parasitic 

activity(86, 88), respectively. 
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1.3.1.4 The Innate Immune Response 

 Upon initiation of the innate immune system due to the presence of DAMPs or 

pathogen-associated molecular patterns (PAMPs)(86, 91), tissue-resident 

macrophages or neutrophils are typically the first to respond within seconds to 

minutes(38, 45, 49, 90, 105, 113), followed by monocytes entering the tissue or 

lesions and differentiating into macrophages(39, 45, 108). Together, they mount an 

attack, releasing reactive oxygen species (ROS) and ingesting pathogens and cellular 

debris(90, 104, 107, 108). Additionally, support is called upon via secretion of nitric 

oxide, chemokines, and other cytokines like histamines and bradykinin sensitizing the 

area, causing vasodilation to increase blood flow and recruitment to the tissue, 

contraction of endothelial cells to increase leakiness of the vessels, and expression 

of selectins and other adhesion molecules to increase margination and extravasation 

of immune cells into the tissue(9, 84–86, 114).  

 An important feature of the innate immune system is the lack of receptor 

specificity. For example, monocytes use pattern recognition receptors (PRRs) that 

recognize common molecular features and structures on PAMPs or DAMPs. This non-

specificity allows for quick recognition of PAMPs and DAMPs in a diverse landscape 

of molecular patterns(86, 88, 91). Many PRRs recognize many different molecules. A 

well-characterized PRR is toll-like receptor 4 (TLR4), which classically recognizes the 

lipid A portion of lipopolysaccharide (LPS) on the membrane of gram-negative 

bacteria(115). 
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1.3.2 Macrophages in Atherosclerosis 

 Macrophages are part of the mononuclear phagocyte family, meaning that they 

can utilize PRRs to recognize a diverse range of molecular patterns(38, 39, 108). In 

the developing lesion, macrophages come from differentiated monocytes from 

circulation or proliferating tissue-resident macrophages, typically located in the intima 

and the adventitia of arteries. They are important in removing DAMPs and PAMPs 

from the lesion, utilizing mainly three different mechanisms, depending on the 

recognized molecule: phagocytosis through scavenger receptors like CD36 and SR-

B1, micropinocytosis, and efferocytosis. However, utilization of these mechanisms is 

very dependent on the polarization spectrum of the macrophages, as 

microenvironmental signals alter macrophage phenotype, mechanisms of ingestions 

will either be up- or downregulated(27, 28, 38, 39, 41, 47). 

Once macrophages are in the lesion, they begin ingesting pathogenic material 

like oxLDL and dead tissue. This is done by the recognition of PAMP or DAMP by 

subcategories of PRR like scavenger receptors, mediating non-opsonic uptake of 

pathogens(116–118). After phagocytosis, macrophages can secrete cytokines to 

stimulate a variety of functions like pro-inflammatory cytokines to increase the 

inflammatory response or pro-resolving cytokines to initiate tissue repair(119–121). 

These macrophages can also break down these pathogens and present them via 

MHC class I and II markers to lymphocytes to potentiate the adaptive immune 

response(91, 112). 

 Macrophage phenotypes have a unique plasticity that gives them the power to 

regulate their microenvironment(27, 28, 38, 39, 41, 47). However, there is a reciprocal 
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mechanism where cues in their environment can regulate their phenotype, for 

example, the necrotic core is filled with oxLDL, cholesterol crystals, and cell debris 

dsDNA, which can activate downstream pro-inflammatory pathways, in addition to 

being an oxygen-poor environment. This environment can regulate cellular 

metabolism, like increasing glycolysis, while decreasing oxidative phosphorylation, 

leading to a more pro-inflammatory macrophage phenotype(29, 40, 47, 83, 122).  

 Macrophage phenotype can heavily influence lesion stability, and there are 

multiple identified phenotypes, although it is more of a spectrum and macrophages 

can alternate, or display components of multiple phenotypes depending on 

microenvironmental signalling (27, 28, 38, 39, 41, 47). Classically activated M1-like 

macrophages are the main driver of inflammation within the plaque and are pro-

atherogenic(123). They express high levels of pro-inflammatory molecules like IL-1β, 

TNF-α, IL-6, iNOS, and MCP-1. These cells have an increased rate of glycolysis, 

upregulated GLUT1 and hexokinase protein expression, and increased ROS 

generation. Important in generating this phenotype in vivo is stimulation by pro-

inflammatory factors like IFNγ, TNF-α, and the hypoxic microenvironment, leading to 

upregulation of HIF1-α, increasing glycolytic genes to mitigate this imbalance in 

oxygen supply and demand, and increase pro-inflammatory gene expression, and 

NLRP3 activity(27, 28, 38, 39, 41, 47, 124). This phenotype can be stimulated in vitro 

with LPS and IFNγ(101, 102). 

 On the other side of the spectrum are alternatively activated M2-like anti-

inflammatory and atheroprotective macrophages. They produce high levels of pro-

resolving genes like TGF-β, RELMα, MRC1, and ARG1 and promote wound healing 
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by stimulating ECM remodelling, collagen production, and removal of cell debris via 

efferocytosis(28, 28, 41, 125). Important to note is that there are subtypes to this 

phenotype, from M2a to M2d, to suit their environment best. M2a macrophages are 

induced by IL-4 and IL-13 and are characterized by their increased phagocytic 

capabilities and expression of pro-resolving genes. This phenotype can be stimulated 

in vitro with IL-4 and or IL-13. M2b are induced by immune complexes, TLR signalling, 

and pro-inflammatory cytokine IL-1β. They secrete both pro- and anti-inflammatory 

proteins to modulate their environment based on what is needed(126). M2c is 

characterized as important in mediating the clearance of DAMPs via efferocytosis and 

is stimulated by TGF-β, and IL-10 within the plaque(126, 127). M2d macrophages 

secrete high levels of VEGF to induce VSMC migration after TLR activation and 

adenosine A2A receptor activation(128, 129). 

 Foam cells are very pro-atherogenic and can be derived from macrophages or 

VSMC due to unregulated oxLDL ingestion(17, 41, 42, 47). VSMC can undergo a 

phenotypic switch to a macrophage-like foam cell phenotype. Surprisingly, these cells, 

although pro-atherogenic, are not the main source of inflammation within the 

plaque(123); they upregulate genes involved in reverse cholesterol transport like 

ABCA1, ABCG1 SR-B1, and LXR, as well as processes involved in fatty acid 

transport, oxidative phosphorylation, fibrous cap degeneration, and lysosomal 

activity(17, 41, 123, 130). Additionally, due to the increased intracellular cholesterol, 

metabolic flux shifts towards glycolysis, rather than oxidative phosphorylation and 

fatty acid oxidation. This intracellular pool of free cholesterol and free fatty acids is 

generated through ingestion of oxLDL and digestion in the lysosome, however, this 
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accumulation of free cholesterol is cytotoxic and causes endoplasmic reticulum 

stress, stimulating the unfolded protein response and cell death. In homeostatic 

conditions, it stimulates apoptosis, however, in cases of acute, large increases of 

cytotoxic free cholesterol can result in necroptosis and necrosis(122, 131, 132). 

Further dysregulation of foam cells mediated by free cholesterol, is the formation of 

cholesterol crystals, increasing NFκB pathways, NLRP3 activation, and inflammatory 

signalling(47, 83).  

 Other macrophage phenotypes lie more in the spectrum of the aforementioned 

phenotypes. M4, Mox, M(Hb), and Mhem are all stimulated by different signals(27, 28, 

38, 39, 41, 47, 124). Of these, M4 and Mox macrophages are pro-inflammatory, 

proatherogenic phenotypes. M4 macrophages are activated by pro-inflammatory 

chemokine, CXCL4, and have decreased phagocytic capabilities, and increased 

matrix metalloprotease expression. These cells are more prevalent in vulnerable 

plaque(133). In comparison, Mox responds to oxPL and has increased glycolytic 

capabilities and oxidative phosphorylation to promote high levels of 

inflammation(134). On the other hand, M(Hb) and Mhem macrophages are anti-

inflammatory and atheroprotective. M(Hb) are activated by hemoglobin and 

haptoglobin, whereas Mhem phenotypes are stimulated by haem, as the name 

suggests, these are typically seen in lesions that have ruptured, where macrophages 

ingest red blood cells. There is an increase in genes involved in reverse cholesterol 

transport like LXRa and ABCA1 that prevent foam cell formation, promote 

angiogenesis and vascular permeability(135–138).  
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Figure 3. Macrophage phenotypes in atherosclerosis. 

Macrophage plasticity during atherosclerosis depends on microenvironmental 

signalling and can lead to various atherosclerotic plaque phenotypes, such as 

increased or decreased plaque stability. 
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1.4 DPP4 

 Dipeptidyl peptidase 4 (DPP4), also known as cluster of differentiation 26 

(CD26), is a type II transmembrane serine protease that can be membrane-bound or 

cleaved to release a soluble form(139). Circulating DPP4 protein and activity levels 

are upregulated in metabolic disease, including obesity and atherosclerosis (140, 

141). Additionally, LPS activity through TLR4 signalling in monocytes can increase 

membrane expression(142). 

1.4.1 Enzymatic Activity of DPP4 

 DPP4 cleaves a dipeptide from the N-terminal of proteins that display an 

alanine, serine, or proline at the penultimate position. It has been characterized as an 

important regulator of several bioactive peptides(139). 

1.4.2 DPP4 In the Incretin Effect  

 The bioactivity of glucagon-like peptide 1 (GLP1) and glucose-dependent 

insulinotropic polypeptide (GIP) are regulated by DPP4 cleavage(141, 143). GLP1 

and GIP are secreted by L-(144) and K(145) cells in the duodenum in response to 

nutrients entering the small intestine(144, 146–148). They are secreted into 

circulation, acting quickly on their respective receptors on pancreatic beta cells, 

stimulating glucose-dependent insulin secretion to regulate blood glucose levels. The 

incretins have a short half-life due to DPP4 cleavage, which prevents receptor 

activation and potentiation of glucose stimulated insulin release (141). DPP4i are 

widely used in treating diabetes for their ability to increase endogenous intact GLP1 

and GIP levels(139, 149–151). Additionally, mice lacking DPP4 are resistant to the 
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development of obesity and hyperinsulinemia, as seen in early-stage diabetes, and 

they have improved post-prandial glucose response(152, 153). 

1.4.3 DPP4 in Cardiovascular Disease  

 DPP4 is upregulated in metabolic disease, as seen in obesity, diabetes, and 

cardiovascular disease(140, 141) and has been proposed to contribute to 

atherogenesis by reducing incretin signaling(143), and increasing atherogenic 

monocyte and macrophage phenotypes(154–156). Importantly, DPP4 may have a 

role in the development of metabolic syndrome and is correlated with an increased 

BMI(157). This multifaceted metabolic dysregulation can lead to the development of 

diabetes and cardiovascular disease(158). The inflammatory toll/interleukin-1 

receptor domain-containing adaptor protein inducing interferon beta (TRIF)-TLR4 

pathway can stimulate membrane DPP4 expression(142), and DPP4 inhibition has 

been shown to decrease foam formation in a human macrophage cell model(155, 

156). 

