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ABSTRACT 

Cardiovascular diseases (CVDs) are the leading cause of death globally and exert a significant 

burden on healthcare systems and public governmental institutions. Atherosclerosis is a 

predominant form of CVD characterized by the accumulation of cholesterol-rich lipoproteins 

within the innermost wall of the artery, known as the tunica intima. This lipoprotein accumulation 

ultimately leads to fibrous-rich plaque formation, which reduces blood flow and causes major 

cardiovascular events, including myocardial infarctions, strokes, and disabling peripheral artery 

disease. Atherosclerosis is theorized to be linked to specialized sugar side chains, known as 

Glycosaminoglycans (GAGs), in the tunica intima that can specifically bind cholesterol-rich 

lipoproteins. Two main forms of cholesterol can interact with these GAGs (i) namely Low-Density 

Lipoprotein (LDL) (or ‘bad’) cholesterol and (ii) 'Remnant' cholesterol. Despite the prevalence of 

atherosclerosis, therapeutic approaches for the treatment of atherosclerosis have been primarily 

limited to the management of atherosclerotic risk factors (e.g. lipid-lowering) rather than disease 

prevention per se. In this thesis, we introduce the development of a new class of monoclonal 

antibody (mAb) (called chP3R99) that has been demonstrated to compete with lipoprotein binding 

to GAGs within the extracellular matrix of the tunica intima. ChP3R99 is a novel human-murine 

chimeric mAb capable of binding specifically to proatherogenic GAGs with high specificity and 

has been shown to inhibit lipid retention and reduce atherosclerosis progression in a number of 

small animal models. Previous studies of chP3R99 have attributed these atheroprotective features 

to be associated with the induction of secondary (Ab2) and tertiary antibodies (Ab3) generated in 

the host due to the unique immunogenic idiotype of the P3R99.  

However, inefficiencies with the production of P3R99 via the murine myeloma, NS0, cell line has 

led to the development of two new P3R99 variants produced from more productive cell lines: the 
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Chinese Hamster Ovary, CHO-P3R99, and Human Embryonic Kidney, HEK-P3R99. Despite the 

maintenance of the P3R99 structure postproduction and recognition of chondroitin sulfate, the 

CHO-P3R99 and HEK-P3R99 variants are yet to be tested for the conservation of the original 

NS0-P3R99 (chP3R99) immunogenic function. 

Thus, this thesis aimed to assess the immunogenicity and idiotypic strength of the variant P3R99s 

in distinct animal models compared to the original NS0-P3R99 and a negative isotype-matched 

control hR3. Immunogenicity was assessed through the induction of host-derived Ab2 and Ab3 

antibodies. 

Heterozygous lean JCR:LA-cp rats, homozygous obese-insulin resistant JCR:LA-cp rats, and 

white-landrace piglets were used as models for immunogenicity assessment. Rodents received 6 

doses of 200 µg (400 µg/mL) and underwent 5 blood draws during treatment, while piglets 

received 5 doses of 1.0mg (0.33 µg/mL) and underwent 4 blood draws. Sera taken during blood 

sampling was separated via differential centrifugation and used for Enzyme-linked 

Immunosorbent Assay (ELISA) Ab2 and Ab3 antibody detection. Results in lean JCR:LA-cp rats 

and white-landrace piglets confirmed the immunogenicity of the CHO-P3R99, NS0-P3R99, and 

HEK-P3R99 variants, following a minimum of 4 and 5 doses, respectively. Furthermore, results 

in obese insulin-resistant JCR:LA-cp rats confirmed the immunogenicity of the CHO-P3R99 and 

NS0-P3R99 variants following a minimum of four doses. Additionally, both rodent studies 

confirmed the conserved immunogenic strength of the NS0-P3R99 in the HEK-P3R99 and CHO-

P3R99 variants. Similarly, piglet studies demonstrated the conserved immunogenic strength of the 

NS0-P3R99 in the two variants in regard to Ab3 antibody induction. Although this was 

independent of the Ab2 response for the HEK-P3R99.  
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In conclusion, we demonstrate for the first time that the new P3R99 variants are not inferior in 

their capacity of inducing anti-CS anti-atherogenic Ab3 antibodies in rodents and swine, but due 

to some inconsistencies between animal models used for their anti-atherogenic properties, further 

testing will be required. 
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CHAPTER 1: LITERATURE REVIEW 

1.1 Background and introduction  

Cardiovascular diseases (CVD) have a profound global impact, consistently occupying a position 

among the top 10 leading causes of death worldwide (World Health Organization, 2022)(Roth et 

al., 2020). Atherosclerosis, the predominant form of CVD found globally, is a low-grade chronic 

inflammatory disorder (Roth et al., 2020). Atherosclerosis’ hallmark features include the retention 

of lipids, the development of arterial lesions, and eventual plaque formation, culminating in 

compromised blood flow and subsequent complications (Libby et al., 2019)(Makover et al., 2022). 

The intricate development of atherosclerosis, subject to the influence of both systemic and non-

systemic factors such as diet, genetics, and physical activity, increases the complexity of its 

pathophysiology and highlights the challenge of managing atherosclerosis throughout an 

individual's lifespan (ARUP consult, 2024). The response-to-retention hypothesis of 

atherosclerosis suggests that atherogenesis is triggered when apoB-lipoproteins bind to the arterial 

wall via Proteoglycans (PG) of the Extracellular Matrix (ECM), thereby initiating inflammatory 

changes that promote lipid retention and plaque formation (Yurdagul et al.,2016)(Williams & 

Tabas, 1995). Lipoproteins bind to arterial PGs through Chondroitin Sulfate (CS) 

Glycosaminoglycan (GAG) branches (Yurdagul et al., 2016)(Fogelstrand & Borén, 2012)(Brito et 

al., 2012)(Khalil, 2004). The subsequent inflammatory response encourages further lipid retention, 

accumulation, and oxidation, resulting in the activation of macrophages, clearance of oxidized 

lipids, and the formation of foam cells that make up atherosclerotic plaques (Shapiro & Fazio, 

2016)(Fogelstrand & Borén, 2012)(Andersson, 2010). This lipoprotein – GAG interaction 

provides a key focal point for preventive therapies that, to date, remains largely unexplored 

(Shapiro & Fazio, 2016)(Andersson, 2010). 

Current CVD therapies primarily focus on managing risk factors, such as hypertension, circulating 

lipoproteins, inflammation, and oxidative stress (Libby, 2005)(Makover et al., 2022). However, 

due to the multifactorial pathophysiology of atherosclerosis, there is a continued risk of 

cardiovascular events during ongoing treatment (Libby, 2005)(Makover et al., 2022)(Akyea et al., 

2019). Lipid-Lowering Therapies (LLT), notably statins, have proven effective in lowering Low-

Density-Lipoprotein (LDL) levels and reducing some CVD risk; however, two-thirds of 

cardiovascular events occur in individuals undergoing statin treatment (Makover et al., 
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2022)(Akyea et al., 2019)(Abdul-Rahman, et al., 2022). This residual risk occurs due to several 

factors, including untreated inflammation, statin intolerance, unequal access to therapy, and the 

inability of at-risk populations to achieve on-treatment LDL targets (Libby, 2005)(Akyea et al., 

2019)(Sirtori, 2014). In response, therapies are being developed that can address this residual risk 

through secondary lipid-lowering therapies that target cholesterol synthesis pathways alongside 

other therapies, including vasodilators, antihypertensives, and anti-inflammatories, which each 

address different aspects of atherosclerosis (Hetherington & Totary-Jain, 2022)(Libby et al., 

2019)(Kim et al., 2022). However, while these multiple approaches to atherosclerosis management 

have shown efficacy over time, on-treatment cardiovascular events persist, underscoring the need 

for new treatment targets (Libby et al., 2019)(Makover et al., 2022). Monoclonal antibodies 

(mAbs) are of specific interest due to their high specificity, adaptability, rapid development, low 

cost, and history of therapeutic success. The Canakinumab Anti-inflammatory Thrombosis 

Outcomes Study (CANTOS) study was a landmark clinical trial that used a canakinumab mAb to 

reduce the concentration of Interleukin-1-beta (IL-1β), a critical pro-inflammatory cytokine in 

atherosclerosis (Makover et al., 2022)(Sirtori, 2014)(Rikhi & Shapiro, 2022)(Shapiro & Fazio, 

2016). Lipid-lowering mAbs function by targeting cholesterol synthesis mediators and LDL 

directly. However, similar to anti-inflammatory agents, they have encountered challenges in 

reducing all cardiovascular event incidences across patients (Bermúdez et al., 2018).   

MAbs targeting ECM proteins have recently been recognized for their vast potential due to the 

role of the ECM in the early stages of atherogenesis (Kim et al., 2022)(Ait-Oufella et al., 2020). 

The chP3R99 is a novel mAb which can bind to proteoglycan side chains and directly interfere 

with lipoprotein binding. Through competitive inhibition, the chP3R99 mAb inhibits lipid 

retention and the subsequent formation of an atherosclerotic plaque, thus acting as a potential new 

preventative therapy for atherosclerosis (Soto et al., 2012).                              

Despite strong pre-clinical evidence supporting the efficacy of chP3R99 mAb in atherosclerosis 

management, information about its structural characteristics, functional basis, challenges, and 

prospects is still under development.  

Thus, the aim of the literature review section of my thesis is threefold: 

1) To document a comprehensive background on the etiology of atherosclerosis, including 

the complex role of inflammation and the associated modes of action. 
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2) To provide a summary of mAbs and other immunotherapies used for atherosclerosis 

treatment, focusing on anti-inflammatory and lipid-lowering therapies.  

3) To review data on the structural characteristics, theory, and therapeutic effect of the 

chP3R99 mAb that will provide relevant context for my thesis and objectives. 

1.1.1 Cardiovascular disease epidemiology  

Cardiovascular diseases (CVDs) are a consistent major clinical problem in healthcare. CVDs are 

extremely widespread and pose a significant cost to patients and public institutions worldwide 

(Roth et al., 2020)(Hennekens, 1998). Yearly CVD costs in Canada alone are estimated to be worth 

22 billion dollars (CAD) (Government of Canada, 2009). CVDs are a major cause of morbidity 

and mortality (Figure 1.1) and include a broad range of diseases that affect the heart and blood 

vessels, including coronary artery disease, heart failure, hypertension, stroke, and peripheral artery 

disease, among others. 

The World Health Organization (WHO) statistics from 2023 reported that Non-Communicable 

Diseases (NCDs) have the highest disease incidence worldwide (World Health Organization, 

2023). The number one NCD over the past decade has consistently been CVDs, affecting 22.9 

million people in 2023, more than cancer, chronic respiratory diseases and diabetes combined, 

which respectively occupy the positions 2nd, 3rd, and 4th top NCDs (World Health Organization, 

2023). Additionally, NCDs increased by 28% from 2019 to 2023, in large part due to rising cases 

of CVDs (World Health Organization, 2023). Generally, nearly one-third of all fatalities in low 

and middle-income countries are linked to CVDs and over four-fifths of CVD-related deaths 

worldwide currently occur within these low and middle-income countries (World Health 

Organization, 2023). 

This epidemic of CVDs is linked to a rapid epidemiological transition associated with significant 

lifestyle and demographic changes (Minelli et al., 2020). Industrialization, urbanization, and 

globalization have facilitated the adoption of high-risk habits such as physical inactivity, tobacco 

and alcohol use, and consumption of highly processed diets (Institute of Medicine, 2010). These 

changes promote the onset of CVDs by increasing circulating lipids, blood pressure, inflammation, 

and oxidative stress. Circulating lipids and inflammation specifically are significant contributors 

to Atherosclerotic Cardiovascular Disease (ASCVD), the predominant type of CVD. 

Atherosclerosis is a type of vascular disease that involves lipid deposition in the inner arterial wall. 
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Atherosclerosis can lead to various high-risk outcomes, including left ventricular dysfunction, 

which consists of the loss of function of the left ventricle that supplies blood to the rest of the body 

(Chahine & Alvey, 2023). Both vascular diseases are promoted by imbalances in lipid metabolism, 

known as dyslipidemia. 

 

Figure 1.1 Global Cardiovascular Disease (CVD) death rate per 100,000 people in 2019 (male 

and female, all ages). World Heart Federation (2023). World Heart Report 2023. Available at: 

https://world-heart-federation.org/resource/world-heart-report-2023/. 

1.1.2 Lipid metabolism  

Lipoprotein metabolism involves a set of processes that includes the synthesis, storage, transport, 

and degradation of dietary and liver-derived lipids (Schoeler & Caesar, 2019). The small intestine 

absorbs and breaks down dietary lipids for delivery to the liver and tissues via blood circulation. 

This process begins through fat solubilization via gastric lipases in the stomach (Dash et al., 2015). 

Next, the solubilized fat becomes emulsified in the small intestine via bile acids from the 

gallbladder. Pancreatic lipase is then released to the small intestine to hydrolyze the emulsified fat, 

forming amphipathic micelles (Dash et al., 2015). Enterocytes then absorb micelles via passive or 

active diffusion. Fatty acids taken from the micelles are then rearranged to form triglycerides 
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(TGs), which are packaged into chylomicrons (Cianflone et al., 2008). Chylomicrons are a type of 

transport protein for lipids known as lipoproteins, which travel to the lymphatic system to enter 

the bloodstream through the thoracic duct (Dash et al., 2015). In the bloodstream, chylomicrons 

transport lipids to various tissues for storage or beta-oxidation for Adenosine Triphosphate (ATP) 

generation. Chylomicrons then return to the liver for breakdown. Lipoproteins can be divided into 

four sets: chylomicrons, very low-density lipoproteins (VLDL), low-density lipoproteins (LDL), 

and high-density lipoproteins (HDL) (Eisenberg & Levy, 1975)(Feingold et al., 2000). Like 

chylomicrons, VLDL is involved in transporting TGs to various tissues. However, VLDL is 

synthesized in the liver rather than from dietary sources (Eisenberg & Levy, 1975). The TGs in 

circulating VLDL are hydrolyzed by lipoprotein lipase, releasing free fatty acids and converting 

VLDL to intermediate-density lipoproteins (IDL) (Lent-Schochet & Jialal 2023)(Feingold et al., 

2000). The remaining VLDL returns to the liver for breakdown, while IDL loses TGs and increases 

cholesterol content, converting to LDL. Colloquially known as ‘bad cholesterol,’ LDL continues 

circulating in the blood, binding to LDL receptors found on various tissues for cholesterol uptake. 

However, due to their cholesterol-rich nature, increases in circulating LDL levels, known as 

hyperlipidemia, can cause LDL deposition in artery walls, leading to atherosclerosis. LDL 

receptors in the liver can clear circulating LDL through receptor-mediated endocytosis. Once 

inside the liver, LDL can be broken down for storage or cholesterol repackaging. Conversely, 

HDL, referred to as ‘good cholesterol,’ has low cholesterol and TG content and is involved in 

reverse cholesterol transport (Tall, 1998). HDL transports cholesterol from tissues to the liver for 

breakdown, thereby reducing excess cholesterol (Figure 1.2)(Marques et al., 2018). 

Lipoproteins generally comprise a water-insoluble lipid core and a water-soluble outer layer of 

phospholipids, cholesterol, and apolipoproteins (Lent-Schochet & Jialal 2023)(Feingold et al., 

2000). Apolipoproteins are present in all lipoproteins and contribute to the stability, function, and 

activation of lipoproteins (Feingold et al., 2000). Apolipoproteins can be divided into four types: 

ApoA, ApoB, ApoC, and ApoE (Eisenberg & Levy, 1975). To briefly summarize, ApoA 

apolipoproteins are predominately involved in the function of HDL, ApoBs are critical in the 

formation of VLDL and LDL from the liver and cholesterol transport, ApoCs regulate Lipoprotein 

Lipase (LPL) activity that hydrolyzes TGs from VLDL and chylomicrons, and ApoEs facilitate 

the uptake of lipoproteins through cell surface receptors (Eisenberg & Levy, 1975). 
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Lastly, an often-ignored critical class of lipids is Remnant Cholesterol (RC). Remnant cholesterol 

includes the cholesterol contained within remnant lipoproteins. These remnant lipoproteins are 

products from the larger precursor triglyceride-rich lipoproteins such as VLDL, VLDL remnants 

and chylomicrons (Zilversmit, 1979)(Proctor & Mamo, 1998). Similar to LDL, RC has been linked 

as a significant risk factor for CVD and, specifically, the onset of atherosclerosis (Proctor & Mamo, 

1998). 

 

 
 

Figure 1.2 Illustration of cholesterol transport and reverse cholesterol transport. Adapted from: 

BioRender (2022). Available at: https://app.biorender.com/biorender-templates/figures/all/t-

63693700c4d9addfeb935791-liver-and-cholesterol. Created with BioRender. 

1.1.3 Residual risk and atherogenic lipoproteins   

Fasting LDL levels are commonly measured in patients to determine their overall risk of CVD and 

prevent the onset of CVDs. Interestingly, however, many patients continue to experience Major 

Adverse Cardiovascular Events (MACE) despite reductions in LDL, known as residual risk. 

Additionally, non-fasting lipid levels have been proven to be an equal indicator of CVD risk 
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compared to fasting lipid levels (Varbo et al., 2013)(Nordestgaard et al., 2016). Non-fasting 

measurements are also more representative of a patient’s lipid composition as most of the day is 

spent in the non-fasting state compared to the fasting state (Nordestgaard et al., 2016) (Zilzersmit, 

1979)(Langsted & Nordestgaard, 2019)(Proctor & Mamo, 1998). Due to the limitations regarding 

fasting LDL as both a target and assessment tool for CVD, research has shifted towards adopting 

more overarching approaches for CVD treatment. Recent advancements in our understanding of 

atherosclerosis have highlighted the critical role of RC in combination with LDL (Varbo et al., 

2013)(Weaver et al., 2023)(Weaver et al., 2023).  During the early stages of atherogenesis, both 

RC and LDL infiltrate the inner tunica intima of the arterial wall, where they are digested by 

phagocytes, becoming foam cells and ultimately leading to plaque formation (Proctor & Mamo, 

1998).                               

Three extensive Copenhagen cohort studies previously established the link between non-fasting 

RC and CVD risk (Aguib & Suwaidi, 2015)(Varbo et al., 2013) Although, interestingly the 

Copenhagen cohort studies also discovered an occasional link between LDL and CVD risk (Varbo 

et al., 2013)(Weaver et al., 2023). Similarly, the Alberta Tomorrow Project (ATP) was a Canadian 

longitudinal cohort study that collected blood samples and health-related data. An analysis by 

Weaver et al. in 2023 using ATP data determined whether non-fasting RC could serve as a suitable 

indicator of CVD and future CV events, particularly in individuals with underlying health 

conditions like diabetes mellitus (Weaver et al., 2023). The group reported that non-fasting RC 

levels were significantly increased in individuals with CVD compared to the control group. 

However, this trend was not observed for the group with diabetes + CVD. (Weaver et al., 2023). 

The diabetes + CVD group and the diabetes alone group had similar LDL levels.                                                                                                       

Furthermore, in 2023, a comprehensive large-scale investigation conducted by Navarese et al. used 

Mendelian Randomization (MR) analysis techniques to determine the relationship between RC 

and the development of atherosclerosis-related CVDs, specifically Coronary Artery Disease 

(CAD), Myocardial Infarction (MI), and stroke (Navarese et al., 2023). The study used Single 

Nucleotide Polymorphism (SNPs) associated with RC and LDL found on publicly available 

genome databases as representative variables for RC and LDL. The group additionally used data 

from various databases to create a participant pool of 958,434 people (Navarese et al., 2023). Using 

the SNPs for RC, the study found evidence of a strong relationship between RC levels and CVD 

risk. Each RC Standard Deviation (SD) increase was assigned a corresponding risk level as an 
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Odds Ratio (OR). For CAD, the group found that one SD increase in RC resulted in an OD of 1.51; 

for MI, one SD increase in RC resulted in an OD of 1.57; and for stroke, one SD increase in RC 

resulted in an OD of 1.23 (Navarese et al., 2023). Notably, this relationship between RC and CAD, 

MI, and stroke was independent of LDL levels. 

1.1.4 Common therapies for atherosclerosis  

Popular therapies for atherosclerosis involve a wide range of targets and effects (Figure 1.3). 

Although these therapies differ in their underlying mode of action, they all work to slow the 

progression of atherosclerosis, manage risk factors, and improve overall cardiovascular function. 

Apart from lifestyle changes like increased physical activity, adopting whole food dietary habits, 

reducing tobacco and alcohol intake, and reducing stress, medications for atherosclerosis are a 

significant part of atherosclerosis treatment (Lechner et al., 2020)(Lewis, 2009).                                      

The most commonly prescribed treatment for atherosclerosis are statins, which, similar to other 

cholesterol-lowering medications like PCSK9 inhibitors and omega-3 fatty acids, work to reduce 

circulating lipid levels, which can contribute to the pathogenesis of atherosclerosis (Gupta et al., 

2019). Other medications include anti-hypertensive therapies, which function by lowering blood 

pressure and range from diuretics to Angiotensin-Converting Enzyme (ACE) inhibitors, beta-

androgenic signalling blockers, calcium channel blockers, and vasodilators (National Heart Lung 

and Blood Institute, 2022)(Palmas et al., 2007). Additionally, vasodilation therapies can be both 

compound and surgically delivered, such as through nitroglycerin administration or angioplasty 

and stent procedures. Other treatments for atherosclerosis include anti-platelet or anti-clotting 

agents, which reduce the risk of blood clot formation, such as aspirin and warfarin, respectively 

(National Heart, Lung and Blood Institute, 2022). Moreover, some medications treat comorbidities 

of atherosclerosis, like diabetes mellitus-related high blood sugar, which can cause inflammation 

and oxidative stress, among other pro-atherogenic effects (National Heart, Lung and Blood 

Institute, 2022).                      

However, despite this extensive and comprehensive range of therapies for atherosclerosis, the 

incidence of severe CVD events due to atherosclerosis continues to increase globally. This 

occurrence is in part associated with these pharmacotherapies targeting risk factors of 

atherosclerosis rather than disease progression per se, indicating an urgent need for new and 

specifically preventative therapies for atherosclerosis. 
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Figure 1.3 Depiction of common therapies for atherosclerosis. Figure includes lipid-lowering 

therapies, monoclonal antibodies, anti-platelet and anti-coagulants, anti-hypertension, and 

vasodilators. Created with BioRender. 

1.1.5 Pathogenesis and evolution of atherosclerosis  

Atherosclerosis is the predominant form of CVD globally (Herrington et al., 2016a)(Herrington et 

al., 2016b). Risk factors for atherosclerosis begin in adolescence and continue throughout the life 

cycle, reaching their peak in the mid to late thirties (Insull, 2009). Individuals over the age of 40 

have a 50% chance of developing atherosclerosis (Song et al., 2020), and this number is steadily 

increasing due to rapid cultural changes and globalization. Economic development and 

urbanization have promoted atherosclerosis by facilitating dangerous lifestyle choices, such as 

diets rich in saturated fat or reduced physical activity (Shah et al., 2015).  

Despite considerable research on modifiable factors' role in atherosclerosis onset and progression, 

discrepancies continue in the scientific community regarding atherosclerosis initiation. 

Historically, atherosclerosis was commonly described through two hypotheses: A) The response 
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to injury hypothesis that proposed atherosclerosis resulted from endothelial damage caused by 

higher shear stress at arterial bends and bifurcations. B) The lipid hypothesis which suggested that 

atherosclerosis occurs due to high levels of circulating lipoproteins (Williams & Tabas, 

1995)(Paszkowiak & Dardik, 2003)(Shah et al., 2015). While endothelial damage and lipoprotein 

levels have been proven to be considerable risk factors for atherosclerosis progression, inconsistent 

evidence supports these events as initiating factors. Notably, the lack of atherosclerotic 

remodelling in areas of endothelial damage and the presence of remodelling in areas void of 

endothelial damage challenges the response to injury hypothesis. Meanwhile, the occurrence of 

variations in the severity of atherosclerosis among individuals with similar lipid levels undermines 

the consistency of the lipid hypothesis (Paszkowiak & Dardik, 2003). 

Due to these observations, the last two decades of atherosclerosis research has since adopted the 

theoretical basis of the ‘response-to-retention’ hypothesis, which provides a more active role for 

the ECM in atherosclerosis initiation (Williams & Tabas, 1995). Specifically, that the retention of 

lipoproteins LDL and RC is caused by strong ionic interactions between the positively charged 

amino acid residues of the apolipoproteins present on the surface of cholesterol-rich lipoproteins 

like LDL and RC and the negatively charged proteoglycan Glycosaminoglycan (GAG) branches 

in the ECM of the tunica intima (Figure 1.4)(Figure 1.5) (Tannock & King, 2008)(Gisterå & 

Hansson, 2017)(Nakashima et al., 2008). Collagen fibres allow proteoglycan attachment and 

interact and trap LDL and RC within this matrix. The progression of atherosclerosis thus occurs 

in three key steps: 1). lipoprotein deposition, 2). a subsequent inflammatory response (a result of 

oxidation), and 3). smooth muscle cell cap formation (Insull, 2009)(Williams & Tabas, 1995). 

Endothelial cells, which form the outermost layer of the tunica intima, are exposed to the 

circulating lipoproteins from the bloodstream (Paszkowiak & Dardik, 2003)(Rafieian-Kopaei et 

al., 2014). Following lipoprotein infiltration and accumulation within the tunica intima, LDL 

undergoes oxidation, creating the pro-inflammatory signal ox-LDL (Rafieian-Kopaei et al., 

2014)(Hansson, 2001). Ox-LDL then stimulates endothelial cells for adhesion molecule 

mobilization to the injury site. Simultaneously, smooth muscle cells secrete chemoattractants and 

chemokines, attracting monocytes for phagocytosis (Miteva et al., 2018)(Insull, 2009). 

Interestingly, RC stimulates an immune response similar to ox-LDL following infiltration of the 

tunica intima; however, this occurs without oxidative modification. Upon entry of the tunica 

intima, monocytes transform into macrophages, digest ox-LDL and RC in a process known as 
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phagocytosis and ultimately become foam cells (Miteva et al., 2018). Plaque formation is further 

promoted and stabilized by a smooth muscle cell fibrous cap, which occurs once smooth muscle 

cells proliferate and simultaneously secrete proteoglycans, collagen, and elastic fibres (Insull, 

2009)(Doran et al., 2008)(Tannock & King, 2008). Lipoprotein oxidation and the subsequent 

inflammatory response can be reversed up to this stage. The formation of multiple layers of 

individual foam cells only contributes to microscopic arterial changes (Insull, 2009). However, 

atherosclerosis becomes challenging to treat in the advanced stage, when lipid accumulation 

appears and the smooth muscle cell fibrous cap is fully formed, thus stabilizing the plaque (Doran 

et al., 2008). 
 

 

 

Figure 1.4 Cross section of the arterial wall under both normal and atherosclerotic conditions. The 

tunica adventitia represents the outermost layer of the arterial wall, predominantly consisting of 

connective tissue containing collagen and elastic fibres. The tunica media is the middle layer, 

composed mainly of ECM proteins, including smooth muscle cells, collagen, elastin, and 

proteoglycans. The tunica intima constitutes the innermost layer of the arterial wall, which is in 

direct contact with the bloodstream and primarily comprises a thin layer of endothelial cells and 

some ECM proteins, including proteoglycans. Created with BioRender. 
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Figure 1.5 Cross-section of the artery wall during atherosclerosis. As per the response-to-retention 

hypothesis, atherosclerosis is initiated by apolipoprotein B-containing lipoproteins binding to 

proteoglycans in the extracellular matrix of the artery wall. 1) Circulating remnant cholesterol 2) 

Circulating Low-Density Lipoprotein 3) Proteoglycans in the ECM of the tunica intima 4) 

Remnant cholesterol and LDL bind to glycosaminoglycan side chains on proteoglycans 5) 

Lipoproteins accumulate in the inner tunica intima. Created with BioRender. 

1.2 General pathogen recognition 

The immune system is a set of biological processes and agents collaborating to protect against 

infection (Figure 1.6). The immune system comprises two subtypes: the innate and adaptive 

immune systems (Delves & Roitt, 2000). The innate immune system exists in all multicellular 

organisms, reacting rapidly to various stimuli as a first line of defence (Delves & Roitt, 2000). In 

contrast, the adaptive immune system functions as a slower second defence with pathogen 

specificity, capable of developing immunological memory.                          

Although it was initially believed that these defences evolved independently from one another, 

research has since shown that the innate immune system regulates aspects of the adaptive immune 

system (Iwasaki & Medzhitov, 2015). 

