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ABSTRACT 

Chronic diseases such as cardiovascular disease (CVD) and Type 2 Diabetes 

Mellitus (T2DM) are intricately linked to inflammatory responses, with gene 

expression changes governed by transcription factors playing a crucial role. This 

thesis delves into the potential association between the Brn-3b transcription 

factor and inflammatory response, and its possible link to vascular dysfunction. 

Initial investigations utilizing human THP-1 and Jurkat cells unveiled an 

upregulation of Brn-3b protein post-vitamin D3 treatment in THP-1 cells and in 

PMA+IL4 differentiated THP-1 cells, contrasting with non-significant changes in 

activated and non-activated human Jurkat cells. Employing a Brn-3b knock-out 

(Brn-3b KO) mouse model, I observed that the cellular immune cell profile, 

specifically CD44- immune-related cells in T and non-T cell lineages including 

monocytes, B lymphocytes, and granulocytes in Brn-3b KO bone marrow and 

blood, did not significantly change compared to wild-type (WT) controls. 

Furthermore, I explored the inflammatory status of the Brn-3b KO mouse model 

by analysing soluble protein mediators in bone marrow conditional medium and 

blood plasma. The data showed no significant alteration of protein biomarkers 

tumor necrosis factor alpha (TNFα), IL-1β, and IL-6 in bone marrow supernatant, 

while interestingly, IL-1β was significantly reduced in Brn-3b KO blood plasma, 

but not TNFα and IL-6. In the final chapter, I investigated the potential link 

between immune response and alterations in vascular proteins in the aorta of 

Brn-3b KO mice. The analysis showed no significant changes in immune markers 

(CD3, CD45R/B220, CD11b, CD44) or vascular proteins (alpha smooth muscle 

actin (αSMA), smooth muscle protein 22 (SM22)) and proliferative marker Ki67 

in Brn-3b KO samples. An additional work on spleen also showed these immune 

markers CD3, CD4, CD8, CD44, CD11b, B220 and Thy-1 in Brn-3b KO mice 

mirrored those in WT controls. Overall, the findings suggest that the loss of Brn-

3b may not substantially impact immune regulatory responses in bone marrow, 

blood, aorta, and spleen tissue of the Brn-3b KO mouse model. 
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IMPACT STATEMENT 

The research presented in my thesis, "Studying the Links Between Loss of 

POU4F2/Brn-3b and Inflammatory Changes that Contribute to Cardiovascular 

Disease," offers insights into how the Brn-3b transcription factor may influence 

vascular function independently of immune-related inflammation. While not all of 

my findings reached statistical significance, this work nonetheless opens up 

questions about the role of Brn-3b in maintaining vascular integrity. The broader 

relevance of these findings, both within academia and beyond, lies in exploring 

alternative mechanisms of vascular disease development that do not rely solely 

on inflammatory pathways. 

Academic Impact 

Within academic research, the thesis contributes to the understanding of non-

inflammatory mechanisms in vascular dysfunction, particularly by investigating 

how Brn-3b affects the expression of vascular proteins such as SM22+CD44, 

SM22+αSMA, and Ki67. Though the data did not conclusively establish the full 

scope of Brn-3b’s role, the study provides a foundation for further research to 

explore transcriptional regulation in cardiovascular health. Future researchers 

may build on these preliminary findings to refine our understanding of Brn-3b’s 

function and potentially investigate its effects in other tissues or disease models. 

The methodologies employed, including deep immunophenotyping and vascular 

protein analysis, could also inform future studies in related fields. These 

approaches can contribute to a more nuanced understanding of the interactions 

between transcription factors and vascular biology, potentially influencing future 

research methods or coursework in cardiovascular biology and molecular 

medicine. 

Impact Outside Academia 

While my research highlights the potential of Brn-3b as a target for therapeutic 

intervention, more extensive studies are needed before concreting clinical 

applications can be established. If validated through further work, targeting Brn-

3b could offer a new therapeutic approach for managing vascular dysfunction in 

patients who do not respond to anti-inflammatory treatments. However, at this 



 

stage, the translational impact remains speculative, requiring additional research 

to confirm its clinical relevance. In terms of public health and therapeutic 

development, this work underscores the importance of investigating non-

inflammatory pathways in cardiovascular diseases. If future research builds on 

these findings, there could be gradual changes in how we approach disease 

prevention and treatment strategies. By providing a different perspective on 

disease mechanisms, this study may contribute to broader public health 

discussions on cardiovascular risk factors. 

Broader Impacts and Dissemination 

The insights gained from this research, while not fully conclusive, offer a starting 

point for further exploration in the field. Disseminating these findings through 

academic journals, scientific conferences, and collaborative discussions with 

clinical researchers can facilitate dialogue on how transcription factors like Brn-

3b might influence vascular biology. Over time, this may contribute to shaping 

research directions, particularly as new data becomes available. Overall, while 

the results of my thesis did not lead to definitive conclusions, they raise important 

questions about non-inflammatory drivers of vascular dysfunction. The 

incremental impact of this work may emerge as part of a broader research effort, 

helping to inform both future academic inquiries and potential clinical applications 

down the line. 
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1 INTRODUCTION 

1.1 Cardiovascular disease (CVD)  

Cardiovascular disease (CVD) remains a major health problem with high mortality 

rates (Azuaje et al., 2011). Although there have been some reductions from 1990 

to 2013 in the United Kingdom (UK), it remains the second main cause of death 

in 2014 and is estimated to further increase in the future (Bhatnagar et al., 2016; 

Kelly & Fuster., 2010). According to the World Health Organization (WHO), an 

estimated 17.9 million people died from CVDs in 2019, accounting for 32% of all 

global deaths. Of these fatalities, 85% were due to heart attack and stroke. CVD 

encompasses a group of disorders affecting the heart and blood vessels, 

including coronary heart disease, cerebrovascular disease, rheumatic heart 

disease, congenital heart disease, peripheral arterial disease, deep vein 

thrombosis and pulmonary embolism. It is a chronic disease that develops over 

a prolonged period, adversely affecting general health such as fatigue, physical 

and mental distress and significantly deteriorating quality of life (Grover and Joshi, 

2015; Newland et al, 2017; Adam et al., 2020). The pathogenesis of CVD is 

intricate, involving a multifaceted interplay of genetic, environmental, and lifestyle 

factors (WHO, 2021).  

The mechanisms underlying CVD are complex, involving the deterioration of the 

vasculature construction that compromises the integrity and structure of the 

vascular wall. The precise gene expression and cellular signalling are required to 

meticulously orchestrate vascular wall components including smooth muscle 
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cells (SMC), endothelial cells (EC) and fibroblast, extracellular matrix (ECM) and 

lamella, to protect the morphology and homeostasis of the blood vessel, as 

illustrated in Figure 1 (Mazurek et al., 2017).  

 

 

Figure 1: Structural components and functional homeostasis of the 
vascular wall. The vascular walls comprise various vascular components including 
smooth muscle cell (SMC), endothelial cell (EC), fibroblast, extracellular matrix (ECM) 
and lamella. The strong link of these components is required to protect the blood vessel 
integrity and functionality (Mazurek et al., 2017).  

 

Changes in the signalling pathways in blood vessel components such as vascular 

ECs and vascular smooth muscle cells (VSMCs) are key mechanisms which 

cause vascular dysfunction and promote the progression of CVD (Ma et al., 

2023). Specifically, the most well-known vascular dysfunction in the blood 

vessels is arteriosclerosis and atherosclerosis which cause hypertension that can 

lead to hypertrophy and heart failure (Park and Avolio, 2023); or atherosclerosis 

in the coronary vasculature that contributes to injury e.g. myocardial infarction 

(Palasubraniam et al., 2019). Atherosclerosis is also known as a primary cause 

of aneurysms and aortic dissection that develops the false lumen in the blood 

vessel wall (Ashley and Niebauer, 2004).  

Arteriosclerosis is a Greek origin term that brings the meaning “hardening of the 

arteries’’ means the arteries thicken and lose flexibility (Fishbein and Fishbein, 
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2009). Atherosclerosis is not the same as it develops from fatty plaque buildup, 

however, it is a common type of arteriosclerosis. Atherosclerosis is a classic 

inflammatory disease that involves T cells and macrophages, smooth SMC highly 

proliferate and migrate, and the ECs are highly damaged. In contradiction, 

arteriosclerotic disease mainly involves SMCs, whereas immune cells seem to 

play a minor role. Calcification of vascular cells could be observed in 

atherosclerotic and arteriosclerotic disease at the end stage of both entities, 

however, in atherosclerosis it is found in the intima, whereas in arteriosclerosis, 

the calcification is in the media of the vessel wall (Tolle et al., 2015). Thus, 

atherosclerosis and arteriosclerosis are diagnostically different processes that 

often coexist, share common risk factors and are independently correlated with 

increased CVD risk (Figure 2).  

 

 

Figure 2: Comparative pathophysiology of atherosclerosis and 
arteriosclerosis in vascular dysfunction. Different pathophysiologies of 
atherosclerosis and arteriosclerosis within the vascular wall contribute to vascular 
dysfunction. The ‘+’assesses the role: +++ high impact, ++ moderate impact, + low 
impact, (+) unknown impact (Tolle et al., 2015).  

 

The key mechanisms underlying arteriosclerosis and atherosclerosis that 

contribute to CVD involve complex structural, cellular and mechanical changes. 