1.4.3.1 DPP4 Inhibitors  

 DPP4i is a common treatment used in diabetes to help regulate blood 

glucose(139, 149–151). Interestingly, DPP4i in preclinical models has shown 

cardiovascular benefit(159), with decreased atherosclerosis development by reducing 

migration of macrophages into the developing atheroma, and decreased pro-

inflammatory cytokines within the plaque(159, 160), and has also been shown to 

decrease macrophage foam cell formation(156, 159, 160). Additionally, DPP4i can 

regulate macrophage phenotypes by inducing a phenotypic switch of M1-like 

macrophages to M2-like macrophages in vitro(160). Further preclinical studies have 

identified decreased inflammation in circulation(155). 
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 Despite the positive outcomes of DPP4i use in preclinical models, multiple 

cardiovascular safety trials have shown no cardiovascular benefit in patients(161–

167).  

1.4.4 DPP4 in the Immune System  

 Although ubiquitously expressed, in the immune system, DPP4 is 

predominantly expressed in lymphocytes like T cells, B cells, natural killer cells, and 

myeloid cells like monocytes, macrophages, and neutrophils. Interestingly, DPP4 in 

the bone marrow is important in the regulation of hematopoiesis as it can regulate 

multiple colony-stimulating factors, where DPP4i’s have been shown to increase the 

action of GM-CSF, G-CSF, and erythropoietin(168, 169). Illustrating a role of DPP4 in 

HPSCs in myeloid cell differentiation. 

1.4.4.1 DPP4 in Monocytes and Macrophages 

 An emerging role of DPP4 in monocytes and macrophages suggests that it 

may be implicated with cellular and physiological phenotypes(142, 154–156, 161, 

168, 170, 171). Circulating monocytes expressing DPP4 are elevated in patients living 

with obesity and patients with atherosclerosis, along with its membrane expression. 

DPP4 expression in these cells is correlated with atherosclerotic burden, non-HDL 

cholesterol, and plasma triglycerides (170). There are also additional roles to 

monocyte and macrophage phenotypes, where oxLDL and LPS upregulated surface 

DPP4 expression on human-derived monocytes through a CD36/TLR4/TRIF 

dependent mechanism(142). Additionally, DPP4 is implicated with macrophage 

mobility, where DPP4 inhibition via DPP4i decreases migration into atheroma’s(159), 

and small interfering RNA (siRNA)-mediated downregulation of DPP4 also blocks 

glucocorticoid-induced migration(172).  
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1.5 EPDR1 

Ependymin-related 1 (EPDR1) was first described as a mammalian homolog 

of ependymin, termed mammalian-related proteins(173). First identified as a 

glycoprotein secreted into the cerebrospinal fluid of teleost fish by fibroblasts, it is 

characterized to increase in many different diseases like cancers(174–177), 

osteoporosis(178), Dupuytren’s disease(179), and glaucoma(180). Like DPP4, it is a 

type II transmembrane protein, however, unlike DPP4, it has homology to cell 

adhesion molecules like cadherins and ependymin and is thought to localize to the be 

lysosome(173, 181). Its crystal structure provides insight into potential actions, as it 

shares homology with bacterial lipoprotein transporter LolA, highlighting a possible 

role in lipid metabolism(173). 

1.5.2 EPDR1 in Obesity, Diabetes, and Coronary Artery Disease 

 EPDR1 was recently identified as a batokine, a cytokine highly expressed by 

brown adipose tissue (BAT) in humans. It was further found to have a role in adipose 

tissue browning and cellular metabolism. siRNA knockdown decreases oxygen 

consumption rate in isolated human BAT, BAT activation increases transcript 

expression, and decreases expression of thermogenic genes like Dio2, and Ucp1, as 

well as the glucose transporter Glut4(182). EPDR1 was identified as an endocrine 

factor part of an inter-organ adipose tissue-liver cross-tissue gene regulatory network 

associated with the clinical severity of CAD; where Epdr1 transcript expression in both 

visceral and subcutaneous adipose tissue correlated with BMI, fasting plasma 

triglycerides, and Hba1c. Additionally, injection of recombinant EPDR1 for three days 

at 1µg/g in wild-type mice decreased plasma total cholesterol, with no effect on HDLc, 

suggesting a decrease in non-HDL cholesterol, reduced plasma glucose, but 
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increased plasma triglycerides(183). Transcript expression is also upregulated in 

pancreatic islets of people diagnosed with type 2 diabetes mellitus and is correlated 

with the BMI of patients with and without diabetes, Hba1c, and glucose-stimulated 

insulin secretion (GSIS) in islets of non-diabetic donors. On the other hand, Epdr1 

expression in islets from diabetic donors negatively correlated with Hba1c and 

increased as GSIS increased. They identified that EPDR1 has a role in regulating TCA 

cycle intermediates, where siRNA knockdown increased lactate production, and 

decreased pyruvate production and induction into the TCA cycle, in addition to 

reduced citrate, succinate, alpha-ketoglutarate and malate. This change in glycolysis 

and the TCA cycle led to decreased insulin secretion, as there was an imbalance in 

ADP: ATP ratios(184). These data identify an underlying mechanism of EPDR1 in 

regulating lipid and glucose metabolism through modulation of cellular metabolism, 

which identified it as a possible target for CAD and modulation of inflammation through 

immunometabolism.  

1.6 Rationale, Hypothesis, and Objectives 

 There is evidence that DPP4 is regulated by inflammation(140, 142, 170), and 

it may have a role in inflammatory signaling(156, 168, 171, 185). It has been identified 

that membrane-bound DPP4 is upregulated after LPS treatment in human-derived 

monocytes through a TLR4-dependent mechanism(142). Additionally, treatment of 

macrophages with DPP4i can increase polarization towards an anti-inflammatory M2-

like phenotype(171), illustrating a potential relationship between DPP4 and 

inflammation. In patients with atherosclerosis, a chronic inflammatory disease, 

monocyte DPP4 expression is increased and is associated with atherosclerotic 

burden and risk factors for atherosclerosis(170). In preclinical models, DPP4 may 
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have a larger role in monocyte motility and migration to developing lesions, and the 

regulation of inflammation within the plaque(155, 159, 172).  

 Interestingly, DPP4i has not shown cardiovascular benefits in humans(161, 

162, 164–167), but its therapies based on its substrate, GLP1 receptor agonists have 

shown strong cardiovascular benefits (186, 187). However, there is a lack of sensitivity 

in assays to detect cleaved proteins and identify novel substrates. Using HYTANE, 

we identified EPDR1 as a novel target of DPP4(188). EPDR1 has been shown to 

regulate risk factors for atherosclerosis, like lipid and glucose metabolism(182–184), 

as well as cellular metabolism(182, 184), modulating cellular energy levels within beta 

cells and regulating insulin secretion(184).  

The thesis will address the following hypothesis: Macrophage DPP4 is required 

for the response to inflammation, and the DPP4 substrate EPDR1 regulates body 

composition, and lipid and glucose metabolism. 

Objective 1: Determine if DPP4 responds to LPS in vivo and in cultured 

macrophages. 

Objective 2: Identify EPDR1 as a novel DPP4 substrate and determine its role in 

lipid and glucose metabolism. 

Objective 3: Detect associations between circulating DPP4 and EPDR1 with risk 

factors for atherosclerosis. 
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2. Methods 

2.1 Animals, Diets, Housing 

Mouse experiments were performed adhering to the approved protocols of the 

University of Ottawa Animal Care Committee and the Canadian Council on Animal 

Care (Protocol #HI-2920). Male and female mice were housed under a 12-hour 

light/dark cycle at the University of Ottawa Heart Institute and had free access to water 

and a standard lab diet (Harlan Teklad) unless otherwise noted.  

2.2 Dpp4-/-, Epdr1-/-, Dpp4Cx3cr1-/-, apoe-/- mice. 

Whole-body Dpp4 deletions were re-derived from a mouse colony that has 

been described previously in C57BL/6 mice(153) 

To generate germline full-body deletion of Epdr1, Epdr1fl/fl mice from the 

Toronto Centre for Phenogenomics (C57BL/6N-Epdr1<tm1a(NCOM)Mfgc>/Tcp, the 

Canadian Mouse Mutant repository) were crossed with Ella-Cre expressing mice(189) 

(B6.FVB-Tg(EIIa-cre)C5379Lmgd/J, obtained from The Jackson Laboratory, 003724), 

generating Epdr1fl/+ expressing one copy of Ella-Cre. These mice were crossed to 

generate Epdr1-/- with the deletion in exon 2 of the Epdr1 gene.  

Dpp4fl/fl (Merck Research Laboratories) were crossed with Cx3cr1 Cre-ER 

expressing mice(190) (B6.129P2(C)-Cx3cr1tm2.1(cre/ERT2)Jung/J, The Jackson 

Laboratory, 020940), generating Dpp4+/fl, expressing Cx3cr1 Cre-ER. These mice 

were crossed to generate Dpp4fl/fl, expressing Cx3cr1 Cre-ER. Cx3cr1 Cre-ER 

activation is induced by administering 5mg to males and 2.5mg to females of 

tamoxifen in corn oil via gavage three times in week 1, followed by a 1-week break, 

and three more tamoxifen administrations in week 3. This induces exon 22 excision 
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from the Dpp4 gene, where the catalytic serine active site is located; the following 

week, the mice are used for experiments. 

Table 1. Primers for genotyping Dpp4Cx3cr1-/-. 

 Forward Reverse 

Dpp4fl/fl 
GAA TAT GAT CCT TGT CAG AGC 

AGC C 
CTG CAC TCA GAA GTC TCA CTG 

Cre ATC CGA AAA GAA AAC GTT GA ATC CAG GTT ACG GAT ATA GT 
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2.3 Blood and Tissue Collection and Preservation 

Blood samples were collected from cardiac puncture with an EDTA-coated syringe, or 

via the tail vein in EDTA-coated blood-collection microvette tubes (Sarstedt, 

16.444.100), and plasma was isolated via centrifugation at 13523xg for 10 minutes at 

4°C. For EPDR1 analysis, blood was mixed with 10% TED (5,000 KIU/mL Trasylol, 

1.2 mg/mL EDTA, and 0.1 nmol/L Diprotin A) (vol/vol) prior to centrifugation. All plasma 

was stored at -80°C for further analysis. Mice were euthanized by CO2 inhalation and 

cervical dislocation, was used as a secondary method of euthanasia. Tissues were 

isolated and snap-frozen in liquid nitrogen and stored at -80°C for further analysis. 

Analysis for plasma triglycerides, total cholesterol, LDLc, HDLc, and glucose was 

performed by  The Centre for Phenogenomics (Toronto, Ontario). 