1.2.1 Innate immune system pathogen response 

The innate immune response is stimulated by Pattern-Recognition Receptors (PRRs) found on 

macrophages, mast cells, and Dendritic Cells (DCs). These receptors rely on Pathogen-Associated 

Molecular Patterns (PAMPs) to assess a variety of stimuli (Iwasaki & Medzhitov, 2015)(Schenten 
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& Medzhitov, 2011)(Alberts et al., 2002). Different types of PRRs undertake different roles, 

including but not limited to intracellular signalling, opsonization, chemotaxis, and endocytosis 

(Schenten & Medzhitov, 2011)(Dempsey et al., 2003). PRRs, like Toll-Like Receptors (TLRs) can 

monitor the extracellular space, while NOD-Like Receptors (NLRs) monitor the intracellular space 

(Dempsey et al., 2003)(Schenten & Medzhitov, 2011). Stimulation of PRRs through pathogen 

recognition activates the innate immune system, triggering an immediate inflammatory cascade 

termed the acute phase response (Schenten & Medzhitov, 2011)(Zhang & An, 2007)(Beutler, 

2004). Monocytes are among the first immune cells to arrive at the injury site, differentiating into 

macrophages and DCs. Both macrophages and DCs can undergo the digestion of pathogens, 

known as phagocytosis (Witztum & Lichtman, 2014)(Schenten & Medzhitov, 2011)(Alberts et al., 

2002)(Beutler, 2004). Additionally, macrophages and DCs can secrete pro-inflammatory 

cytokines and chemokines, notably Tumor Necrosis Factor-alpha (TNF-α), Interleukin-1-beta (IL-

1β), and interleukin-6 (IL-6) (Miteva et al., 2018)(Witztum & Lichtman, 2014)(Schenten & 

Medzhitov, 2011). Studies using the IL-1β and Interleukin-1 Receptor Antagonist (IL-1rα) have 

demonstrated strong evidence of the critical role of Il-1β in the acute phase response through 

mediation of the vasodilation signal Prostaglandin E2 (PGE2) (Zhang & An, 2007). IL-1β activity 

has also been linked to activating downstream signalling cascades, notably the Janus Kinase/Signal 

Transducers and Activators of Transcription (JAK/STAT), Mitogen-Activated Protein Kinase 

(MAPK), and PI3K/Akt (Phosphatidylinositol-3-Kinase) pathways.  

These pathways are necessary for the transcription of genes involved in the proliferation, survival, 

differentiation, and migration of immune cells. Similarly, TNF-α and IL-1β act as signals for the 

activation of the Nuclear Factor Kappa-B (NF-kB) pathways, which regulate inflammation, 

survival, and programmed cell death known as apoptosis (Zhang & An, 2007).  

Additionally, TNF-α and IL-1β stimulate phagocytic cells, specifically macrophages, DCs and, in 

some cases, neutrophils, for cell digestion (Miteva et al., 2018). Interleukin-12 (IL-12) and 

Interleukin-18 (IL-18) similarly recruit Natural Killer (NK) cells for apoptosis and targeted cell 

removal (Alberts et al., 2002). This process of targeting cells for digestion and removal without 

the use of antibodies, exhibited by both NK cells and phagocytes, is known as cell-mediated 

immunity. The classic symptoms of inflammation, specifically redness, pain, swelling, and heat, 

occur due to these cytokine and phagocyte-mediated effects (Dempsey et al., 2003) (Zhang & An, 

2007). 
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1.2.2 Adaptive immune system pathogen response 

Beyond their phagocytic capabilities, DCs are an essential link between the innate and adaptive 

immune systems by activating T-cells. DCs convert pathogen segments into antigens for 

specialized DCs known as Antigen-Presenting Cells (APC)(Janeway et al., 2001)(Marshall et al., 

2018). These APCs express the processed antigens on their surface, presenting them using Major 

Histocompatibility Complexes (MHC) to the T- and B-cells in the lymph nodes, known as antigen 

presentation (Anaya et al., 2013)(Alberts et al., 2002)(Marshall et al., 2018). T-cells are designed 

to recognize and react against particular epitopes (Anaya et al., 2013). After activation through 

antigen presentation and co-stimulation, T-cells multiply rapidly, targeting infected cells through 

cell-mediated immunity without the use of antibodies. T-cell activation triggers the formation of 

cytotoxic CD8+ T-cells (Anaya et al., 2013). These CD8+ T-cells secrete perforins and granzymes, 

which can cause apoptosis or death of infected cells.  

Additionally, T-cells can differentiate into helper T (Th) cells and regulatory T (Treg) cells 

(Schenten & Medzhitov, 2011)(Bonilla & Oettgen, 2010)(Marshall et al., 2018). Treg cells can 

inhibit inflammation through downstream regulation of pro-inflammatory cytokines.  

In contrast, Th cells increase cytokine secretion to stimulate phagocytes to mobilize to the injury 

site and mediate phagocytosis (Bonilla & Oettgen, 2010)(Marshall et al., 2018). These Th-

generated cytokines additionally recruit B-cells to the injury site for antibody-mediated apoptosis 

of target cells. B-cell activation triggers the multiplication and transformation of B-cells into 

plasma cells, capable of antibody secretion (Janeway et al., 2001). This process is known as the 

humoral immune response (Schenten & Medzhitov, 2011)(Bonilla & Oettgen, 2010)(Anaya et al., 

2013). As the pathogen levels drop, the immune system undergoes a 'death' or contraction phase 

(Lau et al., 2005), wherein most immune cells are depleted, except for a select few T- and B-cells 

that remain for immunological memory. This allows the immune system to maintain B-cell-derived 

antibodies specific to that pathogen for future defence.  

Lastly, coinhibitory receptors found on APCs and T-cells regulate the immune response and 

prevent overstimulation of the immune system (Banday & Abdalla, 2020). The role of coinhibitory 

receptors in managing an immune response's regulation, inhibition, severity, and length has been 

well documented (Cai et al., 2021). As mentioned, T-cells become activated through interactions 

with APCs. (Yousif et al., 2022). However, in addition to antigen presentation, a second signal is 

needed for T-cell activation. This second signal can occur through the co-stimulation of receptors 
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on T-cells and stimulatory molecules on APCs (Yousif et al., 2022), such as the CD28 receptor on 

T-cells binding to CD80/86 on APCs. This signal is necessary for signalling pathways, specifically 

the PI3K/Akt pathway (Chen and Flies, 2013)(Yousif et al., 2022). Activating the PI3K/Akt 

pathway stimulates T-cells' differentiation, proliferation and survival. Moreover, Cytotoxic T-

Lymphocyte Antigen (CTLA)-4 inhibits this co-stimulation, providing another avenue for immune 

regulation (Chen and Flies, 2013)(Cai et al., 2021)(Banday & Abdalla, 2020).  

Conversely, the interaction between Programmed cell Death protein 1 (PD-1) on T-cells and the 

Programmed Death Ligands 1 and 2 (PD-L1)(PD-L2) on blood cells and phagocytes, respectively, 

acts as a significant immune checkpoint that reduces T-cell activity (Yousif et al., 2022)(Cai et al., 

2021). This process occurs through Src Homology region 2-containing Protein tyrosine 

phosphatase 2 (SHP-2) mediated dephosphorylation and subsequent inhibition of the PI3K-Akt 

pathway (Yousif et al., 2022). 
 

 

 

 
Figure 1.6 Venn diagram illustrating the overlap of innate and adaptive immune cell mediators. 

The diagram highlights the shared and distinct classifications of macrophages, monocytes, 



 16 

dendritic cells, cytokines, neutrophils, natural killer cells, T-cells, cytotoxic CD8+ T-cells, B-cells, 

and B-cells with antibodies. Created with BioRender. 

1.3 Innate and adaptive immunity during atherosclerosis   

The immune system has been heavily implicated in atherosclerosis due to its pathophysiology of 

low-grade chronic inflammation (Wolf & Ley, 2019). The severity and duration of the immune 

response is a major determinant of atherosclerosis outcomes (Skaggs et al., 2012). Various immune 

cells and immune system derivatives, including macrophages, DCs, lymphocytes (T- and B-cells) 

and inflammatory cytokines, are found in significant levels in atherosclerotic lesions (Galkina & 

Ley, 2009). While, immunomodulatory cells like NK cells and neutrophils play critical roles in 

the initiation and recruitment of the aforementioned immune components (Figure 1.7). 
 

 
 

Figure 1.7 Simplified model of the critical immune events (innate and adaptive responses) in the 

development of atherosclerosis. 1) Lipoprotein infiltration of the ECM of the tunica intima. 2) 

Lipoprotein-proteoglycan binding. 3) Recruitment of circulating monocytes by adhesion 

molecules on the endothelium 4) Infiltration of monocytes and their differentiation into 
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macrophages. 5) Macrophages engulf lipoproteins, forming foam cells. 6) Foam cells release pro-

inflammatory cytokines IL-1β, IL-6, and TNF-α 7) Pro-inflammatory cytokines activate DCs. DCs 

migrate to the draining lymph nodes and use APCs to activate T and B cells, which are then free 

to enter the tunica intima from the bloodstream. Created with BioRender. 

1.3.1 Role of neutrophils in early stage atherogenesis   

When infection or tissue damage occurs, neutrophils are among the first immune cells to respond 

by migrating to the injury site and releasing pro-inflammatory cytokines to neutralize the pathogen 

(Miteva et al., 2018). However, when neutrophils remain activated for prolonged periods during 

chronic inflammation, they become pathogenic. For example, prolonged activation of neutrophils 

can degrade the ECM of the tunica intima through the excessive release of neutrophil enzymes 

tryptase and chymase. This can weaken the arterial wall and contribute to the formation of an 

atherosclerotic plaque. Additionally, neutrophils release granules filled with pro-oxidative proteins 

like Myeloperoxidase (MPO), further promoting chronic inflammation. (Miteva et al., 2018). In a 

study conducted in 2008 by (van Leeuwen et al., 2008), LDL Receptor knockout (LDLr−/−) mice 

fed a high-fat diet to induce atherosclerosis had higher levels of neutrophils in both early and late-

stage atherosclerotic lesions compared to controls (van Leeuwen et al., 2008)(Soehnlein, 2012).  

Furthermore, research has established a connection between the migration of neutrophils and 

hypercholesterolemia, a significant risk factor in the onset and progression of atherosclerosis 

(Soehnlein, 2012). Hypercholesterolemia increases levels of chemokine (C-X-C motif) ligand-1 

(CXCL1), which acts as a chemoattractant and stimulates the neutrophil surface CXC chemokine 

receptor 2 (Miteva et al., 2018), causing neutrophil migration and accumulation. Similarly, it has 

been demonstrated that hypercholesterolemia can trigger the production of Granulocyte Colony-

Stimulating Factor in-vivo (GCSF), which upregulates neutrophil adhesion molecules (Soehnlein, 

2012).  

Moreover, neutrophils can enhance the attachment of monocytes and macrophages to the 

endothelium, leading to their infiltration of the tunica intima (Miteva et al., 2018)(Soehnlein, 

2012). Various studies have found that overall increased levels of neutrophils in the bloodstream 

positively affected the incidence of cardiovascular events (Soehnlein, 2012).                                                     

Ultimately, increased neutrophil migration, retention, and activation can cause plaque growth and 

instability, promoting atherogenesis. 



 18 

1.3.2 Role of natural killer (NK) cells in early stage atherogenesis    

There is mounting evidence that NK cells function as biomarkers for the development or 

degeneration of atherosclerosis (Miteva et al., 2018). However, while the accumulation of NK 

cells has been associated with chronic inflammation, there are inconsistent results regarding the 

pathophysiological role of NK cells in atherosclerosis. A study published in 1990 by Paigen et al. 

established the use of a beige mouse model with a mutation on the gene Lyst, causing loss of 

function of lysosomal transport and subsequently reducing levels of NK cells. The group found 

that when fed a high-fat diet to induce atherosclerosis, the beige mice demonstrated decreased 

survival compared to healthy controls provided the same diet (Paigen et al., 1990)(Bonaccorsi et 

al., 2015). However, they found no significant difference in atherosclerotic lesion size between the 

treatment groups.                                                

Furthermore, a study conducted in 2002 by Schiller et al. using LDLr−/− beige mice fed a high-

fat diet reported significantly increased atherosclerosis compared to the control LDLr−/− mice 

(Schiller et al., 2002)(Bonaccorsi et al., 2015). However, the group also reported that in LDLr−/− 

perforin-deficient mouse models, atherosclerotic lesion sizes and levels were similar to those of 

the control mice. This indicates that impaired NK cell cytotoxic activity was not significant in 

atherosclerosis progression, suggesting that cytokine production may be the primary mechanism 

of the atherosclerotic effect of NK cells (Bonaccorsi et al., 2015). Furthermore, several chemokines 

found in atherosclerotic lesions have been directly linked to the recruitment of NK cells. High 

Monocyte Chemoattractant Protein-1 (MCP-1) levels have been reported in atherosclerotic lesions 

and have been shown to function as an attractant for NK cells (Bonaccorsi et al., 2015). 

Additionally, Interferon-gamma (IFN-γ) is a vital cytokine produced by NK cells, which acts as a 

pro-atherogenic signal that can induce smooth muscle cell apoptosis, leading to plaque 

destabilization (Bonaccorsi et al., 2015). 

1.3.3 Role of monocytes and macrophages in early stage atherogenesis 

Monocytes and macrophages have been vastly implicated in the development of atherosclerosis. 

During the initiation of atherosclerosis, monocytes travel through the bloodstream to the 'injury 

site' in the tunica intima, where they differentiate into macrophages and DCs (Ilhan, 

2015)(Hansson et al., 2002). High levels of monocytes are an independent predictor of 

cardiovascular event incidence. Monocytes CD14++CD16+ produce high levels of Reactive 
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Oxygen Species (ROS), which promote LDL oxidation and activate pro-inflammatory cytokines 

TNF-α, IL-1β, and IL-6 (Miteva et al., 2018). CD14++CD16+ are also involved in angiogenesis, 

phagocytosis, and antigen presentation (Miteva et al., 2018). 

Additionally, mice deficient in macrophage colony-stimulating factor, which triggers monocyte 

differentiation to macrophages, have markedly reduced levels of atherosclerosis, evidence that the 

conversion of monocytes into macrophages plays a significant role in atherogenesis (Smith et al., 

1995)(Ilhan, 2015). Monocyte-derived macrophages promote atherogenesis through various 

mechanisms, including foam cell formation, endothelial dysfunction, and pro-inflammatory 

cytokine activation. 
M1 macrophages release high levels of interleukin cytokines IL-12 and IL-23, which generate 

ROS, which can contribute to oxidative stress and tissue damage (Miteva et al., 2018). M1 

macrophages similarly produce Il-1β, which induces the expression of cytokines IL-6, IL-1α, and 

TNF-α, which mediate inflammation, cell proliferation, cell differentiation, and cell survival 

(Miteva et al., 2018)(Moore et al., 2013)(Barrett, 2020). The expression of M1 macrophages has 

been shown to be regulated by key transcription factors: NF-kB, Signal Transducer and Activator 

of Transcription (STAT1, STAT5), and Interferon-Regulatory Factors (IRF3, IRF5) (Yao et al., 

2019). In-vitro studies of M1 macrophages also reported plaque rupture through degradation of 

the ECM. Additionally, M1 macrophages transform into foam cells when they phagocytose ox-

LDL and RC, which play a significant role in fatty streak formation and subsequent plaque 

formation (Figure 1.8)(Moore et al., 2013)(Barrett, 2020). Macrophages use scavenger receptors 

expressed on their cell surface, such as CD36, to recognize and bind ox-LDL and RC. Once 

attached, the macrophages use receptor-mediated endocytosis to engulf the lipoproteins. The 

accumulated lipoproteins are then broken down in the macrophages, releasing cholesterol. The 

cholesterol is removed from macrophages through cholesterol efflux (Barrett, 2020); however, if 

this process is dysfunctional, the macrophage retains excess lipids, creating foam cells 

(Mohmmad‐Rezaei et al., 2021). The critical role of foam cell formation in atherosclerosis is well 

described (Moore et al., 2013).  

However, it is essential to note that some macrophages have been reported to have athero-

protective effects. M2 macrophages are considered functionally anti-inflammatory (Barrett, 2020), 

and M2 gene expression is regulated by STAT6, IRF4, Jumonji Domain-containing protein-3 

(JMJD3), and Peroxisome Proliferator Activated Receptor -delta and -gamma (PPARδ, PPARγ) 
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transcription factors (Yao et al., 2019). M2 macrophages can also be further divided into M2a, 

M2b, M2c, and M2d subtypes. M2a and M2C macrophages produce high levels of anti-

inflammatory cytokines IL-10 and Transforming Growth Factor-beta (TGF-β), encouraging tissue 

repair, plaque stabilization, clearing cellular debris, and downregulating pro-inflammatory 

cytokines, which ultimately protect against atherosclerosis (Miteva et al., 2018)(Bobryshev et al., 

2016). Additionally, M2c macrophages release IL-1rα, which prevents IL-1β activation through 

competitive inhibition of the IL-1 receptors (Figure 1.8). 

 

 
 

Figure 1.8 Comparison of the main features and atherosclerotic functions of M1 and M2 

macrophages. Adapted from: Kim, S. (2022). Macrophage Polarization: M1 and M2 Subtypes. 

https://app.biorender.com/biorender-templates/figures/all/t-62cc6cda90428ea200a5dfb6-

macrophage-polarization-m1-and-m2-subtypes. Created with BioRender. 
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1.3.4 Role of dendritic cells (DCs) in early stage atherogenesis  

DCs play a unique role in atherosclerosis by serving as a link between the innate and adaptive 

immune systems. A 2009 study conducted using murine models reported an anti-atherosclerotic 

effect of a diphtheria toxin which reduced intimal DCs by >98% (Mohmmad‐Rezaei et al., 

2021)(Paulson et al., 2010). Moreover, the detection of DCs in mouse and human atherosclerotic 

lesions and vasculature has prompted rapid developments in our understanding of the role of DCs 

in atherogenesis (Subramanian & Tabas, 2014)(Roy et al., 2022). DCs undergo maturation when 

they encounter an antigen; they can then differentiate into APCs, activating T-cells of the adaptive 

immune system. DC maturation downregulates various pathways associated with pathogen 

capture, such as phagocytosis. Additionally, DC maturation has been linked to the secretion of 

various pro-atherogenic inflammatory cytokines such as IL-1β, IL-6 and TNF-α. Mature dendritic 

cells can also secrete Matrix Metalloproteinases (MMPs), enzymes that can cause ECM and 

collagen destruction and reduce the strength of the fibrous cap (Ilhan, 2015). DC maturation also 

upregulates T-cell stimulatory molecules CD80 and CD86, which have been shown to have pro-

atherogenic effects in CD80 and CD86 knockout murine models (Subramanian & Tabas, 2014). 

This suggests that antigen presentation and subsequent T-cell activation and differentiation also 

play a significant role in the pro-atherosclerotic effect of DCs.  

Th1 T-cells recruit pro-inflammatory cytokines like TNF-α, which have been reported to 

exacerbate inflammation in atherosclerosis. Moreover, Th1 T-cells recruit IFN-γ, promoting 

monocyte differentiation into macrophages and consequently increasing foam cell formation. 

Additionally, T-cell activation and the cytokines released create a feedback loop that further 

promotes T-cell activation, proliferation, and survival. High levels of T-cell interactions have been 

linked to advanced atherosclerotic plaques that are prone to rupture (Ilhan, 2015). 

Lastly, DCs can play a direct role in foam cell formation through lipoprotein phagocytosis 

(Subramanian & Tabas, 2014). Like macrophage-derived monocytes, DCs have been shown to 

take up ox-LDL and RC through CD36 receptors, causing foam cell formation. However, DCs can 

also form foam cells when they take up immune complexes of lipoproteins, immune cells, and 

cellular debris. 
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1.3.5 Role of pro-inflammatory cytokines in intermediate stage atherogenesis 

Cytokines are divided into six different categories, which include Interleukins (IL), Tumour 

Necrosis Factors (TNF), Interferons (IFN), Colony-Stimulating Factors (CSF), Transforming 

Growth Factors (TGF), and chemokines (Tedgui & Mallat, 2006). Cytokines are reported to play 

a significant role in atherogenesis by mediating the inflammatory signalling cascades of the innate 

and adaptive immune systems.  

The NLR family pyrin domain containing 3 (NLRP3) inflammasome is a pro-inflammatory 

immune complex activated by various stimuli, including cholesterol crystals, mechanical stress, 

modified lipoproteins, immune cells, and ROS (Karasawa & Takahashi, 2017)(Silvis et al., 2021). 

Once active, the NLRP3 inflammasome mediates the activation of the enzyme caspase 1. Caspase-

1 then cleaves and activates the pro-forms of IL-1β and IL-18 (Schenten & Medzhitov, 

2011)(Silvis et al., 2021)(Baldrighi et al., 2017). IL-1β and IL-18 significantly amplify 

inflammation by triggering the transcription factor NF-κB (Schenten & Medzhitov, 2011)(Ramji 

& Davies, 2015), which regulates the pro-inflammatory cytokines and chemokines that recruit 

immune cells, such as macrophages and T-cells, to the tunica intima, where they contribute to fatty 

streak formation (Silvis et al., 2021). 

 NF-κB also stimulates the expression of adhesion molecules, including ICAM-1 and VCAM-1, 

on the endothelial cell surface, facilitating the adhesion and infiltration of monocytes, neutrophils, 

and NK cells in the tunica intima. NF-kB can additionally promote the proliferation of Vascular 

Smooth Muscle Cells (VSMC), which results in the formation of the fibrous cap, stabilizing the 

atherosclerotic plaque. An in-vivo study by Kanters et al. assessed the development of 

atherosclerotic lesions in pro-atherogenic LDLr-/- mice with a non-functional NF-kB-1 subunit 

compared to LDLr-/- mice (Kanters et al., 2003). The group found that the deficient NF-kB-1 mice 

had considerably reduced lesion size, suggesting a critical role for NF-kB in atherogenesis (Tedgui 

& Mallat, 2006)(Kanters et al., 2003). 

Like NF-kB, Jun N-terminal Kinase (JNK) is a pro-atherogenic transcription factor indirectly 

stimulated by the NLRP3 inflammasome through IL-1β and IL-18-mediated activation of TNF-α 

(Tedgui & Mallat, 2006). JNK regulates numerous pro-inflammatory genes, such as TNF-α, IL-2, 

IL-6, E-selectin, ICAM-1, VCAM-1, MCP-1, and MMPs -1, -9, -12. Moreover, JNK can induce 

cell apoptosis of endothelial cells, which can contribute to ECM degradation and expose the 

subendothelial layer to physical stress and circulating lipoproteins. Macrophages in atherosclerotic 
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plaques express two isoforms of JNK, JNK1 and JNK2, which may exhibit distinct effects on cell 

viability and atherosclerosis. A study conducted in 2004 by Ricci et al. demonstrated that 

atherosclerotic lesions were notably reduced in ApoE-/-  mice deficient in JNK-2 compared to 

control ApoE-/- mice; however, this effect was not reported in JNK-1 deficient ApoE-/- mice 

(Ricci et al., 2004). Similarly, a study conducted in 2016 by Babaev et al., using LDLr−/− mice 

deficient in JNK-1 and LDLr−/− mice deficient in JNK-2, reported that JNK-1 deficiency inhibited 

macrophage apoptosis and resulted in larger atherosclerotic lesions. These findings suggest a 

multifactorial role of JNKs in atherosclerosis (Babaev et al., 2016). 

JAK/STAT is another signalling pathway activated by cytokines, interleukins, interferons, and 

Granulocyte-Macrophage Colony-Stimulating Factor (GM-CSF) during the innate immune 

response. A wide variety of JAK/STAT members exert both protective and pro-atherogenic effects 

in-vivo. STAT4 and STAT6 are critical in immunoregulation by promoting Th1 and Th2 T-cell 

differentiation. Th1 T-cells are thought to mediate pro-atherogenic effects, while Th2 T-cells are 

atheroprotective. Interestingly, studies on patients showing early signs of atherosclerosis have 

reported that using statins, which lowers cholesterol levels, can have additional positive effects by 

reducing Th1-mediated inflammation by inhibiting STAT4 activation (Tedgui & Mallat, 2006). 

Additionally, studies of STAT3 deletion in macrophages and neutrophils in mice reported 

enhanced chronic inflammation due to the inhibition of IL-10 and subsequent amplification of the 

Th1 response (Tedgui & Mallat, 2006). These findings suggest a potential protective role of 

STAT3 by promoting anti-inflammatory reactions in macrophages and neutrophils during 

atherogenesis. 

Besides their effects on intracellular signalling, cytokine studies have reported numerous 

complementary pro-atherogenic effects. Cytokines can activate, recruit, and retain other immune 

cells, promoting accumulation within the plaque (Fatkhullina et al., 2016). Active cytokines IL-1β 

and IL-18 amplify their expression in a feedback loop, encourage ECM degradation, and recruit 

phagocytic immune cells. While TNF-α, IL-1, IL-6, IL-10, and TGF-β significantly affect DC 

maturation and have been shown to promote lipoprotein uptake by DCs and their conversion into 

foam cells (Fatkhullina et al., 2016). TGF-β has a multifactorial role in atherosclerosis as a 

cytokine and intracellular signalling pathway. As a cytokine, TGF-β binds to its receptors on the 

cell surface, which activates the TGF-β signalling cascade that controls various processes, such as 

cell growth, proliferation, differentiation, and apoptosis. 
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1.3.6 Role of T-cells in late stage atherogenesis  

Ribonucleic Acid (RNA) sequencing studies have reported the presence of T-cells in all stages of 

atherosclerosis progression (Roy et al., 2022). It is widely reported that regulatory T-cells such as 

FOXP3+ and IL-10+ type 1 regulatory T-cells are predominant prior to atherosclerosis initiation. 

However, during atherogenesis, T-cell differentiation favours the production of pro-inflammatory 

CD4+ effector T-cells. CD4+ effector T-cells further differentiate into a subtype of helper T cells, 

Th1, Th2, and Th17 (Figure 1.9)(Witztum & Lichtman, 2014)(Tse et al., 2013). In atherosclerotic 

plaques, Th1 cells are the primary type of CD4+ T-cells (Roy et al., 2022); Th1 cells secrete IFN-

γ, which plays a significant role in the progression of atherosclerosis by promoting the infiltration 

of monocytes, monocyte differentiation to macrophages, formation of foam cells, accumulation of 

lipids, and destabilization of plaques (Miteva et al., 2018).  

A study conducted in 2004 by Buono et al. assessed the role of Th1 formation in atherosclerosis 

by using LDLr−/− mice fed a high-fat diet with a deficiency in T-bet. This transcription factor 

controls the differentiation of Th1. The group found that the LDLr−/− mice with T-bet deficiency 

exhibited a notable reduction in atherosclerotic lesions and plaque formation compared to the 

LDLr−/− control. Additionally, they reported that a deficiency of T-bet resulted in a shift toward 

Th2 differentiation (Buono et al., 2005). Th2 cells were linked to producing atheroprotective EO6 

IgM antibodies that are specific to oxidized lipoproteins and prevent macrophage uptake of ox-

LDL (Buono et al., 2005). Other studies have also reported a protective role of Th2 cells in 

atherosclerosis. Th2 cells are found at lower concentrations in atherosclerotic plaques and have 

been linked to the production of IL-4, an atheroprotective cytokine that inhibits Th1 differentiation 

and subsequent IFN-γ production (Miteva et al., 2018). Th17 cells similarly produce IL-17, 

inhibiting IFN-γ expression and slowing atherogenesis. However, Il-17 also has pro-atherogenic 

effects by stimulating the production of pro-inflammatory cytokines, thus suggesting a more 

complex role of Th17 in atherosclerosis.   

Furthermore, Treg cells are immunomodulatory cells that exhibit atheroprotective effects by 

reducing the intensity of the immune response (Figure 1.9)(Witztum & Lichtman, 2014)(Miteva 

et al., 2018). A study conducted in 2006 by Ait-Oufella et al. found that Treg cell depletion in 

LDLr −/− mice resulted in a twofold increase in lesion size after a 20-week high-fat diet compared 

to LDLr −/− controls (Ait-Oufella et al., 2006).  
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Additionally, a study published in 2020 reported a vital role of Treg cells in atherosclerotic plaque 

regression by transplanting the aortic arch of a pro-atherogenic ApoE-/- mouse into a healthy 

mouse and ApoE-/- mouse. The group reported a three-fold increase of Tregs in the healthy mouse 

model compared to the pro-atherogenic model (Sharma et al., 2020). 
 

 

 
Figure 1.9 Simplified representation of the primary T-cell subtypes in atherosclerosis. 

Specifically, T regulatory, T helper 1, T helper 2, and T helper 17 cells. The figure illustrates the 

cytokines produced by each subset and their overall pro or anti-inflammatory effects in 

atherosclerosis. Created with BioRender. 