The process begins with endothelial dysfunction, where damage to the ECs due 

to factors like hypertension, oxidative stress, and inflammation leads to increased 
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lipid permeability, immune cell infiltration such as monocytes, macrophages and 

T lymphocytes and reduced nitric oxide (NO) bioavailability (Egashira, 2002). This 

dysfunction changes VSMC phenotype by facilitating the migration and 

proliferation of VSMCs, driven by growth factors such as platelet-derived growth 

factor (PDGF) and transforming growth factor (TGFβ) and cytokines such as 

tumour necrosis factor alpha (TNFα), interleukin 1 (IL-1) and IL-4. PDGF 

regulates microRNA-214 (miR-214) and serine/threonine-protein kinase 1 (Pim-

1), inducing mesenchymal-like traits that enhance mobility and invasiveness, 

while activating extracellular signal-regulated kinase 1/2 (ERK1/2) and Jun N-

terminal kinase (JNK) pathways to promote growth by increasing Deleted in 

Lymphocytic Leukaemia 2 (DLEU2) and proliferating cell nuclear antigen (PCNA) 

expression and downregulating α-smooth muscle actin (α-SMA) and Calponin 1 

(CNN1). TGF-β modulates VSMC phenotypic changes through mothers against 

decapentaplegic homolog 3 (Smad) signalling, promoting the expression of 

contractile genes. Meanwhile, TNF-α released from damaged endothelial cells 

drives VSMC proliferation and migration via the Akt/ activator protein 1 (Akt/AP-

1) and Ras homolog family member A (RhoA) pathways (Xin et al., 2024). 

Concurrently, these VSMCs produce ECM components, including collagen, 

elastin and glycosaminoglycans contributing to the thickening of the arterial wall. 

The ECM remodelling is regulated by matrix metalloproteinases (MMPs) such as 

MMP-2, MMP-9 and membrane-type MMP, maintaining a balance between 

matrix deposition and degradation. Upregulation of MMP-2 production and 

induction of other gelatinase, MMP-9, occur rapidly following mechanical injury 

(Rudijanto, 2007).  

In addition to these changes, calcification occurs within the arterial wall, where 

calcium salts deposit in the media, intima or other site of the wall leading to 

increased stiffness and reduced arterial compliance. In the tunica media (TM), 

loss of elastin is coupled with medial calcification, and the degradation of elastin 

is believed to further contribute to the osteogenic process in aortic tissue. SMCs 

differentiate into osteoblast-like cells in media where it is like bone formation, and 

it is related to genes such as BMP2, msh homeobox 2 (MSX2), and alkaline 

phosphatase (ALP). On the other side of the wall, which is intima, calcification is 

closely associated with lipid deposits, and the clinically related to infiltration of 

inflammatory cells, with disruptive arterial disease, whereas in the end is more 
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obvious by transformation into osteoblast-like cells from SMCs (Lee et al., 2020). 

Collectively, these mechanisms underscore the pathophysiological basis of 

arteriosclerosis and atherosclerosis, however, atherosclerosis is distinct by 

forming the plaque on the intimal wall due to lipid deposition, foam cells and 

apoptotic body and arteriosclerosis is more toward the stiffness of the wall due to 

the calcification in the media (Tolle et al., 2015).  

These mechanisms cause changes in blood vessel structure and function that 

directly or indirectly affect cardiac function, due to abnormal pressure of vascular 

blood. Thus, controlling the blood vessel's health is the main strategy to prevent 

the lateral pressure exerted on the walls of blood vessels per unit area during the 

flow of blood, which also represent a crucial global public health strategy in the 

effort to reduce premature mortality from CVDs (Ma et al., 2023). 

1.1.1 The interplay of immune mechanism in CVD 

Plaque formation and the arterial stiffening process in the two main features of 

vascular dysfunctional; Arteriosclerosis and atherosclerosis are both closely 

linked to inflammation (Goncalves et al., 2024). In the vessel wall, the intima and 

adventitia are normally involved in the disease process, with luminal and 

microvascular ECs performing a critical role in the recruitment and activation of 

leukocytes (Tellides and Pober, 2015). The dysfunction of ECs causes 

dysregulation of immune cells and increased secretion of inflammatory cytokines 

(Dal et al., 2019; Rengarajan et al., 2024). In the TM, the VSMCs are capable of 

inducing robust proinflammatory cytokines such as IL-1, IL-6, chemokine ligand 

2 (CCL2), and CCL10 in response to various cues including hypertension, 

microbial infection, sentinel resident leukocytes or infiltrates of innate 

immunocytes (Tellides and Pober, 2015). Collectively, the vascular dysfunction 

due to the build-up of plaque and increased vessel stiffness is fundamentally 

involved in complex cellular crosstalk between VSMCs, EC and immune cells, 

such as macrophages (Mɸs) and T cells which promote vascular inflammation 

(Wiejak et al., 2023).  

In addition, atherosclerosis, ischemic/hypoxic injury, and chronic stress are 

interconnected in the development of CVD. Dysregulation of immune cells, such 

as monocytes, dendritic cells (DCs), and T cells, within plaques plays a critical 

role in the development of ischemic injury or myocardial infarction, which occurs 
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due to stenosis or plaque rupture, ultimately reducing myocardial blood flow or 

oxygen supply (Zhao et al., 2023). Chronic stress compounds these conditions 

by promoting systemic inflammation and increasing blood pressure, which 

accelerates atherosclerosis and makes blood vessels more prone to injury. 

Stress further exacerbates ischemic injury by worsening endothelial dysfunction 

and increasing the risk of plaque rupture (Yao et al., 2019). These three factors, 

atherosclerosis, ischemic injury, and chronic stress create a vicious cycle, where 

each condition exacerbates the others, contributing to vascular and cardiac 

dysfunction. 

Innate and adaptive immune response has been piloted as the pathological 

feature of arteriosclerosis/atherosclerosis. It is evidenced by the high 

accumulation of inflammatory cells within the plaque tissue and the association 

with increased plasma levels of inflammatory markers. This inflammatory onset 

is mostly due to modified lipids (Goncalves et al., 2024).  

The general information on the immune cells phenotypes and their response in 

the innate and adaptive immune systems are collectively compiled and 

elaborated in the next section.  

1.1.1.1 Innate and adaptive immune systems  

The immune system consists of two elementary lines of defence which are innate 

and adaptive immunity. Innate and adaptive immune response are two branches 

of the immune system that are critical for the beginning and progression of 

chronic inflammatory diseases, including atherosclerosis (Sun et al., 2020). 

Innate immunity is the rapid, first-line defense against pathogens such as 

bacteria, fungi, parasites, viruses, cancer cells, and toxins. It involves immune 

cells, including phagocytes (macrophages and neutrophils) and DCs, which 

respond through mechanisms like phagocytosis, cytokine release, and antigen-

independent recognition, within minutes to hours after exposure (Marshall et al., 

2018). On the other hand, the adaptive immune response is antigen-dependent 

and antigen-specific, with a slower initial reaction but a strong memory capacity. 

This enables the host to mount a more rapid and efficient immune response 

through T and B cells after exposure to an antigen. The response involves 

mechanisms such as cytokine release by T cells and antibody production by B 

cells, as described in Table 1. leThere is a great relationship between innate and 



Chapter 1: INTRODUCTION 

Norfazlina Mohd Nawi - February 2025   7 

adaptive immune systems, where they can be mirror to each other, however its 

defects can provoke illness or disease, such as inappropriate inflammation, 

autoimmune diseases, immunodeficiency disorders and hypersensitivity 

reactions (Marshall et al., 2018).  

In the innate and adaptive immune systems, the response was driven by different 

types of immune cellular phenotypes. These immune cells were phenotypically 

characterised based on the cellular markers known as cell differentiated (CD) 

markers as elaborated in Table 1. In response to intruder/cue, the Innate and 

adaptive immune systems initiate the local inflammation and immune cell 

recruitment by producing cytokines such as IL-1, IL-6, TNFα, IL-4 and C-X-C 

chemokine receptors such as CXCR2, CXCR10. Through cytokines and 

chemokines, different cell phenotypes can communicate between cells (Marshall 

et al., 2018). In the immunity response, cytokines may act on the cells that secrete 

them which is called autocrine action, on nearby cells known as paracrine action, 

or in some instances on distant cells known as endocrine action. The recruited 

cells either cause/enhance the inflammation where it’s induced by pro-

inflammatory cytokines or resolves the inflammation where it is activated by anti-

inflammatory cytokines (Zhang and An, 2007).   

Typically, in acute inflammatory responses, cellular and molecular events interact 

effectively to minimize impending injury or infection. 

This improvement process contributes to repairing the tissue and resolving the 

acute inflammation. However, uncontrolled acute inflammation may become 

chronic, leading to a variety of chronic inflammatory diseases such as 

cardiovascular and bowel diseases, diabetes, arthritis, and cancer (Chen et al., 

2018). In these inflammatory responses, pro-and anti-inflammatory mechanisms 

are involved for maintaining homeostasis and the health of disease. The detail 

function of the pro and anti-inflammatory mechanisms in maintaining the 

haemodynamic of the tissue/organ, especially the vascular system was 

elaborated further in the next section.  

 

  



 

8  Norfazlina Mohd Nawi - February 2025 

Table 1: Markers and immunological stimuli of the innate and adaptive 
immune system. Summary of characterisation markers and immunology stimuli 
induced/secreted by macrophages and lymphocytes cells in the innate and adaptive 
immune system (Nagasawa, 2006; Jenkins et al., 2011; Aristizabal and Gonzalez, 2013; 
Ying et al., 2013; Zhou et al., 2017; Wager and Wormley, (2014); Yang et al., 2014; 
Moganti et al., 2017; Zhu and Zhu, 2020). 
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1.1.1.1.1 Pro and anti-inflammatory responses in maintaining vascular 

homeostasis and their defective effects 

In inflammatory diseases such as autoimmune disease, diabetes mellitus, 

arthritis, cancer and heart disease, the pro and anti-inflammatory effects in both 

innate and adaptive immune systems determine the occurrence and outcome of 

inflammation. These pro-inflammatory and anti-inflammatory responses are 

driven mainly by the monocytes, macrophages and T cells through cytokines as 

the communication signal (Chen et al., 2018). The specific cytokines and their 

roles in the pro- and anti-inflammatory responses were described in Table 2.  

Their role is primarily to maintain cellular or tissue homeostasis and health, by 

exerting an appropriate immune activation to challenge malignant/infectious 

agents and essentially applying mechanisms to resolve the inflammation. Failure 

to diminish an ‘alert alarm' stimuli or activate an appropriate immune mechanism 

leads to pathological inflammation and disrupts tissue homeostasis characterised 

by the progressive development of immune disease features such as fibrosis, 

cirrhosis, tumour, organ failure and ultimately death (Robinson et al., 2016).  This 

chronic pathological inflammation occurred due to excessive inflammatory 

cytokine production (Chen et al., 2018). 