2.4 LPS injections 

To determine in vivo if LPS increases circulating DPP4 through macrophage-

targeted signalling. Wild-type mice underwent intraperitoneal injection with saline or 

0.3mg/kg of body weight of LPS (Sigma-Aldrich, L2880). Additionally, control or 

Dpp4Cx3cr1-/- were injected with 0.3mg/kg of body weight of LPS in sterile saline, tail 

snip blood was taken before and 24-hours post-injection for DPP4 protein and activity 

analysis and circulating blood components (red blood cells, platelets, white blood 

cells, neutrophils, monocytes, basophils, eosinophils, and lymphocytes) via Element 

HT5.   

2.5 Bone Marrow-Derived Macrophage Cell Culture 

To better understand the role of Dpp4 in macrophage phenotypes, male and 

female wild-type and Dpp4-/- mice between the ages of 8-12 weeks were sacrificed, 

and bone marrow (BM) was isolated from the femurs and tibias of both hind legs. The 
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cells were allowed to grow and differentiate into bone marrow-derived macrophages 

(BMDM) in BMDM Media (DMEM High Glucose media (Gibco, 11965092) 

supplemented with 20% L929 conditioned media (gift from Dr. Katey Rayner) to 

differentiate the BM into BMDMs, 10% heat-inactivated FBS (Gibco, 12483020) to 

provide growth factors and nutrients, 1:100 penicillin/streptomycin (Gibco, 15140122)) 

to prevent bacterial contamination for six days at 37°C, 5% CO2. The BMDMs were 

then washed with filter-sterilized 1X PBS, incubated with 1X HBSS (Gibco, 14185052) 

with 50mM EDTA (1.8% w/v NaOH (Fisher, S318-1), pH 8, 18.7% w/v 

Na2·EDTA·2H2O (Fisher, BP120-500) in double distilled H2O) for 10 minutes at 4°C, 

lifted and transferred at 1.7x105 cells/cm2 in cell culture treated plates at 37°C, 5% 

CO2 for 24 hours. BMDMs were treated in duplicates with only treatment media 

(DMEM High Glucose media supplemented with 5% L929 conditioned media, 2% 

heat-inactivated FBS, 1:100 penicillin/streptomycin) LPS (Sigma, L4391) and IFNγ 

(Sigma-Aldrich, I4777) to induce a pro-inflammatory phenotype, IL4 (R&D Systems, 

404-ML) to induce a anti-inflammatory phenotype, oxLDL, acLDL, aggLDL (gift from 

Dr. Katey Rayner) to induce foam cell formation for either 24, 48, or 72 hours at 37°C, 

5% CO2. 

2.6 Protein Isolation 

To isolate protein from 100-150mg of whole tissues, they were homogenized 

with RIPA buffer supplemented with Halt™ Protease Inhibitor Cocktail for or 

homogenization buffer for DPP4 analysis in microcentrifuge tubes with 2.0mm 

zirconium oxide beads (FroggaBio, ZROB20) and homogenized at 30hz for 10 

minutes at 4°C for physical lysis. To isolate protein from frozen bone marrow, it was 
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centrifuged at 1300xg for 5 minutes, and the pellet was used as described without 

zirconium oxide beads. The resulting solution was incubated at 4°C for 30 minutes.  

2.7 Total Protein Analysis 

Following the manufacturer's instructions, the total protein in BMDM and whole 

tissue extracts was measured using the colorimetric Pierce Rapid Gold BCA Protein 

Assay Kit (Thermo Scientific, A53226). 

2.8 DPP4 Activity Assay 

DPP4 activity was measured in isolated protein from cell or tissue samples, or 

plasma samples using a fluorometric assay. Samples were diluted in 80mM MgCl2 

and incubated with 50µL of AMC substrate (10 mM H-Gly-Pro-AMC HBr, Bachem, I-

1225), for a final volume of 100µL in a black 96-well plate for 20 minutes. Fluorescence 

was read at 450nm, and DPP4 activity was calculated in µM/min/mL from a standard 

curve based on bank-corrected standards (AMC, Bachem, Q-1025). Tissue DPP4 

activity was normalized to the total protein concentration in the sample. 

2.9 Mouse DPP4 ELISA 

DPP4 protein was measured using a colorimetric sandwich DPPIV/CD26 

Duoset ELISA kit (R&D Systems, AF954) following manufacturer instructions. Plasma 

samples were diluted 1/100, BMDM samples were diluted 1/10, and whole tissue 

lysate was diluted from 1/10-1/100. 

2.10 BMDM Protein Isolation 

To isolate protein from BMDMs, the cells were washed with filter-sterilized 1X 

PBS and treated with RIPA buffer (20mM Tris-HCl pH 8.0 (60.57g Tris-HCl (Fisher, 

BP120-500, 150mM NaCl, 0.1% SDS, 1% deoxycholic acid, 1% triton X-100, in 

double-distilled H2O) supplemented with Halt™ Protease Inhibitor Cocktail 
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(ThermoScientific, 78430) for DPP4 substrate analysis, or homogenization buffer 

(50mM Tris-HCl, pH 8, 1mM EDTA, 1% glycerol (Sigma, G5516-100ML), 0.0067% 

Brij-35 (Fisher, BP345-500)) for DPP4 analysis and were incubated at 4°C for 30 

minutes to induce chemical lysis. Cells underwent physical lysis using a syringe 

plunger, and the protein lysate was collected and centrifuged at 21130xg for 20 

minutes. The supernatant was collected and stored at -80°C if not used immediately. 

2.11 BMDM RNA Isolation, Reverse Transcription and Transcript expression 

To isolate RNA from BMDMs, the cells were washed with filter-sterilized 1X 

PBS, treated with 1mL TriZol reagent (Invitrogen, 15596026) per well, and mixed by 

pipetting. The solution was transferred and incubated for 5 minutes at room 

temperature to lyse the cells, 200µL/1mL of TriZol of chloroform (Fisher Scientific, 

C298-4) was added to each sample and mixed vigorously for 15 seconds and 

incubated at room temperature for 10 minutes. Samples were then centrifuged at 

12000xg for 15 minutes at 4°C, the aqueous phase was aliquoted into a clean tube, 

500µL/1mL of TriZol of cold isopropanol (Fisher bioreagents, CAS 67-63-0) was 

added with 1µL of glycogen (Roche, 10901393001), and incubated at -80°C overnight. 

The next day, samples were thawed and centrifuged at 12000xg for 10 minutes at 

4°C, the supernatant was discarded, and 1mL of 75% ethanol (Comercial Alcohols, 

P006EAAN) was added, centrifuged at 7500xg for 5 minutes, the supernatant was 

removed, and repeated once more. Then, the pellet was dried and resuspended in 

RNase-free water (Thermo Scientific, 10977015) and stored at -80°C. The RNA was 

thawed and reverse transcribed using a High-Capacity cDNA Reverse Transcription 

Kit (Fisher Scientific, 43-688-14). cDNA was quantified via RT-qPCR using the ΔΔCt 

method using Applied Biosystems TaqMan Gene Expression Master Mix (4369016). 
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BMDM expression was normalized to the geometric mean of Actb, Hprt, Stx5a, and 

Hmbs, in order to minimize the variability of results caused by housekeeping transcript 

expression. 

2.12 Blood Cell Analysis 

Circulating blood cell components in samples collected from cardiac puncture 

or the tail vein (15-20µL) were analyzed using the Element HT5. The number and 

percent of red blood cells, platelets, lymphocytes, monocytes, neutrophils, 

eosinophils, and basophils were determined. 

2.13 Identification of EPDR1 as a novel DPP4 substrate 

The identification of DPP4 substrates has been hindered due to the lack of 

sensitivity of assays to detect cleavage of a dipeptide from the N-termini of proteins. 

In collaboration with Dr. Shen Zhang, our lab has identified novel in vivo substrates 

via proteomics screening analysis: hydrophobic tagging-assisted N-terminal 

enrichment (HYTANE)(188). Wild-type mice were treated with 90mg/kg of 

streptozotocin (STZ) to induce diabetes, fed a high-fat diet, then mice were 

randomized into saline-injected mice, or mice treated with 18mg/kg DPP4 inhibitor 

(DPP4i) MK-0626 ((2S,3S)-1-(3,3-difluropyrrolidin-1-yl)-4-(dimethylamino)-1,4-dioxo-

3-(4-[1,2,4]triazolo[1,5-A]pyridin-6-ylphenyl)butan-2-aminium chloride) mixed in their 

diet, and finally the mice underwent transverse aortic arch banding to induce pressure-

overload heart failure, as described previously(191). The plasma of these mice was 

isolated, DPP4 substrates were isolated via HYTANE, and cleavage was identified via 

liquid chromatography with tandem mass spectrometry (Figure 5). Following the 

identification of peptides, validation of DPP4 cleaves was performed via incubation of 
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the peptide with or without DPP4, followed by ultra-performance liquid 

chromatography-mass spectrometry. 

2.14 Cold Exposure 

To further characterize if EPDR1 is regulated by DPP4, Wild-type and Dpp4-/-, 

were acclimatized to new cages at room temperature in the cold temperature chamber 

overnight, followed by 16°C for at least 24 hours, followed by 6°C for 14 weeks. 

Interscapular brown adipose tissue (iBAT), subcutaneous white adipose tissue 

(sWAT), perigonadal white adipose tissue (pWAT), liver, and bone marrow were 

isolated for transcript expression and plasma was isolated for EPDR1 protein, DPP4 

protein and activity. At the 2-week timepoint, wild-type and Dpp4-/- mice underwent an 

oral glucose tolerance test. At the 6-week time point, an oil gavage lipid tolerance test 

was performed, and body composition was quantified using echo MRI.  

2.15 Tissue RNA Isolation 

To isolate RNA from tissues, they were treated with 1mL TriZol reagent 

(Invitrogen, 15596026) in microcentrifuge tubes with 2.0mm zirconium oxide beads 

(FroggaBio, ZROB20) and homogenized at 30hz for 10 minutes at 4°C for tissue 

homogenization. To isolate RNA from preserved bone marrow, it was centrifuged at 

1300xg for 5 minutes, and the pellet was used as described without zirconium oxide 

beads. The solution was incubated for 5 minutes at room temperature to lyse the cells, 

200µL/1mL of TriZol of chloroform was added to each sample, mixed vigorously for 

15 seconds, and incubated at room temperature for 10 minutes. Samples were then 

centrifuged at 12000xg for 15 minutes at 4°C, the aqueous phase was aliquoted into 

a clean tube, 500µL/1mL of TriZol of cold isopropanol was added and incubated at -

80°C overnight. The next day, samples were thawed and centrifuged at 12000xg for 
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10 minutes at 4°C, the supernatant was discarded, and 1mL of 75% ethanol was 

added, centrifuged at 7500xg for 5 minutes, the supernatant was removed, and 

repeated once more. Then, the pellet was dried, resuspended in RNase-free water, 

and stored at -80°C.  