1.3.7 Role of B-cells in late stage atherogenesis 

B-cells play a vital role in the humoral immune response in atherosclerosis. Once atherosclerosis 

progresses, the adaptive immune response of B- and T-cells becomes the primary regulation 

system of the immune system. Antibody-producing plasma cells recognize and bind lipoprotein-

immune complexes and are a significant determinant of an immune response's dissolution 

(contraction) stage (Sage et al., 2019). Overexpression or underexpression of B-cell populations 

can cause defects in antibody responses and immune checkpoints, promoting atherosclerosis (Sage 

et al., 2019). B-cells differentiate into two subtypes, B1 and B2 (Tsiantoulas et al., 2015). B1 cells 

then differentiate into B1a cells with atheroprotective effects by producing antibodies against ox-

LDL, which prevents ox-LDL retention and macrophage phagocytosis (Sage & Mallat, 

2014)(Tsiantoulas et al., 2015). A study conducted using a model of accelerated atherosclerosis 
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via splenectomy in Apoe-/- mice discovered a 50% reduction of B1a cells (Tsiantoulas et al., 

2015). However, the role of B1b cells in atherosclerosis is less conclusive (Tsiantoulas et al., 

2015). Like B1a cells, B1b cells produce anti-ox-LDL antibodies; however, this is only a minor 

atheroprotective effect as B1a produce the majority of natural antibodies (Sage et al., 2019)(Ma et 

al., 2021). 

B2 cells circulate in the bloodstream and are predominately pro-atherogenic by producing pro-

inflammatory cytokines and promoting T-cell activation (Mohmmad‐Rezaei et al., 2021). B2 cells 

can also promote the differentiation of pro-atherogenic CD4+ T-cells (Sage et al., 2019). Studies 

of B2 cell deficiency reported a positive relationship between levels of B2 cells and Th1 cells; 

following B2 reduction, levels of IFN-γ were reduced (Sage et al., 2019). Additionally, a  2010 

study of B2 cell inhibition in ApoE-/- mice found significant reductions in the rate of 

atherosclerosis and development (Kyaw et al., 2010). Moreover, B2 plasmablasts are found in 

large concentrations in the tunica adventitia of the arterial wall near the growing atherosclerotic 

plaque (Sage & Mallat, 2014). These findings suggest an essential role of B2 cells as pro-

atherogenic mediators in the development of atherosclerosis. 

1.4 Main classes of monoclonal antibody (mAb) therapies 

Growing evidence supports the need for new specialized immunotherapies in the modulation of 

atherosclerosis. Immunotherapies, specifically monoclonal antibodies, have the unique potential 

to target the underlying mechanisms of atherosclerosis to prevent and slow its progression 

effectively. In developed countries, lipid-lowering and anti-inflammatory cytokine therapies are 

the first-line treatment in atherosclerosis management. However, new monoclonal antibodies 

targeting the arterial wall are becoming increasingly popular. These therapies target various 

immune response components and lipid metabolism and have shown promise in pre-clinical and 

clinical studies (Figure 1.10). 
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Figure 1.10 Model of the main immunotherapies for atherosclerosis treatment. Ranging from 

targeting inflammation to circulating lipoproteins and ECM proteins. Created with BioRender. 

1.4.1 Anti-inflammatory therapies and mAbs 

The CANTOS trial was a large-scale clinical trial that described the use of canakinumab, a mAb 

inhibitor of the pro-inflammatory cytokine IL-1β. Canakinumab reduces Il-1β signalling by 

directly binding to IL-1β, thereby preventing Il-1β mediated inflammation and consequently 

slowing atherosclerotic plaque growth. (Ridker et al., 2017). The CANTOS trial used a 

comprehensive randomized, blinded, placebo-controlled study design to follow 10,061 patients 

across 39 nations with previous reports of myocardial infarction and increased levels of High-

Sensitivity C-Reactive Protein (hsCRP) from 2011 to 2017 (Ridker et al., 2017)(Pedro-Botet et 

al., 2020). The study found that over 3.7 years, the placebo group experienced 4.50 events per 100 

person-years, while the 300 mg canakinumab treatment group experienced 3.90 events per 100 

person-years (Ridker et al., 2017). Thus, 300 mg canakinumab administration reduced recurrent 

cardiovascular events by 0.60 per 100 person-years compared to the placebo cohort (Ridker et al., 

2017). Interestingly, however, the canakinumab treatment group reported higher neutropenia cases 
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when compared to the placebo group. Similarly, the canakinumab group also exhibited higher rates 

of infection or sepsis-related deaths relative to the placebo group. Specifically, the canakinumab 

group experienced an incidence rate of 0.31 sepsis and infection-related death events per 100 

person-years versus 0.18 events per 100 person-years for the placebo group. (Ridker et al., 2017). 

Additionally, thrombocytopenia was more frequent among those receiving canakinumab than the 

placebo group, but there were no notable differences in the incidence of hemorrhages (Ridker et 

al., 2017). Commercial approval for canakinumab and other notable IL-1β therapies, such as 

gevokizumab and mavrilimumab, has yet to be approved. TNF-α inhibitors, on the other hand, 

notably infliximab and certolizumab, have been commercially approved by the Federal Drug 

Agency (FDA) (Tousoulis et al., 2016). Preliminary studies using these anti-TNF-α therapies 

found reduced monocyte and neutrophil activity and improved endothelial and arterial wall 

function (Tousoulis et al., 2016). Additionally, various anti-inflammatory cytokine therapies 

inhibit the NLRP3 inflammasome, indirectly inhibiting IL-1β and TNF-α activity. A notable 

example is the synthetic NLRP3 inhibitor, MCC950, described by Coll et al. in 2015. (Coll et al., 

2015). MCC950 works by binding to the NLRP3 protein, thereby preventing inflammasome 

assembly. This interaction suppresses IL-1β activation by inhibiting caspase-1 and caspase-11 

pathways (Netea & Joosten, 2015). A 2021 study by Zeng et al. described the use of MCC950 in 

atherosclerotic models through ApoE-/- mice (Zeng et al., 2021). Following MCC950 

administration, the group found evidence of decreases in atherosclerotic plaque size, macrophage 

levels, and pro-inflammatory cytokines, specifically IL-1β and IL-18 (83). Another prominent 

NLR3P inflammasome inhibitor, the ketone metabolite β-hydroxybutyrate (BHB), prevents 

potassium (K+) efflux, inhibiting ASC oligomerization, which is necessary for caspase-1 

activation. A 2015 investigation reported that BHB use in mice with NLRP3-mediated disorders 

significantly reduced pro-inflammatory cytokines, specifically interleukins (Youm et al., 2015).            

However, anti-inflammatory cytokine therapies are not the only forms of anti-inflammatory 

therapies for atherosclerosis and CVD management. Similar to the CANTOS trial, the Low-Dose 

Colchicine (LoDoCo) trial was a first-of-its-kind prospective, observer-blinded clinical trial 

involving 532 participants diagnosed with coronary disease randomized to either a low-dose 

colchicine of 0.5 mg per day or non-colchicine group with a minimum two-year follow-up (Nidorf 

et al., 2013). However, unlike the CANTOS trial, which used a selective inhibitor of Il-1β, 

canakinumab, colchicine has broad-scale anti-inflammatory properties, most notably inhibiting 
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neutrophil function (Nidorf et al., 2020). Of the LoDoCo participants, 93% were taking aspirin 

and clopidogrel, and 95% were taking statins. 282 participants were assigned to the colchicine 

group, while 250 were assigned to the non-colchicine group (Nidorf et al., 2013). Overall, the 

colchicine group had 10.7% fewer combined occurrences of acute coronary syndrome, out-of-

hospital cardiac arrest, or non-cardioembolic ischemic stroke (primary outcome) compared to the 

no-colchicine group (Nidorf et al., 2013). Fifteen of the 282 participants in the colchicine group 

experienced a primary outcome (5.3%) compared to forty of the 250 patients in the non-colchicine 

group (16%) (Nidorf et al., 2013). Although, as this was an open-labelled and moderate-scale trial, 

these results required validation in larger cohorts (Nidorf et al., 2020).               

Following the LoDoCo trial, the Colchicine Cardiovascular Outcomes Trial (COLCOT) was 

conducted as a large-scale, randomized, parallel-arm, double-blind clinical trial involving a total 

of 4,745 participants with an average follow-up period of 1.88 years (22.6 months) (Tardif et al., 

2019). The COLCOT trial recruited patients who had experienced a myocardial infarction within 

the last 30 days. Of the 4,745 participants, 2,366 received 0.5 mg of colchicine daily, while 2,379 

received a placebo. They assessed incidences of cardiovascular-related deaths, instances of 

resuscitated cardiac arrest, myocardial infarction strokes, and severe angina that ultimately 

required hospitalization (Tardif et al., 2019). Overall, the colchicine group experienced 1.6% less 

of these cardiovascular outcomes than the placebo group. Of the 2,366 participants in the 

colchicine group, 5.5% experienced a cardiovascular outcome compared to the 7.1% in the placebo 

group (Tardif et al., 2019). Importantly, the results from the LoDoCo and COLCOT studies 

comprehensively established the applicability of low-dose colchicine as a CVD treatment. 

Conversely, Immune Checkpoint Inhibitors (ICI) are common mAbs used as pro-inflammatory 

therapies. As expanded on in section 1.2, immune checkpoints act as regulators of the immune 

response through T-cell inhibition and activation. However, despite the success of ICI mAbs in 

cancer treatment, studies have found a significant positive link between ICI therapies and 

atherosclerosis (Yousif et al., 2022). Interestingly, while cancer and atherosclerosis share 

similarities in their inflammatory-dependent pathophysiology, ICI mAbs, specifically CTLA-4– 

and PD-1–PD-L1 blocking antibodies, have been shown to increase cardiovascular events 

associated with atherosclerosis (Abreu et al. 2022). Although, a 2013 study that used to abatacept 

to increase CTLA-4 signalling downstream in ApoE 3-Leiden (E3L) mice found a reduction in the 

severity of atherosclerosis through a dramatic 78.1% decrease in arterial thickening (Ewing et al., 
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2013), thus offering a different avenue for ICI therapy in atherosclerosis treatment. Nonetheless, 

it is critical to recognize that these anti-inflammatory therapies have negligible effects on 

circulating lipoproteins, a significant risk factor for atherosclerosis. 

1.4.2 Lipid-lowering therapies and introduction to the use of mAbs 

Statin therapy has served as the pinnacle of lipid-lowering treatments in Western medicine for over 

four decades. Statins function by inhibiting the enzyme β-Hydroxy β-methylglutaryl-CoA (HMG-

CoA) Reductase in the cholesterol biosynthesis pathway, thereby inducing the synthesis of LDLr, 

which can then capture and reduce levels of circulating LDL (McFarland, 2014). A plethora of 

research on statin application has demonstrated its success in LDL reduction. A 2010 meta-

analysis including 26 randomized controlled trials with 169,138 participants revealed that a 39 

mg/dL reduction in LDL resulted in a 22% decline in Major Adverse Cardiovascular Events 

(MACE) over half a decade, independent of initial LDL levels and a 10% reduction in all-cause 

mortality across diverse clinical cohorts (Cholesterol Treatment Trialists’ (CTT) Collaboration, 

2010). Despite these significant findings, on-treatment events continue to occur in statin-treated 

patients (Libby, 2005).                                               

Similarly, Proprotein Convertase Subtilisin/Kexin type 9 (PCSK9) inhibitors, which are lipid 

clearance agents that inhibit PCSK9-mediated degradation of LDLr, have been linked to reductions 

in circulating LDL, reduced myocardial infarction risk and overall decreases in mortality in some 

populations (Kim et al., 2022)(Farnier, 2014). Prominent PCSK9 inhibitors include mAbs such as 

evolocumab, bococizumab, and alirocumab (Rosenson et al., 2018). Administration of solely 

evolocumab resulted in a 53% reduction in plasma LDL levels (Kim et al., 2022), with similar 

outcomes reported for bococizumab and alirocumab. Furthermore, PCSK9 inhibitors, when 

administered with statins, have shown a pronounced reduction in LDL levels relative to only statin 

therapy. The Global Assessment of Plaque Regression with a PCSK9 Antibody as Measured by 

Intravascular Ultrasound (GLAGOV) and Evaluation of Cardiovascular Outcomes After an Acute 

Coronary Syndrome During Treatment With Alirocumab (ODYSSEY) trials were large-scale 

randomized, double-blind clinical control studies, that assessed the efficacy of evolocumab and 

alirocumab (with statins) in managing CV events (Rosenson et al., 2018)(Kim et al., 2022). The 

GLAGOV trial reported that evolocumab therapy mediated plaque regression, and the combined 

regimen of evolocumab and statins induced regression of the proliferating atheroma (Rosenson et 
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al., 2018). In the ODYSSEY trial, 80-88% of patients underwent statin treatment. The ODYSSEY 

trial found that combining alirocumab and statins reduced MACEs by 1.6 percent (9.5% for 

alirocumab vs 11.1% for placebo) and all-cause mortality by 0.6% (3.5% for alirocumab vs 4.1% 

for placebo) compared to the placebo + statin treatment (Rosenson et al., 2018).                

A distinct randomized control trial by Pradhan et al. evaluated the combined regimen of 

bococizumab and statin therapy, involving 9,738 patients, and assessed on-treatment LDL levels 

14 weeks post-intervention. The group reported a 60.5% reduction in LDL (Pradhan et al., 2018). 

However, they also acknowledged a significant correlation between patients with high hsCRP 

levels (>3 mg/L) and CV events. Moreover, even 14 weeks post-treatment, patients experienced 

residual risk associated with chronic inflammation (Pradhan et al., 2018). Pradhan et al. thus 

concluded that while PCSK9 and statin therapy reduce LDL levels and some CV events, they have 

minimal effects on inflammation. (Pradhan et al., 2018). Overall, lipid-lowering therapies, similar 

to anti-inflammatory therapies, are insufficient to mitigate CVD risk among all populations, 

illustrating the need for preventative immunotherapies targeting the arterial extracellular matrix. 

1.5 Novel mAb immunotherapy; the chP3R99 mAb 

Due to an evolving understanding of the underlying mechanisms involved in atherogenesis, mAbs 

for atherosclerosis have recently been shifting away from targeting LDL and inflammatory 

cytokines to targeting arterial wall components. Per the response-to-retention hypothesis, mAbs 

engineered to target ECM proteins of the tunica intima could provide an exciting opportunity for 

the prevention of lipoprotein retention and subsequent atherosclerotic plaque development. By 

addressing the ECM, mAbs would target the retention of lipoproteins and the consequent immune 

responses, inflammation, oxidative stress, and other processes involved in plaque formation. 

Currently, these mAbs are in early clinical and pre-clinical stages, with none having undergone 

regulatory approval. Further research, including large-scale trials, is needed to evaluate their 

safety, efficacy, and potential as therapeutic options for atherosclerosis. However, many have 

shown promising results in reducing atherosclerotic development, notably the proteoglycan 

targeting chP3R99 mAb (Soto et al., 2012)(Liu et al., 2022). 
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1.5.1 History, development, and production of the chP3R99 mAb 

The chP3R99, developed by the Centre for Molecular Immunology (CIM) in Havana, Cuba, in 

2012, was engineered as a novel therapy capable of targeting atherosclerosis initiation at the level 

of the arterial ECM (Soto et al., 2012). The chP3R99 mAb was created as a mutant form of the P3 

monoclonal antibody. The P3 antibody described in a 1995 article by Vázquez et al. is a murine 

mAb with specificity to ganglioside molecules with N-glycolylated variants of sialic acid residues 

on the end of their carbohydrate chains (Vázquez et al., 1995). P3 binding to gangliosides occurs 

through an electric dipole interaction created by the charges of the sialic acid residues (Vázquez 

et al., 1995). Interestingly, the group also found that P3 mAb binds to sulfated glycolipids, 

suggesting that P3 binding requires a negative charge (Vázquez et al., 1995). The P3 was then 

modified to create the chP3, which combined murine and human immunoglobulins, specifically 

human IgG1. The prefix ‘ch’ describes the chimeric nature of the chP3 coming from both human 

and murine origins. Further site-specific single mutations of arginine residues at the Heavy Chain 

Complementarity Determining Regions 1 and 3 (HCDR1 and 3) wholly abrogated antigen binding, 

thus indicating that these regions were crucial for the specificity of the mAb (Lopez-Requena et 

al., 2007). Subsequently, a chP3 mutant with a higher affinity for negatively charged sulfated 

glycolipids and antigens was designed. This chP3 mutant, termed chP3R99, was engineered by 

replacing the glutamic acid residue with arginine at the 99th position of the immunoglobulin Heavy 

Chain Variable Region 3 (HCDR3, Kabat numbering) (Fernández-Marrero et al., 2011). These 

findings confirmed that HCDR3 is critical in mediating the P3's specific antigen and sulfate 

recognition qualities (Lopez-Requena et al., 2007). The chP3R99 is produced using the supernatant 

of murine myeloma (NS0) transfection cell cultures that express either the chimeric P3R99 or the 

humanized R3 antibodies (Mateo et al., 1997). Stable clones expressing chP3R99 were generated 

by the transfection of NS0 cells (Figure 1.11) by electroporation with the pAH4604 vector for 

chimeric heavy chain expression (Coloma et al., 1992) and the pMOS-blue vector for cloning and 

sequencing of antibody variable regions (Fernández-Marrero et al., 2011). Notably, the Fcγ 

receptor and complement-binding region of the chP3R99 mAb was refined to impair undesired 

induction of inflammatory responses (i.e. chP3R99-LALA) (Soto et al., 2012). Furthermore, the 

chP3R99's specificity and lack of binding to the Fcγ receptor prevent the occurrence of an 

inflammatory immune response (Figure 1.12). 
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Figure 1.11 Deoxyribonucleic Acid (DNA) transfection production protocol for chP3R99 using a 

murine myeloma (NS0) cell line. Created with BioRender. 
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Figure 1.12 Summary of the main features and overall structure of the chP3R99. The chP3R99 is 

composed of murine idiotype (variable regions) and human IgG1 constant regions. The antigen 

recognition site, paratope, of chP3R99 contains arginine residues involved in the binding of 

chondroitin sulfate glycosaminoglycans and subsequent competitive inhibition of lipoprotein 

binding. The figure was redrawn and adapted from https://doi.org/10.1101/2023.08.30.555546. 

Created with BioRender. 

1.5.2  Non-immunogenic effects of the chP3R99 mAb 

As per the response to the retention hypothesis, the retention of lipoproteins by ECM components 

is the initiating factor of atherogenesis (Williams & Tabas, 1995). Evidence supports the notion 

that GAG branches found on proteoglycans, specifically sulfated GAGs, are responsible for 

lipoprotein binding and retention through ionic interactions. The negatively charged chondroitin 

sulfate is the prominent type of sulfated GAG found to form strong electrostatic bonds with basic 

(positively charged) amino acid residues on apolipoprotein B containing lipoproteins such as LDL 

and RC. Histological analysis of tissues with atherosclerotic remodelling has shown elevated levels 

of proteoglycans rich in chondroitin sulfate GAGs, specifically biglycan, decorin, and versican, 

compared to healthy controls (Tannock & King, 2008). A 2012 study by Soto et al. characterized 

the reactivity of chP3R99 to various GAG branches, including chondroitin sulfate, via Enzyme-

linked Immunosorbent Assays (ELISAs). The group reported that chP3R99 exhibited a higher 

binding affinity to GAGs, especially sulfated GAGs, than the original chP3 antibody. Notably, 

chP3R99 exhibited preferential binding to chondroitin sulfate compared to other sulfated GAGs 

(Soto et al., 2012) (Table 1.1). As a result, the team evaluated the efficacy of chP3R99 in blocking 

the binding of LDL to chondroitin sulfate. Their results indicated that chP3R99 inhibited 

approximately ~70% of LDL binding to chondroitin sulfate and reduced ~80% of LDL oxidation 

in-vitro (Soto et al., 2012). Additionally, when chP3R99 mAb was delivered intravenously in rats, 

it preferentially accumulated within the arterial wall. Consequently, there was a significant 

decrease in LDL retention and oxidation within the arterial wall 24 hours after LDL introduction.                  

Similarly, a 2023 pre-print study found that the chP3R99 inhibited the binding of LDL and remnant 

lipoproteins to chondroitin sulfate and the extracellular matrix at a similar cholesterol reduction 

proportion in-vitro (Soto et al., 2023).   
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Moreover, this study also assessed chP3R99 in obese insulin-resistant JCR:LA-cp rats as a model 

of accelerated atherosclerosis (Soto et al., 2023). Carotids taken from JCR:LA-cp rats treated with 

chP3R99 were perfused with fluorescently labelled LDL and remnant lipoproteins (RM) through 

the vasculature ex-vivo. ChP3R99-treated rat carotids demonstrated a notable reduction in LDL 

and RM carotid retention (Soto et al., 2023)(Table 1.1).                                                                                                       

Furthermore, single-dose administrations of chP3R99 found that chP3R99 preferentially 

accumulates in areas prone to atherosclerotic remodelling, such as the aortic arch (Brito et al., 

2012)(Delgado-Roche et al., 2013). This observation was further confirmed by two separate 

investigations, which employed radiolabeled technetium-99m (99mTc) chP3R99 (Soto et al., 

2014) and Fluorescein Isothiocyanate (FITC) labelled chP3R99 (Brito et al., 2012). These studies 

demonstrated that the chP3R99 accumulates specifically in atherosclerotic lesions following 

intravenous antibody injection in rabbits (Soto et al., 2014) and mice (Brito et al., 2012), 

respectively. 

1.5.3 Immunogenic effect of chP3R99 antibodies 

In addition to chP3R99's ability to bind to pro-atherogenic GAGs, it has a long-term immunogenic 

effect through the induction of an anti-idiotypic cascade. This immunogenic quality was preserved 

from the original P3 murine antibody (Vázquez et al., 1995). Importantly, both CD4+ and CD8+ 

T-cell epitopes were identified at the HCDR motifs of the murine P3 idiotype, preserved within 

the chP3R99 mAb, conferring a high immunogenicity. chP3R99's unique idiotype stimulates the 

host immune system to produce antibodies of similar structure and function to the chP3R99, thus 

providing long-term protection like a vaccine (Soto et al., 2012)(Brito et al., 2012)(Urbain et al., 

1977)(Behn, 2007). Specifically, chP3R99, termed Ab1 (antibody 1), stimulates the host to 

produce anti-idiotype secondary antibodies known as Ab2. A significant portion of these Ab2 

antibodies resemble the antigen (Ab2β), chondroitin sulfate, and thus bind to Ab1 (Brito et al., 

2012). The production of Ab2 antibodies then promotes anti-anti-idiotype antibodies known as 

Ab3, which are structurally and functionally similar to Ab1 (chP3R99) (Brito et al., 2012). These 

Ab3 antibodies, like the chP3R99, specifically recognize and bind chondroitin sulfate GAGs, thus 

preventing lipoprotein retention and subsequent plaque formation (Brito et al., 2012)(Soto et al., 

2023)(Figure 1.13).                        

Moreover, a 2017 study in ApoE knockout mice discovered a dose-dependence of chP3R99 
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efficacy (Sarduy et al., 2017). They reported that a 4-fold increase in the chP3R99 dose reduced 

aortic lesion development significantly compared to the lower dose (1x) (Table 1.1). Significant 

increases in the dose of chP3R99 administered result in increased concentrations of circulating 

Ab2 and Ab3 antibodies (Sarduy et al., 2017)(Table 1.1). Although the humoral and cellular 

mechanisms of chP3R99 idiotype immunogenicity are not fully understood, it has been 

consistently observed that the detection of Ab2 precedes the Ab3 response in serum. This 

observation suggests that the induction of Ab2 antibodies is required to activate an Ab3 antibody 

production (Soto et al., 2023).                                                            

However, studies have found that after four injections of chP3R99, the Ab2 and Ab3 antibody 

levels reach a plateau, suggesting that the immunogenicity of chP3R99 peaks following four 

injections (Sarduy et al., 2017). 
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Figure 1.13 Illustration of the idiotypic cascade induced by the host as a result of chP3R99 (Ab1) 

injection. Ab1 stimulates the host immune system to produce anti-idiotypic antibodies (Ab2) and 

anti-anti-idiotypic antibodies (Ab3). Ab3 maintains the Ab1 idiotype and thus binds chondroitin 

sulfate with high specificity. The figure was redrawn and adapted from 

https://doi.org/10.1101/2023.08.30.555546.  Created with BioRender. 
 

1.5.4 Therapeutic effects of the chP3R99 mAb 
 

A study using New Zealand white rabbits given an 8-day regimen of lipofundin to induce 

atherosclerosis found that chP3R99-treated rabbits experienced a 22-fold reduction in the intima-

to-media ratio compared to control-treated rabbits (Soto et al., 2012). This occurrence was 

attributed to the induction of host-derived Ab3 anti-chondroitin sulfate antibodies. 

Further studies using ApoE-/- mice similarly reported that Ab3 antibodies minimized the size and 

development of atherosclerotic lesions (Brito et al., 2012)(Sarduy et al., 2017). Additionally, Ab3 

antibody induction in ApoE-/- mice fed a high-fat, high-cholesterol diet was linked to a 40-43% 

reduction in aortic lesion size (Brito et al., 2012) following 5 to 6 doses of chP3R99. Furthermore, 

a separate study that similarly used ApoE-/- mice fed a high-fat, high-cholesterol diet for 11 weeks 

to induce atherosclerosis found that chP3R99 administration not only completely halted lesion 

progression but also induced lesion regression in some mice with advanced cases of atherosclerosis 

(Brito et al. 2017). These results suggest that the anti-atherosclerotic effects of chP3R99 are 

mediated by the induction of Ab3 antibodies that target chondroitin sulfate, although the 

mechanism for  Ab3 antibody production is not well described. Additionally, this anti-atherogenic 

effect of chP3R99 has been shown to be independent of sex. Six administrations of chP3R99 at 

50ug/dose to both male and female ApoE-/- mice fed a high-fat, high-cholesterol diet for 20 weeks 

significantly arrested the progression of atherosclerotic lesions (Sarduy et al., 2017) (Table 1.1). 

Moreover, the chP3R99 has the potential to serve as a diagnostic tool due to its unique ability to 

accumulate specifically in areas of atherosclerotic remodelling. Immunohistochemistry analysis of 

aortic segments of rabbits given lipofundin revealed an increased proportion of chondroitin sulfate 

in aortic and carotid lesions, resulting in higher chP3R99 reactivity to these areas (Soto et al., 

2014). Consequently, when assessing chP3R99 accumulation in carotid lesions using a 

radiolabelled 99mTc-chP3R99 mAb, they reported a 4-times increase in chP3R99 in this area 

compared to healthy vessels (Soto et al., 2014). 
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Furthermore, recent data from a 2023 pre-print article demonstrated that the chP3R99 does not 

negatively impact lipid, glucose metabolism, or inflammation pathways in a rodent model of 

insulin resistance and susceptibility to vascular remodelling (Soto et al., 2023). 

Pre-clinical results have also highlighted chP3R99's potential in minimizing lipid peroxidation, 

preventing the production of ROS (Soto et al., 2012)(Delgado-Roche et al., 2015) and reducing 

inflammation (Delgado-Roche et al., 2015)(Brito et al., 2017) which are all significant risk factors 

for atherosclerosis. Specifically, using Real-Time Polymerase Chain Reaction (RT-PCR) in mice, 

it was reported that chP3R99 reduced mRNAs of inflammatory cytokines IL-1β and TNF-α 

compared to PBS-treated control mice. Additionally, chP3R99 regulated the activation of NF-kB 

as observed through immunohistochemistry analysis in chP3R99-treated ApoE-/- mice. 

Simultaneously, chP3R99 also decreased aortic oxidative stress and the infiltration of CD4+ 

macrophages into the arterial wall and increased the IL-10/iNOS ratio. These results demonstrate 

the broad effects and diverse applications of the chP3R99 in managing atherosclerosis at distinct 

phases of disease progression and onset (Delgado-Roche et al., 2015). 

Furthermore, preliminary data suggests that chP3R99 has an increased specificity for sulfated 

chondroitin sulfate proteoglycans. While chondroitin sulfate GAGs are expressed in various 

tissues, chondroitin sulfate GAGs produced by VSMC exhibit distinct characteristics, such as 

elongation and higher sulfation (Soto et al., 2014). Additionally, the chP3R99 displays a preference 

for aortic tissues, thereby reducing the risk of non-vascular proteoglycan GAG binding. 
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Table 1.1. Summary of key chP3R99 studies. 
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1.6 Therapeutic effect of the chP3R99 in non-atherogenic and pre-clinical animal models 

1.6.1 Insulin-resistant animal models and the chP3R99 

Beyond its efficacy in pre-clinical animal atherogenic models, chP3R99 has exhibited therapeutic 

potential in models simulating metabolic dysfunction (Soto et al., 2023). Insulin-resistance, 

characteristic of Type 2 Diabetes mellitus (T2D), frequently coexists with vascular remodelling. 