 

Table 2: Cytokines involved in inflammatory immune response. The summary 
of cytokines released by the immune cells that contribute to pro and anti-inflammatory 
responses (Chen et al., 2018) 

 

 

Cytokine Family Main sources Function

IL-1β IL-1 Macrophages, monocytes Pro-inflammation, proliferation, apoptosis, differentiation

IL-4 IL-4 Th-cells Anti-inflammation, T-cell and B-cell proliferation, B-cell differentiation

IL-6 IL-6 Macrophages, T-cells, adipocyte Pro-inflammation, differentiation, cytokine production

IL-8 CXC Macrophages, epithelial cells, endothelial cells Pro-inflammation, chemotaxis, angiogenesis

IL-10 IL-10 Monocytes, T-cells, B-cells Anti-inflammation, inhibition of the pro-inflammatory cytokines

IL-12 IL-12 Dendritic cells, macrophages, neutrophils Pro-inflammation, cell differentiation, activates NK cell

IL-11 IL-6 Fibroblasts, neurons, epithelial cells Anti-inflammation, differentiation, induces acute phase protein

TNF-α TNF
Macrophages, NK cells, CD4+lymphocytes, 

adipocyte

Pro-inflammation, cytokine production, cell proliferation, apoptosis, 

anti-infection

IFN-γ INF T-cells, NK cells, NKT cells Pro-inflammation, innate, adaptive immunity anti-viral

GM-CSF IL-4 T-cells, macrophages, fibroblasts
Pro-inflammation, macrophage activation, increase neutrophil and 

monocyte function

TGF-β TGF Macrophages, T cells Anti-inflammation, inhibition of pro-inflammatory cytokine production
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Inflammation can occur in various tissues and organs that contribute to various 

diseases. Specifically, focusing on the pathological inflammation in the blood 

vessel wall, the vascular system is known as a key to the inflammatory response 

because most of the inflammatory response components circulate through the 

blood and vessels. The disruption of the immune mechanism to preserve the 

homeostasis of the vasculature health may affect the normal structure and 

function of the vessel wall. The main feature of the pathological inflammation in 

the vasculature system is atherosclerosis/arteriosclerosis which affects the 

integrity/stiffness of the blood vessel wall and reduces the lumen size by lipid 

plague that leads to hypertension and eventually causes cardiac failure (Zanoli 

et al., 2020).  

In immune-related pathological conditions of blood vessels, the innate immune 

system is the first defense activated in response to the inflammatory trigger. 

Various humoral, physical and mechanical factors are included in the activation 

of the inflammatory response in the blood vessel shown in Figure 3. The earliest 

immune mechanism in innate immunity that response to these inflammatory 

factors involves the increase of endothelial adhesion molecules expression 

including vascular cell adhesion molecule 3 (VCAM3), intercellular adhesion 

molecule 1 (ICAM −1), and platelets endothelial cell adhesion molecule 1 

(PECAM −1) on the EC surface (Zanoli et al., 2020; Mohmmad et al., 2021). The 

increased expression of these molecules recruits immune system cells towards 

ECs.  

The Immune cells that are recruited during the innate immune response in the 

pathological vessel wall such as atherosclerosis including monocytes and 

macrophages (M1 and M2), neutrophils, mast cells, natural killer (NK) cells and 

DCs (Mohmmad et al., 2021). These immune cells exert pro and anti-

inflammatory cytokines during the pathological condition. Their role in protecting 

or pro-atherogenic is shown in Table 3. 
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Figure 3: Biological basis and redox biology of inflammation in vascular 
disease. The humoral, physical and mechanical risk factors trigger inflammatory 
responses in the blood vessels that lead to vascular damage (Zanoli et al., 2020).  

 

M1 and M2 macrophages are the core of the immune system (Mills, 2015). M1 

functions as proinflammatory immune cells or host defence, while M2 functions 

as immune suppressors (Chen et al., 2023). Activated innate immune cells 

promote tissue inflammation by secreting pro-inflammatory mediators, such as 

TNFα, IL-6, and reactive oxygen species (ROS). Alongside or following innate 

immune responses, infiltration of adaptive immune cells such as T and B cells 

that regulate antigen-specific immune responses occurred (Miteva et al., 2018).  

During the inflammation process, T cells differentiate into effector T cells such as 

T helper 1 (Th1), Th2, Th17 and CD8 T cells that produce pro- or anti-

inflammatory cytokine, and B cells differentiate into plasma cells with specific 

antibody production (Sun et al., 2020; Rizzoni et al., 2022).  

In detail mechanism of action, activated Th1 cells secrete interferon-gamma (IFN-

γ) promoting atherosclerosis and inflammation as IFN-γ is a major inducer of 

atherosclerosis development. IFN-γ enhances monocyte infiltration, macrophage 

activation, foam-cell formation, lesion formation, accumulation of lipids and 

destabilization of the plaque via weakening of endothelial function, lessening of 

the collagen content and intensification of the inflammatory cell’s penetration. 

While Th2 cells function as athero-protective cells by inhibiting Th1 cells and IFNγ 

function by secreting IL-4. On the other hand, CD8 T cells act as both athero-

protective and pro-atherogenic functions in vascular dysfunctional mechanisms. 

Moreover, B cells such as B1 cells exhibit athero-protective effects, and B2 cells 

promote atherosclerosis by secreting inflammatory cytokines, which 
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consequently trigger Th1 cells and monocyte/macrophage activation (Miteva et 

al., 2018).  

The end -outcome of the vascular dysfunctional (e.g. coronary artery disease) 

due to the obstructive of innate and adaptive immune response cause the 

hypertension due to obstruction of blood flow. This obstacle then causes 

complications to the heart (e.g. cardiac infarction, left ventricular hypertrophy) as 

the obstruction of blood flow leads to an insufficient supply of the nutrient of 

oxygen to the cardiac cells. In the long run, the heart can no longer withstand the 

persistent hemodynamic stress which leads to heart failure. Vascular dysfunction 

especially atherosclerosis extremely impacts the regular heart function, nominate 

it as the main cause of cardiovascular diseases (Masenga and Kirabo, 2023). 
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Table 3: Immune cells’ roles during the innate immune response in atherosclerosis of blood vessels. The immune cells exert pro /and 
anti-inflammatory responses during the pathological condition. Different types of innate immune cells including macrophages, monocytes, neutrophils, 
mast cells, natural killer (NK) cells and dendritic cells (DCs) involve in the immune-related atherosclerosis condition (Mohmmad et al., 2021).  
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During the innate and adaptive immune response, the immune cell phenotypes 

resident/ recruited to the affected tissue or organ such as the blood vessel wall 

are derived/developed from the primary and secondary immune organs including 

bone marrow, thymus and spleen. These cells circulate through the blood before 

infiltrating the targeted organ/tissues (Shi and Pamer, 2011). In the next section, 

the development of various immune cell phenotypes in the immune organ was 

elaborated in further detail. 

1.1.1.2 Development of different populations of immune cell phenotype 

Immune cells referred to as the leukocytes or white blood cells (WBC) are 

important in the immune system and responsible for regulating the immune 

responses to pathogens and injury (Tigner et al., 2020). In summary, all 

leukocytes share a common ancestor which is the hematopoietic stem cell (HSC). 

HSCs differentiate into common lymphoid progenitors (CLP) and common 

myeloid progenitors (CMP) before developing into lymphoid and myeloid cells 

(Figure 4) (Kondo, 2010). HSCs derived in the primary immune organ; bone 

marrow, circulate, and develop in the blood and other immune organs e.g., 

thymus, spleen, and liver. Certain immune cells can also mature in the bone 

marrow (Janeway et al., 2001). 
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Figure 4: Classic pathways of immune cell development from 
hematopoietic stem cells (HSC). In Myeloid divergence, common myeloid 
progenitors (CMP)-derived HSC differentiated into red blood cells (RBC), platelets and 
myeloblast. Myeloblasts further differentiate into myeloid lineage including monocytes, 
granulocytes and common dendritic progenitor (CDP). Among these myeloid lineages, 
monocytes polarised to macrophage and monocytes derived dendritic cells (MDDC) and 
dendritic cells (DCs) derived from CDP. While granulocytes develop into various effector 
cells including neutrophils. In lymphoid cell development, HSCs differentiate into 
common lymphoid cell (CLP) and become lymphoblast, which further develop into 
natural killer (NK) cells, T and B cells. Lymphoblast also can differentiate into CDP, where 
it further develops into dendritic cells (DCs) (Rocamonde et al., 2019). 

 

1.1.1.2.1 Immune cell development in bone marrow 

Bone marrow is the primary site for immune cells’ production, proliferation, and 

selective retainment of innate and adaptive immune cells. Bone marrow is a 

primary hematopoietic organ and consists of various immune cells, including 

regulatory T (Treg) cells, conventional T cells, B cells, DCs, natural killer T (NKT) 

cells, neutrophils, monocytic lineage, myeloid-derived suppressor cells (MDSC) 

and mesenchymal stem cells (MSC) (Zhou et al., 2015). Therefore, bone marrow 
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which consists of various immune cells can find immunity tuning and makes it 

suitable as an immune regulatory model for immune response research. 

In the immune cell development process, the bone marrow-stem cell-derived 

(HSCs) develop into progenitors that gradually lose certain lineage differentiation 

potential before committing to the specific cell lineages. During the early stage of 

cell differentiation in response to cell differentiation signal, HSCs slowly lose self-

renewal ability, which is the capacity to proliferate, though able to fully sustain the 

differentiation potential of the parental cells, whereas it is the unique features 

possessed by all types of stem cells. HSCs' self-renewal ability is divided into 

long-term (LT) and short-term (ST) HSCs, whereas LT-HSCs have life-long self-

renewal ability while ST-HSCs have limited self-renewal ability and can only 

support modification of the hematopoietic cells for 6 weeks. LT-HSCs contribute 

to long-term multi-lineage reconstitution, while ST-HSCs enable to develop into 

multipotent progenitors (MPPs) whereas it can support the generation of all types 

of blood cells with no obvious self-renewal capacity that leads the MPP can only 

support haematopoiesis transiently. Specifically, HSCs are immature stem cells 

that form a sequential developmental lineage from LT-HSCs to ST-HSCs and it 

then develop into MPPs, as illustrated in Figure 5. These cells are included in the 

population of cKIThiLineage−Sca-1+ (KLS) bone marrow fraction (Kondo, 2010). 