2.16 Reverse Transcription and Transcript expression 

The RNA was reverse transcribed using a High-Capacity cDNA Reverse 

Transcription Kit (Fisher Scientific 43-688-14). cDNA was quantified via RT-qPCR 

(QuantStudio 5) using the ΔΔCt method, or the standard curve method, using Applied 

Biosystems TaqMan Gene Expression Master Mix (4369016). 

2.17 Oral Glucose Tolerance Tests 

Male and female Control and Epdr1-/- mice were fasted for 5 hours and gavaged 

with 2g/kg D-Glucose, and tail snip blood was collected at baseline and 15 minutes 

while glucose was measured using a glucometer (StatStrip Xpress) at baseline, 15, 

30, 45, 60, 90, 120 minutes. 

2.18 Weight and Body Composition 

Fat, lean, and total water mass were determined in awake mice by EchoMRI 

(EchoMRI-100 machine, Echo Medical Systems, Houston, TX, USA). 

2.19 Mouse EPDR1 ELISA 

Circulating and tissue EPDR1 was quantified in mice using the Mouse 

Mammalian ependymin-related protein 1 ELISA kit (Abbexa, abx522131) following 

manufacturer instructions. 

2.20 Aortic Sinus Immunofluorescence Microscopy 

Slides of aortic sinuses from apoe-/- mice fed a high-fat diet for 26 weeks were 

fixed with 10% formalin for 10 minutes at room temperature and washed with PBS. 
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Then, heat-induced epitope retrieval was performed with sodium citrate buffer (10mM, 

pH 6, with 0.05% Tween-20) for 2 minutes in a microwave, followed by washes with 

double distilled water and PBS. The slides were permeabilized with 0.2% triton X-100 

in PBS, washed with PBS, blocked with 10% donkey serum in sterile PBS and 

incubated with the primary antibody diluted in 1% donkey serum sterile PBS at 4°C 

overnight in a low light exposure humidity chamber. The following day, the slides were 

washed with PBS and incubated with the secondary antibody in 1% donkey serum 

with sterile PBS for 1 hour at room temperature in a dark humidity chamber, washed 

with PBS, stained with DAPI (Thermo Fisher Scientific 62248, 1:2,000) at room 

temperature for 5 minutes, washed with PBS, and mounted with anti-fade mounting 

medium (Abcam, ab104135). The staining of interest included DPP4, EPDR1, 

Galectin 3 (MAC2) macrophages, and arginase-1 (ARG-1) for anti-inflammatory 

macrophages (Table 2). A Zeiss AxioImage Z1 epifluorescence microscopy with the 

20X objective was used to image the aortic sinuses and analyzed using the Zeiss Zen 

Blue software.  
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Table 2. Primary and secondary antibodies used for atherosclerotic lesion 

staining of apoe
-/- 

mice. 

Antibody Target Vendor Cat # Tested 

Dilution 

Source Excitation Excitation 

Mac2 Cedarlane CL8942AP 1:500 Monoclonal Rat, clone 

M3/38 IgG2a 

    

Arginase-1 Millipore abS535 1:50 Chicken polyclonal IgY     

DPP4 R&D 

Systems 

AF954 1:50 Polyclonal Goat IgG     

Anti-EPDR1  Abcam ab197932 1:50 Polyclonal Rabbit IgG     

Donkey anti-Rat IgG 

(H+L) Highly Cross-

Adsorbed Secondary 

Antibody, Alexa Fluor 

Plus 647 

Thermo 

Scientific 

A48272 1:100   658 675 

Goat anti-Chicken IgY 

(H+L) Cross-Adsorbed 

Secondary Antibody, 

Alexa Fluor Plus 488 

Thermo 

Scientific 

A32931 1:100 493 518 

Donkey anti-Rabbit 

IgG (H+L) Highly 

Cross-Adsorbed 

Secondary Antibody, 

Alexa Fluor Plus 555 

Thermo 

Scientific 

A32794 1:100 558 572 

Donkey anti-Goat IgG 

(H+L) Highly Cross-

Adsorbed Secondary 

Antibody, Alexa Fluor 

Plus 594 

Thermo 

Scientific 

A32758 1:100 590 618 
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2.21 Patient Sample Protein and Transcript expression Analysis 

To evaluate the in vivo significance of EPDR1 and DPP4, participants recruited 

from 2015 to 2022 from the University of Ottawa Heart Institute Biobank Facility 

(OHSN-REB Protocol #: 20220419-01H, Study Title: Linking of Metabolic and 

Cardiovascular Disease) were chosen based on patients with high-risk factors for 

cardiovascular diseases (coronary artery disease (CAD) group) and a control group. 

The CAD patients were chosen based on the presence of coronary artery disease, 

myocardial infarction, coronary artery bypass graph, percutaneous coronary 

intervention, congestive heart failure, cardiac murmur, atrial fibrillation, valvular 

diseases, aortic diseases, hypertension, dyslipidemia, diabetes mellitus, obstructive 

sleep apnea, smoking, or drinks per week. DPP4 protein, DPP4 activity, and EPDR1 

protein were quantified in patient plasma. 

2.22 Human Circulating DPP4 

Circulating DPP4 was measured in the plasma of patients (1/4000) with and 

without CAD using the U-PLEX Human DPPIV Antibody set (Meso Scale Diagnostics, 

K151D9K) following the U-PLEX Biomarker Group 3 manufacturers instructions. 

2.23 Human Circulating EPDR1 

Circulating EPDR1 was quantified in the plasma of patients with and without 

CAD using a Human Mammalian Ependymin Related 1 ELISA kit (, MBS9316185) 

following manufacturer instructions. 

2.24 Statistical Analysis  

All data were graphed, and statistical analyses were performed on GraphPad 

Prism (version 10.2.0). Data are expressed at mean ± SEM. 1-way or 2-way ANOVA 

evaluated statistical differences between groups with Tukey’s multiple comparisons 
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post-hoc test, and between two groups were measured by a 2-tailed or 1-tailed 

unpaired t-test with Welch correction. Human data analysis was evaluated using linear 

regression models with no covariates or adjustment covariates.  
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3. Results 

3.1 Low-dose LPS administration increases circulating DPP4 activity without 

affecting DPP4 protein. 

DPP4 upregulation has been identified in metabolic disease states, and DPP4 

activity increases after multiple injections of LPS(192). To test the sensitivity of our 

model we used saline or low-dose LPS (0.3mg/kg) intraperitoneal injection over 24 

hours to stimulate inflammation in the mice, then we measured spleen weight (Figure 

4A), plasma DPP4 activity (Figure 4B), and plasma DPP4 protein (Figure 4C). A 

subsequent increase in spleen weight in LPS-treated mice (Figure 4A) confirmed 

general inflammation and a 45% increase in DPP4 activity (Figure 4B). Interestingly, 

there was no change in circulating DPP4 protein (Figure 4C). This suggests a role of 

inflammation in regulating circulating DPP4 activity. 
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Figure 4. Low-dose LPS injection increases circulating DPP4 activity with no 

effect on circulating DPP4 protein. 

Blood taken via cardiac puncture was taken from wild-type mice, injected 

intraperitoneally with either saline or 0.3mg/kg LPS. Spleen weight normalized to body 

weight (A), circulating plasma DPP4 activity (B) and circulating plasma DPP4 protein 

(D) were measured. Data is shown as mean ± SEM. Significance was determined by 

an unpaired student t-test with welch correction (A-C). Graphs display males and 

females, n=14-15. 
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3.2 Dpp4 transcript expression increases in pro-inflammatory BMDMs. 

To identify the role of Dpp4 in inflammation in BMDMs, bone marrow was 

isolated from male and female Dpp4+/+ and Dpp4-/- mice and differentiated into 

BMDMs. Once differentiated, they were treated with pro-inflammatory cytokine IFNγ 

and cytotoxin LPS to polarize them to a pro-inflammatory state or anti-inflammatory 

cytokine IL4 to polarize them into anti-inflammatory BMDMs, then Dpp4 gene and 

protein expression were measured. There was a 15.5-fold and 7.5-fold increase in 

Dpp4 mRNA expression in pro-inflammatory macrophages in males and females 

(Figure 5A-B), respectively. However, this did not coincide with DPP4 protein 

expression (Figure 5C-D). However, DPP4 protein expression is decreased by 40% 

and 37% in anti-inflammatory BMDMs from males when compared to BMDMs and 

pro-inflammatory BMDMs, respectively (Figure 5C). While there were no changes in 

DPP4 protein expression in BMDMs from females (Figure 5D). We identified that 

Dpp4 transcript expression is upregulated in pro-inflammatory BMDMs, with a greater 

fold-increase in BMDMs from males compared to females, and that although this 

increase in mRNA does not translate to an increase in protein, there is a reduction in 

DPP4 protein in anti-inflammatory BMDMs from males, identifying sex-specific 

differences in ex-vivo BMDMs. 
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Figure 5. Dpp4 transcript expression is increased in male and female pro-

inflammatory macrophages. 

Bone marrow was isolated from male (blue) and female (red) eight- to twelve-week-

old Dpp4
+/+

 and Dpp4
-/-

 mice and differentiated into BMDMs. After 48h of treatment, 

BMDMs (Mφ), proinflammatory BMDMs (M[IFNγ+LPS]), or anti-inflammatory BMDMs 

(M[IL4]): 

(A, B) Dpp4 transcript expression was measured using RT-qPCR in male and female 

BMDMs, n=8-10. 

(B) Cellular DPP4 protein was quantified, n=6-10. 

Data is shown as mean ± SEM. Significance was determined by an ordinary two-way 

ANOVA with Tukey’s multiple comparisons (A-D). 

 

  



   

 

45 
 

3.3 Genetic elimination of Dpp4 does not change pro-inflammatory phenotypes 

but may increase anti-inflammatory phenotypes in BMDMs. 

To further understand the role of Dpp4 in inflammation in BMDMs, bone marrow 

from male and female Dpp4+/+ and Dpp4-/- mice were isolated, differentiated into 

BMDMs, and treated with polarizing signals to induce a pro-inflammatory or anti-

inflammatory phenotype as previously stated. We measured transcript expression of 

pro-inflammatory genes: Tnf (Figure 6A-B), Il1β (Figure 6C-D), Il6 (Figure 6E-F), 

Mcp1 (Figure 6G-H), and Nos2 (Figure 6I-J) and anti-inflammatory genes: Arg1 

(Figure 6K-L), Mrc1 (Figure 6M-N), and Retnla (Figure 6O-P). We discovered that Il6 

transcript expression was increased by 55% in Dpp4-/- pro-inflammatory BMDMs from 

males when compared to Dpp4+/+ pro-inflammatory BMDMs (Figure 6E), but not in 

BMDMs from females. Additionally, genetic deletion of Dpp4 did not alter Tnf, Il1β, 

and Nos2 pro-inflammatory transcript expression in BMDMs from males or females 

(Figure 6A-D, F-J). Interestingly, genetic deletion of Dpp4 resulted in the upregulation 

of Arg1 and Mrc1 in BMDMs from both males and females (Figure 6K-N). This 

increase in anti-inflammatory transcript expression in Dpp4-/- BMDMs may suggest 

that Dpp4 decreases the polarization of BMDMs to a anti-inflammatory phenotype. 
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Figure 6. Anti-inflammatory Dpp4
-/-

 BMDMs have increased Mrc1 and Arg1 

expression. 