Atherosclerosis remains the main cause of death in T2D patients (Razani et al., 2008). The 

hallmarks of insulin resistance include several multifactorial effects that can accelerate the 

progression of atherosclerosis (Beverly and Budoff, 2020)(Nigro et al., 2006)(Syed Ikmal et al., 

2013)(Bornfeldt & Tabas, 2011). Firstly, insulin resistance causes oxidative stress, which 

promotes endothelial dysfunction. Endothelial dysfunction leads to increased permeability of the 

arterial wall and a reduction in nitric oxide bioavailability—a protective factor against 

atherosclerosis due to its vasodilation and antioxidation effects. This combination of endothelial 

dysregulation creates an environment which promotes atherogenesis (Syed Ikmal et al., 

2013)(Ormazabal et al., 2018). 

Furthermore, dyslipidemia, associated with insulin resistance and dysregulations in lipid 

metabolism, results in elevated levels of atherogenic lipoproteins, specifically high LDL and RC 

and low levels of HDL (Di Pino & DeFronzo, 2018). These lipoproteins aggravate the infiltration 

of lipids into the inner arterial wall, ultimately promoting the formation of atherosclerotic plaques. 

Moreover, insulin resistance causes chronic low-grade inflammation characterized by elevated 

pro-inflammatory cytokines and chemokines (Bloomgarden, 2005). This inflammatory state 

encourages the recruitment of immune cells into the arterial intima (Beverly & Budoff, 2020), 

enabling the formation of foam cells and the development of atherosclerotic plaques. Importantly, 

inflammation promotes atherogenesis and disrupts insulin signalling pathways, creating a 

feedback loop that encourages insulin resistance and atherosclerosis (Beverly & Budoff, 2020). 

Additionally, vascular remodelling, a hallmark of insulin resistance, is partially coordinated by 

alterations in the organization of arterial proteoglycans (Olsson et al., 2001). Elevated levels of 

TGF-β, often reported in insulin-resistant patients, promote the production and release of 

proteoglycans rich in chondroitin sulfate and dermatan sulfate by arterial smooth muscle cells. 

This increase in proteoglycan levels increases lipoprotein retention within the arterial wall as per 

the response-to-retention hypothesis of atherosclerosis. 
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1.6.2 Characterization of the JCR:LA-cp rat model 

The JCR:LA-cp rat model, established in 1978 by Dr. James C. Russell, was bred to express an 

autosomal recessive corpulent (cp) trait from a premature stop codon found within the extracellular 

domain of the leptin receptor, as described by Diane et al. in 2016 (Richardson et al., 1998)(Diane 

et al., 2016). Rats containing a single copy of the cp trait, termed heterozygous, tended to 

experience leanness and ‘normal physiology.’ In contrast, those with two copies (homozygous, 

cp/cp) spontaneously tended to experience pronounced obesity (Figure 1.14) (Diane et al., 

2016)(Russell et al., 1998)(Russell et al., 1998). Additionally, these homozygous rats had a 

phenotype of insulin resistance and the early onset of cardiovascular disease (Vine et al., 

2006)(Russell & Proctor, 2006)(Brindley & Russell, 2002). 

The pathogenesis of atherogenesis in these rodent models is multifactorial. Elevated levels of 

circulating lipoproteins, attributed to metabolic dysfunction, promote infiltration of LDL and RC 

within the tunica intima (Diane et al., 2016)(Richardson et al., 1998)(Russell et al.,1998)(Russell 

et al., 1998), which triggers atherogenesis. Furthermore, the non-metabolic effects of insulin 

resistance, in part due to obesity in JCR:LA-cp rats, result in increased blood pressure and 

oxidative stress, which in turn cause endothelial damage and dysfunction. Increased ECM 

permeability further promotes the infiltration of lipoproteins and immune mediators into the inner 

arterial wall (Syed Ikmal et al., 2013)(Ormazabal et al., 2018). 

Moreover, the inflammatory effects associated with metabolic dysfunction in JCR:LA-cp rats 

result in elevated levels of inflammatory cytokines, such as IL-1β, which promotes macrophage 

formation from monocytes and infiltration of the arterial wall. Macrophages can then phagocytose 

lipoproteins and form foam cells, the basis of atherosclerotic plaques. Furthermore, investigations 

conducted on JCR:LA-cp rats provided evidence of a robust age-dependent increase in aortic 

biglycan protein core content, which was positively linked with the aggravation of 

hyperinsulinemia. The increased expression of aortic biglycans is of particular interest, as it is 

implicated in the initiation of atherogenesis (Mangat et al., 2012) as per the response-to-retention 

hypothesis of atherosclerosis. Additionally, it is important to note that previous research has 

proven that this increase in the biglycan protein core is a result of various factors, including 

elevated levels of free fatty acids, angiotensin II, and TGF-β (Diane et al., 2016), all of which are 
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independently associated with the promotion of atherogenesis, as demonstrated by the work of 

Diane et al. in 2016 (Figure 1.14). 

 

 
Figure 1.14 Summary of the main physiological features of the JCR:LA-cp rat with the autosomal 

recessive corpulent (cp) trait. The rat depicted is homozygous for the cp trait (cp/cp) and 

spontaneously develops the features shown. The figure was redrawn and adapted from 

https://doi.org/10.3389/fnut.2016.00044. Created with BioRender. 

1.6.3 Swine models for cardiovascular research 

There has been a growing interest in using large animal models in translational research in recent 

years. The primary objective driving this interest is the need to bridge the existing gap between 
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studies conducted on small animals, namely rodents and the development of therapies designed 

for human use (Schüttler et al., 2022). 

Swine models, in particular, are considered invaluable for cardiovascular research due to their 

similar physiology to humans (Zaragoza et al., 2010)(Tsang et al., 2016)(Getz & Reardon, 2012). 

Their anatomical, hemodynamic, and electrophysiological characteristics closely mirror that of 

humans. These similarities allow pigs to serve as a unique, comprehensive model for studies 

focusing on cardiovascular health and disease (Zaragoza et al., 2010)(Tsang et al., 2016). Pigs 

have heart sizes and structures, blood flow patterns, gastrointestinal systems, and overall anatomy 

similar to humans (Schüttler et al., 2022)(Walters & Prather, 2013). Their large size also facilitates 

surgical procedures and the implantation of cutting-edge medical devices. Moreover, they share 

similar responses to these intervention therapies. Furthermore, pigs' dietary habits, lipid 

metabolism, and susceptibility to atherosclerosis closely resemble those of humans, as described 

by Gisterå et al. (Gisterå et al., 2022). This resemblance allows pigs to serve as ideal pre-clinical 

animal models for studies on the effects of chP3R99 prior to advancing to large-scale clinical trials. 

Additionally, the increased blood content of pigs relative to rodents, i.e., rats, facilitates the process 

of sera collection and allows for a greater number of repetitions and more extensive assays, which 

can enhance the accuracy and the scope of immunogenicity studies. Additionally, in 

immunomodulatory research, pigs are necessary as they can launch immune responses similar to 

those of humans, including, but not limited to, antibody production, cytokine release, and immune 

cell activation (Pabst, 2020). This similarity in immune responses further increases their potential 

as a model for studies on the immunogenicity of chP3R99. 

Lastly, the longer lifespan of pigs, compared to rodents, is an additional significant advantage for 

long-term research endeavours and for observing the longevity of the immunogenicity of chP3R99 

over time. 
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CHAPTER 2: RATIONALE, OBJECTIVES, AND HYPOTHESES 

2.1 Thesis rationale and background  

2.1.1 Inefficiency of NS0 production of chP3R99 

Despite the promising features of the chP3R99, there have been challenges in advancing to large-

scale clinical trials due to production limitations (Li et al. 2010)(Andersen & Reilly 2004). Given 

that immunotherapies often require multiple administrations over long periods, there is a need to 

produce large quantities consistently (Li et al., 2010)(Andersen & Reilly, 2004)(Dhara et al., 

2018). This requires a production system adaptable to scaling, low cost, and high productivity to 

meet commercial requirements (Li et al., 2010)(Dhara et al., 2018). The original chP3R99 mAb is 

produced via DNA transfection using an NS0 cell line, chosen for its reliability in mAb production 

(Li et al., 2010)(Dhara et al., 2018). However, the NS0 cell line-derived chP3R99-producing clone 

has consistently resulted in low productivity, thus challenging adaptability for upscaling. 

Additionally, the chP3R99 (referred to as NS0-P3R99 from here on) uses a production system 

dependent on Fetal Bovine Serum (FBS), which can compound challenges related to its batch-to-

batch variability and possible contamination sources due to its animal origins (Chelladurai et al., 

2021)(van der Valk, 2010). The introduction of potential contaminants like fungi, bacteria, viruses, 

mycoplasma, and prions could cause adverse effects in patients and threaten the safety of the 

antibody (Brunner et al., 2010)(van der Valk et al., 2010)(Rodrigues et al., 2013)(Butler, 2015). 

Moreover, immunoglobulins can differ across batches of FBS, introducing variation across 

different lots of NS0-P3R99. Furthermore, we know that exogenous antibodies can interfere with 

detecting and measuring antibodies produced by the NS0 cells. Similarly, the proteins present in 

FBS can complicate the purification of the end product. Lastly, FBS is expensive and purchasing 

several batches for the production of large quantities of NS0-P3R99 is exceptionally costly. 

Consequently, many regulatory agencies that monitor pharmaceutical production favour the 

adoption of serum-free media (Brunner et al., 2010)(van der Valk et al., 2010)(Rodrigues et al., 

2013). This alternative provides increased control over cell culture conditions while minimizing 

the variability, thereby creating a more dependable environment for the production of recombinant 

antibodies. 
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2.1.2 Introduction to P3R99 variants 

In order to solve the production challenges related to the NS0-P3R99, new variants of higher 

scalability and reliability for clinical trials were evaluated from two well-characterized cell-lines: 

the Chinese Hamster Ovary (CHO-K1) and Human Embryonic Kidney 293 (HEK293). The P3R99 

variants termed CHO-P3R99 and HEK-P3R99 have several advantages over the original NS0-

P3R99 (Figure 2.1). CHO cells, which account for over 60% of sanctioned biotherapeutics, are 

commonly used for their high productivity, resistance to varying conditions, ability to synthesize 

intricate proteins with human-compatible glycosylation, and adaptability to suspension and serum-

free cultures, ensuring scalability and consistent inter-batch products (Li et al., 2010)(Dhara et al., 

2018)(Dumont et al., 2015). While HEK cells are recognized for their elevated productivity and 

transfection rates, minimal reactivity due to their human Post-Translational Modifications (PTM), 

and adaptability to suspension and serum-free cultures, thus enabling large-scale synthesis (Li et 

al., 2010)(Schofield, 2023)(Dumont et al., 2015).  

Preliminary data from the CIM regarding the in-vitro binding of chondroitin sulfate of the HEK-

P3R99 and CHO-P3R99s variants demonstrated a comparable dose-dependent recognition to 

chondroitin sulfate as the NS0-P3R99. This suggests that the variants preserved the primary 

function of the original NS0-P3R99 (Figure 2.2). 
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Figure 2.1 Summary and comparison of the P3R99 variants. Included are the main benefits (or 

disadvantages) associated with the cell lines used for production. Created with BioRender. 

2.1.3 Production of P3R99 variants 

The P3R99 variants were produced by our partners at CIM, using a lentiviral transduction approach 

to express the chP3R99-LALA mAb in CHO-K1 and HEK293 cells. Initially, the genes were 

integrated, encoding the light and heavy chains of the P3R99 into a pL6WBlast lentiviral vector. 

Subsequently, the resulting clones in both CHO-K1 and HEK293 cell lines were verified to exhibit 

high productivity, exceeding 100 µg/mL. 

Additionally, all variant clones of P3R99 displayed a consistent recognition pattern for GAGs and 

its anti-idiotypic mAb, as confirmed through Enzyme-Linked Immunosorbent Assay (ELISA) 

analysis. Moreover, using size exclusion High-Performance Liquid Chromatography (HPLC) and 

Sodium Dodecyl-Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE), the CIM 

demonstrated that the size of these batches consistently measured at approximately 150kDa, in line 

with human IgG specifications. Notably, there were minimal levels of aggregation and 

degradation, with purity exceeding 99%. Dynamic Light Scattering (DLS) analysis revealed a 

consistent mean particle size among all chP3R99 variants, ranging from 12.5 to 14.4nm. Circular 

dichroism spectroscopy indicated a similar secondary structure across all P3R99 variants, 

predominantly enriched in β-sheets (~42%) and β-turns (11.6-12.3%). Cation exchange 

chromatography further affirmed a high abundance of basic amino acids exposed on the surface of 

chP3R99, with a theoretical isoelectric point range of 8.5-9.5, consistent with the idiotype's 

arginine-rich nature. 

2.1.4 P3R99 recognition to chondroitin sulfate preliminary data   

Despite adopting a similar production technique and ensuring the P3R99 variants retain the overall 

structure and amino acid sequence of the NS0-P3R99, the glycosylation profile of the antibody is 

influenced by the host cell and culture medium used for production, thus potentially exhibiting 

alterations which can have overall implications on the stability, immunogenicity, potency, and 

function of the variants (Goh & Ng, 2017). The CHO-K1 and HEK-293 cell lines exhibited similar 

glycosylation profiles, characterized by a predominance of the G0F variant (60-70%). Conversely, 
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the NS0 profile exhibited a higher prevalence of G1F and G2F variants, featuring terminal 

galactose and a substantial degree of sialylation (15-23%). 

While the new P3R99 variants displayed slight differences in glycosylation patterns compared to 

the parental NS0-P3R99, these modifications did not appear to compromise their recognition 

properties, as shown by in-vitro preliminary results from ELISA plates coated with chondroitin 

sulfate (Figure 2.2). 
 

 
 

Figure 2.2 P3R99 variants in-vitro recognition to chondroitin sulfate via ELISA. Plates were 

coated with 100 µL of 10 µg/mL of shark cartilage chondroitin sulfate (REF C4384 Sigma Aldrich) 

and incubated at 25°C (room temperature) overnight. Plates were washed and subsequently 

incubated with different concentrations of the P3R99 variants and a negative isotype control hR3 

mAb (0.15-10 µg/mL), followed by an alkaline phosphatase-conjugated anti-human IgG 

secondary antibody and visualized with TMB substrate.  

2.2 Rationale   

While the foundational structure and recognition of chondroitin sulfate of the NS0-P3R99 were 

maintained by the CHO-P3R99 and HEK-P3R99 variants, variations in the pattern of post-

translational modifications could influence the P3R99's function, affecting their safety, efficacy, 

and immunogenicity, requiring testing. 
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Consequently, the primary goal of this thesis was to validate the immunogenicity of these variants, 

specifically through the induction of anti-idiotypic Ab2 and anti-anti-idiotypic Ab3 antibodies in 

physiologically distinct pre-clinical animal models.                    

Additionally, we were interested in comparing the strength of this response between the three 

P3R99 variants. 

Moreover, we proposed to comprehensively evaluate the safety profile of the NS0-P3R99 variants 

in the context of cardiovascular health and lipid and carbohydrate metabolism. Due to the critical 

role of chondroitin sulfate and other sulfated GAGs in cellular integrity, cell communication, 

motility, and metabolism (Wang et al., 2022)(Staprans & Felts, 1985), it is necessary to continue 

to ascertain whether P3R99 binding to chondroitin sulfate affects these biological processes.                     

Thus, an additional sub-objective of this thesis is to determine whether the P3R99 variants have 

any adverse effects on cardiovascular function in a model susceptible to lipid and vascular 

remodelling. This outcome aims to complete a safety assessment of the P3R99 regarding 

cardiovascular function to address the concern of potential harm. 

To complement these assessments we also planned to assess whether the variants could potentially 

interfere with lipid and carbohydrate metabolism downstream due to their high binding affinity for 

sulfated proteoglycan GAGs. As such, we aimed to assess the potential effect of the P3R99 variants 

on lipoprotein and, carbohydrate metabolism.        

Rather than determining whether these variants improve these metabolic pathways, we were 

foremost interested in whether we could identify any off-target or adverse effects in a lipid and 

vascular susceptible model. 

2.3 General hypotheses  

Based on the rationale described above, we proposed several hypotheses with corresponding 

objectives, which are outlined below. Additionally, from here on, chP3R99 variants will be 

referred to as NS0-P3R99, HEK-P3R99, and CHO-P3R99 for all experimental chapters. Similarly, 

heterozygous JCR:LA-cp rats will be referred to as ‘lean JCR:LA-cp rats,’ while homozygous 

(cp/cp) JCR:LA-cp rats will be referred to as ‘obese insulin-resistant JCR:LA-cp rats’ for all 

experimental chapters. 
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First hypothesis: Immunogenicity of P3R99 variants 

We hypothesize that the three variants would maintain their general immunogenic function in-vivo 

by producing Ab2 and Ab3 antibodies. 
 

Second hypothesis: Comparison of the immunogenicity of the P3R99 variants                 

We hypothesize that the HEK-P3R99 and CHO-P3R99 variants would have a comparable 

immunogenic strength (magnitude of Ab2 and Ab3 antibody induction) as the original NS0-

P3R99. 
 

Third hypothesis: Immunogenicity of P3R99 variants in small animal models 

We hypothesize that the HEK-P3R99, CHO-P3R99, and NS0-P3R99 will all induce Ab2 and Ab3 

antibodies regardless of physiological state using distinct small animal models (healthy rodent 

model and a matched model of immune dysfunction with susceptibility to vascular and lipid 

remodelling). 
 

Fourth hypothesis: Immunogenicity of P3R99 variants in a large animal model 

We hypothesize that the HEK-P3R99, CHO-P3R99, and NS0-P3R99 will all induce Ab2 and Ab3 

antibodies in a complex large animal model with comparable physiology to humans. 

2.4 Chapter objectives, experiments, and expected outcomes   

Specific Objectives from Chapter 3 

In order to address aspects of hypotheses 1-3, we proposed the following objectives and study 

designs which are described in Chapter 3 of this thesis (Table 2.1): 
 

3.1 Measure the induction of anti-idiotypic Ab2 and anti-anti-idiotypic Ab3 antibody production 

in-vivo following a minimum of 6 weekly injections of each respective treatment group in 

healthy young (3 months of age) lean JCR:LA-cp rats. 

3.2 Complete a kinetics assessment of the Ab2 antibody induction at various time points (week 

0, 2, 3, 4, 6). 

3.3 Complete a kinetics assessment of the Ab3 antibody induction at various time points (week 

0, 2, 3, 4). 
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Specific Objectives from Chapter 4: 

In order to address additional aspects of hypotheses 1-3, we proposed the following objectives and 

study design which are described in Chapter 4 of this thesis (Table 2.1): 
 

4.1 Measure the induction of anti-idiotypic Ab2 and anti-anti-idiotypic Ab3 antibody production 

in-vivo following a minimum of 6 injections of each respective treatment group in a model 

of immune dysfunction (9 months of age) obese insulin-resistant JCR:LA-cp rats fed a high-

fat, high-fructose chow diet for 12 weeks. 

4.2 Complete a kinetics assessment of the Ab2 antibody induction at critical points (week 0, week 

4, week 6) 

4.3 Test the potential of a kinetic profile for the Ab3 response. 
 

Additional objectives and planned assessments of Chapter 4:  

Due to the implication of chondroitin sulfate in various biological processes, we plan to conduct 

an assessment of the CHO-P3R99 and HEK-P3R99 variants' effects on cardiovascular function 

and lipid and carbohydrate metabolism (Table 2.1). 

To do so, we designed two additional sub-objectives: 
 

4.4 Using echocardiography, evaluate whether the lipid and vascular susceptible obese insulin-

resistant JCR:LA-cp rats immunized with the three P3R99 variants alter markers of vascular 

health and function compared to the control hR3. 

4.5 Assess whether the P3R99 variants alter the metabolism of plasma lipids, glucose, and insulin 

in the obese insulin-resistant JCR:LA-cp rodents at the final dose compared to the hR3 

control-treated rats. 
 

Specific Objectives for Chapter 5: 

In order to address the final aspects of hypotheses 1, 2, and 4 we proposed the following objective 

and study design which are described in Chapter 5 (Table 2.1):  
 

5.1 Measure the induction of anti-idiotypic Ab2 and anti-anti-idiotypic Ab3 antibody 

production in-vivo following a minimum of 5 weekly injections of each respective treatment 

group in a 3-week-old lean, healthy white-landrace piglet model. 
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Table 2.1 

Summary of chapters 3, 4 and 5 study designs and planned assessments. Study design and 

assessments for healthy lean heterozygous JCR:LA-cp rats (chapter 3), obese insulin-resistant 

homozygous JCR:LA-cp rats (chapter 4), and healthy white-landrace piglets (chapter 5).  
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2.5 Thesis format   

CHAPTER 3: Pilot immunogenicity study in healthy lean JCR:LA-cp rodents. Characterizes 

the immunogenicity (function and strength) of the P3R99 variants in lean JCR:LA-cp rats as a 

pilot study to develop a more comprehensive study in the lipid and vascular susceptible obese 

insulin-resistant JCR:LA-cp rats. Chapter 3 addresses hypotheses 1-3 and objectives 3.1-

3.3. Results from Chapter 3 sought to validate the primary immunogenic effects of the P3R99 

variants compared to the hR3 negative control and NS0-P3R99 in a healthy small animal model. 

These results additionally characterize the immunogenicity of the variants over time through 

kinetics assessment. 
 

CHAPTER 4: Immunogenicity study and assessment of P3R99 non-canonical effects in obese 

insulin-resistant JCR:LA-cp rodents. Our study in the obese insulin-resistant JCR:LA-cp rats 

evaluated the immunogenicity of the P3R99 and possible non-canonical effects of the P3R99s 

related to regulating lipid and glucose metabolism. This was done by comparing the lipid, glucose, 

and insulin levels of the obese insulin-resistant JCR:LA-cp rodents who received the control hR3 

and those who received P3R99 injections. Additionally, we assessed the effects of the P3R99 

variants on cardiovascular function in the obese insulin-resistant JCR:LA-cp rodents using 

echocardiogram assessment. Chapter 4 addresses hypotheses 1-3 and objectives 4.1-4.5. Results 

from Chapter 4 sought to confirm the primary immunogenic effects of P3R99 variants compared 

to the hR3 negative control and NS0-P3R99 in a model of immune dysfunction with susceptibility 

to lipid and vascular remodelling. Additionally, these results confirm the lack of adverse effects 

related to P3R99 administration in regard to cardiovascular function and lipid and carbohydrate 

metabolism. 
 

CHAPTER 5: Immunogenicity study of P3R99 variants in a healthy large animal model: 

white-landrace piglets. Describes the immunogenicity of the P3R99 variants in a healthy large 

animal model. Chapter 5 addresses hypotheses 1, 2 and 4 and only objective 5.1. Findings from 

Chapter 5 characterize the immunogenicity of the P3R99 variants compared to the NS0-P3R99 in 

an animal model with cardiovascular physiology closely related to humans. Results from Chapter 

5 were inconsistent in regard to the strength of HEK-P3R99 in terms of an Ab2 response but 
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suggest that the P3R99 variants continue to maintain the immunogenicity of the original NS0-

P3R99 in large animals and the capacity to induce comparable levels of Ab3. 
 

CHAPTER 6: General Discussion. Summarizes the major findings of the studies in chapters 3, 

4 and 5 and describes the practical implications of the results. Additionally, this chapter discusses 

possible limitations, sources of error and future directions for studies on the P3R99 variants. 

2.6 Animal ethics requirement 

JCR:LA-cp rodents were part of a closed outbred colony maintained at the Li Ka Shing Centre for 

Health Research Innovation at the University of Alberta, Canada. White-landrace piglets were 

acquired from the Swine Research and Technology Center (SRTC) (South Campus) by the 

Department of Agriculture, Food and Nutritional Science, University of Alberta, Canada. 

All protocols adhered strictly to the guidelines set forth by the Canada Council on Animal Care 

(CCAC) and were approved by the University of Alberta's Animal Ethics Committee. 

Rodents were made available from breeding heterozygous JCR:LA-cp rats for lean controls and 

homozygous JCR:LA-cp rats for obese insulin-resistant models on site on the U of A HSLAS. 

Genotyping was then done to confirm the rodents as heterozygous or homozygous. Access to 

water, food, temperature regulation, and hygiene conditions were maintained by a trained animal 

technician. Rodents were kept in cages of two to reduce stress and aggression related to social 

isolation. 

Additionally, we maintained the principle of the "3Rs", Replacement, Reduction, and Refinement, 

that guide ethical research involving animals. By giving the rodents the minimum dose of 6 weekly 

injections for lean rats and 6 injections for obese insulin-resistant rats, we minimized exposure to 

potential sources of distress or harm caused by the research process. All rodent surgeries, blood 

draws, and termination were performed by our animal technician. 

Swine resulted from crossbreeding between a duroc boar and large white-landrace sows. Living 

conditions were maintained by the SRTC staff, following guidelines of animal ethics and care. 

Animals were weaned and, at 3 weeks of age, were separated into groups of 5 to ensure proper 

socialization and minimize stress and isolation during subsequent experimental procedures. Piglets 

that exhibited signs of distress, low birth weight or anxiety were deliberately excluded from the 

study to alleviate any additional stress. All animal surgeries and blood draws were performed by 
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experienced veterinarians and skilled personnel at the SRTC. Piglets were given the minimum 

dose of 5 weekly injections of the respective treatment. Additionally, SRTC staff maintained daily 

records to monitor the piglets' health, food intake, weight, and overall well-being. 
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CHAPTER 3: PILOT IMMUNOGENICITY STUDY OF P3R99 VARIANTS 

IN HEALTHY LEAN JCR:LA-CP RODENTS  
 
Gala Araujo 1,2, Kun Wang 1,2, Yosdel Soto 2,4, Spencer Proctor 2,3* 

1 Division of Human Nutrition, Department of Agricultural, Food and Nutritional Science.                    
2 Metabolic and Cardiovascular Diseases Laboratory, Department of Agricultural, Food and    
_Nutritional Science, and/or 3 Division of Animal Science, Department of Agricultural, Food _and 
Nutritional Science, University of Alberta, Edmonton, Alberta, Canada.                                                           
3 Division of Immunobiology, Centre of Molecular Immunology, Havana 11600, Cuba; 
_yosdel@cim.sld.cu                                  
* Correspondence: proctor@ualberta.ca 

3.1 Introduction 

Atherosclerosis involves gradually accumulating cholesterol and fat-rich fibrous plaques on the 

innermost arterial membrane wall known as the tunica intima (see previous Figure 1.4 of Chapter 

1). One significant feature of atherosclerosis is the presence of low-grade chronic inflammation, 

which serves as a protective reaction to the infiltration of arterial lipoproteins (Bäck et al., 2019). 

The response-to-retention hypothesis of atherosclerosis suggests that atherogenesis is triggered by 

lipoproteins such as Low-density lipoprotein (LDL) and Remnant Cholesterol (RC) binding within 

proteoglycan glycosaminoglycan (GAG) branches in the tunica intima (Williams & Tabas, 

1995)(Fogelstrand & Borén, 2012)(Tannock & King, 2008)(Gisterå & Hansson, 2017). 

Lipoprotein binding triggers structural modifications that encourage lipid accumulation and 

subsequent plaque formation (Yurdagul et al., 2016). However, despite the prevalence of 

atherosclerosis, there are few preventative therapies. 

The Center for Molecular Immunology (CIM) in Havana, Cuba, recently developed a ground-

breaking atheroprotective therapy, NS0-P3R99 (chP3R99) mAb, which is capable of directly 

targeting the initiation of atherosclerosis. The NS0-P3R99 is a human-murine chimeric 

monoclonal antibody (mAb) capable of recognizing and binding proatherogenic GAGs, 

specifically Chondroitin Sulfate GAGs (CS) found on arterial proteoglycans and preferentially 

accumulating in regions in vascular remodelling (Soto et al., 2014)(Soto et al., 2012)(Brito et al., 

2017)(Sarduy et al.,  2017)(Delgado-Roche et al., 2015). Results from various animal models have 

validated the NS0-P3R99's capacity to competitively inhibit arterial lipid binding, arrest lipid 
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oxidation, and ultimately prevent and slow the development of atherosclerosis (Soto et al., 

2014)(Soto et al., 2012)(Brito et al., 2017)(Sarduy et al., 2017)(Delgado-Roche et al., 2015). 