KLS cells are considered primitive HSCs and likely play a role in maintaining 

stem/progenitor cell quiescence, thereby preventing stem cell exhaustion 

(Hirabayashi et al., 2008). 

1.1.1.2.1.1 Myeloid cell development 

ST-HSC will develop into MPP1 to MPP4 and these MPPs will attain myeloid and 

lymphoid lineage. Myeloid-derived cells are heterogeneous populations 

consisting of myeloid progenitors, immature myeloid cells, and macrophages. 

Myeloid cells such as monocytes are derived from MPP2 and 3 that further 

differentiate into CMPs. Furthermore, CMP will differentiate into monocytes and 

granulocytes through CMP-derived granulocyte-macrophage progenitors 

(GMPs) or eosinophil and basophil progenitor (EoBP), as illustrated in Figure 5 

(Singh and Cancelas, 2020). DCs and monocytes also can be derived from CMP-

derived monocytes-dendritic cell progenitors (MDPs) (Yanez et al., 2017). These 



Chapter 1: INTRODUCTION 

Norfazlina Mohd Nawi - February 2025   17 

pathways not only produce monocytes/macrophages but also neutrophils, 

eosinophils, basophils and DCs.  

To relate with myeloid cell development, certain myeloid cells develop distinctly 

during normal and abnormal physiology conditions. For example, in a normal 

mouse, immature myeloid cells differentiate into mature 

granulocytes/macrophages or leukocyte progenitors and express the Gr-

1+CD11b+ phenotype. However, under pathological conditions (e.g., tumour), 

immature myeloid cells become MDSCs and express CD11b+Ly6G+Ly6Clow 

(M2 macrophages) or CD11b+Ly6G-Ly6Chi (M1 macrophages). MDSCs may be 

defined as cells with CD14−CD11b+HLA-DRdim phenotype in humans (Zhao et 

al., 2012; Ghasemlou et al., 2015; Lu et al., 2018). Therefore, the differentiation 

pattern of the myeloid cells may be different depending on the physiological 

condition of the tissue/organs. 

Moreover, to relate the myeloid cell development in the bone marrow and its 

immunity response, the mechanism of myeloid cell development in bone marrow 

during inflammation is further elaborated. To be re-emphasized, myeloid cells are 

important immune cells for innate immune response. Therefore, during 

inflammation such as systemic infection, the innate immune response is 

activated. The alarm signal activates pattern recognition receptors (PRR) on the 

myeloid surface including GMP and GDP, monocytes and macrophages and 

these cells rapidly travel to the injury site/ targeted tissue through the peripheral 

blood. Besides that, some myeloid cells such as GMP and GDP bypass the 

periphery blood but travel to lymph nodes (LNs) to undergo maturation before 

spreading to the injury site to suppress the inflammation or remove the 

inflammatory agent (Serrano et al., 2021; Ratajczak and Kucia, 2022). Overall, 

the bone marrow organ is involved to recognise and respond to infection by 

rapidly generating myeloid immune cells and quickly released into the 

blood/lymphatic circulation to replace those that are used in the periphery. 
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Figure 5: Detailed illustration of myeloid cell development. The multipotent 
progenitor (MPP) and myeloid cells were denoted in the red box. Long-term 
hematopoietic stem cells (LT-HSCs) are at the top of the hierarchy for all cell lineages. 
LT-HSCs differentiate into short-term hematopoietic stem cells (ST-HSCs), and 
afterwards into MPPs (MPP1 to MPP4) with reduced self-renewal ability. Downstream 
of MPPs, myeloid lineage is derived from MPP2 and MPP3 (red box), which develop into 
common myeloid progenitors (CMPs), the first step in myeloid lineage commitment. 
CMPs then can generate granulocyte-monocyte progenitors (GMPs) which afterwards 
produce granulocytes (e.g., neutrophils, eosinophils and basophils), macrophages, and 
dendritic cells (DCs) (red box) (Singh and Cancelas, 2020). 

 

1.1.1.2.1.2 Lymphoid cell development 

Furthermore, lymphoid stem cells are the primary cells that develop into B, T, and 

NK. It is derived from MPP4/LMPP which afterwards develops into CLP, as 

shown in Figure 5. The representative of T cell surface markers that are usually 

studied in immunology research is summarised in Table 4.  

Statistically, approximately 8–20% of bone marrow mononuclear cells are 

lymphocytes, with a 5:1 ratio of T cell/B cell. Moreover, 1% of the bone marrow 

population are plasma cells, which can produce antibodies. Approximately 1–5% 

of CD3+ T cells in the bone marrow are composed of CD4+ T cells, CD8+ T cells 

and CD4+CD25+Treg cells. CD4/CD8 ratio in the bone marrow is 1∶2 as 
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compared to both peripheral LNs and the blood. Two-thirds of bone marrow T 

cells express surface markers indicating antigen experience (e.g., CD44hi and 

CD122+), while T cells in the spleen and LNs exhibit naive phenotypes (Zhao et 

al., 2012). These lymphoid cells are important for regulating immune response, 

especially adaptive immune response.  

In the next section, how these cell populations, specifically B and T cells undergo 

the development process is comprehensively elaborated for a deep 

understanding of their development process. In addition, the link between their 

development process and their immunity response is further highlighted.  

 

Table 4: Surface markers representing T and B lymphocytes. The table 
summarised the representative marker for total lymphocyte cells, T cells and type of T 
cells, B cells and the cellular activation status (Tchilian et al., 2004; Rumfelt et al., 2006; 
Zhao et al., 2012; Sauls et al., 2018). 

 

 

1.1.1.2.1.3 B cell development in bone marrow and transition in the blood before 

localising to secondary lymphoid organ 

Lymphoid cell development can be divided into B and T cell lineage. The 

illustration of B cell development is shown in Figure 6. B cells are derived from 

MPPs (MPP4/LMPP) and undergo several differentiation checkpoints (Singh and 

Cancelas, 2020). B lymphocytes develop from HSCs in the fetal liver before birth, 

and then in the bone marrow after birth (Hardy and Hayakawa, 2001; Montecino-

Rodriguez and Dorshkind, 2012). In adult mouse bone marrow, B cell progenitors 
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differentiate into pro-B and pre-B cells before developing into immature B cells. 

The immature B cells then infiltrate and circulate in the blood, differentiating into 

transitional 1 (T1) B cells. These T1 B cells further differentiate into T2 and T3 B 

cells before maturing into B cells (Zhou et al., 2020). 

The percentage of transitional B cells that develop into mature B cells decreases 

significantly, from 10% entering the circulation to only 1-3% reaching maturity. 

Mature B cells then give rise to short-lived plasma cells or migrate to the germinal 

center (GC) to form GC B cells (Zhou et al., 2020). Differentiation of B cells in the 

GC predominantly occurs in lymph nodes, spleen, and Peyer's patches (Young 

and Brink, 2021). In the GC, B cells can undergo selection to differentiate into 

long-lived plasma blasts or memory B cells (Zhou et al., 2020; Shiraz et al., 2022). 

Mature B Cells can be segregated into several subsets based on their location, 

cell surface phenotype, Ag specificity, and activation routes, as illustrated in Table 

5.  

 

 

Figure 6: Illustration of B cell development in bone marrow and blood. The 
B cell develops in the bone marrow and the naïve B cells exit the bone marrow and 
develop into several subsets of B cells including transition B cells (T B cells) in the blood, 
then become mature B cells and differentiate into short-lived plasma membrane or/and 
germinal center (GC) B cells in the GC region of a lymphoid organ. The GC B cells then 
further develop into long-lived plasma cells and memory B cells that function to release 
antibodies, cytokines or both (Zhou et al., 2020). 
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In adaptive immune response, naïve B cells exit bone marrow and are activated 

through specific antigens binding to the B cell receptor (BCR) and PRR ligands 

weakening the infection by producing low-specificity antibodies. This early 

immune response is driven by short-lived plasma cells. Besides that, regulatory 

B cells also have been induced and cause an immunosuppressive function by 

excretion of IL-10, IL-17, IL-35 and TGFβ, which suppress Th cell and innate 

immune cell responses.   

Further cross-linking of surface antibodies and antigens leads to further 

differentiation and selection in GC of lymphoid organs which involves the 

interaction with T cells (Figure 7). This occurs through cytokine signalling such 

as IL-21 and IL-4, which are released by follicular T cells and DCs, furthermore, 

B cells present major histocompatibility complex class II (MHC II) epitope 

complex on its surface, which can be recognized by cognate T cells. Th2 

recognised the MHCII epitope complex on B cell surface using T cell receptor 

(TCR) and CD4 which permits Th2 cell to activate B cell to proliferate and 

differentiate into B memory cells and plasma cells. B cells proliferation and 

differentiation are facilitated by the IL-4, IL-5 and IL-6 secreted by Th2, while IL-

10 inhibits the proliferation of Th1 cells. Antibodies bind to either inactivate the 

antigens or mark them for destruction by macrophages. (Gartner and Hiat, 2011; 

Nothelfer et al., 2015).  
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Table 5: Description of B cell subsets. The B Cells are divided into several subsets 
based on their location, cell surface phenotype, antigen (Ag) specificity, and activation 
routes (Cano and Lopera, 2013). 

Type of B cells Characterisation 

Transitional B cells (T B cell) The earlier B-cell 

Follicular B cells (FoB) or B-2 

Generated in the bone marrow, 

infiltrate to the follicles of secondary 

lymphoid organs through blood 

Marginal zone B cells (MZB) 
Localised at sentinel in the marginal 

zone (MZ) of the spleen 

B1 B cells B Cells form in the fetal liver 

Plasmocyte or Ab-secretory cells 

Activated B Cell derived, expressed 

IL-2 and IL-10, without CD19, CD20, 

CD22, HLA class II molecules, and 

BCR 

Short-lived cells 

Located in the medulla of the ganglia 

and, rapidly leaving enters the 

circulation and then obtains the site 

where the Ag enters to initiate 

Long-lived cells 
Migrate to the bone marrow following 

SDF-1 expression by the stromal cells 

Memory B Cells 

Classified based on CD27, and m Ig. 