Bone marrow was isolated from male (blue) and female (red) eight- to twelve-week-

old Dpp4
+/+

 and Dpp4
-/-

 mice and differentiated into BMDMs. After 48h of treatment 

with just treatment media (Mφ), proinflammatory BMDMs (M[IFNγ+LPS]), or anti-

inflammatory BMDMs (M[IL4]): 

(A-H) Transcript expression was measured using RT-qPCR in male (blue) and female 

(red) BMDMs, n=8-10.  

Data is shown as mean ± SEM. Statistical outliers were excluded based off the ROUT 

method with a false discovery rate of 1%. Significance was determined by an ordinary 

two-way ANOVA with Tukey’s multiple comparisons (A-G). 
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3.4 Dpp4 deletion from mononuclear phagocytes does not alter circulating 

DPP4. 

To identify the role of DPP4 in inflammation, we utilized a tamoxifen-inducible 

model that selectively deletes the Dpp4 gene in cells expressing Cx3cr1 (Figure 7A-

C). Then we injected a low-dose of LPS in Dpp4+/+, Dpp4-/-, and Dpp4Cx3cr1-/- mice and 

measured circulating monocytes (Figure 8B), DPP4 activity (Figure 8C), circulating 

DPP4 protein (Figure 8D), lymphocytes (Figure 8E), neutrophils (Figure 8F), 

eosinophils (Figure 8G), red blood cells (Figure 8H), platelets (Figure 8I), before and 

after injection. We see a reduction in DPP4 protein in the spleen (Figure 7A), and the 

bone marrow (Figure 7B), as well as partial genetic deletion in the spleen (Figure 7C). 

There was a reduction in the proportions of circulating monocytes in Dpp4Cx3cr1-/- mice 

pre-LPS injection, whereas post-LPS injection showed no significant differences in 

circulating monocytes compared Dpp4+/+, Dpp4-/- (Figure 8B). Consistent we our 

previous observations (Figure 4B-C), we identified that DPP4 activity increases with 

LPS injection (Figure 8C), but protein does not (Figure 8D). Circulating lymphocyte 

proportions were increased in Dpp4Cx3cr1-/- mice pre- and post-LPS injection compared 

to Dpp4+/+, Dpp4-/- mice (Figure 8E), with opposite trends in neutrophils (Figure 8F) 

and eosinophils (Figure 8G), where there is a decrease in circulating proportions. 

Circulating pools of DPP4 were not affected in Dpp4Cx3cr1-/- mice, identifying that 

mononuclear phagocytes are not responsible for supplying DPP4 to the circulating 

pool in response to LPS. However, we identified a possible role of mononuclear 

phagocyte Dpp4 in hematopoiesis. 
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Figure 7. Dpp4 has been genetically deleted from a subset of cells in Dpp4
Cx3xr1-

/-
 mice. 

DPP4 protein from spleen (A) and bone marrow (B) and spleen PCR amplification of 

Dpp4 (C) to validate deletion of Dpp4. Data is shown as mean ± SEM. Significance 

was determined by an ordinary one-way ANOVA with Tukey’s multiple comparisons 

(A-B), n=3-6. 
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Figure 8. Dpp4
Cx3xr1-/-

 mice have increased lymphocytes and decreased myeloid 

populations at baseline and after LPS injection compared to wild-type and Dpp4
-

/- mice. 

Tail vein blood was taken from wild-type, Dpp4
-/-

, Dpp4
Cx3xr1-/-

 mice, before and 24h-

post LPS injection (0.3mg/kg). Schematic of complete blood cell differential after LPS 

injection (A). Tail vein blood was taken from wild-type, Dpp4
-/-

, Dpp4
Cx3xr1-/-

 mice, 

before and 24h-post LPS injection. Circulating monocyte (B) DPP4 protein (C), and 

activity (D) were measured, as well as lymphocytes (E), neutrophils (F), eosinophils 

(G), red blood cells (RBCs) (H), platelets (I). Data is shown as mean ± SEM. 

Significance was determined by an ordinary one-way ANOVA with Tukey’s multiple 

comparisons (A-B), or ordinary two-way ANOVA with Tukey’s multiple comparisons 

(D-K), n=3-6. 
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3.5 DPP4 cleaved sequential dipeptides from EPDR1 in circulation of mice with 

diabetes and heart failure. 

The complexity of DPP4 action is intensified by the vast collection of known 

substrates, ranging from neuromodulator peptides, chemokines, endocrine 

hormones, colony-stimulating factors, growth factors, and more. Many DPP4 

substrates have been identified in vitro, unfortunately, cleavage by DPP4 has not yet 

been identified as physiologically relevant. Therefore, identifying novel DPP4 

substrates is of interest, and identification has been hindered due to the lack of 

sensitivity of current strategies distinguishing intact and cleaved peptides(139). In 

collaboration with Dr. Shen Zhang and his laboratory, our lab has identified novel in 

vivo substrates via the proteomics screening analysis HYTANE(188). We identified 

differentially cleaved peptides in mice with streptozotocin-induced diabetes with 

transaortic constriction to induce pressure overload heart failure(191). These mice 

were treated with and without the DPP4i MK-0626, and plasma samples were used 

for HYTANE (Figure 9A). We identified apolipoprotein C1 (APOC1), growth-hormone 

binding protein (GHBP), transforming growth factor beta-induced (TGFBI), insulin-like 

growth factor binding protein 1 (IGFBP1), and namely, EPDR1 (Figure 9B). 

Interestingly, we found that EPDR1 was cleaved sequentially by DPP4. The identified 

peptides of interest were validated by incubating samples with and without DPP4 and 

ultra-performance mass spectrometry (Figure 9C). 
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Figure 9. Identification of EPDR1 as a novel DPP4 substrate. 

Hydrophobic-tagging assisted N-enrichment (HYTANE) schematic (A) size and 

abundance of EPDR1 in DPP4 inhibitor (DPP4i) and saline-treated mice (B), EPDR1 

substrate validation via incubation of EPDR1 without (left) and with (right) DPP4 

protein (C).  
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3.6 Epdr1 transcript expression is decreased in anti-inflammatory BMDMs from 

males. 

To understand the role of Epdr1 in BMDMs, bone marrow was isolated from 

male and female Dpp4+/+ and Dpp4-/- mice and differentiated into BMDMs. After 

differentiation, they were treated with pro-inflammatory cytokine IFNγ and cytotoxin 

LPS to polarize them to a pro-inflammatory phenotype or anti-inflammatory cytokine 

IL4 to polarize them into anti-inflammatory BMDMs, then Epdr1 gene and protein 

expression were measured. Interestingly, Epdr1 mRNA expression was approximately 

halved in both pro-inflammatory and anti-inflammatory BMDMs in males, regardless 

of the presence of Dpp4 (Figure 10A), while there were no changes in BMDMs from 

females (Figure 10B). Additionally, this reduction in Epdr1 transcript expression did 

not translate to cellular protein reductions (Figure 10C), and interestingly, in male 

BMDMs, genetic deletion of Dpp4 increased cellular EPDR1 protein expression by 

40%, with no change in polarized BMDMs (Figure 10C). However, there were no 

changes in protein expression (Figure 10D) in BMDMs from female mice. We found 

that Epdr1 transcript expression decreases in polarized BMDMs from males and not 

females, further suggesting sex-specific phenotypes in the regulation of Epdr1 in 

macrophages. 
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Figure 10. Epdr1 is downregulated in polarized BMDMs. 

Bone marrow was isolated from male (blue) and female (red) eight- to twelve-week-

old Dpp4
+/+

 and Dpp4
-/-

 mice and differentiated into BMDMs. After 48h of treatment, 

BMDMs (Mφ), proinflammatory BMDMs (M[IFNγ+LPS]), or anti-inflammatory BMDMs 

(M[IL4]): 

(A, B) Epdr1 transcript expression was measured using RT-qPCR in male and female 

BMDMs, n=8-10. 

(B) Cellular EPDR1 protein was quantified, n=6-10. 

Data is shown as mean ± SEM. Significance was determined by an ordinary two-way 

ANOVA with Tukey’s multiple comparisons (A-D). 
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3.7 Whole-body deletion of Dpp4 does not affect brown adipose tissue, and 

glucose metabolism, regardless of cold exposure. 

Knowing that EPDR1 is cleaved by DPP4 (Figure 9) and is increased in brown 

adipose tissue stimulation(182), we wanted to elucidate the role of DPP4 cleavage in 

EPDR1. We did this by housing Dpp4+/+ and Dpp4-/- mice at either 22°C (warm) or 6°C 

(cold) for 14 weeks to stimulate the brown adipose tissue. Cold stimulation did not 

affect interscapular brown adipose tissue (iBAT) mass but did lower subcutaneous 

and epidydimal white adipose tissue mass regardless of genotype (Figure 11A). 

Additionally, we quantified Epdr1, Ucp1, Pgc1α, and Pparα transcript expression in 

iBAT (Figure 11B). Surprisingly, Epdr1 transcript expression was decreased in both 

Dpp4+/+ and Dpp4-/- mice cold-housed mice, while Ucp1 expression was increased. 

Pgc1α expression was increased in cold-housed Dpp4-/- mice when compared to 

warm Dpp4-/- mice suggestive of increased BAT activity. Dpp4+/+, Dpp4-/- cold-house 

mice had a lower baseline fasting plasma triglyceride compared to their warm-housed 

counterparts (Figure 10D), and Dpp4-/- mice housed in the cold have lower total 

plasma cholesterol compared to both Dpp4+/+, Dpp4-/- warm-housed groups (Figure 

10E).  
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Figure 11. Epdr1 transcript expression is decreased in cold-housed mice. 

Male Dpp4
+/+

 and Dpp4
-/-

 mice were housed in warm (22°C) and cold (6°C) for 14 

weeks. Tissue weight relative to tibia length (A) and transcript expression of Epdr1 

and thermogenic genes were measured in interscapular brown adipose tissue (iBAT), 

subcutaneous adipose tissue (sWAT), and epididymal adipose tissue (eWAT) (B). 

Fasting plasma triglycerides (C) and cholesterol (D) were measured. Data is shown 

as mean ± SEM. Significance was determined by an ordinary two-way (A-B) or one-

way (C-F) ANOVA with Tukey’s multiple comparisons. * Indicates differences between 

cold Dpp4
+/+

 mice and cold Dpp4
-/-

 mice, n=3-7 
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3.8 DPP4 and EPDR1 are present within atherosclerotic plaque. 