Moreover, in addition to its effect on lipid retention, the NS0-P3R99 has a unique dose-dependent 

immunogenic function due to its ability to induce an idiotypic antibody cascade (Sarduy et al., 

2017). Four doses of NS0-P3R99 (also known as Ab1) is sufficient to mount an immune response 

due to its unique idiotype, which prompts the host's immune system to produce Ab1-like antibodies 

(known as Ab3) that share the NS0-P3R99's structure and function, thus providing long-term 

protection like a vaccine (Brito et al., 2017)(Sarduy et al., 2017)(Urbain et al., 1977). This idiotypic 

cascade occurs through the generation of second-generation anti-idiotype antibodies (Ab2), which 

resemble chondroitin sulfate and, in turn, bind to Ab1 (Sarduy et al., 2017). Ab2 production, as a 

result, triggers the production of third-generation anti-anti-idiotype antibodies (Ab3) that share the 

Ab1 idiotype and thus can bind chondroitin sulfate with high specificity (Brito et al., 2012). As 

evidenced by studies conducted on New Zealand white rabbits and ApoE-/- mice given low doses 

of NS0-P3R99, the induction of anti-chondroitin sulfate Ab3 antibodies mediates the 

atheroprotective effect of the NS0-P3R99 antibody (Brito et al., 2012)(Soto et al., 2012). 

However, due to production limitations, the NS0-P3R99 has encountered challenges in advancing 

to large-scale clinical trials (Li et al., 2010). The original NS0-P3R99 clone was produced via 

DNA transfection using a murine myeloma cell line (NS0). However, the NS0 clone has 

consistently resulted in low P3R99 productivity, thus challenging adaptability for upscaling. To 

address these challenges, The CIM developed two new P3R99 variants of higher production 

efficiency and adaptability to scale-up use, the hamster-derived CHO(K1)-P3R99 and human-

derived HEK(293)-P3R99. While the foundational structure of the original NS0-P3R99 was 

maintained, potential changes in the pattern of Post-Translational Modifications (PTMs), 

specifically glycosylation, may occur due to the use of distinct cell lines (Goh & Ng, 2018). These 

variations in PTMs can potentially influence the variants' immunogenicity, thereby affecting the 

function of the P3R99. 

Thus, our study aimed to validate these variants' overall immunogenicity and immunogenic 

strength, specifically in the context of inducing Ab2 and Ab3 antibodies in a healthy pre-validated 

small animal model. As such, we designed an immunogenicity study using the lean JCR:LA-cp rat 

model. The JCR:LA-cp rats were chosen due to previous experience using this model to assess the 

immunogenicity of the NS0-P3R99 (Soto et al., 2023). Moreover, we were interested in first 
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assessing the immunogenicity of the variants under standard conditions without the influence of 

physiological dysfunction. This study design served as a comprehensive pilot study to later assess 

the variants in a physiologically compromised small animal model and large animal model. 

Our investigation was designed to determine whether HEK-P3R99 and CHO-P3R99 maintained 

the overall immunogenic function of the NS0-P3R99, compared to a negative isotype control hR3, 

which shares the non-idiotypic structure of the P3R99. We hypothesized that the P3R99 variants 

would maintain the immunogenic function and strength of the original NS0-P3R99. Additionally, 

we planned to complete a kinetic profile of the idiotypic cascade induced by the variants. 

Immunogenicity was defined by a significant Ab2 and Ab3 antibody response. Specifically, Ab2 

antibody induction was considered significant when the immune response toward P3R99’s 

idiotype was dominant compared to the non-idiotypic regions (represented by the anti-isotypic 

response). Ab3 antibody production was considered significant when there was a minimal two-

fold increase in recognition of chondroitin sulfate from the pre-immune state to the final dose. 

Results from this chapter confirmed the maintained immunogenicity and immunogenic strength of 

the NS0-P3R99 in the HEK and CHO P3R99 variants in the lean JCR:LA-cp rats. 

3.2 Methods  

3.2.1 Animal housing and treatment protocol 

Rodents were raised from the established colony maintained in the Metabolic and Cardiovascular 

Disease (MCVD) Laboratory in the Department of Agriculture, Food and Nutritional Science at 

the University of Alberta, Edmonton, Alberta, Canada., (Vine et al., 2006)(Russell & Proctor, 

2006). Rodents were part of an outbred closed colony housed in the Li Ka Shing Centre for Health 

Research Innovation in standard conditions, received water and food ad libitum, and were cared 

for by trained MCVD staff. Heterozygous rats were bred for lean controls, while homozygous rats 

were bred for obese insulin-resistant rats. Rodents were maintained in cages of two with sufficient 

environmental enrichment to provide stimulation. All study protocols were approved by the 

University of Alberta Animal Care and Use Committee (ACUC) and the Protocol Livestock 

Committee in accordance with the Canadian Council of Animal Care (CCAC) regulations for the 

use of experimental animals (Rat Protocol AUP00004174). 
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3.2.2 Monoclonal antibody preparation  

NS0-P3R99, humanized R3 (hR3), HEK-P3R99 and CHO-P3R99 mAbs were all generated at the 

Center for Molecular Immunology (Havana, Cuba). NS0-P3R99 is the original P3R99 mAb 

generated in an NS0 murine myeloma cell line used as a positive control (Fernández-Marrero et 

al., 2011). Humanized R3 (hR3) is an anti-human epidermal growth factor receptor mAb generated 

from the NS0 cell line and used as the negative isotype control (Brito et al.,2012)(Mateo et 

al.,1997). HR3 does not share the idiotype of the P3R99 but does share a similar overall human 

IgG1 structure (non-idiotypic regions). HEK-P3R99 and CHO-P3R99 are variants of NS0-P3R99 

mAb, produced in the Human Embryonic Kidney 293 cell line (HEK) and Chinese Hamster Ovary 

cell line (CHO), respectively. The mAbs were purified using protein-A affinity chromatography 

(Pharmacia, Uppsala, Sweden) from supernatants of their respective antibody-producing clones 

cell cultures (NS0, HEK, CHO) expressing the P3R99 variants or hR3 antibodies (Brito et al., 

2012)(Soto et al., 2012). The mAbs were analyzed under reducing conditions using Sodium 

Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE) (Brito et al., 2012)(Soto et al., 

2012). As outlined in previous studies, an Enzyme-Linked Immunosorbent Assay (ELISA) 

confirmed the production and specificity of the purified antibodies and the Optical Density (OD) 

set at 280nm was used to estimate the protein concentration (Brito et al., 2012)(Soto et al., 2012). 
 

3.2.3 Study design lean JCR:LA-cp rats  

Twenty 3-month-old, lean, male JCR:LA-cp rats were fed a chow diet prior to and during 

immunizations (Figure 3.1, Table 3.1). Rodents received six subcutaneous (s.c.) immunizations at 

a concentration of 400 µg/mL of either NS0-P3R99 (positive control), HEK-P3R99 (variant), 

CHO-P3R99 (variant) or hR3 (negative control) (n=5 animals per group) at weekly intervals (1 

injection/week) over six weeks. Immunizations were given as two 250 µL injections of 400 µg/mL 

in both the right and left flanks. The total dose was 100 µg per shank (200 µg total). Rodents were 

weighed semi-regularly to monitor food intake. They had venous blood (sera and plasma) (150  

µL) drawn at the start of the study prior to the first antibody immunization (Pre-immune, PI) and 

a minimum of 7 days after the second, third, fourth, and sixth immunizations. Due to ethical 

requirements, rats only underwent five blood draws to minimize distress. Plasma was collected in 

purple top BD Vacutainer® Plasma Preparation Tubes (PPT™) containing 

Ethylenediaminetetraacetic Acid (EDTA) to prevent coagulation, and sera was collected in red top 
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BD Vacutainer® Blood Collection Tubes. Following 6 injections at ~4 months of age, rodents 

were individually placed in an isoflurane inhalation chamber, ensuring a gradual and safe induction 

by starting with 0.5% isoflurane and adjusting as needed. The remaining rodent cages kept in the 

room were covered with an opaque tarp to reduce stress caused by the termination. Our animal 

technician assessed the level of anesthesia by pedal reflex (firm toe pinch) to ensure the rodents 

did not demonstrate pain recognition. Once the rodent was unconscious, we transitioned them to a 

nose cone and bain circuit setup while maintaining anesthesia at 2% and monitoring vital signs. 

Rodents were cleaned with 70% ethyl alcohol (EtOH), and various tissues were collected, 

including the right kidney, liver, gastrocnemius muscle fragment, aorta, heart, and blood by cardiac 

puncture (Table 3.2). 
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Table 3.1 Ingredients of chow diet used for lean JCR:LA-cp rats. PicoLab® Rodent Diet 20. 

REF #5053. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                       
   
   
 
 

 

 

 

 

Chemical Composition                      Quantity   
 
Proteins        21.0% 
Arginine, %        1.29 
Cystine %        0.36 
Glycine %        0.98 
Histidine %        0.53 
Isoleucine %        0.87 
Leucine %        1.58 
Lysine %        1.18 
Methionine %        0.62 
Phenylalanine %       0.92 
Tyrosine %        0.61 
Threonine %        0.79 
Tryptophan %        0.24 
Valine %        0.97 
Serine %        1.00 
Aspartic Acid %       2.23 
Glutamic Acid %       4.26 
Alanine %        1.20 
Proline %        1.32 
Taurine %        0.03 
 

Fats          11.3% 
Cholesterol, ppm       135 
Linoleic Acid, %       2.32 
Linolenic Acid, %       0.28 
Arachidonic Acid, %       0.02 
Omega-3 Fatty Acids, %      0.42 
Total Saturated Fatty Acids,       0.77  
Total Monounsaturated Fatty Acids      1.00 
 

Fiber (Crude) %       4.4 
Neutral Detergent Fiber3, %      15.5 
Acid Detergent Fiber4, %      5.6 
 
Minerals 
Ash, %         6.0 
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Calcium, %        0.81 
Phosphorus, %       0.61 
Phosphorus (non-phytate), %.      0.33  
Potassium, %        1.07 
Magnesium, %       0.21 
Sulfur, %        0.31 
Sodium, %        0.30 
Chloride, %        0.53 
Fluorine, ppm        9.2 
Iron, ppm        184 
Zinc, ppm        79 
Manganese, ppm       82 
Copper, ppm        13 
Cobalt, ppm        0.72 
Iodine, ppm        0.97 
Chromium (added), ppm      0.01 
Selenium, ppm       0.37 
 

 

Calories provided by: 
 

   Protein, %        24.495 
   Fat (ether extract), %      13.122 
   Carbohydrates, %       62.382 
 

Vitamins        ppm  
Carotene, ppm        1.5 
Vitamin K, ppm       3.3 
Thiamin, ppm                   16 
Riboflavin, ppm       8.1 
Niacin, ppm        84 
Pantothenic Acid, ppm      17 
Choline, ppm        1575 
Folic Acid, ppm       3.0 
Pyridoxine, ppm       9.6 
Biotin, ppm        0.30  
B12, mcg/kg        51 
Vitamin A, IU/gm       15 
Vitamin D3 (added), IU/gm      2.3 
Vitamin E, IU/kg       99 
Ascorbic Acid, mg/gm      0.00 
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Figure 3.1 Study design for the male lean JCR:LA-cp rats. The lean rats received 6 weekly doses 

of two injections of 250 µL of 400 µg/mL (total 200 µg). Blood draws were done at weeks 0,2,3,4, 

and 6. Week 0 represents the pre-immune sera (before the first injection) while weeks 2,3,4, and 

6 represent doses 2,3,4, and 6. n=5 for all treatment groups. Created with BioRender. 
 

Table 3.2 Study design and planned assessments for the male lean JCR:LA-cp rats.  
 

 
 

3.2.4 Plasma and sera preparation  

Sera and plasma samples were centrifuged at 7000 rpm (radius 8.4 cm) for 10 minutes at 4℃; the 

supernatant (~150 µL) was then collected via micropipette and stored in 0.6 mL Eppendorf tubes 

at -80℃ for immunogenicity testing via ELISA. The remaining pellet and pipette tips were 

discarded in biohazard bins. Due to ethical considerations, rodents only underwent five blood 

draws at weeks 0,2,3,4 and 6. 
 

3.2.5 Sample collection and processing 

Tissue samples collected were flushed with ice-cold sterile PBS (Phosphate Buffered Saline, pH 

7.4) and minced into small portions, except for the heart, which was kept whole. Tissues were 
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packaged in labelled tin foil and snap-frozen in liquid nitrogen before being stored in a -80℃ 

freezer. 
 

3.2.6 Enzyme-Linked Immunosorbent Assay (ELISA) for Ab2 recognition 

Pre-Immune (PI), dose 2, dose 3, dose 4 and final dose sera (dose six) were assessed for recognition 

of the P3R99 idiotype and a matched isotype control (hR3) using a modified solid-phase indirect 

ELISA to detect the presence of induced Ab2 (anti-P3R99) antibodies as evidence of a host 

immune reaction to injection with P3R99 variants (CHO-P3R99, NS0-P3R99, and HEK-P3R99) 

(Figure 3.2)(Soto et al., 2012)(Brito et al., 2017)(Sarduy et al., 2017)(Delgado-Roche et al., 2015). 

ELISA details and modifications have been documented and validated in previous NS0-P3R99 

studies (Brito et al., 2017). Briefly, 96-well Corning polystyrene ELISA plates (Sigma Aldrich 

REF3506, Darmstadt, Germany) were coated half (rows 1-6) with 100 µL of 10 µg/mL of the 

idiotype (FAB region) of the P3R99 and half (rows 7-12) with 100 µL of 10 µg/mL of a negative 

isotype control (the humanized murine hR3 mAb) and incubated at 4°C overnight. Plates were 

washed with 300 µL of 1X PBS per well (Table 3.3) 3-5 times to remove any remaining coating 

in the wells. Then, 200 µL of 1% Bovine Serum Albumin (BSA) (or skim milk) - 1X PBS (Sigma 

Aldrich REF 9048-46-8) was added to block non-specific binding sites and incubated at 37°C for 

one hour. Following blocking, rodent sera from the P3R99 variants and hR3 injection groups were 

prepared in 1% BSA (or skim milk) - 1X PBS and diluted. 100 µL of diluted sera from all treatment 

groups and 100uL of 1% BSA (or skim milk) - 1X PBS (blank) were added to the coated ELISA 

plates and then incubated at 37°C for 1 hour and 30 minutes. Plates were washed with 0.1% BSA 

(or skim milk) – 0.02% tween-20 – 1X PBS (BIORAD REF: 1610781) with 300 µL per well 3-5 

times to remove sera. Plates were then incubated at 37°C for an additional hour after 100 µL of 

peroxidase-conjugated goat anti-rat IgG polyclonal secondary antibody (Jackson 

ImmunoResearch Laboratories Peroxidase AffiniPure™ Goat Anti-Rat IgG (H+L) REF 112-035-

003) was added at varying concentrations (typically 1/5000 dilution prepared in 0.1% BSA (or 

skim milk) – 0.02% tween-20 – 1X PBS) to determine sera reactivity to the IgG fractions. The 

reaction was visualized with 100uL of room-temperature 1-Step Ultra TMB Liquid Substrate for 

ELISA (Thermofisher REF 34028). TMB caused an enzymatic colour change proportional to the 

plate's bound Ab2 (anti-P3R99) antibodies. Once an adequate colour change was reached, 50uL 

of 10% sulfuric acid was added to stop the reaction. The plates were then read by 
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spectrophotometer at 490nm. The magnitude of sera reactivity to the plated P3R99 represents the 

amount of anti-idiotypic Ab2 (anti-P3R99) antibodies that were induced in response to the 

immunizations (P3R99 variants and hR3), while the sera reactivity to the isotype control represents 

the production of non-idiotypic antibodies (Brito et al., 2017). Assays were performed in triplicate 

to ensure accuracy and consistency. ELISA results were expressed as Optical Density (OD) values 

(at 490nm). 
 

Table 3.3. 10X Phosphate Buffered Saline (PBS) recipe for Ab2 ELISAs (prepared in 1000mL). 

 MW Grams (per 1000 mL) 
NaCl 
20m M 

58.44g/mol 80.0g 

KCl 
 

74.55g/mol 2.0g 

KH2PO4 
 

136.09g/mol 2.4g 
 

Na2HPO4 
2H2O 

177.99g/mol 17.8g 
 

 

- Adjust pH to 7.4 with 5M NaOH. Store at -4°C until use. 

 

 
 

Figure 3.2 General Enzyme-Linked Immunosorbent Assay (ELISA) protocol for Ab2 antibody 

recognition and assessment. Created with BioRender. 
 

3.2.7 Enzyme-Linked Immunosorbent Assay (ELISA) for Ab3 recognition 

Pre-immune (PI) and final dose sera (sixth dose) were assessed for recognition of chondroitin 

sulfate and compared against the original NS0-P3R99 and the matched isotype control hR3 using 
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a modified solid-phase indirect ELISA. This Ab3 ELISA was used to detect the presence of 

induced Ab3 (anti-chondroitin sulfate) antibodies as evidence of a host immune reaction to the 

injection with P3R99 variants (CHO-P3R99, NS0-P3R99, and HEK-P3R99) (Figure 3.3) (Soto et 

al., 2012)(Brito et al., 2017)(Sarduy et al.,  2017)(Delgado-Roche et al., 2015). Briefly, 96-well 

Corning polystyrene ELISA plates were coated with 100 µL of 10 µg/mL of shark cartilage 

chondroitin sulfate (Sigma Aldrich REF C4384) and incubated at 25°C (room-temperature) 

overnight. Plates were then washed with 300 µL per well of 1X HBS (Table 3.4) 3-5 times to 

remove any remaining chondroitin sulfate in the wells. Then, 200 µL of 1% BSA (or skim milk) - 

1X HBS (Sigma Aldrich REF 9048-46-8) was added to block non-specific binding sites and 

incubated at 25°C for one hour. Following blocking rodent sera from the P3R99 variants and hR3 

injection groups were prepared in sample buffer (Table 3.5) and diluted. 100uL of diluted sera 

from all treatment groups and 100uL of sample buffer (blank) were added to the chondroitin 

sulfate-coated ELISA plates and then incubated at 25°C for 1 hour and 30 minutes. Plates were 

washed with 0.02% tween-20 – 1X HBS with 300 µL per well 3-5 times to remove sera. Plates 

were then incubated at 25°C for an additional hour after 100 µL of species-specific peroxidase-

conjugated goat anti-rat IgG polyclonal secondary antibody was added at varying concentrations 

(typically 1/5000 dilution prepared in 0.02% tween-20 – 1X HBS) to determine sera reactivity to 

the IgG fractions.  

The reaction was visualized with 100 µL of room-temperature 1-Step Ultra TMB Liquid Substrate 

for ELISA. TMB caused an enzymatic colour change proportional to the bound Ab3 (anti-

chondroitin sulfate) antibodies on the plate. Once an adequate colour change was reached, 50 µL 

of 10% sulfuric acid was added to stop the reaction. The plates were then read by 

spectrophotometer at 490nm. The magnitude of sera reactivity to the plated chondroitin sulfate is 

used as an indirect measure of the anti-anti-idiotypic Ab3 (anti-chondroitin sulfate) antibodies that 

were induced in response to the immunizations (P3R99 variants and hR3). Assays were performed 

in triplicate to ensure accuracy and consistency. ELISA results were expressed as Optical Density 

(OD) values (at 490nm) (Brito et al., 2012). 
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Table 3.4 Hepes Buffer Saline (HBS) recipe for Ab3 ELISAs. 
 

 MW Conc. Grams 
(500 mL) 

Grams 
(1000 mL) 

Grams 
(1500 mL) 

Grams 
(2000 mL) 

Hepes 238.3g/mol 20mM 2.383g 4.766g 7.149g 9.532g 

NaCl 58.44g/mol 150mM 4.383g 8.766g 13.149g 17.532g 

 

- Adjust pH to 7.4 with 5M NaOH. Store at -4°C until use. 
 

Table 3.5 Sample buffer recipe for Ab3 ELISAs (prepared in 200 ml). 

 MW Grams (200 mL) 
 Hepes 
10mM 

238.3g/mol 0.48g 

NaCl 
20m M 

58.44g/mol 0.234g 

CaCl2.2H2O 
2mM 

147.02g/mol 0.059g 

MgCl2.6H2O 
2mM 

203.03g/mol 0.0813g 

 

- Adjust pH to 7.4 with 5M NaOH. Store at -4°C until use. 

 

 
 

Figure 3.3 General Enzyme-Linked Immunosorbent Assay (ELISA) protocol for Ab3 antibody 

recognition and assessment. Created with BioRender. 
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3.2.8 Data and statistical analysis 

Significance of the Ab2 response was characterized by dominance of the anti-idiotypic response 

(black bars) compared to the anti-isotypic response (gray bars). 

Significance of the Ab3 response was characterized by a minimum two-fold induction of anti-

chondroitin sulfate Ab3 antibodies from the pre-immune state (before immunizations) to the final 

(or peak) dose. 

Statistical analyses were performed with the GraphPad Prism software (GraphPad Software Inc., 

San Diego, CA, USA). All data is presented as mean ± SEM (Standard Error of the Mean). The 

distribution of means was assessed via the D'Agostino and Pearson test, Anderson-Darling test, 

Shapiro-Wilk test, and Kolmogorov-Smirnoff test. If the distribution was normal, then parametric 

tests were used; if the distribution was lognormal, then non-parametric tests were used. For 

parametric results comparing one group to another, a parametric T-test was used. For non-

parametric results, a Mann-Whitney T-test was used. One-way ANOVA with Tukey's test for 

multiple comparisons was used for parametric results comparing more than two groups. Kruskal-

Wallis with Dunn post hoc for multiple comparisons was used for non-parametric results 

comparing more than two groups. Values at P<0.05 were considered statistically significant. 
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3.3 Results  

3.3.1 Lean JCR:LA-cp rat weight over time 

All lean rats fed the standard chow diet exhibited normal weight gain regardless of the treatment 

group. No significant differences were found in the rats' weight gain pattern or final body weight 

among the four treatment groups from W0 to W6. (Figure 3.3.1) 
 

A. Lean JCR:LA-cp rat weight over time. 
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B. Comparison of lean JCR:LA-cp rat weight gain during immunizations. 
 

 
 

Figure 3.3.1 (A) Weight for the lean JCR:LA-cp rats in the four immunization groups. (B) 

Comparison of rodent weight represented as kinetics from W0 to W6. n=5 for all groups. Results 

were analyzed via One-way ANOVA, P>0.05 (not significant). All values are presented as mean 

± SEM. 
 

3.3.2 Ab2 response of lean JCR:LA-cp rats immunized with P3R99 variants and a negative isotype 

control hR3  

Sera taken from lean JCR:LA-cp rats immunized with the three P3R99 variants exhibited a 

significant increase in the recognition for the idiotypic region of P3R99 from W0 to W6. As 

expected, the control hR3 treated rats did not induce significant levels of anti-idiotypic antibodies 

at any point in time (Figure 3.3.2A).                                                           

Additionally, there were significant differences in the induction of anti-idiotypic antibodies 

compared to anti-isotypic (non-idiotypic) antibodies for the three P3R99 variants.                  

 No significant differences were found among the P3R99 variants anti-idiotypic response at the 

final (sixth) dose (Figure 3.3.2B) 

 



 69 

A. Ab2 response in lean JCR:LA-cp rats immunized with P3R99 variants from weeks 0-6. 
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B. Kinetics and comparison of the anti-idiotypic response induced by P3R99 variants in lean 

JCR:LA-cp rats. 

 

 
 

 

Figure 3.3.2 (A) Enzyme-Linked Immunosorbent Assay (ELISA) results of Ab2 antibody 

induction at a sera dilution of 1/5000. Represented as the response against the idiotype of P3R99 

(anti-idiotypic response) vs the response against the non-idiotype regions of P3R99 (anti-isotypic 

response). (B) Comparison of solely the anti-idiotypic response of the P3R99 variants represented 

over time as kinetics and at the sixth dose. n=5 for all groups. Results were analyzed via parametric 

T-test (Figure 3.3.2 A) and One-way ANOVA (figure 3.3.2 B, (not significant)) * = P<0.05, ** = 

P<0.01, *** = P<0.001, **** = P< 0.0001. All values are presented as mean ± SEM. 
 

3.3.3 Ab3 response of lean JCR:LA-cp rats immunized with P3R99 variants or a negative isotype 

control hR3 

Sera taken from lean JCR:LA-cp rats immunized with the P3R99 variants exhibited a minimum 

two-fold increase in recognition of chondroitin sulfate from W0 to W4 (Figure 3.3.3A), while the 

hR3 treated rats did not.  

No significant differences were found in the induction of an anti-chondroitin sulfate response at 

the fourth dose among the three P3R99 treatment groups (Figure 3.3.3B). 
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A. Ab3 Response in lean JCR:LA-cp rats immunized with P3R99 variants from weeks 0-4.        
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B. Kinetics and comparison of the anti-chondroitin sulfate response induced by P3R99 variants in 

lean JCR:LA-cp rats. 
 

 
 

Figure 3.3.3 (A) Enzyme-linked immunosorbent Assay (ELISA) results of Ab3 antibody 

induction at a sera dilution of 1/400. Represented as the response against chondroitin sulfate from 

weeks 0-4. (B) Comparison of solely the Ab3 response of the P3R99 variants represented over 

time as kinetics and at the fourth dose. n=5 for all groups. Results were analyzed via Mann Whitney 

non-parametric T-test (Figure 3.3.3 A) and One-way ANOVA (figure 3.3.3 B, (not significant)). 

* = P<0.05, ** = P<0.01, *** = P<0.001, **** = P< 0.0001. All values are presented as mean ± 

SEM. 

3.4 Discussion 

Inefficiencies with the production of the original NS0-P3R99 mAb via a murine myeloma cell line 

(NS0) led to the development of two new untested P3R99 variants produced from two more 

productive cell lines: Chinese Hamster Ovary (CHO) and Human Embryonic Kidney (HEK) 

(Dhara et al., 2018)(Goh & Ng, 2015). Despite the maintenance of the NS0-P3R99 structure 

postproduction, the P3R99 variants, HEK-P3R99 and CHO-P3R99, needed validation of their 

immunogenic capability.                             

Maintenance of immunogenicity is critical for the anti-atherogenic effect of the P3R99 (Sarduy et 

al., 2017)(Brito et al., 2017)(Soto et al., 2012). This was the first study to assess the 

immunogenicity of the P3R99 variants using ELISAs. 

In this study, we examined the immunogenicity of lean 3-month-old JCR:LA-cp rats immunized 

with three P3R99 variants: NS0-P3R99, HEK-P3R99, and CHO-P3R99. The findings from this 
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study presented strong evidence that the HEK-P3R99 and CHO-P3R99 variants maintained the 

immunogenicity of the original NS0-P3R99. Additionally, we found that the CHO-P3R99 and 

HEK-P3R99 had a similar strength (magnitude of Ab2 and Ab3 antibody induction) as the original 

NS0-P3R99, confirming our hypotheses. 
 

3.4.1 P3R99 variant administration did not impact weight gain of lean JCR:LA-cp rats 

Lean JCR:LA-CP rodents given P3R99 had weight gain like the hR3 control rats (Figure 3.3.1). 

These results suggest that P3R99 administration did not affect rodent weight over time. 
 

3.4.2 CHO, HEK, and NS0-P3R99 variants met the requirement of Ab2 immunogenicity in a 

healthy small animal model: lean JCR:LA-cp rats 
The established metric for assessing Ab2 antibody induction is through the presence of idiotypic 

dominance. Although the idiotype only accounts for 25% of the P3R99 structure, and the entire 

structure of the P3R99 is immunogenic, the majority of Ab2 antibodies are anti-idiotypic (Brito et 

al., 2010)(Soto et al., 2012). This occurrence is due to the higher affinity and specificity of Ab2 

antibodies to the idiotype of the P3R99 compared to the non-idiotypic regions of the P3R99. 

However, as the Ab2 antibodies are able to recognize the whole molecule of the P3R99, a minority 

can bind the non-idiotypic regions of the P3R99. To detect the induction of Ab2 antibodies capable 

of binding the non-idiotypic regions of the P3R99, we use a negative isotype control. This control 

does not share the idiotype of the P3R99 but does share a similar overall structure and thus shares 

the non-idiotypic regions. 

A 2017 study involving ApoE-/- mice immunized with 200 µg of NS0-P3R99, or control hR3 

assessed the dominance of the P3R99 idiotype by comparing the anti-idiotypic response to the 

anti-isotypic response (Sarduy et al., 2017). They reported significant differences in the induction 

of anti-idiotypic Ab2 antibodies compared to the anti-isotypic response following the third and 

fourth doses in the NS0-P3R99 treated mice. This observation was not conserved for the hR3 

treated mice, confirming the immunogenicity of the P3R99 in regard to Ab2 antibody induction. 