Found in spleen, GC and intestine 

lamina propria 

Regulatory B cells (Bregs) Release a variety of cytokines  

Innate B cell helpers 
Obtain help from other cells besides 

the T-helper cells 
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Figure 7: Mechanisms of germinal center (GC) B cell activation and 
differentiation. Mechanism of activation of B cells in GC following the antigen 
stimulation. Activation involves the interaction with T cells i.e., T helper 2 (Th2), through 
major histocompatibility complex II (MHCII) and CD40 receptor-CD40 molecule complex 
binding on B cells surface. The binding with Th cells promotes the proliferation and 
differentiation of the B cells into plasma and memory B cells that are facilitated by 
various cytokines (interleukin 4 (IL-4), IL-5 and IL-6) (Gartner and Hiat, 2011).  

 

1.1.1.2.2 T cell development in bone marrow 

Furthermore, T cells are also derived from ST-HSC and the progenitor in the bone 

marrow, before it continued the development of T cell lineage in the thymus, as 

illustrated in Figure 8 (Brugman and Staal, 2016). The bone marrow progenitor 

such as CLP are well known generated in bone marrow (Lancrin et al., 2002; 

Kawano et al., 2018), however, the intermediate steps leading to T cell 

commitment are still lacking information. In this section, I elaborate on the 

process of the T cell development that occurs in bone marrow and thymus. 

The nature of early T lineage progenitors in the thymus or bone marrow is still 

unknown. Therefore, in this thesis, I described the T cell lineage development in 

the bone marrow from HSC differentiated into CLP (Singh and Cancelas, 2020). 

CLP was then developed into early T cell progenitor (ETP)/double negative 1 

(DN1). ETP derived from bone marrow was reported to express in the thymus 

and is known as the earliest progenitor for T cell lineage. However, ETP also can 

develop into other cell lineage including NK cells (Oh et al., 2023). The 



 

24  Norfazlina Mohd Nawi - February 2025 

extrathymic progenitors depend on the expression of P-selectin-PSGL-1 

interactions, P-selectin, C-C chemokine receptor 9 (CCR9) to homing into the 

thymus. These adhesion proteins were found to express on Lin-Sca1+cKIT + 

(LSK), CLP, and ETP cells (Krueger and Von, 2007).  

In the thymus, the progenitors develop into a DN population (CD44 and CD25 

(IL-2 receptor alpha chain)), progressing through stages DN1 to DN4. 

Subsequently, DN4 cells form a double-positive population expressing both CD4 

and CD8 through the rearrangement of the αβ-TCR chain. These double positive 

(DP) cells then undergo a positive selection process to form immature single 

positive (SP) CD4 or CD8 cells. They are then translocated into the blood, 

continuing their maturation into fully functional CD4 and CD8 T cells. Negative 

selection cells are discarded through apoptosis (Thapa and Farber, 2019). 

 

 

Figure 8: T cell development from hematopoietic stem cells (HSC) derived 
from bone marrow to mature T cells in the thymus. The stem cells and 
progenitor are derived from the bone marrow and seedling of the thymus (red box) for 
further the development of T cell lineage and becoming T immunocompetent cells 
(Brugman and Staal, 2016). 

 

In general, naive CD4 and CD8 cells further develop into functional T cells to 

promote and inhibit inflammation, as illustrated in Figure 9. Specifically, CD4 

develop into Th cells, either Th1 or Th2, depending on the physiological condition. 

On the other hand, naive CD8 cells develop into cytotoxic CD8 T cells that destroy 

the pathogen/foreign antigen by releasing cytolytic enzymes and/or cytokines 

(Seder and Ahmed, 2003). 
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In detail, upon antigen stimulation, naïve CD4+ T cells activated by antigen-

presenting cells (APCs) through MHC II complex binding, costimulatory 

stimulation, and cytokine signalling such as IFNy, IL-1 and IL-6, that differentiate 

the naïve cells into several cell subsets including Th1, Th2, Treg, follicular helper 

T (Tfh), Th17, Th9, Th22, and CD4+ cytotoxic T lymphocytes (CTLs). While naïve 

CD8 T cells undergo robust clonal to give rise to effector and memory T cells 

(Sun et al., 2023). In terms of CD4 and CD8 T cells' role in immune response, 

Th1 is known to function as pro-inflammatory cells that contribute to inflammation, 

while Th2 and T regulator cells function as anti-inflammatory immune cells. On 

the other hand, Tfh cells are specialized CD4+ Th cells that function in supporting 

humoral immune responses by promoting B cell proliferation and differentiation 

in GC, and high-affinity antibody production (Sun et al., 2023). 

On the other hand, effector CD8+ T cells (CD8+ CTLs) directly induce target cell 

death by the interaction between Fas/Fas ligand and release the cytolytic 

mediator perforin that causes pores creation on the target cells which allows the 

delivery of granule serine proteases (granzymes) to induce apoptosis. Moreover, 

memory CD8+ T cells provide rapid and strong protection against antigens, which 

is important for efficient and long-term immunity (Sun et al., 2023). 
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Figure 9: Polarisation of naive CD4 and CD8 T cells into effector subsets. T 
helper 1 (Th1) and Th2 cells polarised from naive CD4 cells toward becoming interferon 
gamma (IFN-γ) or interleukin 4 (IL-4)-producing cells. After activation, there is notable 
heterogeneity at the single-cell level in terms of cells producing IFN-γ or IL-4. Naive CD8 
T cells efficiently develop into effector cells called cytotoxic CD8 T cells with cytolytic 
and/or cytokine-producing capacity after primary stimulation (Seder and Ahmed, 2003).  

 

The purity of the T cell lineage in T cell development can be identified based on 

the expression of the Thy-1 marker. As cited by Yang et al. (2020), this novel 

protein was named Thy-1 because it was first discovered on thymocytes. It is 

abundant on T cells (Furlong et al., 2018). Thy-1 is more than just a T cell marker; 

it can at least partially substitute for TCR-induced signal 1 during T cell activation 

and can stimulate T cells (Haeryfar and Hoskin, 2004). Thy-1 provides a TCR-

like signal to control CD4+ T cell proliferation and differentiation into effector cells 

following costimulatory signals by syngeneic lipopolysaccharide (LPS)-matured 

bone marrow-derived DCs (Furlong et al., 2018). 
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Therefore, in this study, I employed the Thy-1 marker to identify the purity of the 

T cell lineage and to separate the non-T cell lineage. 

1.1.1.2.3 Immunological function in spleen 

The spleen is a secondary lymphoid organ and hosts a various immunological 

function together with its roles in haematopoiesis and RBC clearance (Lewis et 

al., 2019). As previously mentioned, naïve T cells from the thymus translocate 

into the spleen (Janeway et al., 2001; Bonilla and Oettgen, 2010). Besides that, 

other immune cells (e.g., monocytes, macrophages, and B cells) that circulate 

through the blood also enter the spleen to direct the immune response.  

The Spleen structure consists of red pulp (RP), white pulp (WP) and MZ exist 

between both regions (Figure 10). WP regions make up the spleen less than a 

quarter, while RP makes up most of the tissue. Even though WP cover a smaller 

region than RP, WP plays the primary immunologic role in the spleen of both 

human and rodent species, while RP plays a different immune function than WP. 

Different from LNs, the spleen absences of afferent lymphatic vessels which all 

cells and antigens infiltrate into the spleen through blood circulation (Lewis et al., 

(2019)). 

These splenic architectures make it compatible to play an important role as the 

secondary immune organ that regulates the immune response. Specifically, RP 

functions to discard aged, dead cells and cellular debris from the circulation, while 

concurrently scanning for pathogens and tissue damage. Numerous leukocytes 

with innate immunity roles inhabit the RP, including neutrophils, monocytes, DCs, 

gamma delta (γδ) T cells and macrophages, make RP primarily for innate 

immunity (Lewis et al., 2019; Hu et al., 2020). 

Moreover, the blood entering MZ engaged with the macrophage population in the 

MZ region. These two populations of macrophages which are metallophilic 

macrophages (MMMs) and marginal zone macrophages (MZMs) retained by 

CCL21 chemokine. Then both macrophage populations form a barrier that helps 

to filter the blood and lymphocytes to release into the MZ. A link that exists 

between the RP and WP is called the bridging zone/channel (BC). Besides that, 

CCL21 also known as T cell attracting chemokine. Thus, naïve and activated 

lymphocytes (e.g. T cells) enter or exit the WP through MZ BC (Pabst and 

Westermann, 1991; Lewis et al., 2019; Sixt and Lammermann, 2020).  
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Figure 10: Splenic structure and function at steady states. The splenic 
architecture is divided into red pulp (RP) (major region), white pulp (WP) (less than a 
quarter part) and marginal zone (MZ) dividing both RP and WP. WP areas consist of the 
T-cell zone (TCZ), known as the periarteriolar lymphoid sheath (PALS), arterioles and B-
cell zone (BCZ). The WP also consist of germinal center (GC) that can be categorised as 
dark zone (DZ) and light zone (LZ) in BCZ. The Innate immune cells including monocytes, 
macrophages, neutrophils, and natural killer (NK) cells are major components in RP, 
while T and B lymphocytes (adaptive immune response) are the components of WP 
(Lewis et al., 2019).  