To determine if DPP4 and EPDR1 are present within the atherosclerotic 

plaque, aortic sinuses were serially sectioned from apoe-/- mice and stained for 

macrophages (MAC2), anti-inflammatory macrophages (ARG1), DPP4 and EPDR1 

(Figure 12). We identified MAC2 and ARG1 within the lesion, with MAC2 staining 

surrounding the necrotic core. DPP4 and EPDR1 were also found in the 

atherosclerotic plaque; however, they surrounded the luminal side of the plaque, likely 

endothelial cells, or smooth muscle cells (Figure 12). Suggesting that they are present 

within the plaque microenvironment.  
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Figure 12. DPP4 and EPDR1 are present within atherosclerotic plaque of apoe-/- 

mice. 

Staining of MAC2, ARG1, DPP4, and EPDR1, atherosclerotic lesions of Apoe
-/- 

mice 

aged fed a high-fat diet for 26 weeks by immunohistochemistry. Slides were fixed, 

permeabilized with Triton X-100, and stained with primary antibodies anti-MAC2 (top 

left), anti-ARG1 (top right), anti-DPP4 (bottom left), and anti-EPDR1 (bottom right), 

then treated with a secondary antibody as described under “Methods”. 
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3.9 Circulating DPP4 is not correlated with lipid or glucose parameters, but 

circulating EPDR1 protein is correlated with LDLc, and plasma triglycerides in 

apoe-/- mice. 

To identify DPP4 as potential molecular markers for dyslipidemia in mice, we 

measure circulating plasma DPP4 in 16-, 40-, and 79-week-old dyslipidemic apoe-/- 

mice (Table 3). There were no correlations between DPP4 and age (Figure 13A), total 

cholesterol (Figure 13B), HDL cholesterol (Figure 13C), LDL cholesterol (Figure 13D), 

plasma triglycerides (Figure 13E) or glucose (Figure 13F). Interestingly, circulating 

EPDR1 protein increased with age, with a significant increase in the 79-week-old mice 

(Figure 14A). Additionally, there was a trend between increasing EPDR1 and LDLc 

(Figure 14D, p=0.0533) and plasma triglycerides (Figure 15E, p=0.0681). These data 

suggest a developing landscape as the mice age, where EPDR1 may change over 

time while dyslipidemia progresses. 
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Table 3. Characteristics of apoe
-/- 

mice. 

Clinical chemistry of apoe
-/- 

mice was measured, total cholesterol, HDL cholesterol, 

Triglycerides, LDL cholesterol, and plasma glucose were measured in 16-, 40-, and 

79-week-old mice. 

 Age (Weeks)  
 16 40 79 All 
Total Cholesterol (mmol/L) 7.47 ± 0.58 9.97 ± 1.28 7.98 ± 0.97 8.29 ± 0.53 
HDLc (mmol/L) 0.55 ± 0.06 0.63 ± 0.06 0.52 ± 0.06 0.57 ± 0.04 
Triglycerides (mmol/L) 1.06 ± 0.08 1.26 ± 0.14 1.03 ± 0.12 1.11 ± 0.06 
LDLc (mmol/L) 1.02 ± 0.06 1.15 ± 0.10 1.08 ± 0.15 1.07 ± 0.05 
Plasma Glucose (mmol/L) 8.88 ± 0.40 9.92 ± 0.30 9.35 ± 0.62 9.28 ± 0.26 
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Figure 13. There are no correlations between circulating DPP4 and lipid and 

glucose parameters in apoe
-/- 

mice. 

Circulating DPP4, total cholesterol, HDLc, plasma triglycerides, LDLc, and glucose 

were measured in apoe
-/- 

mice aged 16, 40, and 79 weeks old. Statistical analyses 

performed an ordinary one-way ANOVA with Tukey’s Multiple comparisons test (A), or 

a simple linear regression with the 95% confidence band shown (B-F). Graphs display 

males and females, n=23.  
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Figure 14. Circulating EPDR1 is increased in 79-week-old mice and trends with 

LDLc and plasma triglycerides. 

Circulating EPDR1, total cholesterol, HDLc, plasma triglycerides, LDLc, and glucose 

were measured in apoe
-/- 

mice aged 16, 40, and 79 weeks old. Statistical analyses 

performed an ordinary one-way ANOVA with Tukey’s Multiple comparisons test (A), or 

a simple linear regression with the 95% confidence band shown (B-F). Graphs display 

males and females, n=23.  
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3.10 Circulating DPP4 protein correlates with total cholesterol, LDLc, and HDLc 

in patients, while activity only correlates with HDLc, and EPDR1 decreases with 

age. 

DPP4 and EPDR1 have both shown to regulate glucose and lipid metabolism, 

therefore, we wanted to understand if they increased with different metabolic markers 

in humans. To do this, male and female plasma samples were isolated from patients 

who are low risk for cardiovascular disease or patients with confirmed CAD and 

maintained in the UOHI BioBank (Table 4). We analyzed plasma DPP4 protein, 

plasma DPP4 activity, and plasma EPDR1 protein and performed linear regressions 

with BMI, age, Hba1c, plasma triglycerides, total cholesterol, LDL cholesterol, and 

HDL cholesterol. We found that DPP4 protein was not correlated with BMI (Figure 

15A), age (Figure 15B), Hba1c (Figure 15D) or plasma triglycerides (Figure 15E) but 

was correlated with DPP4 activity (Figure 15C), total cholesterol (Figure 15F). LDLc 

(Figure 15G), and HDLc (Figure 15H). Similarly, DPP4 activity was correlated with 

HDLc (Figure 16G) but nothing else (Figure 16A-F). Surprisingly, circulating EPDR1 

decreased with age (Figure 17B) but did not correlate with BMI (Figure 17A), DPP4 

protein (Figure 17C), DPP4 activity (Figure 17D), Hba1c (Figure 17E), plasma 

triglycerides (Figure 17F), total cholesterol (Figure 17G), LDLc (Figure 17H), and 

HDLc (Figure 17I). Contrary to what we saw in the mice, the correlations between 

circulating DPP4 and lipid parameters suggest it may be a molecular marker in 

dyslipidemic patients, while EPDR1 is not. However, more work is needed to identify 

them as biomarkers for metabolic dysregulation in humans. 

  



   

 

65 
 

Table 4. Clinical characteristics of plasma donors used for correlation analysis. 

Plasma isolated from male and female patients that are low risk for cardiovascular 

disease, or patients with confirmed CAD maintained in the UOHI BioBank were used 

for DPP4 protein, activity and EPDR1 protein analysis. Shown are the clinical 

characteristics of the patients. Bold numbers in the P-value column indicate statistical 

significance. 

P-values* obtained using unpaired student t-test with welch correction. 
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Figure 15. Circulating DPP4 correlates with Hba1c, total cholesterol, LDLc and 

HDLc. 

Plasma DPP4 in patients at low risk for CAD patients with CAD. Circulating DPP4 

versus BMI (A) age (B), DPP4 activity (C), Hba1c (D), plasma triglycerides (E), total 

cholesterol (F), LDL cholesterol (G), HDL cholesterol (H) Statistical analyses 

performed a simple linear regression with the 95% confidence band shown. Graphs 

display males and females, N=114-194. 

 

  



   

 

68 
 

 

Figure 16. Circulating DPP4 activity increases with HDL. 

Plasma DPP4 activity in patients at low risk for CAD patients with CAD. Circulating 

DPP4 activity versus BMI (A) age (B), Hba1c (C), plasma triglycerides (D), total 

cholesterol (E), LDL cholesterol (F), HDL cholesterol (G) Statistical analyses 

performed a simple linear regression with the 95% confidence band shown. Graphs 

display males and females, N=114-194. 
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Figure 17. Circulating EPDR1 in decreased in CAD patients and decreases 

with age.  

Plasma EPDR1 in patients at low risk for CAD patients with CAD. Circulating EPDR1 

versus BMI (A) age (B), DPP4 Protein (C), DPP4 activity (D), Hba1c (E), plasma 

triglycerides (F), total cholesterol (G), LDL cholesterol (H), HDL cholesterol (I) 

Statistical analyses performed a simple linear regression with the 95% confidence 

band shown. Graphs display males and females, N=114-194. 
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4. Discussion and Future Directions 

4.1 Discussion 

4.1.1 DPP4 is regulated by inflammation in circulation in mice and in 

macrophages. 

DPP4 is a serine protease that cleaves dipeptides from the N-terminal of 

proteins, it is ubiquitously expressed and is shed in circulation(193, 194). Its best-

characterized role is the cleavage and regulation of incretin activity, where it 

inactivates these peptides to decrease insulin secretion, modulating glucose 

metabolism. It has been shown that the principal site of action of DPP4 inhibitors are 

vascular endothelial cells, suggesting a significant role of endothelial membrane-

bound DPP4 in the regulation of the incretin response(141, 195). However, DPP4 

activity seems to be regulated by the tissue that it is shed from, for example, 

circulating, shed DPP4 that come from hepatocytes and adipose tissue may not 

regulate the incretin hormones but can contribute to liver and adipose tissue 

inflammation, hepatocyte-derived DPP4 may be important in regulating inflammation 

in adipose tissue, identifying a tissue-tissue connection(196). Interestingly, it also 

seems that there is a responsive regulation of DPP4 protein and its activity in 

circulation, where the use of DPP4 inhibitors decreases DPP4 enzymatic activity but 

increases circulating DPP4 protein in mice(140, 196). We show that the rise in DPP4 

activity after LPS injection (Figure 4B) does not result in a change in DPP4 protein in 

circulation (Figure 4C). Previous studies have identified that post-translational 

modifications can regulate DPP4 activity(197–199). Additionally, LPS-induced 

inflammation has been shown to cause post-translational modifications in many 

proteins involved in inflammation(200, 201). Therefore, we hypothesize that either 
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direct post-translational modifications of DPP4 may regulate its activity because of 

LPS-induced inflammation or an increase in active shed DPP4 after TLR4-mediated 

upregulation of membrane-bound DPP4(142) via LPS injection. 