Results from this 2017 murine experiment are quite comparable to our findings in the lean 

JCR:LA-cp rats (Figure 3.3.2A). The lean JCR:LA-cp rats were chosen due to previous experience 

with this model and our interest in assessing the P3R99 variants under normal physiological 

conditions. The lean JCR:LA-cp rats tend towards leanness and a state of well-being. The rats were 

also at 3 months of age in order to minimize old-age-related effects on health and the immune 
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system. Similar to the 2017 study in ApoE-/- mice, we found that the induction of Ab2 antibodies 

by the non-idiotype regions of the P3R99 (anti-isotypic response, gray bars) was significantly 

lower than the Ab2 antibodies induced by the idiotype of P3R99 (anti-idiotypic response, black 

bars). Dominance of the idiotypic response was specifically present for all the P3R99s variants at 

weeks 2,3,4, and 6 (doses 2,3,4, and 6)(Figure 3.3.2A). 

Moreover, we also observed a slight increase in the anti-isotypic response at week 6 following the 

sixth dose. This result was expected as the non-idiotypic region of the P3R99 is immunogenic and 

thus should demonstrate a minimal response with increased administration of P3R99. These results 

confirm the maintenance of the immunogenicity of both the idiotype and non-idiotype regions of 

the NS0-P3R99 in the HEK-P3R99 and CHO-P3R99 variants. 

Lastly, when comparing the magnitude of the induction of anti-idiotypic antibodies at the final (6th 

dose) by the P3R99 variants via One-Way ANOVA, we found no significant differences, 

confirming that the CHO-P3R99 and HEK-P3R99 are similarly immunogenic as the NS0-P3R99 

in the lean JCR:LA-cp rats (Figure 3.3.2 B). 
 

3.4.3 CHO, HEK, and NS0-P3R99 variants met the requirement of Ab3 immunogenicity in a 

healthy small animal model: lean JCR:LA-cp rats 

For Ab3 antibody production, we classify a response as significant (immunogenic) when there is 

a minimum 2-fold increase in anti-chondroitin sulfate Ab3 antibodies present in the sera from the 

pre-immunization state (W0) to the fourth (peak) or final dose. This metric has been consistently 

used for previous studies of the immunogenicity of the NS0-P3R99 (Sarduy et al., 2017). Four 

doses can be used to assess Ab3 induction, as previous studies have shown that following four 

immunizations, the P3R99 reaches its peak immunogenicity (Sarduy et al., 2017)(Soto et al., 

2023). Following four doses, the generation of Ab2 and Ab3 antibodies reaches a plateau and 

stabilizes. Further administration of P3R99 at this point does not increase antibody induction. Due 

to a slight decrease in recognition of chondroitin sulfate (production of Ab3 antibodies) at week 6, 

our Ab3 results only include up to week 4. 

However, when comparing week 0 (0th dose) to week 4 (4th dose), the requirement of a minimum 

two-fold increase in the induction of Ab3 antibodies was indeed met by the three P3R99 variants 

(Figure 3.3.3A). This observation was not maintained for the hR3 control-treated rats. In fact, the 
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P3R99 treated rats underwent a ~3x increase in Ab3 antibody induction from the 0th to the 4th dose, 

thus meeting the criteria of immunogenicity.  

Furthermore, comparing the induction of Ab3 antibodies at the fourth dose by the three P3R99 

variants via One-way ANOVA revealed no significant differences, suggesting that the CHO-P399 

and HEK-P3R99 variants are similarly immunogenic as the NS0-P3R99 in lean JCR:LA-cp rats 

(Figure 3.3.3B). 
 

3.4.4 Assessment of the kinetics of the Ab2 and Ab3 response of the CHO, HEK, and NS0-P3R99 

variants in lean JCR:LA-cp rats 

Significant levels of anti-idiotypic Ab2 antibodies are typically detected one week prior to Ab3 

antibodies (Sarduy et al., 2017). This occurrence is due to the reliance of Ab3 antibody induction 

on Ab2 antibody induction (Sarduy et al., 2017). As a result, Ab2 antibodies consistently precede 

Ab3 antibodies. However, this process is not well described in exisiting literature. 

In our study, when assessing the anti-idiotypic Ab2 response of the P3R99 variants over time as 

kinetics (Figure 3.3.2B), we begin to see a significant induction of anti-idiotypic antibodies at 

week 2 following the second dose of their respective treatment. Similarly, when assessing the Ab3 

antibody response of the P3R99 variants over time as kinetics (Figure 3.3.3B), we begin to see 

Ab3 induction at week 3 following the third dose. Thus, our results align with previous NS0-

P3R99 studies.   

These results are critical as they highlight the temporal relationship between Ab2 and Ab3 

antibodies and provide insights into the kinetics of the immune response as a result of 

administrations of P3R99. By assessing the timing of Ab2 and Ab3 antibody production, we can 

develop a better understanding of how the immune system responds to the P3R99 and the possible 

timing of key immune events like antigen recognition. 

Additionally, these results are promising as they may also indicate that other features of the NS0-

P3R99 have been maintained in the HEK-P3R99 and CHO-P3R99 due to their dependence on the 

immunogenicity of the P3R99 idiotype; however, this will need further testing to confirm. 

3.5 Conclusions 

To summarize, the results presented in this chapter confirmed our two principal hypotheses: 



 76 

1). The HEK-P3R99 and CHO-P3R99 variants maintained the immunogenic ability of the original 

NS0-P3R99 in healthy lean JCR:LA-cp rats, as per the induction of Ab2 and Ab3 antibodies. 

2). The HEK-P3R99 and CHO-P3R99 variants had a similar immunogenic strength as the NS0-

P3R99, as per the magnitude of Ab2 and Ab3 antibody induction. 

However, it is critical to additionally assess the immunogenicity of the P3R99 variants under 

different physiological states. Results in small animal models may not be fully applicable to 

humans and should be confirmed in a large animal model with cardiovascular physiology similar 

to humans. Moreover, assessing the P3R99s in a model of immune dysfunction with susceptibility 

to lipid and vascular remodelling can provide necessary insight into possible limitations of the 

variants and provide a more accurate representation of the P3R99 in an intended patient population.  
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CHAPTER 4: IMMUNOGENICITY STUDY AND ASSESSMENT OF P3R99 

VARIANTS NON-CANONICAL EFFECTS IN OBESE INSULIN-

RESISTANT JCR:LA-CP RODENTS 
 

Gala Araujo 1,2, Agata Martin-Ozimek 1,2, Kun Wang 1,2, Yosdel Soto 2,4, Spencer Proctor 2,3* 

1 Division of Human Nutrition, Department of Agricultural, Food and Nutritional Science.                       
2 Metabolic and Cardiovascular Diseases Laboratory, Department of Agricultural, Food and    
_Nutritional Science, and/or 3 Division of Animal Science, Department of Agricultural, Food _and   
_Nutritional Science, University of Alberta, Edmonton, Alberta, Canada.                                                           
3 Division of Immunobiology, Centre of Molecular Immunology, Havana 11600, Cuba; 
_yosdel@cim.sld.cu                                        
* Correspondence: proctor@ualberta.ca 

4.1 Introduction 

In Chapter 3, we characterized the immunogenicity of the P3R99 variants in a healthy small animal 

model using the lean JCR:LA-cp rats. However, it is necessary to also assess these variants in a 

model that is applicable to atherosclerosis.  

Obesity, characterized as the excess accumulation of body fat, is increasing drastically in the 

western world (Lim et al., 2023)(Reaven, 2011). Excess levels of adipose tissues are strongly 

linked to Type 2 Diabetes (T2D) onset, hypertension, dyslipidemia, and cardiovascular 

dysfunction (Reaven, 2011).  Insulin resistance, a key feature of T2D, involves an impaired cellular 

response to the hormone insulin. As a result, blood sugar levels remain elevated for prolonged 

periods of time, which, like obesity, can promote inflammation, oxidative damage, endothelial 

damage, dyslipidemia, and weight gain (McFarlane et al., 2001). Due to similarities in their 

underlying pathophysiology, both obesity and insulin resistance are major comorbidities of 

atherosclerosis. Atherosclerosis is estimated to account for 80% of all deaths in diabetic patients 

(Aronson et al., 2002). 

Thus, assessing the immunogenicity of the P3R99 variants in a model of obesity and insulin 

resistance may be a more clinically relevant model and provide applicable results for human 

studies. As such, we used our immunogenicity study in the lean JCR:LA-cp rats as a pilot study to 

develop a protocol for assessment in 9-month-old obese insulin-resistant JCR:LA-cp rats. The 

JCR:LA-cp rats were chosen in part due to previous experience using this model to assess the 
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immunogenicity of the NS0-P3R99 (Soto et al., 2023). Additionally, the obese insulin-resistant 

JCR:LA-cp model is characterized by chronic inflammation and immune dysfunction, including 

increased pro-inflammatory cytokines (Il-6, Il-2, TNF-α, IFN-γ) and over-stimulation of 

macrophages and T-cells (Diane et al., 2016). This physiological state could provide critical 

insights into possible limitations of the P3R99’s ability to induce an idiotypic cascade through host 

immune system stimulation. 

Thus, our investigation in this chapter was designed to determine whether the HEK-P3R99 and 

CHO-P3R99 maintained the overall immunogenicity of the NS0-P3R99, compared to a negative 

isotype control hR3 (which shares the non-idiotypic structure of the P3R99) in a model of immune 

dysfunction. We hypothesized that the P3R99 variants would maintain the immunogenic function 

and strength of the original NS0-P3R99. We maintained the same criteria for assessing the 

significance of Ab2 and Ab3 antibody induction (immunogenicity) that was used in the lean 

JCR:LA-cp rats. 

Additionally, we were interested in assessing possible non-canonical effects of the P3R99 related 

to its recognition and binding of chondroitin sulfate Glycosaminoglycans (GAGs). In order to do 

so, we assessed lipid and carbohydrate metabolism in the obese insulin-resistant JCR:LA-cp rats 

treated with the P3R99s compared to the control hR3 treated rats. Furthermore, we assessed the 

cardiovascular function of the obese insulin-resistant rats in the P3R99 and hR3 treatment groups 

to determine possible adverse effects. 

Results from this chapter confirm the immunogenicity of the P3R99 variants and validate the lack 

of non-canonical adverse effects related to P3R99 chondroitin sulfate recognition using the obese 

insulin-resistant JCR:LA-cp rats. 

4.2 Methods 

4.2.1 Animal housing and treatment protocol 

Refer to section 3.2.1 of chapter 3.  
 

4.2.2 Monoclonal antibody preparation  

Refer to section 3.2.2 of chapter 3. 
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4.2.3 Study design obese insulin-resistant JCR:LA-cp rats  

Twenty middle-aged (9-month-old), obese insulin-resistant male JCR:LA-cp rats were fed a high-

fat, high-fructose chow diet for 4 weeks prior to the start of immunizations and for 8 weeks during 

immunizations (Figure 4.1, Table 4.1). The diet was composed of 15% fructose, 2% cholesterol, 

and 20% lard to induce insulin resistance. Rodents received a total of six subcutaneous (s.c.) 

immunizations of 400 µg/ml of either NS0-P3R99 mAb (positive control), HEK-P3R99 mAb 

(variant), CHO-P3R99 mAb (variant) or hR3 mAb (negative control) (n=5 animals per group) at 

weekly intervals for the first 4 injections (1 injection per week), followed by two biweekly 'booster' 

injections (1 injection per 2 weeks) over a total of 8 weeks. Immunizations were given as two 250 

µL injections of 400 µg/mL in both the right and left shanks. Total dose was 200 µg (100 µg per 

flank). 

Rodents were weighed weekly to monitor food intake and had venous blood (sera and plasma) 

(150 µL) drawn at the start of the study prior to the first immunization (PI) and 7 days after the 

third, fourth, fifth and sixth immunizations. Plasma was collected in purple top BD Vacutainer® 

Plasma Preparation Tubes (PPT™) containing Ethylenediaminetetraacetic Acid (EDTA) to 

prevent coagulation, and sera was collected in red top BD Vacutainer® Blood Collection Tubes. 

Following the six injections at ~12 months of age, rodents were individually placed in an isoflurane 

inhalation chamber, ensuring a gradual and safe induction by starting with 0.5% isoflurane and 

adjusting as needed based on the animal's response. The remaining rodent cages kept in the room 

were covered with an opaque tarp to reduce stress caused by the termination. Our animal technician 

assessed the level of anesthesia by pedal reflex (firm toe pinch) to ensure the rodents did not 

demonstrate pain recognition. Once the rodent was unconscious, we transitioned them to a nose 

cone and bain circuit setup while maintaining anesthesia at 2% and monitoring vital signs. Rodents 

were then cleaned with ethanol, and various tissues were collected, including the right kidney, 

liver, gastrocnemius muscle fragment, aorta, heart, and a blood draw by cardiac puncture (Table 

4.2). 
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Table 4.1 Ingredients of the high-fat, high-fructose diet (refer to chow diet for lean rats - 

supplemented with fat and fructose) used for the obese insulin-resistant JCR:LA-cp rats. 
 
 

 

 

 Grams (per 1Kg) 
  

Percent  

Chow  630g  63% 

Lard 
 

 200g  20% 

Cholesterol  20g  2% 

Fructose   150g  15% 

 

 
 

Figure 4.1 Study design for the male obese insulin-resistant JCR:LA-cp rats. The rats received 4 

weekly and then 2 biweekly booster doses of two injections of 250 µL at 400 µg/mL (total 200 

µg). Blood draws were done at weeks 4,7,8,10, and 12. Week 4 represents the pre-immune sera 

(before the first injection), while weeks 7,8,10 and 12 represent doses 3,4,5 and 6. n=5 for all 

treatment groups. Created with BioRender. 
 

Table 4.2 Study design and planned assessments for the male obese insulin-resistant JCR:LA-cp 

rats. 
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4.2.4 Plasma and sera preparation  

Refer to section 3.2.4 of chapter 3. Due to ethical considerations, rodents only underwent five 

blood draws at weeks 4,7,8,10 and 12. 
 

4.2.5 Sample collection and processing 

Tissue samples collected were flushed with ice-cold sterile PBS (Phosphate Buffered Saline, pH 

7.4) and minced into small portions, except for the heart, which was kept whole. Tissues were 

packaged in labelled tin foil and snap-frozen in liquid nitrogen before being stored in a    -80℃ 

freezer. 
 

4.2.6 Enzyme-Linked Immunosorbent Assay (ELISA) for Ab2 recognition 

Refer to section 3.2.6 of chapter 3.  

 

4.2.7 Enzyme-Linked Immunosorbent Assay (ELISA) for Ab3 recognition 

Refer to section 3.2.7 of chapter 3.  
 

4.2.8 Biochemical analysis (carbohydrate and lipid metabolism) 

Plasma samples from the final immunization (dose six) were assessed in triplicate (25uL per well) 

using 96-well Maxisorp polystyrene plates (Nunc, Thermo Fisher Scientific, Mississauga, ON, 

Canada, REF: 243656). Lipid and glucose concentrations were assessed at dilution factors of 1/10 

or 1/5, respectively, using commercially available colorimetric kits purchased from Wako Pure 

Chemical Industries Ltd. (Tokyo, Japan). FUJIFILM Wako kits assessed glucose (REF: 997-

03001), Triglycerides (TG) (REF: 992-02892), Total Cholesterol (TC) (REF: 999-02601), and 

High-Density Lipoprotein (HDL) (REF: 993-72691). Insulin from final injection plasma samples 

(no dilution, 25 µL per well) was measured via rat-specific ELISA kits purchased from Mercodia, 

USA (REF: 10-1250-01). The Homeostatic Model Assessment for Insulin Resistance (HOMA-IR) 

was used to evaluate the insulin resistance of obese rats in the 4 treatment groups.  

The following formula was used to calculate the HOMA-IR score: 

Equation 4.1 Calculation of Homeostatic Model Assessment for Insulin Resistance (HOMA-IR) 

score.  
 

HOMA-IR = (Fasting Insulin (μU/mL) × Fasting Glucose (mmol/L)) / 22.5 
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Conversion Formulas: mg/dl × 0.0555 = mmol 

Conversion Formulas: mmol/l × 18.018 = mg/dl. 

4.2.9 Echocardiogram protocol  

The Echocardiogram (ECHO) was completed by trained staff, and the protocol was adapted from 

SOP G-4' Ultrasound (ECHO) for Small Animal Imaging' found on the Alberta Research 

Information Services (ARISE) online system. First, the rodent was removed from its cage, noting 

essential information such as weight, date of birth, sex, strain, and the reason for the ECHO. 

Subsequently, the rodent was anesthetized using an isoflurane inhalation chamber, ensuring a 

gradual and safe induction by starting with 0.5% isoflurane and adjusting as needed based on the 

animal's response. Once the animal was unconscious, we transitioned them to a nose cone and bain 

circuit setup while maintaining anesthesia at 2% and monitoring vital signs. Throughout the 

procedure, the depth of anesthesia was assessed via pedal reflex and physiological parameters such 

as heart rate, respiration, and coloration. The rat was prepared for ultrasound imaging by applying 

eye lubricating gel, securing the paws to contact pads, and ensuring good conductance for ECHO 

monitoring. 

Depilatory cream was used for hair removal, ensuring a short exposure time to prevent skin burns. 

A rectal probe is carefully inserted and secured, maintaining the animal's body temperature at 37°C 

with a heat lamp. Pre-warmed ultrasound gel was applied to the area of interest. The imaging 

process involved attaching the scan head, positioning the rat, adjusting the scan head, and handling 

the table for optimal image quality. All images and physiological data were recorded and saved in 

an Excel file. 

Once the echocardiogram was completed, the scan head was disassembled, the ultrasound gel was 

cleaned from the animal, and the temperature probe and tape were carefully removed. Anesthesia 

was gradually discontinued, and the animal was monitored until it regained its reflexes. Lastly, the 

scan heads and ECHO platform were disinfected with Protex disinfectant, and other equipment 

and surfaces were cleaned with a diluted Virkon solution. 
 

4.2.10 Data and statistical analysis 

Refer to Section 3.2.8 of Chapter 3.  

 



 82 

4.3 Results 

4.3.1 Obese insulin-resistant JCR:LA-cp rat weight over time. 

All obese insulin-resistant rats fed the high-fat, high-fructose chow diet exhibited increased weight 

gain regardless of the treatment group. No significant differences were found in the weight gain 

pattern or final body weight among the 4 treatment groups from W0 to W12 (Figure 4.3.1).  
 

A. Obese insulin-resistant JCR:LA-cp rat weight over time. 
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B. Comparison of obese insulin-resistant JCR:LA-cp rat weight gain during immunizations.  
 

 

 
 

Figure 4.3.1 (A) Weight for obese insulin-resistant JCR:LA-cp rats in the 4 immunization groups. 

n=5 for all groups. In weeks 0-4, the rats solely received the high-fat, high-fructose diet. Week 4* 

represents when immunizations started. (B) Comparison of rodent weight represented as kinetics 

from W0 to W12. n=5 for all groups. Results were analyzed via One-way ANOVA, P>0.05 (not 

significant). All values are presented as mean ± SEM. 
 

4.3.2 JCR:LA-cp rat heart final weight 

All treatment groups exhibited significant differences in the final weight of the hearts of the obese 

insulin-resistant rats fed a high-fat, high-fructose diet and historical lean age-matched control 

JCR:LA-cp rats fed a standard chow diet (Figure 4.3.2).  

However, there were no significant differences between the final heart weight between the P3R99 

treated and control hR3 treated obese insulin-resistant JCR:LA-cp rats. 
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Figure 4.3.2 Final heart weight for age-matched lean and obese insulin-resistant JCR:LA-cp rats 

in all treatment groups. Comparison of the final mass of the heart (week 12 for obese insulin-

resistant rats, week 4 for lean rats). n=5 for all groups. Results were analyzed via parametric T-

test and one-way ANOVA. * = P<0.05, ** = P<0.01, *** = P<0.001, **** = P< 0.0001. All values 

are presented as mean ± SEM. 
 

4.3.3 Ab2 response of obese insulin-resistant JCR:LA-cp rats immunized with P3R99 variants and 

a negative isotype control hR3 

Sera taken from obese insulin-resistant JCR:LA-cp rats immunized with the P3R99 variants 

exhibited a significant increase in the recognition of the idiotypic region of the P3R99 from the 

first to the last dose (week 4 to week 12) (Figure 4.3.3A). As expected, the control hR3 treated rats 

did not present significant levels of anti-idiotypic antibodies at any point in time. Additionally, 

there were significant differences in the induction of anti-idiotypic antibodies (black bar) vs the 

anti-isotypic antibodies (gray bar) for the three P3R99 treatment groups.  

No significant differences were found in the magnitude of the anti-idiotypic response at the final 

(sixth) dose among the three P3R99 treatment groups (Figure 4.3.3B). 
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A. Ab2 Response in obese insulin-resistant JCR:LA-cp rats immunized with P3R99 variants at 

doses 0, 4 and 6. 
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B. Comparison of the anti-idiotypic response induced by P3R99 variants in obese insulin-resistant 

JCR:LA-cp rats. 
 

 
 

Figure 4.3.3 (A) Enzyme-Linked Immunosorbent Assay (ELISA) results of Ab2 antibody 

induction at a sera dilution of 1/800. Represented as the response against the idiotype of P3R99 

(anti-idiotypic response) vs the response against the non-idiotype regions of P3R99 (anti-isotypic 

response). (B) Comparison of solely the anti-idiotypic response of the P3R99 variants at the sixth 

dose. n=5 for all groups. Results were analyzed via parametric T-test (figure 4.3.3A) and One-way 

ANOVA (figure 4.3.3B, (not significant)). * = P<0.05, ** = P<0.01, *** = P<0.001, **** = P< 

0.0001. All values are presented as mean ± SEM. 
 

4.3.4 Ab3 response of obese insulin-resistant JCR:LA-cp rats immunized with P3R99 variants and 

a negative isotype control hR3 

Sera taken from obese insulin-resistant JCR:LA-cp rats immunized with the CHO-P3R99 and 

NS0-P3R99 variants exhibited a minimum two-fold increase in the recognition of chondroitin 

sulfate from W4 to W12 (Dose 0, Dose 6) (Figure 4.3.4A), while the hR3 and HEK-P3R99 treated 

rats did not.  

No significant differences were found in the magnitude of the anti-chondroitin sulfate response at 

the sixth dose among the three P3R99 treatment groups (Figure 4.3.4B). 
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A. Ab3 Response in obese insulin-resistant JCR:LA-cp rats immunized with P3R99 variants at 

doses 0 and 6. 
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B. Comparison of the Ab3 response induced by P3R99 variants in obese insulin-resistant JCR:LA-

cp rats at dose 6. 
 

 
 

Figure 4.3.4 (A) Enzyme-Linked Immunosorbent Assay (ELISA) results of Ab3 antibody 

induction at a sera dilution of 1/200. Represented as the response against chondroitin sulfate at 

weeks 4 and 12 (doses 0 and 6, respectively). (B) Comparison of solely the Ab3 response of the 

P3R99 variants at the sixth dose. n=5 for all groups. Results were analyzed via Parametric T-test 

(Figure 4.3.4A) and One-way ANOVA (figure 4.3.4B, (not significant)), P<0.05. All values are 

presented as mean ± SEM. 
 

4.3.5 Fasting plasma fat content of obese insulin-resistant JCR:LA-cp rats immunized with P3R99 

variants and a negative isotype control hR3 

Obese insulin-resistant rats fed the high-fat, high-fructose chow diet immunized with the three 

P3R99 variants had similar fasting plasma concentrations of Total Cholesterol (TC), High-Density 

Lipoprotein (HDL), and Triglycerides (TG) compared to hR3 treated rats.  

There were no significant differences in the fasting plasma lipid concentrations between P3R99 

immunization groups (or hR3) (Figure 4.3.5). 
 



 89 

 
 

     
 

Figure 4.3.5 Comparison of fasting plasma fat content of obese insulin-resistant rats in the four 

treatment groups at week 12. Encompassing Total Cholesterol (TC), High-Density Lipoprotein 

(HDL), and Triglycerides (TGs). n=5 for all groups. Results were analyzed via One-way ANOVA, 

P>0.05 (not significant). All values are presented as mean ± SEM.  
 

4.3.6 Fasting insulin, glucose content, and HOMA-IR score of obese insulin-resistant JCR:LA-cp 

rats immunized with P3R99 variants and a negative isotype control hR3 

Obese insulin-resistant rats fed the high-fat, high-fructose chow diet immunized with HEK-P3R99, 

NS0-P3R99, and CHO-P3R99 had comparable fasting plasma concentrations of glucose and 

insulin compared to the hR3 control-treated rats.  
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There were no significant differences in the fasting plasma concentrations of insulin, glucose, or 

HOMA-IR score between immunization groups (Figure 4.3.6)(Table 4.3). 

 

 
 

Figure 4.3.6 Comparison of the fasting plasma content of glucose and insulin of the obese insulin-

resistant rats in the four treatment groups at week 12. n=5 for all groups. Results were analyzed 

via parametric T-test and one-way ANOVA, P>0.05 (not significant). All values are presented as 

mean ± SEM. 
 

Table 4.3 HOMA-IR of P3R99 and hR3 treated obese insulin-resistant JCR:LA-cp rats. 
 

As per Equation 4.1: Calculation of Homeostatic Model Assessment for Insulin Resistance 

(HOMA-IR) score.  
 

HOMA-IR = (Fasting Insulin (μU/mL) × Fasting Glucose (mmol/L)) / 22.5 

Conversion Formulas: mg/dl × 0.0555 = mmol/L 
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 Fasting Insulin Mean 
(μU/mL) 
 

Fasting Glucose Mean 
(mmol/L) 

 HOMA-IR score  

hR3  6.95 μU/mL 156.64 mg/dl x 0.055= 
 8.62 mmol/L 

 2.66 

CHO-R99 
 

 7.13 μU/mL 149.35 mg/dl x 0.055= 
 8.21 mmol/L 

 2.60 

HEK-R99 7.38 μU/mL 143.14 mg/dl x 0.055= 
 7.87 mmol/L 

 2.58 

NS0-R99  7.17 μU/mL 145.74 mg/dl x 0.055= 
 8.02 mmol/L 

 2.56 

 
4.3.7 Echocardiogram parameters of obese insulin-resistant JCR:LA-cp rats immunized with 

P3R99 variants and a negative isotype control hR3 

Obese insulin-resistant rats fed a high-fat, high-fructose chow diet exhibited similar 

echocardiographic parameters among the P3R99 treatment groups and the control hR3 treatment 

group.  

No significant differences were found in any echocardiogram values between treatment groups 

(Figure 4.3.7). 
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Figure 4.3.7 Obese insulin-resistant JCR:LA-cp rats echocardiogram parameters prior to 

termination (week 12). Encompassing: Ejection fraction, Left-Ventricular mass (LV mass), 

Atrioventricular cardiac output, TEI index (represented as the sum of Isovolumic Contraction Time 

(IVCT) and Isovolumic Relaxation Time (IVRT) divided by Aortic Ejection Time (AET)), E’/A’ 

ratio (represented by the ratio of the peak velocity blood flow from left ventricular relaxation in 

early diastole (the E wave) to peak velocity flow in late diastole caused by atrial contraction (the 

A wave)), Stroke Volume, Fractional shortening, Ejection time, and Left atrium size. n=5 for all 

groups. Results were analyzed via One-way ANOVA P>0.05 (not significant). All values are 

presented as mean ± SEM.

4.4 Discussion 

In this study, we examined the immunogenicity, lipid and carbohydrate metabolism, and 

cardiovascular function of obese insulin-resistant JCR:LA-cp rats immunized with the three P3R99 

production variants, NS0-P3R99, HEK-P3R99, and CHO-P3R99. The findings from this study 

confirm that the CHO-P3R99 variant (and suggest that the HEK-P3R99 variant) maintains the 

immunogenic function of the original NS0-P3R99.  

Additionally, we found that the P3R99 variants had neutral effects on cardiovascular function and 

lipid and carbohydrate metabolism, suggesting a lack of adverse effects related to P3R99 

administration. This chapter addressed hypotheses 1-3 of Chapter 2. 
 

4.4.1 P3R99 variant administration did not impact weight gain of obese insulin-resistant JCR:LA-

cp rats   

Obese insulin-resistant JCR:LA-cp rodents given P3R99 had similar weight gain as the hR3 

control rats over time (Figure 4.3.1 A, B). These results suggest that P3R99 administration did not 

affect rodent weight over time.  