 

During the innate immune response, the monocyte population (e.g., Ly6Clo and 

Ly6Chi) encounter the bacteria in the blood and then exits into MZ to induce T 

cell-independent MZB cell response. Besides that, monocytes also help to 

remove apoptotic bodies and secrete anti-inflammatory factors (e.g., TGFβ and 

IL-10). Besides that, during the inflammation response, monocytes in MZ secrete 

CCR2 to recruit and migrate Ly6Chi monocytes from the bone marrow into the 

spleen for the development of several myeloid cell types (e.g., DC and 

macrophages). There are highly inflammatory monocytes (CD11c+nTIP (TNF-

iNOS)–DCs), producing TNFα and NO. They are also capable of reactivating 

effector or memory T and NK cells, however, not powerful enough to activate 
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naïve T cells. Moreover, the spleen also functions as a basin for undifferentiated 

monocytes such as monocytes marked by the CX3CR1 marker and variable 

amounts of Ly6C, and it mobilises into the other organs when the signal alarm is 

received for inflammatory response (Lewis et al., 2019).   

On the other hand, the adaptive immune response is driven by T and B cells. In 

the steady state, naïve follicular B cells inhabit WP follicles, but during the 

inflammatory state, B cells in BCZ rapidly cycle between the LZ by CXCR5 and 

the DZ by CXCR4. Following the GC reaction, some B cells leave into the BC 

and RP to become antibody-secreting cells while some become long-lived 

plasma cells in the RP. On the other hand, in the steady state, CD4+ and CD8+ 

T cells are set apart within the TCZ (or PALS) of the murine WP. CD4+ T cells 

support B cells to produce high-affinity antibodies through cytokine production 

(e.g., IL-21) and direct co-stimulation (e.g., ICOS-ICOS ligand). During the active 

immune response, Tfh cells upregulate CXCR5 to reach the T-B border while B 

cells upregulate CCR7 to move from the BCZ to the T-B border (Lewis et al., 

2019). In comparison to CD4 T cells, naïve CD8+ T cells populate in the central 

TCZ (or PALS) of WP during the steady state waiting for APCs. Following the 

immune activation, activated CTLs translocate to MZ and RP through the BC to 

clear the infection in the RP. Moreover, some memory CD8+ T cells return to the 

PALS and CD62L-CXCR3+ memory CD8+ T cells remain in the RP (Lewis et al., 

2019).  

Altogether, it indicates that immune cells developed in primary immune organs 

either continue their development in the spleen for immune regulatory responses 

or are recruited into organs for immunological functions. The development of 

these immune cell profiles or the activation/enhancement of the immune 

response in the organ might be controlled by a master regulator behind the 

mechanism. Therefore, further understanding of the mechanism of the immune 

regulatory response at transcriptional regulation levels has been explored in the 

literature. The mechanism of the immune regulatory response at transcriptional 

levels is elaborated in the end part of this chapter. 

Before further interrogation of the molecular pathway of the inflammation, I 

explore another influential risk factor of CVD, which is the metabolic dysfunctional 

factor. Besides inflammation, which is well-known to be an important player and 

risk factor in CVD, metabolic dysfunction is also a key pathophysiological factor 



 

30  Norfazlina Mohd Nawi - February 2025 

contributing to CVD. Therefore, in the next section, I have compiled various 

literature on metabolic disorder as a risk factor for CVD and their interrelationship 

with inflammation, which can lead to complications such as heart disease or heart 

failure.  

1.1.2 Metabolic dysfunction as a CVD risk factor 

Metabolic dysfunction e.g., obesity and type (II) diabetes mellitus (T2DM) are 

known to significantly increase the risk of CVD (Biglu and Biglu., 2016; Haybar et 

al., 2019). It is proven that patients with T2DM in addition to a history of 

Myocardial Infarction (MI) display higher death rates compared to nondiabetic 

patients (Einarson et al., 2018).   

Chronic hyperglycaemia is a primary factor in promoting vascular complications 

in T2DM (Figure 11) (Rask-Madsen & King., 2013). The degree of vascular 

damage is linked with the hyperglycaemic-induce production of ROS and 

consequently, oxidative stress that stimulates the inflammatory response in the 

vascular wall (Oguntibeju, 2019). The production of pro-inflammatory cells and 

cytokines drives vascular changes, which are the hallmarks of CVD. The 

phenotypic changes distort the normal regulation of blood flow and pressure, 

consequently, contributing to pathological vascular disease e.g., hypertension, 

myocardial infarction, atherosclerosis, and heart failure (Heinecke, 2006; 

Chatterjee, 2016; Daryabor et al., 2020).   

Overall, there is a strong correlation between metabolic disorders, such as 

hyperglycaemia, and the activation/enhancement of the inflammatory response 

in the vascular wall, which consequently contributes to vascular dysfunction (e.g. 

atherosclerosis) and disease. 
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Figure 11: Hyperglycaemia-diabetes metabolic disorder as a risk factor for 
vascular disease. Metabolic disorders (e.g. diabetes mellitus) diagnosed due to 
hyperglycaemia lead to increased levels of free fatty acid (FFA), modified low-density 
lipoprotein (LDL) and reduced high-density lipoprotein (HDL) in the blood. These 
conditions cause the occurrence of injury mechanisms that involve the obstruction of 
pro- and anti-inflammatory strategies in immune response (e.g. excessive inflammatory 
cytokines and leukocytes), an increase of reactive oxygen species (ROS) production, 
angiotensin II (Ang II), advanced glycation end products (AGE), and the failure of anti-
inflammatory and anti-oxidation activity to maintain the homeostasis of the vascular 
tissue. Prolong period of injury leads to vascular complications including atherosclerosis, 
nephropathy, and retinopathy (Rask-Madsen & King., 2013). 

 

1.1.2.1 Correlation between metabolic dysfunction, inflammation and CVD 

In this section, I elaborate on endoplasmic reticulum (ER) stress as one potential 

mechanism that links hyperglycaemia to inflammation, which may lead to 

vascular dysfunction and eventually cause CVD. Accumulated data show a 

strong connection between inflammatory changes and the risk of CVD. How 

inflammation contributes to CVD is a hot topic in research (Katsiari et al., 2019). 

In detail, the molecular mechanisms of inflammatory responses stimulated by 

metabolic dysfunction (e.g., hyperglycaemia and insulin resistance) are shown in 

Figure 12. This figure illustrates how metabolic dysfunction (e.g. high glucose) 

contributes to the inflammatory response by activating ER stress, enhancing the 

hyperglycaemia condition and promoting insulin resistance at the transcription 

level. In brief, hyperglycaemia triggers ER stress and activates Inhibitory kappa 
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kinase beta (IKKβ), which phosphorylates Iҡβα and promotes its degradation in 

proteasome. This causes nuclear factor kappa beta (NFҡB) to translocate into 

the nucleus and induce the transcription of pro-inflammatory genes. IKKβ also 

inhibits insulin signalling pathways via the phosphorylation of insulin receptor 

substrate 1 (IRS-1) serine residues in adipocytes and promotes insulin resistance 

(Berbudi et al., 2020).   

 

 

Figure 12: The link between endoplasmic reticulum (ER) stress and 
inflammatory gene transcription synthesis, insulin resistance and 
hyperglycaemia. ER stress is a potential mechanism linking hyperglycaemia to 
inflammation. Both hyperglycaemia and hyperlipidaemia activate ER stress, which 
promotes the transcription of inflammatory genes through the modulation of Inhibitory 
kappa B kinase beta (IKKβ) protein molecules. This leads to the translocation of nuclear 
factor kappa B (NFҡB) to the nucleus, initiating the transcription of inflammatory 
proteins. Additionally, Jun N-terminal kinase 1 (JNK-1), activated by excessive 
inflammatory cytokines and saturated fatty acids, along with IKKβ, inhibits insulin 
receptor (IR) function by blocking insulin receptor substrate 1 (IRS1). This blockage 
prevents glucose from entering cells via glucose transporters, resulting in elevated 
glucose levels (Berbudi et al., 2020). 
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Hyperglycaemia stimulates stress in organelles and cells, such as the 

mitochondria and the ER, leading to the production of excessive ROS. These 

ROS cause oxidative stress (Van Niekerk et al., 2019; Berbudi et al., 2020). In 

normal physiology, ROS functions to regulate vascular contraction and relaxation, 

and they are produced by mitochondria at low concentrations (Koju et al., 2019). 

However, excessive ROS produced by activation of mitochondrial respiratory 

chain enzymes (e.g., nicotinamide adenine dinucleotide phosphate (NADPH) 

oxidase, uncoupled endothelial nitric oxide synthase (eNOS), cyclooxygenase, 

and xanthine oxidase (XO) during hyperglycaemia cause cells and tissues 

experience high oxidation stress. Moreover, the failure of the antioxidant defence 

system inhibits the normal roles of antioxidant enzymes (e.g., catalase, 

peroxiredoxins, glutaredoxin (Grx), and glutathione peroxidases (GPx)), making 

them unable to mitigate the damaging effect of oxidative stress in the cells and 

tissues (Nedosugova et al., 2022).   

In pathological vascular dysfunction, the high glucose or free fatty acid (FFA) 

induces excessive accumulation of ROS directly causes damage to the ECs by 

oxidising the macromolecule including DNA, proteins, and lipids (Koju et al., 

2019). Besides that, ROS also cause indirect effects, which as excessive ROS 

elevate the oxidative stress which then activates stress-sensitive intracellular 

signalling pathways including NFҡB, p38 mitogen-activated protein kinase 

(MAPK), JNK/SAPK and hexosamines. NFҡB plays are well known to play a 

crucial role in mediating immune and inflammatory responses and apoptosis, 

while JNK/SAPK is involved in the apoptosis mechanism of EC. On the other 

hand, activation of the p38 pathway increased phosphorylation of heat shock 

protein 25, the cell injury functionally related protein. Moreover, high glucose or 

FFAs result in activation of the hexosamine biosynthetic pathway, which in turn 

leads to insulin resistance (Figure 13) (Evan et al., 2003).  

In addition, free-reducing sugar (e.g. glucose) in hyperglycaemia cause increases 

the production of advanced glycation end-product (AGE) and FFA in 

hyperlipidaemia increases the production of oxidised low-density lipoprotein 

(oxLDL), which is known that both can induce the endothelial dysfunction (Evan 

et al., 2003; Nedosugova et al., 2022). They cause endothelial dysfunction 

because the glycation process causes loss of protein function and impaired 
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elasticity of tissues such as blood vessels, skin, and tendons. The glycation 

process is known as the non-enzymatic reaction that occurs between free 

reducing sugars and free amino groups of proteins, DNA, and lipids to form AGEs. 