 Similarly, we observed upregulation of Dpp4 mRNA expression in both male 

and female BMDMs stimulated with LPS and IFNγ (Figure 5A-B), with a greater 

magnitude in BMDMs from males. However, this is not seen at the total cellular protein 

level, (Figure 5C). This was surprising because it has been shown previously that LPS 

stimulation increases membrane-bound DPP4 in monocytes, activated 

macrophages(142) and PBMCs(202). It has been shown that there is constitutive 

membrane expression of type-II proteins like the transmembrane TNF-α protein(203, 

204) upon LPS stimulation, which may mean increased trafficking of DPP4 to the 

membrane.. After seeing that inflammation can regulate Dpp4 mRNA in BMDMs, we 

looked at pro-inflammatory transcript expression, namely Tnf, Il1β, Il6, Mcp1, Nos2 

(Figure 6A-J), and saw that it did not change between Dpp4+/+ and Dpp4-/- BMDMs; 

except for Il6 transcript expression was increased in pro-inflammatory Dpp4-/- 

compared to Dpp4+/+ from male BMDMs. Additionally, we quantified anti-inflammatory 

transcript expression, such as Retnla, Mrc1, and Arg1 (Figure 6K-P). Interestingly, 

Dpp4-/- BMDMs treated with IL4 from males and females all had increased anti-

inflammatory Arg1, and Mrc1 transcript expression (Figure 6J, N), this increase in anti-

inflammatory phenotype has been shown in linagliptin-treated and siRNA-mediated 

knockdown of BMDMs(205). These sex differences could be attributed to a sex-

chromosome effect(206) and/or epigenetic differences(207), leading to a changed 

phenotype, as there is no hormonal input in vitro.  
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Additionally, macrophages from female mice have a greater propensity to 

favour anti-inflammatory phenotypes in multiple diseased contexts. For example, 

female mice with bacterial pneumonia have a lower ratio of pro-inflammatory to anti-

inflammatory lung macrophages due to an X-linked microRNA, affecting macrophage 

polarization(208). PBMC-derived M2-like macrophages from women have higher IL4-

induced transcript expression signatures(209). Finally, a study looking at 

macrophages from female mice found enhanced transcriptionally active histone 

modifications at pro-resolving gene promoters when compared to male mice, and that 

estrogen supplementation ovariectomized female mice enhanced anti-inflammatory 

polarization, and the BMDMs from these mice had enhanced IL4-induced pro-

resolving transcript expression(210). However, a more in-depth analysis of these sex-

specific differences with LPS stimulation is needed. 

 Seeing the effects of LPS-induced inflammation on DPP4 in circulation and in 

macrophages, we think that monocyte and macrophage-derived DPP4 is important in 

the development of inflammation, as DPP4 inhibition has been shown to decrease 

circulating and hepatic inflammation in LPS-injected mice via the suppression of 

NFκB(171). So, we generated a tamoxifen-inducible conditional model that deletes 

the 22nd exon of Dpp4 in cells expressing transcripts from the Cx3cr1 promoter, 

including mononuclear phagocytes, like monocytes, macrophages, and dendritic 

cells(190). Then we injected Dpp4+/+, Dpp4-/-, and Dpp4Cx3cr1-/- mice with the same 

dose of LPS and via tail vein bleed, we measured circulating DPP4 activity (Figure 

8C) and protein (Figure 8D), as well as monocyte (Figure 8B), circulating lymphocyte 

(Figure 8E), neutrophil (Figure 8F), eosinophil (Figure 8G) red blood cell count (Figure 
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8H), and platelet count (Figure 8I) proportions. Similar to Figure 4A and Figure 4B, 

plasma DPP4 activity was increased with LPS-induced inflammation (Figure 8C), but 

protein remained unchanged (Figure 8D). We found no differences in circulating DPP4 

activity or protein between Dpp4+/+ and Dpp4Cx3cr1-/- mice before and after LPS 

injection (Figure 8C-D). This may be because other cells and tissues contribute to the 

circulating pool of DPP4 in plasma(140, 211) rather than mononuclear phagocytes. 

LPS-induced inflammation decreased lymphocyte proportions (Figure 8E) while 

increasing monocyte (Figure 8B), neutrophil (Figure 8F), and eosinophil (Figure 8G) 

proportions, independent of genotype. This is because LPS stimulates pattern 

recognition receptors like TLR4 to induce the innate immune response. Monocyte 

emigration is dependent on its microenvironment, where increased myelopoiesis 

leads to increased population, but bone marrow mesenchymal stem cells secrete 

important chemokines like MCP1 to drive extravasation into the blood vessels from 

the bone marrow(212). Interestingly, we found that the proportions of lymphocytes in 

the circulation of Dpp4Cx3cr1-/- mice were higher before and after LPS injection when 

compared to Dpp4+/+ and Dpp4-/- mice (Figure 8E). While monocyte proportions were 

lower before LPS induction but not after (Figure 8B), neutrophil proportions were lower 

before and after (Figure 8F), and eosinophils were only lower after LPS injection 

compared to both Dpp4+/+ and Dpp4-/- mice (Figure 4H). This was surprising as Dpp4-

/- mice had similar trends as Dpp4+/+ or showed the opposite trends from the 

Dpp4Cx3cr1-/- mice compared to Dpp4+/+ mice, where lymphocytes were decreased 

(Figure 8E) and neutrophils were increased (Figure 8F), both only after LPS injection. 

DPP4 is important in regulating myelopoiesis in the bone marrow as it can regulate 

the activity of colony-stimulating factors like GM-CSF and G-CSF(168, 169). However, 
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deletion of Dpp4 should increase myeloid cell proportions, as seen in the neutrophil 

proportions in Dpp4-/- mice after LPS injections. Cx3cr1-expressing cells are important 

in regulating blood mononuclear phagocyte levels, where deletion will decrease these 

populations(103, 106). Evidently, DPP4 within these cells has a role in regulating 

immune cell homeostasis within circulation that cannot be fully elucidated as of yet, 

however, identifying the role of DPP4 in these cell populations and hematopoiesis and 

why the phenotype is changed from whole-body deletions should be further studied. 

4.1.2 Genetic deletion of Dpp4 does not alter EDPR1 levels or lipid metabolism 

in cold-housed mice. 

Although EPDR1 has been thoroughly evaluated in terms of its role in cancer 

development(175–177, 213–215), it also has an emerging role as a batokine(152) and 

regulating glucose and lipid metabolism. EPDR1 is increased in metabolic diseases 

like type 2 diabetes(184) and coronary artery disease(183). These studies identified 

a mechanistic role of EPDR1 in regulating glucose (183, 184) and lipid 

metabolism(183). It has also been shown to be differentially expressed in brown 

adipose tissue compared to white adipose tissue(182). Our lab identified that DPP4 

can cleave two dipeptides off the N-terminal of EPDR1 (Figure 9), and knowing the 

roles of DPP4 in the regulation of BAT metabolism, where after high-fat diet feeding, 

DPP4 deletion decreased adiposity of BAT, resembling more metabolically active 

tissue, and decreased Ucp1, an essential protein in BAT activity(152). For these 

reasons, we were interested in the roles of EPDR1 in metabolic regulation. Knowing 

that EPDR1 is differentially expressed in BAT(182), we used cold temperatures to 

stimulate BAT activity in Dpp4+/+ and Dpp4-/- mice (Figure 11). To validate the model, 
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we weighed interscapular BAT, subcutaneous WAT, epidydimal WAT (Figure 11A), and 

transcript expression of thermogenic genes in iBAT (Figure 11B). We found no 

increase in iBAT in cold-housed mice compared to warm-housed mice, however, both 

forms of WAT were decreased (Figure 11A), confirming that cold-stimulation affected 

body composition. Surprisingly, Epdr1 transcript expression was reduced in cold-

housed mice, regardless of genotype. Additionally, we saw an increase in Ucp1 

transcript expression in cold-housed mice and Pgc1α in cold-housed Dpp4-/- mice 

versus warm-housed Dpp4-/- mice, and no differences in Pparα (Figure 11B). However, 

mice were fed a standard-lab diet, and the warm-housed mice were kept at 23°C, 

which is still a mild cold stimulus for mice, as thermoneutrality is around 29°C(216, 

217). For these reasons, we did not see BAT dysfunction as seen previously(152). 

Additionally, the control mice’s BAT was active, accounting for the lack of upregulation 

of the thermogenic genes(217). 

 Not surprisingly, we found significant differences in plasma triglycerides at 

baseline, where cold-house mice had lower levels of circulating triglycerides, 

independent of genotype (Figure 11C). Total plasma cholesterol was also lower in cold 

Dpp4-/- mice when compared to warm-housed mice, but not their cold Dpp4+/+ 

counterpart (Figure 11D). Although there is a lack of differences in metabolic 

regulation, possibly due to housing temperatures(217), we can identify increased cold 

stimulus in the cold mice as baseline triglycerides were lower (Figure 11C). More work 

is needed to uncover the role of EPDR1 cleavage by DPP4 in lipid metabolism. 
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4.1.3 Circulating DPP4 and EPDR1 are not strong signatures of dyslipidemia in 

humans.  

DPP4 has been implicated in many metabolic diseases, where the major 

consensus is that increased levels are associated with worse metabolic parameters, 

such as obesity, insulin resistance, and dyslipidemia(157, 170, 202, 218–220). This is 

why it is promising as a signature of different metabolic diseases. On the other hand, 

EPDR1 has been identified as a biomarker in various cancers(175, 176, 214), it is 

elevated in brown adipose tissue(182), in patients with CAD(183), and in patients with 

type 2 diabetes mellitus(184). We used an apoe-/- model fed a standard lab diet to 

simulate dyslipidemia and metabolic dysfunction (Table 2, Figures 13-14). 

Apolipoprotein E is a major regulator of plasma lipids, regulating the interaction of 

lipoproteins with different lipoprotein receptors. With the lack of APOE, there is 

decreased clearance of lipoproteins like very low-density lipoproteins (VLDL) (221, 

222), causing hypercholesteremia and spontaneously forming atherosclerotic 

lesions(221), which is why it is a common model for atherosclerosis studies. Similar 

to what is seen in the literature, our fasted model developed dyslipidemia, where total 

cholesterol and LDL cholesterol were elevated, while there was a decrease in HDL 

cholesterol. Plasma triglycerides were unaffected, and blood glucose was elevated 

(Table 4), suggesting metabolic dysfunction like insulin resistance.  

To further explore the link between DPP4, EPDR1 and metabolic disease, 

DPP4 protein and activity and EPDR1 protein were measured and analyzed alongside 

metabolic parameters. Patient samples were taken from the UOHI Biobank, and we 

separated them into control patients and patients with confirmed CAD. We found that 
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CAD patients were mostly men, much older on average, and had elevated Hba1c and 

triglycerides. Most of these patients were dyslipidemic, however, at the time of blood 

draw, 93% were taking statins, and 28% were taking metformin, so they were 

normocholesteremic, and had lower levels of total cholesterol, LDLc, and plasma 

triglycerides, than the control group. Additionally, 92% of control patients were current 

smokers, with only 5% having never smoked. Smoking is a major risk factor for 

coronary artery disease(223), and maybe a reason that they have high total 

cholesterol(224) on average (Table 4). Additionally, with the available dataset 

statistical adjustment for covariates sex and age was not made possible due to the 

limited information about age. The small dataset would lead to overcorrected residuals 

that are not physiologically representative. 