However, obese insulin-resistant rat hearts were significantly larger than age-matched lean rat 

hearts (results from a previous study) fed a standard chow diet, indicative of hypertrophy and left-

ventricular remodelling (Figure 4.3.2). 
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4.4.2 CHO, HEK, and NS0-P3R99 variants met the requirement of Ab2 immunogenicity in a model 

of immune dysfunction with susceptibility to lipid and vascular remodelling: obese insulin-

resistant JCR:LA-cp rats 
Using our results in the lean JCR:LA-cp rats as a pilot study, we then chose to assess the 

immunogenicity of the P3R99 variants in a more complex, physiologically compromised animal 

model. The homozygous JCR:LA-cp rats were chosen due to their pathophysiology of insulin 

resistance and obesity. Insulin resistance and obesity are top comorbidities of atherosclerosis, and 

they exhibit many similarities in their pathogenesis, notably dyslipidemia, hypertension, 

inflammation, and oxidative stress (Beverly & Budoff, 2020)(Nigro et al., 2006)(Syed Ikmal et 

al., 2013). Moreover, the obese insulin-resistant JCR: LA-cp model is characterized by chronic 

inflammation and immune dysfunction, including increased pro-inflammatory cytokines (Il-6, Il-

2, TNF-α, IFN-γ) and over-stimulation of macrophages and T-cells (Diane et al., 2016). This 

impaired regulation of the immune system could potentially affect the P3R99’s ability to induce 

an idiotypic cascade through the host’s immune system. Thus, this model serves as an important 

assessment tool to determine possible limitations of the P3R99’s immunogenicity. Moreover, we 

also used an older 9-month-old model, compared to the 3-month-old lean rats, as they would 

experience middle-age-related effects on health and immune function. 

As mentioned in Chapter 3, section 3.4.2, Ab2 antibody induction is considered significant 

(immunogenic) when there is marked dominance of the anti-idiotypic response relative to the anti-

isotypic response (Sarduy et al., 2017). Obese insulin-resistant JCR:LA-cp rats treated with the 

three P3R99 variants at both the fourth and sixth dose (weeks 8 and 12, respectively) exhibited 

this idiotypic dominance, thus meeting the requirements of significance of Ab2 antibody induction 

(Figure 4.3.3A). Moreover, this occurrence was not observed for the control hR3 group.  

Furthermore, we also observed a slight increase in the anti-isotypic response at weeks 8 and 12; 

similarly, the hR3 group demonstrated heightened anti-isotypic responses without an increase in 

the anti-idiotypic (P3R99 idiotype) response at week 12. This result is consistent with previous 

NS0-P3R99 immunogenicity studies, as the non-idiotypic region of the P3R99 is immunogenic 

and is expected to exhibit a slight increase with increased administration of P3R99 (Sarduy et al., 

2017).  

Lastly, we found no significant differences when comparing the strength of the anti-idiotypic 

response at week 12 after the sixth dose between the P3R99 variants via One-Way ANOVA 
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(Figure 4.3.3B). These results were consistent in both lean and obese insulin-resistant rodent 

models independent of physiological state, suggesting that despite differences in the 

pathophysiology of the rats, the P3R99s were equally immunogenic. 
 

4.4.3 CHO, HEK, and NS0-P3R99 variants met the requirement of Ab3 immunogenicity in a model 

of immune dysfunction with susceptibility to lipid and vascular remodelling: obese insulin-

resistant JCR:LA-cp rats 
As per section 3.4.3 of Chapter 3, Ab3 antibody induction is considered significant (immunogenic) 

when there is a minimum two-fold increase in recognition of chondroitin sulfate (induction of Ab3 

anti-chondroitin sulfate antibodies) from before the first injection (week 4) to the final dose (week 

12). 

However, in contrast to our results in the lean JCR:LA-cp rats, only CHO-P3R99 and NS0-P3R99 

treated obese insulin-resistant JCR:LA-cp rats met this requirement from the pre-immune state 

(week 4) to the sixth dose (week 12) (Figure 4.3.4A), while the HEK-P3R99 and hR3 treated rats 

did not. Despite the significant induction of anti-idiotypic antibodies in the HEK-P3R99 treated 

rats (Figure 4.3.3A), we were unable to detect a significant 2-fold increase in Ab3 antibodies in 

the rodents’ sera at weeks 8 or 12 (following the 4th or 6th dose). As mentioned in section 3.4.4 of 

Chapter 3, Ab2 antibody induction is necessary for Ab3 induction and consistently precedes Ab3 

induction, although this process is not well understood. As such, our results, which demonstrate a 

strong Ab2 response and a lack of an Ab3 response in the HEK-P3R99 treated rats, are intriguing. 

However, results from an unpublished study in rabbits immunized with the original NS0-P3R99 

reported similar findings and successfully attributed this occurrence to the Ab3 antibodies 

accumulating in areas of atherosclerotic remodelling. While the group was unable to detect Ab3 

antibodies in the rabbits’ sera, upon assessing aortic homogenates via immunohistochemistry, they 

found a significant accumulation of Ab3 antibodies. This is due to the unique feature of the P3R99 

to preferentially bind to areas prone to atherosclerosis, such as the aortic arch (Brito et al., 

2012)(Delgado-Roche et al., 2013)(Soto et al., 2014).  

An additional possibility is that these Ab3 antibodies are bound to the Ab2 produced by the 

immune system. As Ab2 antibody production by the immune system is typically stronger than Ab3 

production, it is possible that an excessive Ab2 response results in the free Ab2 binding to Ab3 

forming immune complexes. This antibody-antibody (protein-protein) interaction has a stronger 
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binding affinity than the antibody-carbohydrate interaction (Haji-Ghassemi et al., 2015) of the Ab3 

binding to chondroitin sulfate (Figure 4.4.1). However, as this result was only present in the HEK-

P3R99 treatment group, the immunogenicity of the variants in the obese insulin-resistant JCR:LA-

cp rat model requires further testing to make definitive conclusions. Additionally, the variants will 

require validation using other animal models, particularly those with a similar physiological 

makeup to humans, as well as models of cardiovascular disease. 

Lastly, when comparing the induction of Ab3 antibodies at the sixth dose by the three P3R99 

variants via One-way ANOVA, we found no significant differences (Figure 4.3.4B). These results 

suggest that the CHO-P3R99 and HEK-P3R99 variants are similarly immunogenic as the NS0-

P3R99 in the obese insulin-resistant JCR:LA-cp rats, despite the HEK-P3R99 not meeting the 

criteria for Ab3 immunogenicity. 
 

 
Figure 4.4.1 Illustration of the primary factors that influence the levels and detection of Ab3 

antibodies in sera. Ab3 antibodies have a higher binding affinity to Ab2 antibodies than to 

chondroitin sulfate due to Ab2-Ab3 acting as an antibody-antibody bond compared to Ab3-

chondroitin sulfate acting as an antibody-carbohydrate bond. Additionally, the P3R99 has the 

ability to preferentially accumulate in areas of atherosclerotic remodelling, such as aortic and 

carotid lesions. Created with BioRender. 
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4.4.4 P3R99 variants had neutral effects on lipid and carbohydrate metabolism in obese insulin-

resistant JCR:LA-cp rats. HOMA-IR confirmed the presence of insulin resistance regardless of 

treatment group  

Glycosaminoglycans (GAGs), including chondroitin sulfate, are a complex group of linear 

polysaccharides covalently attached to proteoglycans that play critical roles in various biological 

processes (Wang et al., 2022). GAGs are involved in cell communication, immune responses, 

cellular integrity, nervous system development, cell adhesion, motility, tissue homeostasis, and 

lipid metabolism, among other key roles (Wang et al., 2022)(Staprans & Felts, 1985). Hepatic 

clearance of triglyceride-rich lipoprotein remnants has been well-documented to rely on the 

transmembrane heparan sulfate proteoglycan syndecan 1. Similarly, chondroitin sulfate GAGs 

have been shown to interact with Insulin-like Growth Factor Binding Proteins (IGFBPs), including 

IGFBP-3 (Fowlkes & Serra, 1996) and IGFBP-5 (Arai et al., 1994), which mediate the 

bioavailability and activity of Insulin-like Growth Factor (IGF). Moreover, chondroitin sulfate has 

also been reported to bind to Lipoprotein Lipase (LPL), the enzyme involved in the hydrolysis of 

triglycerides from circulating lipoproteins (Bengtsson et al., 1980). 

As demonstrated in Figure 2.1 of Chapter 2, the P3R99 variants, like the original NS0-P3R99, can 

recognize and bind chondroitin sulfate with high specificity. However, due to the implication of 

chondroitin sulfate and other sulfated GAGs in carbohydrate and lipid metabolism, this raises 

important questions about the potential adverse effects of the P3R99 variants.  

Nonetheless, a previous study in 2017 by Brito et al. demonstrated the neutral effect of NS0-P3R99 

on lipid metabolism using ApoE-/- mice fed a high-fat, high-cholesterol diet until 19 weeks of age. 

A biochemical assessment of plasma cholesterol confirmed that P3R99 administration did not alter 

lipid metabolism (Brito et al., 2017). 

As a result, our study was interested in determining whether the P3R99 variants maintained this 

negligible effect on lipid and carbohydrate metabolism of the original NS0-P3R99 in the obese 

insulin-resistant JCR:LA-cp rats. Using commercially available kits, we found that the three 

P3R99 variants had neutral effects on overall lipid and carbohydrate metabolism in the obese 

insulin-resistant JCR:LA-cp rats fed a high-fat, high-fructose chow diet for 12 weeks. Comparing 

the results obtained from biochemical assays measuring plasma concentrations of major lipid 

markers, HDL, TG, and TC, we found no significant differences between the values for the three 

P3R99 variants and the hR3 control-treated rats (Figure 4.3.5).  
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This trend was maintained for glucose and insulin concentrations (Figure 4.3.6). Additionally, 

there were no significant differences in the plasma lipid and glucose concentrations between the 

P3R99 treated rats, confirming that the CHO-P3R99 and HEK-P3R99 have similar effects on lipid 

and carbohydrate metabolism as the NS0-P3R99. These results serve as a key safety assessment 

of the P3R99 variants.  

Additionally, the Homeostasis Model Assessment Of Insulin Resistance (HOMA-IR) of the three 

P3R99-treated rats and hR3 control-treated rats confirmed that the obese insulin-resistant JCR:LA-

cp rats had moderate insulin resistance following the 12-week high-fat, high-fructose chow diet. 

HOMA-IR is a widely used assessment tool for insulin sensitivity developed in 1985 by Matthews 

et al. (Son et al., 2022)(Matthews et al., 1985). A HOMA-IR score of >1 is optimal for insulin 

sensitivity, >1.9 indicates early insulin resistance, >2.5 indicates moderate insulin resistance, and 

>2.9 indicates severe insulin resistance (Gutch et al., 2015). As per Table 4.3.6, all of the obese 

insulin-resistant JCR:LA-cp, regardless of treatment group rats, had a score of >2.5, indicating 

moderate insulin resistance. 
 

4.4.5 P3R99 variants had neutral effects on cardiovascular function in obese insulin-resistant 

JCR:LA-cp rats 

As mentioned in section 4.4.4, GAGs are diverse polysaccharides that are implicated in various 

cellular and biological processes. A major feature of GAGs is their role in wound healing through 

the regulation of the organization, structure, and integrity of the Extracellular Matrix (ECM) (Yang 

et al., 2023). GAGs are also major constituents in aortic heart valves due to their structural roles 

(Krishnamurthy & Grande-Allen, 2018). Chondroitin sulfate GAGs specifically are critical 

components of connective tissue present throughout the body. Histology reports of the heart have 

revealed the significant composition of cardiomyocytes and connective tissue (Arackal & 

Alsayouri 2023). Dysregulation of chondroitin sulfate metabolism or ECM composition could 

have significant implications on cardiovascular function. 

Due to the ability of the P3R99 variants to bind chondroitin sulfate (Figure 2.1 of Chapter 2), the 

effect on cardiovascular function needed to be assessed in a model with susceptibility to vascular 

remodelling. The obese insulin-resistant JCR:LA-cp rats have been shown to act as a model of 

spontaneous Left Ventricular (LV) dysfunction. As a result, we conducted an Echocardiogram 

(ECHO) of the P3R99-treated and hR3-control-treated obese insulin-resistant JCR:LA-cp rats after 
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the sixth dose to determine possible adverse effects related to vascular function. ECHO results of 

the obese insulin-resistant JCR:LA-cp rats treated with the three P3R99 variants had similar 

cardiovascular outcomes as the hR3 treated rats. Among the cardiovascular parameters measured, 

no significant differences existed between the hR3 treated rats, and P3R99 treated rats, suggesting 

that P3R99 administration did not adversely affect cardiovascular function (Figure 4.3.7). 

Additionally, from these results, we can concur that the obese insulin-resistant JCR:LA-cp rats did 

not experience significant cardiac hypertrophy or cardiac dysfunction despite their pathology of 

obesity and insulin resistance. Values were in the normal range for major cardiovascular outcomes, 

including ejection fraction (normal range 53-73%), fractional shortening (normal range 26-45%), 

and cardiac output (normal range 48-131ml/min) (Lang et al., 2015)(ASE guidelines, 2018)(Tissot 

et al., 2018)(Bezank, 1958)(Darbandi et al., 2014). 

In contrast to humans, rodents are generally resistant to atherosclerosis (Zhao et al., 2020) due to 

differences in lipid metabolism and overall physiology (Ritskes-Hoitinga & Beynen, 1988). As 

such, a crucial next step could include assessing the cardiovascular outcomes associated with 

P3R99 administration in a model more suited for atherosclerosis and CVD onset. 

However, ECHO results confirmed the presence of spontaneous LV dysfunction. A TEI index of 

>0.45 indicates the presence of LV dysfunction (Tao et al., 2008); all obese insulin-resistant 

JCR:LA-cp rats had a reported TEI index of ~0.6.                                          

Additionally, LV dysfunction was confirmed by their increased overall heart weight compared to 

lean age-matched controls (Figure 4.3.2). 

These results provided a pivotal safety assessment of the P3R99 variants, confirming that the 

CHO-P3R99 and HEK-P3R99s, like the original NS0-P3R99, do not adversely affect lipid or 

glucose metabolism or cardiovascular function. 

4.5 Conclusions 

To summarize, the results presented in this chapter suggest that the CHO-P3R99 variant maintains 

the immunogenicity of the NS0-P3R99 in the obese insulin-resistant JCR:LA-cp rats. Furthermore, 

both HEK-P3R99 and CHO-P3R99 variants exhibited immunogenic strength similar to the NS0-

P3R99 in terms of Ab2 and Ab3 induction magnitude.  

However, results in HEK-P3R99 treated obese insulin-resistant JCR:LA-cp rats were inconsistent 

due to issues with the Ab3 antibody response, thus requiring further testing in models of immune 
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dysfunction and cardiovascular disease. Moreover, the P3R99 variants did not alter lipid 

metabolism, carbohydrate metabolism, or cardiovascular function in the obese insulin-resistant 

JCR:LA-cp rats.  

Finally, while we were able to confirm the presence of left ventricular dysfunction and insulin 

resistance in the rats regardless of their treatment group, we did not observe any changes from 

P3R99 treatment. 
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CHAPTER 5: IMMUNOGENICITY STUDY OF P3R99 VARIANTS IN A 

HEALTHY LARGE ANIMAL MODEL: WHITE-LANDRACE PIGLETS  
 

Gala Araujo 1,2, Agata Martin-Ozimek 1,2, Kun Wang 1,2, Yosdel Soto 2,4 , Spencer Proctor 2,3* 

1 Division of Human Nutrition, Department of Agricultural, Food and Nutritional Science.                       
2 Metabolic and Cardiovascular Diseases Laboratory, Department of Agricultural, Food and    
_Nutritional Science, and/or 3 Division of Animal Science, Department of Agricultural, Food _and  
_Nutritional Science, University of Alberta, Edmonton, Alberta, Canada.                                                           
3 Division of Immunobiology, Centre of Molecular Immunology, Havana 11600, Cuba; 
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* Correspondence: proctor@ualberta.ca 

5.1 Introduction 

Findings from this thesis have provided evidence of the maintained immunogenic function of the 

NS0-P3R99 in the HEK-P3R99 and CHO-P3R99 variants using rodent pre-clinical animal models. 

The use of animal models in Atherosclerotic Cardiovascular Disease (ASCVD) research has 

significantly advanced the field and substantially contributed to breakthroughs in translational 

endeavours (Schüttler et al., 2022 (Zaragoza et al., 2010)(Getz & Reardon, 2012). Although there 

is no standard animal model of atherosclerosis, swine are fundamental assets in ASCVD research 

due to their extensive history as pre-clinical models of atherosclerosis (Zaragoza et al., 2010). Pigs 

are considered a more relevant and translational model for pre-clinical studies due to their 

physiological similarities to humans (Tsang et al., 2016). Specifically, similarities in their 

cardiovascular anatomy, metabolism and signalling pathways, immune systems, and 

hemodynamics (Tsang et al., 2016)(Walters & Prather, 2013). While small animal models like 

rodents are extensively used in translational research and have provided valuable insights 

regarding the pathophysiology of atherosclerosis, they have some inherent limitations. Rodents do 

not naturally develop atherosclerosis (Zhao et al., 2020) and typically require expensive 

specialized transgenic or knockout models (Zaragoza et al., 2010). Moreover, their short life span 

can severely challenge studies interested in assessing the long-term effects of a specific therapy.  

Additionally, studies related to immunotherapies, like the P3R99 mAb, can encounter issues 

related to the vast differences in the immune responses and lipid metabolism of rodents in 
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comparison to humans. As such, when progressing to the clinical stage of therapeutic development, 

the use of pigs as pre-clinical models is invaluable. 

Therefore, in order to ensure the safe and effective use of the P3R99 variants in humans, it is 

necessary to re-evaluate the variants using a larger and more complex animal such as swine. Using 

our rodent results from Chapters 3 and 4 as preliminary data, we aim to confirm these results in a 

swine model. Thus, the objective of this study is to assess the immunogenicity of the P3R99 

variants and determine if they maintained the immunogenic strength of the NS0-P3R99 in white-

landrace piglets. By using piglets, we hope to bridge the gap between our results in small animal 

models and future clinical trials, as well as provide insight into the limitations and strengths of the 

variants in complex species similar to humans. This approach ensures the safety and efficacy of 

the variants prior to advancing to human trials. 

To achieve this goal, we designed an immunogenicity study for the white-landrace piglets similar 

to our lean JCR:LA-cp rats. However, we administered only 5 weekly doses of 3 mL at 1 mg of 

each respective antibody (0.33nmg/mL), compared to 6 doses of 200 µg for both the obese insulin-

resistant and lean JCR:LA-cp rats (400 µg/mL).  

We hypothesized that the P3R99 variants would maintain the immunogenic function and strength 

of the original NS0-P3R99 in the white-landrace piglets. We maintained the same criteria for 

assessing the immunogenicity of Ab2 and Ab3 antibody induction that was used in the lean and 

obese insulin-resistant JCR:LA-cp rats. 

Results from this chapter confirmed the maintained immunogenicity and immunogenic strength of 

the NS0-P3R99 in the CHO and HEK-P3R99 variants using a large animal model. 

5.2 Methods 

5.2.1 Animal housing and treatment protocol 

Pigs were attained from the bio-secure Swine Research and Technology Center (SRTC) at the 

University of Alberta in Edmonton, Alberta, Canada. All piglets were produced by breeding a 

duroc boar and a large white-landrace sow. SRTC staff provided and were responsible for the 

maintenance of proper living conditions, specifically water, food, temperature, hygiene, and 

medical care. Animals were kept in pens of 5 depending on their treatment group. Additionally, 

each of the five piglets came from distinct sows to minimize littermates within the same treatment 

group and increase genetic variation. Prior to immunizations, one piglet suddenly died and was 
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removed and replaced from the study. All procedures adhered to the guidelines provided by the 

Canada Council on Animal Care (CCAC) and were approved by the University of Alberta’s 

Animal Ethics Committee (pig protocol: AUP002321). 
 

5.2.2 Monoclonal antibody preparation  

Refer to Chapter 3, section 3.2.1.  
 

5.2.3 Study design lean white-landrace piglets  

Twenty young (3-week-old), lean, male white-landrace piglets were fed a standard pre-grower 

chow diet after weaning until they reached 15 kg (Table 5.1). They were then switched to a normal 

hog chow diet. Piglets received five subcutaneous (s.c.) immunizations of 0.33 mg/mL of either 

NS0-P3R99 mAb (positive control), HEK-P3R99 mAb (variant), CHO-P3R99 mAb (variant) or 

hR3 mAb (negative control) (n=5 animals per group) at weekly intervals (1 injection per week) 

over a five-week period (Figure 5.1). Immunizations were given as one injection of 3mL at a 

concentration of 0.33 mg/mL (total dose was 1 mg). Piglets were weighed weekly by SRTC staff 

to monitor food intake and had venous blood (sera and plasma) (~3 mL) drawn at the start of the 

study prior to the first antibody immunization (Pre-immune, PI) and 7 days after the third, fourth, 

and fifth immunizations. Plasma was collected in purple top BD Vacutainer® Plasma Preparation 

Tubes (PPT™) containing Ethylenediaminetetraacetic Acid (EDTA) to prevent coagulation, and 

sera was collected in red top BD Vacutainer® Blood Collection Tubes. Following 5 injections at 

2 months of age, piglets were terminated via a captive bolt pistol. Following termination, piglets 

were cleaned with 70% ethyl alcohol (EtOH), and various tissues were collected, including the 

right kidney, liver, spleen, muscle, cartilage, aorta, and heart (Table 5.2). 
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Table 5.1 Ingredients of pre-grow chow diet used for piglets. University of Alberta hog pre-grow 

non-medicated pellets REF #52852. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                       
   
   
 
 

 

 

 

 

Chemical Composition                      Quantity   
 
Wheat ground, %       35.838 
Wheat Mill Run, %       15.0 
Distillers Corn %       15.0 
Soybean Meal %       12.40 
Peas Ground %       7.50 
Canola Meal %       5.50 
Extrapro %        3.50 
Limestone, glass %       1.922 
Fat %          1.80 
L-Lysine %        0.440 
Salt %          0.390 
UF FORT%        0.250 
Threonine-L %       0.150 
MHA %        0.115 
Water %        0.080 
Copper Sulfate %       0.040 
Choline  %        0.040 
Superzyme %        0.020 
Ethoxyquin %        0.015 
         
 

Nutrients           
Dry Matter, %        89.484 
Crude Fat, %        5.440 
Crude Fibre, %       5.406 
Crude Protein, %       21.496 
Lysine, %        1.299 
Avail Lysin, %       1.079  
Methionine, %        0.428 
Methionine & Cystine, %      0.840 
Tryptophan, %        0.251 
Avail Tryptophan, %       0.186 
Calcium, %        0.940 
Phosphate Total, %       0.657 
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Avail Phosphate, %       0.357 
Sodium, %        0.199 
Chlorine, %        0.37 
Salt, %         0.494 
Manganese Total, %        80.397 MG 
Zinc Total, %        181.60 MG 
Iron Total, %        232.95 MG 
Copper Total, %       124.9 MG 
Selenium, %        0.314 MG 
Vitamin A, %        8.000 KIU 
Vitamin D, %        1.250 KIU 
Vitamin E, %        0.053 KIU  
Choline Total, %                 2,047.09 MG 
Folic Acid, %        1.383 MG 
Biotin, %        0.416 MG 
Manganese Added,       40.032 MG  
Zinc Added,        130.00 MG 
Iron Added,        150.12 MG 
Copper Added,                  115.00 MG 
Thiamin Added,       1.250 MG 
Riboflavin Added,       6.663 MG 
Niacin Added,        37.500 MG 
Pyridoxine Added,       1.663 MG 
Pantothenate Added,       20.850 MG 
Choline Added,       243.00 MG 
Vitamin B12 Added,       0.025 MG  
Folic Acid Added,       0.0625 MG 
Biotin Added,        0.125 MG 
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Figure 5.1 Study design for the male white-landrace piglets. The piglets received 5 weekly doses 

of one injection of 3 mL of 0.33 mg/mL (total 1 mg). Blood draws were done at weeks 0,3,4 and 

5. Week 0 represents the pre-immune sera (before the first injection), while weeks 3,4 and 5 

represent doses 3,4 and 5. n=5 for all treatment groups. Created with BioRender. 
 

Table 5.2 Study design and planned assessments for the male white-landrace piglets.   
 

 

 

5.2.4 Plasma and sera preparation  

Sera and plasma samples were centrifuged at 7000 rpm (radius 17.8 cm) for 10 minutes at 4℃; 

the supernatant (~1 mL) was then collected via micropipette and stored in 1.5 mL Eppendorf tubes 

at -80℃ for immunogenicity testing via ELISA. The remaining pellet and pipette tips were 

discarded in biohazard bins. Due to ethical considerations, piglets only underwent four blood 

draws at weeks 0,3,4, and 5. 
 

5.2.5 Sample collection and processing 

Tissue samples collected were flushed with ice-cold sterile PBS (phosphate buffered saline, pH 

7.4) and minced into small portions, except for the heart, which was kept whole. Tissues were 
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packaged in labelled tin foil and snap-frozen in liquid nitrogen before being stored in a -80℃ 

freezer. 
 

5.2.6 Enzyme-Linked Immunosorbent Assay (ELISA) for Ab2 recognition 

Methods were the same as discussed in Chapter 3, section 3.2.6. However, pre-immune sera and 

final dose (fifth injection) sera were assessed for the pigs. Moreover, sera was pre-adsorbed with 

a negative isotype control to minimize cross-reactivity (see discussion). Briefly, the sera was 

incubated for one hour and 30 minutes at 25℃ with a negative isotype control at half the 

concentration of the sera (double the sera dilution factor). Following pre-adsorption sera was then 

added to the ELISA plate, and the protocol continued as per section 3.2.6.  

Additionally, we used a pre-adsorbed goat anti-porcine IgG (H+L) secondary antibody conjugated 

to HRP (Novus Biologicals REF: NB750). This pre-adsorbed antibody was selected to minimize 

cross-reactivity with the human IgG. 
 

5.2.7 Enzyme-Linked Immunosorbent Assay (ELISA) for Ab3 recognition 

Methods were the same as discussed in Chapter 3, section 3.2.7. However, pre-immune sera and 

final dose (fifth injection) sera were assessed for the pigs.  

Additionally, we used a pre-adsorbed goat anti-porcine IgG (H+L) secondary antibody conjugated 

to HRP (Novus Biologicals REF: NB750).  
 

5.2.8 Data and statistical analysis 

Refer to Section 3.2.8 of Chapter 3.  
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5.3 Results 

5.3.1 White-landrace piglet weight gain 

All piglets exhibited normal weight gain regardless of the treatment group. No significant 

differences were found in the weight gain pattern or final body weight of the pigs among the 4 

treatment groups from Weaning (Wn) to W5 (Figure 5.3.1). 
 

A. Piglet weight over time during immunizations.  
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B. Comparison of piglet weight gain during immunizations.  
 

 
 

Figure 5.3.1 (A) Weight of the white-landrace piglets in the four treatment groups. n=5 for all 

groups. Weeks (weaning) - week 5. (B) Comparison of piglet weight represented as kinetics from 

weaning to W5. n=5 for all groups. Analyzed via One-way ANOVA, P>0.05 (not significant). All 

values are presented as mean ± SEM.  
 

5.3.2 Ab2 response of white-landrace piglets immunized with P3R99 variants and a negative 

isotype control hR3  

Sera taken from piglets immunized with the three P3R99 variants exhibited a significant increase 

in the recognition for the idiotypic region of P3R99 from W0 to W5.  

As expected, the control hR3 treated piglets did not induce significant levels of anti-idiotypic 

(P3R99 idiotype) antibodies at any point in time. (Figure 5.3.2A). 

Additionally, there were significant differences in the induction of anti-idiotypic antibodies 

relative to anti-isotypic antibodies for the three P3R99 treatment groups.  

Lastly, differences were found in the induction of an anti-idiotypic response at the final (fifth) dose 

between the HEK-P3R99 and NS0-P3R99 (Figure 5.3.2B). 
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A. Ab2 response in white-landrace piglets immunized with the P3R99 variants at the fifth dose 

(week 5). 
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B. Comparison of the anti-idiotypic response induced by the P3R99 variants in white-landrace 

piglets. 
 

 

 

Figure 5.3.2 (A) Enzyme-Linked Immunosorbent Assay (ELISA) results of Ab2 antibody 

induction at a sera dilution of 1/1000. Represented as the response against the idiotype of P3R99 

(anti-idiotypic response) vs the response against the non-idiotype regions of P3R99 (anti-isotypic 

response). (B) Comparison of solely the anti-idiotypic response of the P3R99 variants at the fifth 

dose (week 5). n=5 for all groups. Analyzed via parametric T-test (Figure 5.3.2A) and One-way 

ANOVA (figure 5.3.2B, (not significant)). * = P<0.05, ** = P<0.01, *** = P<0.001, **** = P< 

0.0001. All values are presented as mean ± SEM. 
 

5.3.3 Ab3 response of white-landrace piglets immunized with P3R99 variants and a negative 

isotype control hR3  

Sera taken from piglets immunized with the P3R99 variants exhibited a minimum two-fold 

increase in the recognition of chondroitin sulfate from before the first immunization (pre-immune) 

to the fifth dose, while the hR3 treated piglets did not (Figure 5.3.3A). 