This reaction highly accelerates in the presence of high glucose and tissue 

oxidative stress (Kim et al., 2017).  

Moreover, high levels of FFA and low-density lipoprotein (LDL) during 

hyperlipidaemia undergo a chemical reaction with excessive ROS, producing 

oxLDL. While LDL in its natural state is not atherogenic, in its oxidised state, it is 

taken up by macrophages, causing them to undergo phenotype modulation to 

become foam cells. This process is a pivotal point for the developing 

atherosclerotic plaque (Leopold and Loscalzo, (2008).  

 

 

Figure 13: Mechanism of hyperglycaemia and hyperlipidaemia induce-
reactive oxygen species (ROS) and vascular damage. Hyperglycaemia and 
hyperlipidaemia induce excessive ROS secretion, directly and indirectly, affecting the 
pathophysiological condition of vasculature wall tissue. The excessive ROS produced 
during hyperglycaemia/hyperlipidaemia directly cause macromolecule damage (eg. 
DNA, protein and lipid) on the vascular wall. Moreover, high ROS activate stress-
sensitive intracellular signalling pathways (e.g. nuclear factor kappa B (NFҡB), p38 
mitogen-activated protein kinase (MAPK), Jun amino-terminal kinase/stress-activated 
protein kinases (JNK/SAPK) and hexosamines) due to elevation of oxidation stress, which 
consequently leads to vascular damage by the inflammatory responses, and glycation 
process (e.g. advanced glycation end (AGE) product), insulin resistance and β-cell 
dysfunction (Evan et al., 2003).  
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EC damage/injury due to the oxidation stress mechanism mentioned above 

allows a high level of small-density LDL to translocate into tunica intima (TI) and 

react with excessive ROS to generate more oxLDL. oxLDL aids in recruiting 

inflammatory mediators by inducing endothelial and VSMC-secreting 

chemokines (monocyte chemotactic protein-1 (MCP-1)) and causing the 

infiltration of monocytes into TI (Leopold and Loscalzo, 2008; Rask-Madsen & 

King., 2013; Reijirink et al., 2022). Monocytes including Ly6C+ (mouse) and 

CD14 +(human) are the driving force of inflammation that contributes to vascular 

dysfunction (Italiani and Boraschi, 2014; Reijirink et al., 2022). High levels of 

Monocytes (eg. Ly6C) differentiated into the M1 macrophages, engulf the oxLDL 

and produce lipid-laden foam cells (Gui et al., 2012). These foam cells release 

cytokines and chemokines, causing the trafficking of monocytes and T 

lymphocytes to the subendothelial space (Batty et al., 2022). The accumulation 

of foam cells leads to the development of plaque, which is a pathological condition 

characteristic of vascular disease (Javadifar et al., 2021).   

The severity of vascular dysfunction diseases such as coronary artery disease 

(CAD) is associated with the lymphocyte-to-monocyte ratio. High monocytes and 

low lymphocyte count were composite markers of inflammation that may provide 

additional information in the assessment of CVD (Gong et al., 2018; Oh et al., 

2022).  

Collectively, the literature review reveals an impressive correlation between 

metabolic disorder, inflammation and vascular dysfunctional disease. In the next 

section, specific pathological conditions that demonstrate the strong three-way 

relationship between metabolic disorders, inflammatory immune and CVD are 

further explored.  

1.1.2.1.1 Metabolic disorder versus inflammatory immune response 

There is a fascinating link between the metabolic disorder and the inflammatory 

response that happens in the tissue. Metabolic disorders such as T2DM are 

thought to stimulate the de-regulation of innate and adaptive immune responses, 

causing uncontrol infiltration of monocytes into the TI of the vasculature (Tan et 

al., 2022). The general function of innate and adaptive immune response is 

summarised in Table 1.  
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During normal and pathological conditions, regulatory factors in both immune 

systems are believed to modulate the anti/pro-inflammatory response by different 

immune cell phenotypes and inflammatory cytokines. The metabolic disorders 

such as the glycolytic metabolic shift in T2DM, lead to elevated ROS-induced 

oxidation stress, which induces the differentiation of monocytes (Evan et al., 

2003: Nedosugova et al., 2022). Monocytes which are the specialised innate 

immunity player (Zhang et al., 2021), possess binary M1/M2 macrophage 

polarisation settings, depending on numerous environmental conditions that fuel 

polarisation (Chen et al., 2023).   

In hyperglycaemia environmental conditions, high glucose causes repression of 

M2 macrophages and skewed differentiation of monocytes into M1 phenotype to 

drive pro-inflammation that contributes to vascular dysfunction (Torres et al., 

2016). Therefore, M1 macrophages are denoted as the key players in diabetes 

progression and inflammation effects (Tan et al., 2022). M1 macrophages utilized 

glucose as an energy substrate (Vats et al., 2006; Moganti et al., 2017), therefore, 

high glucose condition would recruit a high volume of M1 macrophages into the 

injury site and glucose-utilizing tissue (e.g., Damaged vascular endothelium 

tissue, adipose tissue, and liver) (Xia et al., 2017). Therefore, further damage 

caused by T2DM (e.g., vascular dysfunction) can be prevented by reducing 

hyperglycemia-induced M1 cytokine profiles (Moganti et al., 2017).   

Moreover, T-lymphocytes which are part of the adaptive immune system also act 

as important regulators of T2DM-associated inflammation (Donath and Shoelson, 

2011; Kologrivova et al., 2016; Xia et al., 2017). The adaptive immune response 

begins with the activation of naïve T cells, which differentiate into Th1, Th2, Th17 

or Treg from naïve CD4 T cells, and into CD8 T cytotoxic cells from naïve CD8 T 

cells (Figure 9 and Figure 14). The polarisation of these cells is influenced by 

various environmental factors, particularly cytokines. Th1 cells are induced by 

IFNγ, Th2 cells by IL-4, Th17 cells by IL-6, IL-21, IL-23, IL-1β or TGFβ and Treg 

cells by TGFβ. These cytokines are typically released by innate immune cells 

when an infection persists, and the activation of adaptive immunity is required. 

Additionally, CD8 T cells are developed to directly kill or destroy pathogens 

through the expression of MHCI (Figure 14) (Netea et al., 2019; Zhu and Zhu, 

2020).  
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In the pathological condition (e.g., T2DM and hyperglycemia), CD8+ T cells and 

Th1 cells are elevated in the adipose tissue to cause insulin resistance, while 

Treg cells and Th2 cells tend to counter the pathological condition (Donath and 

Shoelson, 2011; Xia et al., 2017). Th1 and Th2 responses are closely related to 

M1/M2 polarisation and play a critical role in T2DM-associated inflammation (Xia 

et al., 2017). Macrophages function to initiate and direct T-cell responses, 

indicating that the adaptive immune response requires activation and guidance 

from innate immunity (Mills and Ley, 2014; Italiani and Boraschi, 2014). Pro-

inflammatory cytokines secreted by M1 macrophages increased CD4 T cells/Th1 

and cytotoxic CD8 T cells, as illustrated in Figure 14 (Mills and Ley, 2014; Xia et 

al., 2017; Zhu and Zhu, 2020). Th1 and CD8 T secrete pro-inflammatory 

cytokines such as IFNy and TNFα to polarize more M1 macrophages, and M1 

secreted pro-inflammatory cytokines including TNFα, IL-1 and IL-6 to trigger the 

inflammatory response (Delprat et al., 2020). Other than insulin-dependent 

diabetes mellitus, activation of T polarisation cell subsets especially Th1 cells, 

also contributes the other autoimmune diseases including gastritis, inflammatory 

bowel diseases, atherosclerosis, and sarcoidosis (Zhu and Zhu, 2020).  

 

 

 

 

 



 

38  Norfazlina Mohd Nawi - February 2025 

 

Figure 14: Mechanisms of T cell polarisation and differentiation in response 
to cytokine stimulation. Naïve CD4 T cells differentiate into specific T cell subsets 
depending on cytokine stimulation; T helper 1 (Th1) cells develop under the influence of 
interferon gamma (IFNγ), Th2 cells by interleukin 4 (IL-4), Th17 cells by IL-6, IL-21, IL23, 
IL-1β or transforming growth factor beta (TGFβ) and T regulator (Treg) cells by TGFβ and 
IL-1β. Additionally, effector CD8 T cells differentiate to directly kill the pathogen or 
intruder cells by expressing major histocompatibility complex class I (MHCI). 
Pathological conditions, such as hyperglycaemia (an auto-immune disease (blue box)) 
are associated with elevated levels of Th1 cells (red box), which function as pro-
inflammatory cells (Zhu and Zhu, 2020). 

 

In addition, the diagnosis of the metabolic disorder (e.g., insulin resistance and 

Hyperglycaemia) is associated with inflammation, which can be visualised 

through the expression of cytokines produced by the innate and adaptive immune 

cells. The role of cytokines in promoting pro and/or anti-inflammatory response is 

detailed in Table 2. In metabolic pathological conditions such as insulin resistance 

and obesity, adipose tissue exhibits high levels of IL-1β, IL-6 and TNFα, produced 

by M1 macrophages, while the expression of IL-4 and IL-10, cytokines produced 

by M2 macrophages, is reduced. This imbalance inhibits the expression of CD4+ 

Th2 cells and Treg cells, which secrete IL-4 and IL-13 to polarize M2 

macrophages and mitigate inflammation. Altogether, the imbalance in pro and 

anti-inflammatory cytokine levels reflects the progression of insulin resistance 

and obesity, contributing to inflammation (Xia et al., 2017). These pathological 

findings suggest a bidirectional relationship between innate and adaptive immune 

responses in maintaining normal physiological conditions. In Table 1, I 
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summarise the immune cell profiles based on cell differentiation (CD) markers 

and their functions in innate and adaptive immune responses to facilitate 

understanding and evaluation for further investigation in this research. 