Previous meta-analyses and trials have shown that DPP4 inhibition can 

decrease total cholesterol and triglycerides in humans(151, 225). There is also an 

increase in DPP4 activity in the circulation of patients with CAD(170) and obese 

patients(142). Similarly, in mice there is a decrease in plasma total cholesterol, 

triglycerides, LDLc, and VLDL, which is thought to be mediated through the regulation 

of SREBP in Ldlr-/- mice(226). DPP4 deletion can result in improved glucose control 

through the increased actions of the incretin hormones and glucose-stimulated insulin 

secretion(153), with no effects on plasma cholesterol, HDLc, LDLc, and plasma 

triglycerides in standard lab diet-fed mice, but a decrease in plasma triglycerides in 

the high-fat high-cholesterol diet-fed mice(227). With the effects of DPP4 inhibition 

and deletion on glucose and lipid metabolism, we wanted to identify changes in DPP4 

protein and activity in an apoe-/- mouse model and in patients with confirmed CAD or 
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risk factors for CAD. Interestingly, patients with confirmed CAD had lower levels of 

circulating DPP4 protein and activity when compared to the control group (Table 4). 

Also, contrary to what has been shown(157), we did not see an increase in circulating 

DPP4 protein in aged mice (Figure 13A), or aged patients (Figure 15B), or a 

correlation with increased BMI (Figure 15B). We did not see any correlations in mice, 

however in patients, circulating total cholesterol (Figure 15F) and LDLc (Figure 15G) 

correlated with circulating DPP4 protein, while HDLc correlated with both DPP4 

protein (Figure 15H) and activity (Figure 16G). Although we saw correlations in 

patients with DPP4 and cholesterol, the apoe-/- model affects cholesterol 

metabolism(221, 222) independently of circulating DPP4 protein and activity. Further 

work is needed to identify the role of DPP4 in dyslipidemia in mice and humans. 

EPDR1 studies have identified increased Epdr1 expression in adipose tissue 

of CAD patients(183) and increased Epdr1 expression in islets of overweight/obese 

individuals and patients with type 2 diabetes(184). Although these studies identified 

these increases in metabolic disease, hyperphysiological levels in vitro and in vivo 

were beneficial(183, 184). The treatment of insulin-producing pancreatic beta-cells 

with EPDR1 protein increases insulin secretion(184), which is beneficial for glucose 

metabolism. Additionally, EPDR1 injection in mice decreases non-HDL cholesterol 

and plasma glucose(183), while higher expression of Epdr1 in islets of patients with 

type 2 diabetes correlates with improved Hba1c(184). Using the apoe-/- model and 

patient samples, we analyzed EPDR1 in circulation and found that it was increased in 

the aged mice (Figure 14A) and may correlated with LDLc (Figure 14D) and plasma 

triglycerides (Figure 14E). Interestingly, circulating EPDR1 decreases as age 
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increases (Figure 16A), the opposite of what we saw in the mice. EPDR1 is elevated 

in diseased states(183, 184) and the apoe-/- mice, however, we did not see any 

increases in circulating EPDR1 in humans (Table 4), and it did not correlate with BMI 

(Figure 17A), DPP4 protein (Figure 17C) or activity (Figure 17D), or any other glucose 

(Figure 17E) or lipid parameter (Figure 17F-I). Although we have identified EPDR1 

cleavage in circulation by DPP4, more work is needed to understand the role of this 

interaction and if it affects glucose and lipid metabolism. 
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4.2 Future Directions  

4.2.1 Understanding the biological relevance of mononuclear phagocyte DPP4 

in hematopoiesis. 

 DPP4 biological activity is complex, as it has protease activity to control the 

bioactivity of its substrates(139) and non-enzymatic roles in many cells, including but 

not limited to immune cells like T-cells, dendritic cells, monocytes, and 

macrophages(202). The most well-characterized function of DPP4 is the enzymatic 

cleavage of the incretin hormones to regulate glucose metabolism(141, 149). 

However, it also has substrates involved in regulating hematopoiesis, such as the 

cleavage of different colony-stimulating factors GM-CSF and G-CSF(168). 

Additionally, Cx3cr1-expressing cells have been implicated in regulating 

myelopoiesis(103). Our results suggest differential regulation of hematopoiesis in 

Dpp4Cx3cr1-/- mice when compared to Dpp4+/+ mice and Dpp4-/- mice, illustrating 

differential regulation of the fate determination of progenitor cells into the lymphoid or 

myeloid lineages and should be further evaluated.  

4.2.2 Understanding the role of inflammation on circulating DPP4 activity and 

protein. 

DPP4 can regulate substrates to modulate molecular pathways, including but 

not limited to the canonical incretin effect, regulating glucose metabolism(141, 149), 

however, DPP4 regulation during inflammation is not fully understood. There is 

ubiquitous expression of DPP4(139), and evidence suggests that depending on the 

tissue or cell expression of DPP4, it can have varying biological functions, which is 

made apparent when seeing that DPP4 from different tissues can result in different 
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phenotypic outcomes in mice(141, 192, 227). We show that DPP4 activity increases 

in circulation after LPS injection, but the protein does not change. This suggests that 

inflammation can regulate DPP4 activity, which may be a result of hepatic or bone 

marrow-associated DPP4 shedding(192, 228). However, understanding tissue-

specific differences in post-translational modifications should be evaluated.  

4.2.3 The glucoregulatory roles of EPDR1. 

 Elucidating EPDR1’s role and its role in glucose metabolism is a promising 

avenue. Its transcript expression in the islet correlates with reduced Hba1c in people 

living with type 2 diabetes. It has been identified to regulate TCA cycle intermediates 

in pancreatic islet beta-cells to increase glucose and pyruvate-stimulated insulin 

secretion(184). Additionally, exogenous EPDR1 can decrease circulating 

glucose(183). Although we were unable to generate and validate a model with genetic 

deletion of Epdr1, our preliminary results show worsened glucose tolerance in female 

Epdr1-/- mice (Supplemental Figure 1). This result corroborates the current literature 

showing that deletion of EPDR1 decreases insulin secretion(184) and that 

hyperphysiological levels of EPDR1 decrease circulating glucose(183). Identifying the 

importance of EPDR1 in glucoregulation, however, the regulation of EPDR1 by DPP4 

cleavage in glucose metabolism should be further evaluated. 

4.3 Limitations 

 It was identified that LPS injection increases DPP4 activity in circulation, and 

we show an increase in mRNA expression in BMDMs but no change in DPP4 protein. 

Important to note is that DPP4 activity could not be measured due to lack of a sensitive 

enough assay, results from circulating DPP4 could not be corroborated in BMDMs.  
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During cold-stimulation studies, it is common to singly house the mice to 

decrease variability and to expose them to the cold. However, individual housing of 

mice has been shown to increase hypothalamic-pituitary activity and oxidative stress. 

This chronic emotional stress in the mice can alter glucose and lipid metabolism(229, 

230), limiting the applicability of the results. Additionally, our control mice were housed 

at room temperature, which is a mild cold stimulus, and their thermoneutral 

temperature is 29°C(216, 217).  

Finally, our conditional Dpp4 deletion model, where Dpp4 is deleted from cells 

expressing Cx3cr1 via tamoxifen induction, has a few drawbacks. The first is that it is 

induced via tamoxifen gavage, a selective estrogen receptor modulator that has been 

shown to potentiate the host's innate immune response(231), induce weight loss, poor 

feeding(232), and could cause Cre toxicity, heart failure and death(233). Also, this 

model affects a regenerative population of cells, Cx3cr1 expressing cells are further 

along in their differentiation(103, 106), meaning that over time, newly differentiated 

cells will not carry the deletion of Dpp4 unless there is constant induction via 

tamoxifen. To mitigate these toxicity and side effects, mice were treated with the 

efficacious dose of tamoxifen for three days per week, followed by a break in treatment 

and one more week of treatment. Controls were also treated with tamoxifen, and 

experiments were performed shortly after induction to decrease the chance of 

myelorestoration of Dpp4-expressing cells(234). 

 Finally, I began my master’s during the SARS-CoV-2 pandemic. This resulted 

in quarantines and restrictions, limiting time available in the laboratory, training for 

new techniques, and potential for experiments. 
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Supplemental Figure 1. Female Epdr1
-/- 

mice have worsened glucose tolerance. 

Male (green) and female (orange) control and Epdr1
-/- 

mice (A) underwent EchoMRI 

from 4-19 weeks of age (B-D). Glucose tolerance tests were performed on 8–11-week-

old mice (E-F). Statistical analyses performed multiple unpaired student t-test with 

welch correction (A-C) an unpaired two-tailed student t-test with welch correction (D-

E) and an unpaired one-tailed student t-test with welch correction (F). Statistical 

outliers were excluded based off the ROUT method with a false discovery rate of 1%, 

n=4-8. 
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Supplemental Figure 2. Dpp4 transcript expression is unchanged after 48h of 

lipid loading treatment. 

Bone marrow was isolated from male eight- to twelve-week-old Dpp4
+/+

 mice and 

differentiated into BMDMs. After 48h of treatment, macrophages (Mφ), or foam cells 

stimulated with oxidized LDL (oxLDL), acylated LDL (acLDL), or aggregated LDL 

(aggLDL). Transcript expression was measured using RT-qPCR in male BMDMs, 

Data is shown as mean ± SEM. Significance was determined by an ordinary one-way 

ANOVA with Tukey’s multiple comparisons (A-K). Statistical outliers were excluded 

based off the ROUT method with a false discovery rate of 1%, n=4-8. 

 

  



   

 

111 
 

 

A C DB

E G HF

I KJ



   

 

112 
 

Supplemental Figure 3. Dpp4 transcript expression is increase in pro-

inflammatory macrophages. 

Bone marrow was isolated from male eight- to twelve-week-old Dpp4
+/+

 mice and 

differentiated into BMDMs. After 24h of treatment, macrophages (Mφ), treatment 

media with IFNγ and LPS (M[IFNγ+LPS]), treatment media with IL4 (M[IL4]), or foam 

cells stimulated with oxidized LDL (oxLDL), acylated LDL (acLDL), or aggregated LDL 

(aggLDL). Transcript expression was measured using RT-qPCR in male BMDMs, 

Data is shown as mean ± SEM. Significance was determined by an ordinary one-way 

ANOVA with Tukey’s multiple comparisons (A-K), n=3. 
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Supplemental Figure 4. Validation of EPDR1 antibodies in cold-stimulated 

brown adipose tissue. 

Male wildtype thermoneutral and cold-stimulated mice was stained for EPDR1 and 

DPP4 using ab197932 (A-B) at 20X (A) or 63X (B) or EPDR1 using (PA5-50404) at 

20X (C). Data shown is representative, n=3. 
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Supplemental Figure 5. Fluorescence spillover of multiple channels into the 

647nm. 

Staining of MAC2, ARG1, DPP4, and EPDR1, atherosclerotic lesions of apoe-/- mice 

aged fed a high-fat diet for 26 weeks by immunohistochemistry. Slides were fixed, 

permeabilized with Triton X-100, and stained with primary antibodies anti-MAC2, anti-

ARG1, anti-DPP4, and anti-EPDR1, then treated with a secondary antibody as 

described under “Methods”. 
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