No significant differences were found in the induction of anti-chondroitin sulfate antibodies at the 

final (fifth) dose among the three P3R99 treatment groups (Figure 5.3.3B). 
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A. Ab3 response in white-landrace piglets immunized with the P3R99 variants before the first 

immunization and after the fifth dose. 
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B. Comparison of the Ab3 response induced by the P3R99 variants in white-landrace piglets at the 

fifth dose.  
  

 
 

Figure 5.3.3 (A) Enzyme-Linked Immunosorbent Assay (ELISA) results of Ab3 antibody 

induction at a sera dilution of 1/500. Represented as the response against chondroitin sulfate before 

the first immunization (week 0) and at the fifth dose (week 5). (B) Comparison of solely the Ab3 

response of the P3R99 variants at the fifth dose (W5). n=5 for all groups. Analyzed via parametric 

T-test (Figure 5.3.3A) and One-way ANOVA (figure 5.3.3B, (not significant)). * = P<0.05, ** = 

P<0.01, *** = P<0.001, **** = P< 0.0001. All values are presented as mean ± SEM. 

5.4 Discussion 

In this study, we examined the immunogenicity of the P3R99 production variants (NS0-P3R99, 

HEK-P3R99, and CHO-P3R99) vs a negative isotype control hR3 in healthy young white-landrace 

piglets. From our findings, we can conclude that the P3R99 variants maintained the 

immunogenicity of the original NS0-P3R99 in piglets.  

However, when comparing the immunogenic strength of the variants relative to the NS0-P3R99, 

we found significant differences in the production of anti-idiotypic (Ab2) antibodies between the 

HEK-P3R99 and NS0-P3R99. Interestingly, this pattern was not observed for the induction of anti-

anti-idiotypic (Ab3) antibodies. 
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5.4.1 P3R99 variant administration did not impact weight gain of white-landrace piglets 

Similar to our results from Chapters 3 and 4, piglets that received P3R99 had weight gain similar 

to the hR3 control-treated piglets. The final weight of the piglets was similar regardless of the 

treatment group. From these results, we can conclude that the P3R99 variants did not affect the 

weight of the piglets. 
 

5.4.2 CHO, HEK, and NS0-P3R99 variants met the requirement of Ab2 immunogenicity in a 

healthy large animal model: 3-week-old white-landrace piglets 
In Chapters 3 and 4, we confirmed the immunogenicity of the HEK-P3R99 and CHO-P3R99 

compared to the NS0-P3R99 using small animal models of different physiological states. 

However, we needed to additionally assess the immunogenicity of the variants in a larger and more 

complex animal model prior to advancing to human trials. Using a young, healthy piglet model, 

we detected significant levels of anti-idiotypic antibodies (Ab2) by all three P3R99 variants at the 

final (fifth) dose (Figure 5.3.2A). 

As mentioned in Chapter 3, section 3.4.2, we assess the significance of an Ab2 response through 

the presence of dominance of the idiotype relative to the non-idiotype regions of the P3R99. 

Typically, the majority of Ab2 antibodies produced are anti-idiotypic, while a minority are anti-

isotypic, which represents the non-idiotype regions. In the piglets at the fifth dose, as expected, we 

detected dominance of the idiotype via statistically significant differences between the anti-

idiotypic response and anti-isotypic response. 

However, unlike our rodent results, for the piglets, we chose to share the Ab2 results at just the 

final dose (W5) due to issues with our pre-immune response (see Figure 5.4.1)(Figure 5.3.2A). It 

is important to note that the piglets exhibited a high sera reactivity across all groups, including the 

negative isotype control hR3, prior to the start of immunizations (pre-immune, W0) and took 

longer to respond to treatment than the rats.  As a result, for these ELISAs it was necessary to pre-

adsorb both the pre-immune and post-immune sera with a negative isotype control antibody to 

minimize this unspecific reactivity. Pre-adsorption reduced this response (OD at 490nm) by a 

factor of approximately 2-5x at week five for the piglets. A low reactivity of the pre-immune sera 

is necessary to accurately reflect the induction of Ab2 antibodies produced in response to the 

immunizations. Additionally, this is critical due to our relatively small sample size of each 

treatment group (n=5). Our results from Chapters 3 and 4 show a low, ideal pre-immune sera 
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response (Figure 3.3.2, 4.3.3) that is consistent with past P3R99 studies (Brito et al., 2012)(Soto 

et al., 2012)(Soto et al., 2014)(Delgado-Roche et al., 2015). A low serum reactivity in the pre-

immunization state allows for the accurate detection of differences in the induction of antibodies 

at various time points. Oversaturation of the pre-immune sera response can lead to an 

underestimation of antibody induction due to an overestimated baseline response. This may also 

cause the response to appear slower. 

Interestingly, this over-saturation of the pre-immune response was also present for the hR3 

treatment group, which is inconsistent with previous P3R99 studies and results. This suggests that 

the piglets may have naturally higher levels of anti-P3R99 Ab2 antibodies. Due to their young age 

and state of well-being, their immune systems may be over-active and naturally produce higher 

levels of endogenous anti-P3R99 antibodies prior to immunizations. Additionally, this could be 

attributed to over-saturation of the binding sites with the sera due to an inadequate dilution factor 

during the ELISA, contamination of the signal with other non-antibody components present in the 

sera, the presence of non-specific binding proteins, or potential cross-reactivity of the IgG goat 

anti-pig secondary antibody with the human IgG component of the P3R99 (Hosseini et al., 2018).  

As a result, we were only able to assess the induction of Ab2 antibodies at the fifth dose, as 

represented in the results (figure 5.3.2A). However, these results were positive and indeed confirm 

our hypothesis that the CHO-P3R99 and HEK-P3R99 variants maintain the immunogenic function 

of the NS0-P3R99 after a minimum of five doses. 

Moreover, when comparing the magnitude of anti-idiotypic (Ab2) antibodies present at the fifth 

dose for the three P3R99 variants via One-Way ANOVA, we found no significant differences 

between CHO-P3R99 and NS0-P3R99 or CHO-P3R99 and HEK-P3R99. However, we did find 

differences between HEK-P3R99 and NS0-P3R99 (Figure 5.3.2B). However, this could be 

attributed to the pre-adsorption of the pre-immune and post-immune sera necessary to reduce 

unspecific cross-reactivity with the human antibodies.  

As a result, in order to make definitive conclusions regarding the immunogenicity of the HEK-

P3R99, we need to examine the Ab3 response as well as the Ab2 response. As the Ab3 is 

considered a final product in this idiotypic cascade, it can provide comprehensive insights into the 

immunogenicity of the HEK-P3R99 relative to the NS0-P3R99. 
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Figure 5.4.1 Enzyme-Linked Immunosorbent Assay (ELISA) results of Ab2 antibody induction 

at a sera dilution of 1/800. Historical results from an ELISA conducted without sera pre-adsorption 

(November 23, 2022). Represented as the response against the idiotype of P3R99 (anti-idiotypic 

response) vs the response against the non-idiotype regions of P3R99 (anti-isotypic response). 

Analyzed via parametric T-test * = P<0.05, ** = P<0.01, *** = P<0.001, **** = P< 0.0001. All 

values are presented as mean ± SEM. 
 

5.4.3 CHO, HEK, and NS0-P3R99 variants met the requirement of Ab3 immunogenicity in a 

healthy large animal model: 3-week-old white-landrace piglets 
As per section 3.4.3 of Chapter 3, Ab3 antibody induction is considered significant when there 

was a minimum two-fold increase in the production of anti-chondroitin sulfate (Ab3) antibodies 

from the pre-immune state to the final dose (Sarduy et al., 2017). 
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For the piglets, when comparing the pre-immune (W0) state to the fifth dose (W5) of P3R99 treated 

piglets, this requirement of a two-fold increase was met.  

In fact, we can see an induction of approximately 2.5-fold from W0 to W5. Thus, in the piglets, 

we can conclude that the induction of Ab3 antibodies for the three P3R99 variants met the criteria 

of immunogenicity. As expected, the hR3 control did not induce significant anti-chondroitin 

sulfate antibodies. 

Moreover, when comparing the magnitude of Ab3 antibody induction at the fifth dose for the 

P3R99 variants, we found no significant differences, suggesting that the CHO-P3R99 and HEK-

P3R99 variants had similar immunogenicity as the original NS0-P3R99. Interestingly, as discussed 

in section 5.4.2, the HEK-P3R99 had a lower induction of anti-idiotypic antibodies compared to 

the NS0-P3R99. However, this relationship did not correspond to Ab3 antibody induction. As 

mentioned in Chapter 3, section 3.4.3, and Chapter 4, section 4.4.3, while Ab2 antibody induction 

is necessary to produce Ab3 antibodies (Sarduy et al., 2017), this relationship is not linear. Higher 

production of Ab2 antibodies does not consistently correlate with a higher production of Ab3 

antibodies due to the potential of Ab2 antibodies to form immune complexes with Ab3. As such, 

despite the differences in the induction of Ab2 antibodies between HEK-P3R99 and NS0-P3R99, 

this occurrence was not maintained for Ab3 antibody production in the white-landrace piglets. 

Thus, the results strongly suggest that the P3R99 variants maintained the overall immunogenicity 

and strength of the original NS0-P3R99 in piglets in terms of Ab3 and Ab2 antibody induction. 

However, due to issues related to the piglet’s over-reactivity to P3R99, leading to high detection 

of Ab2 antibodies in the pre-immune state these results require further testing. 

5.5 Conclusions 

In conclusion, our ELISA results in 3-week-old lean white-landrace piglets suggest that the HEK-

P3R99 and CHO-P3R99 variants maintain the immunogenicity of the NS0-P3R99. Furthermore, 

the CHO-P3R99 and HEK-P3R99 variants exhibited immunogenic strength similar to the NS0-

P3R99 in regard to Ab3 antibody induction. However, due to challenges in our detection of Ab2 

antibody induction in the inter-immunization weeks (weeks 0-4) related to an over-active sera 

response prior to immunizations these results require further validation. 
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CHAPTER 6: GENERAL DISCUSSION AND CONCLUSIONS 

6.1 Summary of results 

The results of this thesis focus on the novel mAb production variants CHO-P3R99 and HEK-

P3R99, specifically assessing their immunogenicity compared to the original NS0-P3R99. 

Chapters 3, 4 and 5 used distinct animal models to assess the immunogenicity of the variants under 

different physiological states. Additionally, chapter 4 included a comprehensive safety evaluation 

of the P3R99 variants in regard to lipid metabolism, carbohydrate metabolism (glucose and insulin 

metabolism), and cardiovascular function. 
 

Chapter 3 

We hypothesized that the CHO-P3R99 and HEK-P3R99 variants maintained the overall 

immunogenicity and strength of the NS0-P3R99 in a 3-month-old lean JCR:LA-cp rat model. Our 

results confirmed that administration of CHO-P3R99, HEK-P3R99, and NS0-P3R99 induced an 

idiotypic cascade in the lean JCR:LA-cp rats, evidenced through the detection of Ab2 and Ab3 

host-derived antibodies. These results were validated through the use of a negative isotype control, 

hR3, which did not induce significant levels of either Ab2 or Ab3 antibodies. Additionally, when 

comparing the levels of Ab2 and Ab3 antibodies induced by the HEK-P3R99, CHO-P3R99, and 

NS0-P3R99, we found no significant differences, thus providing strong evidence that the variants 

maintained the immunogenic strength of the original NS0-P3R99 in the lean JCR:LA-cp rats. 
 

Chapter 4 

Due to positive results in our lean JCR:LA-cp rodent pilot study, we then choose to complete a 

more comprehensive evaluation of the immunogenicity, metabolic effects, and cardiovascular 

outcomes of the P3R99 variants compared to the control hR3 in a lipid and vascular remodelling 

susceptible animal model of 9-month-old obese insulin-resistant JCR:LA-cp rats. For this study, 

we hypothesized that the CHO-P3R99 and HEK-P3R99 variants would have similar effects as the 

NS0-P3R99 in terms of immunogenicity, as well as neutral effects on lipid and carbohydrate 

metabolism and cardiovascular function. Our findings from the obese insulin-resistant JCR:LA-cp 

rat study demonstrated that the CHO-P3R99, HEK-P3R99, and NS0-P3R99 were immunogenic 

through successful induction of Ab2 antibodies in a physiologically compromised animal model. 

These results were critical as they validated the variants’ ability to stimulate the immune system 
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in a model of chronic inflammation and immune dysfunction. Moreover, the variants had a similar 

immunogenic strength (magnitude of Ab2 and Ab3 antibody induction) as the original NS0-

P3R99. However, when assessing the induction of Ab3 antibodies, the HEK-P3R99 was unable to 

meet the criteria for immunogenicity in the obese insulin-resistant JCR:LA-cp rats. This could 

possibly be due to Ab3 accumulation in areas of atherosclerotic remodelling or Ab3 forming 

immune complexes with the Ab2 antibodies present in the sera.  

Furthermore, we found that the P3R99 variants did not influence lipid or carbohydrate metabolism. 

P3R99-treated rats had comparable concentrations of fasting plasma lipids, glucose, and insulin as 

the hR3 treated rats, confirming our hypothesis that the P3R99 variants do not exert non-canonical 

metabolic effects related to their chondroitin sulfate binding affinity. Additionally, HOMA-IR 

analysis confirmed the presence of moderate insulin resistance in all rats regardless of treatment 

group. Similarly, the P3R99 variants were demonstrated to have neutral effects on cardiovascular 

function in the obese insulin-resistant JCR:LA-cp rats through echocardiogram assessment of the 

P3R99 treated rats compared to the hR3 treated rats. Echocardiogram results also confirmed the 

pathology of spontaneous left ventricular dysfunction in the obese insulin-resistant JCR:LA-cp 

rats regardless of their treatment group.  
 

Chapter 5 

Based on the outcomes of Chapters 3 and 4 we were able to consider testing the capacity of the 

P3R99 variants in a large animal model (white-landrace swine) with similar cardiovascular 

physiology, anatomy, and lipid metabolism as humans. We hypothesized that the CHO-P3R99 and 

HEK-P3R99 variants were immunogenic and had immunogenic capabilities similar to the original 

NS0-P3R99 in the 3-week-old white-landrace piglets. Our data confirmed our hypothesis that the 

three variants were immunogenic through the significant induction of Ab2 and Ab3 antibodies, 

while the control hR3 was non-immunogenic. However, when comparing the strength of the Ab2 

response of the three P3R99 variants, we found statistically significant differences between the 

HEK-P3R99 and NS0-P3R99, which were not seen when comparing the strength of Ab3 antibody 

induction between the two. Although, this can be attributed to the pre-adsorption of the sera with 

an isotypic control antibody to minimize cross-reactivity. Thus, at this time, we can confirm that 

the CHO-P3R99 maintained the immunogenic strength of the NS0-P3R99 in the white-landrace 

piglets, while the results from the HEK-P3R99 immunizations suggest that the HEK-P3R99 

variant had a similar immunogenic strength as the NS0-P3R99.  
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Table 6.1 

Thesis chapter results and assessment summary. Study design, planned assessments, and final 

results for healthy lean heterozygous JCR:LA-cp rats, obese insulin-resistant homozygous 

JCR:LA-cp rats, and healthy white-landrace piglets’ studies.  
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6.2 Discussion of findings  

6.2.1 The use of in-vitro methods to assess immunogenicity 

A direct solid-phase Enzyme-Linked Immunosorbent Assay (ELISA) was conducted to validate 

the immune response generated by P3R99 and hR3 by assessing the presence and magnitude of 

anti-idiotypic (Ab2) and anti-anti-idiotypic (Ab3) antibodies produced (Sarduy et al., 2017)(Brito 

et al., 2017). The solid phase direct ELISA was chosen due to its validation in previous NS0-

P3R99 studies, high degree of accuracy in antibody detection and ease of use (Brito et al., 

2012)(Soto et al., 2012)(Soto et al., 2014). 

Immunochemical assays, like ELISAs, are often used to assess the characterization and specificity 

of antibody-antigen interactions. However, there are several techniques available, and while the 

gold standard is the ELISA, there are some limitations. The high sensitivity of the ELISA can 

detect nonspecific binding, thus over-estimating anti-isotypic and anti-idiotypic interactions 

(Alhajj & Farhana, 2023)(Fernández-Quintero et al.,2023). Additionally, the accuracy of the 

ELISA can be impacted by interference factors, including insufficient dilution and the presence of 

contaminants, especially when using biological samples such as sera, which, if not properly 

addressed, can lead to over-reactivity and inaccurate readings of antibodies bound to the plate 

(Hosseini et al., 2018).  These factors may have, in part, influenced our results in the white-

landrace swine. As mentioned in section 5.4.2 of chapter 5, the pre-immune sera of the swine 

displayed high levels of anti-idiotypic Ab2 antibodies prior to immunizations with the P3R99s. 

These results are inconsistent with published NS0-P3R99 studies in various small animal models, 

which consistently demonstrated minimal Ab2 response in the pre-immune sera (Sarduy et al., 

2017)(Brito et al., 2017). 

Moreover, as there were no existing protocols for assessing the immunogenicity of the P3R99 

variants in piglets, many different facets of the procedure were modified and adjusted, such as sera 

dilution factor, sera incubation time, secondary antibody concentration, pre-adsorption of sera, and 

TMB incubation time. However, our standardization was not able to sufficiently reduce the high 

pre-immune response of the white-landrace piglets. Which, as discussed in Chapter 5, could 

indicate oversaturation of the binding sites, contamination of the signal with non-antibody 

components of the sera, endogenous antibodies in the sera, presence of non-specific binding 

proteins, or cross-reactivity of the secondary antibody (Hosseini et al., 2018). 
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These factors could additionally have contributed to the inconsistencies with the HEK-P3R99 

results in the white-landrace piglets among the Ab2 and Ab3 responses. As per Figure 5.3.2B and 

Figure 5.3.3B of Chapter 5, the anti-idiotypic Ab2 response of HEK-P3R99 was significantly 

lower than NS0-P3R99. However, this trend was not maintained for the Ab3 response. This could 

also be due to the high sensitivity of the ELISA and the use of Fetal Bovine Serum (FBS) for only 

NS0-P3R99 production. The presence of FBS in NS0-P3R99 could potentially lead to an 

overestimation of the NS0-P3R99 anti-idiotypic Ab2 response compared to the HEK-P3R99, 

which is not produced with FBS. This can occur due to the endogenous antibodies and proteins of 

FBS, which can lead to non-specific binding and cross-reactivity, resulting in a higher background 

signal (Kim et al., 2015). Thus, challenging the accuracy and consistency of these results. 
 

6.2.2 The possible effect of dose-per-kilogram on the immunogenicity of the P3R99 variants in 

different animal models 

Administration of a 200 µg dose (400 µg/mL) of P3R99 and hR3 in small animals was pre-

validated and proven sufficient to generate a detectable immune response. Previous studies with 

ApoE-/- mice receiving 200 µg of NS0-R99 and hR3 demonstrated significant anti-idiotypic Ab2 

and anti-anti-idiotypic Ab3 responses (Sarduy et al., 2017)(Delgado-Roche et al., 2015). However, 

as previously mentioned, our study was the first to assess the effects of the P3R99 variants in 

distinct animal models, specifically in a large animal model of white-landrace piglets. As per 

Figure 3.1 of Chapter 5, the final weight of the piglets was approximately 30 kg. The dose-per-

kilogram for the piglets can be calculated through the following equations: 
 

Equation 6.1 Calculation of dose-per-kilogram.  
 

Total Dose = Concentration (mg/mL) x Volume (mL) 

Total Dose For Piglets= 0.33 mg/mL x 3 mL = 1 mg  

Dose per Kilogram = Total Dose (mg) / Animal Weight (kg) 

Dose per Kilogram = 1 mg / 30 kg = 0.033 mg/kg 
 

The final dose-per-kilogram for the piglets was 0.033 mg/kg. As per figures 3.1 and 3.2 of Chapter 

4, the final weight of the lean JCR:LA-cp rats and obese insulin-resistant JCR:LA-cp rats were 

approximately 300 grams and 975 grams, respectively. Using the layout of equation one, the lean 
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rats which received 500 µL of a 400 µg/mL dose had a final dose-per-kilogram of 0.67 mg/kg. The 

obese insulin-resistant rats which similarly received 500 µL of a 400 µg/mL dose had a final dose-

per-kilogram of 0.21 mg/kg. This difference in the dose-per-kilogram of our various animal models 

can have significant implications for our results and explain some of the discrepancies we observed 

(Pan et al., 2016).  

A higher dose per kilogram could result in a stronger immune response as it could potentially 

saturate the immune system, allowing for the immune response to reach its maximum capacity. 

Moreover, in the context of mAbs, body weight has been shown to be a predictor of antibody 

clearance and is a critical consideration factor in the field of pharmacokinetics (Mould et al., 

2010)(Bai et al., 2012). As discussed in the 2017 article by Sarduy et al., the P3R99 has significant 

dose-dependent effects, which determine the ability of the P3R99 to launch an immune response 

and ultimately prevent atherogenesis. When they increased the dose of NS0-P3R99 by a factor of 

four (4x) in ApoE-/- mice, they discovered that the higher dose reduced aortic lesion development 

significantly compared to the lower dose (1x) (Sarduy et al., 2017). Moreover, the dose-dependent 

effect of P3R99 reaches a peak following four administrations, suggesting that this effect has a 

minimum threshold of exposure needed to stimulate a response. Thus, due to this strong dose-

dependent effect of the P3R99, it’s possible that the difference in dose-per-kilogram of the lean 

JCR:LA-cp rats (0.67 mg/kg) compared to the obese insulin-resistant JCR:LA-cp rats (0.21 mg/kg) 

and white-landrace piglets (0.033 mg/kg) in part accounts for the differences in their induction of 

Ab2 and Ab3. The lean JCR:LA-cp rats had the highest dose-per-kilogram and exhibited ideal 

results in regard to the induction of anti-idiotypic Ab2 and anti-anti-idiotypic Ab3 antibodies 

compared to the other two animal models. Specifically, the lean JCR:LA-cp rats did not experience 

issues regarding the HEK-P3R99 induction of Ab3 antibodies that we observed in the obese 

insulin-resistant JCR:LA-cp rats. Nor did the lean rats have issues of high-pre-immune sera 

reactivity or inconsistencies of the HEK-P3R99 Ab2 and Ab3 response that were found for the 

white-landrace piglets.  
 

6.2.3 The use of different animal models and the effect on their immune responses 

All animal models were male in order to mitigate the influence of estrous cycles and reduce 

variability related to differences in hormones (Klein & Flanagan, 2016). The reproductive features 

and hormonally complexity of female animals can have major implications on the function of the 
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immune system, specifically antibody production and immunomodulation. Sex hormones such as 

estrogen and progesterone strongly influence immune regulation (Klein & Flanagan, 2016) and 

cardiovascular outcomes. Sex differences additionally occur in both the innate and adaptive 

immune systems and can influence the susceptibility to immune dysfunction and monoclonal 

antibody treatment outcomes (Klein & Flanagan, 2016)(Wilkinson et al., 2022). Female animal 

models are also more prone to adverse effects when undergoing antibody-based interventions 

(Fischinger et al., 2018). 

Moreover, we choose to assess the effect of P3R99 administration specifically in the JCR:LA-cp 

rat models due to previous use of this animal model for P3R99 studies (Soto et al., 2023). The lean 

JCR:LA-cp rat model was chosen to determine the effect of the CHO-P3R99 and HEK-P3R99 

under normal physiological conditions without the influences of old age and diet, which are major 

determinants of atherosclerosis onset and outcomes. Conversely, the obese insulin-resistant rats 

were chosen to assess the influence of P3R99 administration in a model of physiological 

dysfunction, specifically of immune dysfunction. As this study was interested in the immunogenic 

effects of the P3R99, we wanted to know how and if a state of immune dysfunction would limit 

the ability of the P3R99 to stimulate an immune response. We were also interested in the 

adaptability of the P3R99 variants under this state of immune dysfunction compared to ‘normal’ 

physiology. 

Additionally, as obesity and insulin resistance are low-grade chronic inflammatory disorders like 

atherosclerosis, the obese insulin-resistant JCR:LA-cp rats were a relevant model for the 

inflammatory features of atherosclerosis. As discussed in detail in the introduction of Chapter 5 

and section 1.6.3 of Chapter 1, the white-landrace piglet model was chosen due to its inherent 

similarities to human pathophysiology, anatomy, metabolism, and immune responses (Tsang et 

al., 2016). Using this large animal model under normal physiological conditions can provide 

insight into how a human immune system may respond to P3R99 treatment. As such, the use of 

these distinct animal models with varying immune systems and immunomodulation can explain 

some of the differences between our results. It’s in part due to their immune systems' varying 

complexities and differing states of health that we observed differences in their anti-idiotypic Ab2 

and anti-anti-idiotypic Ab3 responses to the P3R99. It is also possible the antibody itself could 

have been recognized differently by the species-specific immune systems due to its chimeric 

mouse/human makeup (Malm et al., 2020)(Liu et al., 2022). The healthy lean JCR:LA-cp rat 
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immune system, for example, could have had a higher reactivity to the mouse IgG, thus inducing 

a larger number of anti-idiotypic antibodies in response, while this reaction could have been less 

strong in the white-landrace piglets. This is especially relevant as the piglets likely had a higher 

baseline of endogenous antibodies capable of non-specific and low binding affinity interactions as 

per their elevated pre-immune sera response. 

6.3 Limitations and future directions  

As described in this discussion, some limitations of our immunogenicity studies included the use 

of the ELISA assays, differences in dose-per-kilogram among the animals’ models, and variability 

of the immune systems of the animal models.  

Additionally, another limitation was the lack of accounting for sex differences. As discussed in 

section 6.2.3, female and male animal species have strong sex-dependent differences in their 

immune responses (Klein & Flanagan, 2016)(Wilkinson et al., 2022), which were not addressed 

in this study. Using both male and female species while introducing a higher level of variability 

can provide necessary insight into how the P3R99 variants function under the influence of 

reproduction and hormonal fluctuations. 

Moreover, having a relatively small sample size (n=5) also limits our ability to make definitive 

conclusions, as having one outlier can significantly skew our data. Our sample size also limited 

the statistical analyses we were able to undertake. 

Lastly, as mentioned in Chapter 4 Section 4.4.5, the obese insulin-resistant JCR:LA-cp rats, while 

having a similar underlying pathophysiology to atherosclerosis, were not the ideal model for 

assessing atherosclerosis due to inherent differences in the physiology and metabolism of rats 

compared to large mammals like humans. Thus, we were unable to determine if P3R99 

administration ameliorated atherosclerosis. Although, we did find that the P3R99 administration 

did not negatively affect cardiovascular function. 

Moving forward, this immunogenicity study could be reassessed using common models of 

atherosclerosis, such as ApoE-/- mice or rabbits given lipofundin. Additionally, we could use both 

male and female animals to account for any sex-related differences.  

Moreover, in order to reduce the level of variability present in our study, future studies could use 

a consistent dose-per-kilogram among similar animal models and increase the sample size of each 

P3R99 variant. 
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Furthermore, based on previous studies of NS0-P3R99, future experiments could include an 

immunohistochemistry assay to assess variant accumulation in areas of atherosclerosis, which, as 

discussed, is a major feature of the P3R99.  

Longer-term studies could also be carried out to assess the vaccine-like ability of the variants to 

induce longer-term atheroprotective effects seen in the original NS0-P3R99 and to determine the 

appropriate dosing of the variants (Brito et al., 2012)(Sarduy et al., 2017). 

6.4 Conclusions  

There is a gap in cardiovascular therapies that can target disease initiation and address residual 

risk. The NS0-P3R99, a human murine, chimeric atheroprotective monoclonal antibody capable 

of binding proatherogenic proteoglycan glycosaminoglycans and inducing an idiotypic cascade 

through the host immune system, has been shown in previous studies to inhibit lipid retention and 

reduce atherosclerosis.  

Production issues with its NS0 cell line led to the creation of two new, more productive variants, 

CHO-P3R99 and HEK-P3R99, that were assessed for immunogenic capability.  

The results from this thesis suggest that the variants have immunogenic effects similar to the NS0-

P3R99 in distinct animal models. These results are promising as the idiotypic cascade induced by 

the P3R99 mediates the antiatherosclerotic effects (Brito et al., 2012)(Soto et al., 2012)(Sarduy et 

al., 2017), suggesting that the variants may also retain other novel features of the NS0-P3R99.  

These results provide critical next steps for the development of the P3R99, aiding the future 

adaption of the P3R99 for scale-up use in large animal models and large-scale clinical trials. 
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