1.1.2.1.2 Metabolic disorder versus inflammatory response that contributes to 

structural vascular dysfunction 

In the previous sub-section, I elaborated on the example of pathological metabolic 

disorders versus their inflammatory effects. In this section, I describe examples 

of structural vascular dysfunction as a pathological condition that develops due 

to immune regulatory effects activated or enhanced by metabolic disorders. 

Based on the morphology structure, the vasculature wall consists of ECs, 

VSMCs, fibroblasts, pericytes, and structural ECM components (e.g., elastin and 

collagen). ECs are the barrier to the blood-carrying lumen and vessel wall. ECs 

are surrounded by the TI and TM that consist of VSMCs and medial VSMCs 

function to facilitate vessel dilation and constriction. The outer layer of the vessel 

wall is known as tunica adventitia (TA) and consists of ECM which contains 

fibroblasts, blood and lymphatic vessels, nerves, and progenitor of MSC cells and 

immune cells, making the adventitia the most complex and heterogeneous 

compartment of the vessel wall. All components of the vessel wall are required to 

maintain structural integrity and preserve vascular health (Stenmark et al., 2013; 

Jaminon et al., 2019).   
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Figure 15: Comparison of blood vessels in healthy individuals and type 2 
diabetes mellitus (T2DM) patients. (A) Normal blood flow of healthy individuals. 
(B) Illustration of high-density lipoprotein (HDL) binding to its receptors on endothelial 
cells (ECs) that results in the activation of anti-inflammatory cascades. (C) Abnormal 
blood vessels in T2DM patients (D) interactions of oxidised low-density lipoprotein 
(oxLDL) with its receptor aggravate reactive oxygen species (ROS) generation (Daryabor 
et al., 2020).  

 

In the healthy TM, VSMCs are characterised by actively “contractile” and 

differentiated phenotype to maintain contractile function and consist of αSMA, 

smooth muscle myosin heavy chain (MHC) and h1-calponin (Casella et al., 2015).  

Effective vascular contractility depends on the elongation of actin filaments, 

however, during metabolic shift conditions such as high glucose, it stimulates the 

filamentous actin (F-actin) reorganisation which is associated with limited 

elongation of actin filaments (Rachubik et al., 2020). VSMC cytoskeletal 

reorganization leads to the prevalence of the synthetic phenotype which displays 

alterations in organelle distribution, aberrant matrix metabolism, and increased 

proliferation and migration (Casella et al., 2015).  

The ECM is composed of various structural glycoproteins, including collagen-I, 

elastin, fibronectin and vitronectin. In the healthy vascular wall, such as the aorta, 

collagen-I and elastin are the primary structural ECM proteins that maintain aortic 

integrity. However, during vascular dysfunction, ECM remodelling occurs, which 

is further exaggerated when VSMC dedifferentiate into synthetic phenotype. This 
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phenotype is associated with increased collagen-I accumulation, elastin 

degradation and enhanced MMP enzymes including collagenases, gelatinases, 

stromelysins, matrilysins, membrane-type (MT) and other non-classified MMPs. 

The activation of MMPs degrades the elastic ECM and connective tissue, leading 

to VSMC migration. This migration results in uncontrolled collagen expression 

and thickening of the arterial wall, ultimately reducing aortic compliance (Afewerki 

et al., 2019).  

The synthetic condition of VSMCs in the vascular wall can result from metabolic 

disorders of T2DM such as high glucose level. High glucose stimulates high ROS 

production by organelles/cells which create oxidation stress that causes injury to 

the EC (Evan et al., 2003; Koju et al., 2019). Injury not only increases the 

permeability of the leukocytes and oxLDL into the TI but also causes VSMC 

migration to the injury sites where they proliferate, produce ECM and undergo 

lipid uptake. Not only immune cells, but VSMC also produce inflammatory 

cytokines such as IL1β, TNFα and IL-6, and adhesion molecules (e.g. MCP-1) in 

response to high glucose environment to promote monocyte recruitment, survival 

and differentiation into foam cells, stimulate VSMC migration through a 

reorganization of the cytoskeleton, and soluble cytokines activate MMPs activity. 

Anti-inflammatory cytokines such as IL-4 and IL-10 function to counteract this 

process and preserve vascular integrity (Figure 15). However, an imbalance 

between pro and anti-inflammatory cytokines ultimately leads to the progression 

of vascular complications, including atherosclerosis and restenosis (Cecchettini 

et al., 2011; Reddy et al., 2016; Daryabor et al., 2020; Tsioufis et al., 2022).  

Altogether, VSMCs undergo a ‘switching’ from a quiescent, actively contractile 

and differentiated phenotype to a synthetic phenotype in response to metabolic 

disorders (e.g. high glucose) and inflammatory cytokines. This switch is 

characterised by a reduction in contractile proteins such as smooth muscle-1 

(SM-1) and smooth muscle-2 (SM-2), MHC, an increase in collagen deposition in 

the ECM, high migration and proliferation (Heinecke, 2006; Rask-Madsen and 

King, 2013). Therefore, VSMC dysfunction induced by pro-inflammatory 

cytokines produced either by inflammatory cells or by VSMCs themselves in 

response to abnormal physiological conditions that affect the vascular wall may 

be one of the key factors driving vascular changes in the blood vessel wall. 
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The major effects of phenotypic changes in VSMCs can lead to adverse 

outcomes, including promoting intimal thickening, the development of plaque 

bulges, and alterations in blood vessel stiffness. These changes consequently 

contribute to the progression of vascular diseases (Spagnoli et al., 2007; Rask-

Madsen & King, 2013; Rafieian-Kopaei et al., 2014; Bacakova et al., 2018). 

1.1.2.1.3 Metabolic dysfunctions shift the immune cell composition in other 

tissues/organ 

In addition to vascular implications, metabolic disorders also significantly alter 

immune cell composition in various other organs. This section assesses the 

impact of abnormal metabolic conditions on different organs/tissues especially 

immune organs, predicting immune status through analysis of immune cell 

profiles. As previously mentioned, pathological conditions such as high glucose 

and high FFA, elevate the ROS level and increase the oxidative stress in the 

tissue leading to the inflammatory response (Figure 13) (Evan et al., 2003). This 

immune response is mainly driven by the immune cell phenotype, therefore, 

pathological conditions such as high glucose may affect the normal development 

of the immune cells in each organ. In detail, high glucose condition in T2DM 

increased pro-inflammatory myeloid cells (M1 macrophages) recruitment in the 

tissue which skewed the expansion of lymphocyte subsets (Th1 cells) that 

promote pro-inflammation (Nikolajczyk et al., 2011; Mills and Ley, 2014; Xia et 

al., 2017; Zhu and Zhu, 2020). Therefore, hyperglycaemia is suggested to alter 

immune cell phenotype composition into an inflammatory phenotype that 

contributes to the progression of the disease, ultimately causing organ failure.  

Specifically, in the bone marrow, conditions like hyperglycaemia associated with 

diabetes can significantly impact HSCs and MPP cells (Hematopoietic stem and 

progenitor cells (HSPCs)). Glucose dysregulation has been observed to enhance 

the proliferation of GMPs and CMPs within the bone marrow. This increased 

proliferation leads to elevated levels of monocytes, specifically Ly6Chi cells, which 

are released into the bloodstream and can migrate to atherosclerotic lesions. The 

influx of these inflammatory cells, characterised by monocytosis (elevated 

monocyte levels) and neutrophilia (elevated neutrophil levels), has been shown 

to impair the regression of atherosclerotic lesions (Nagareddy et al., 2013). This 

phenomenon highlights how metabolic shifts associated with conditions like 
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diabetes can influence the immune cell dynamics in the bone marrow and their 

subsequent impact on vascular health. 

Besides that, the bone marrow of mice with hyperglycaemia shows elevated 

levels of proinflammatory cytokines, including IL-1β and TNF-α. This is one of the 

implications of glucose dysregulations that induced ROS overproduction, ER 

stress alterations, and production of AGEs (Vinci et al., 2020). These cytokines 

are crucial in the polarisation of macrophages towards the M1 pro-inflammatory 

phenotype (Batra et al., 2018). Therefore, metabolic dysfunctions such as 

hyperglycaemia can foster the development of pro-inflammatory M1 

macrophages within the bone marrow environment.  

In the thymus, T cell development occurs in the peripheral cortex and a central 

medulla, where most of the T cell development takes place in the cortex and only 

mature SP T cells can be seen in the medulla (Thapa and Farber, 2019). During 

pathophysiology conditions such as glucose dysregulation, the normal structure 

of the thymus can be disrupted, thereby affecting immune cell development such 

as T cells within this organ. For instance, streptozotocin (STZ)-induced 

hyperglycaemia has been shown to cause degeneration of the thymic structure 

in mice. Thymus tissue from hyperglycaemic-induced mice exhibits 

characteristics such as giant vacuoles, increased connective tissue and mast-cell 

infiltration, and mitochondrial crystals (Elmas et al., 2008).  

The normal T-cell development in the thymus needs extensive apoptosis to 

eliminate self-reactive and non-functional T cells. More than 95% of lymphocytes 

undergo apoptosis within the thymus, resulting in only 2–4% leaving as mature 

SP CD4+ and CD8+ T cells. However, in abnormal conditions such as in 

ovalbumin (OVA)-specific TCR transgenic mice, the hyperglycaemic condition 

has been observed to increase lymphocyte survival within the thymic tissue. This 

phenomenon occurs because glucose stimulates anti-apoptotic factors such as 

NADPH and B-cell Lymphoma 2 (BCL2) via the NFҡB p65 pathway, thereby 

activating thymocyte metabolism. This metabolic activation results in a decrease 

in thymocyte apoptosis by inhibiting caspase activity. Consequently, the apoptotic 

process of T lymphocyte cells is suppressed in the thymus of STZ-induced mice 

(Ramakrishnan et al., 2011). 
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In the spleen, The RP and WP regions are occupied by various innate and 

adaptive immune cells, such as monocytes and macrophages of innate immune 

cells that mainly occupy RP and, T and B cells can be found in WP (Figure 10). 

These immune cells develop into effector immune cells when required and 

promote innate and/ or adaptive immune responses (Lewis et al., 2019). Changes 

in physiological conditions such as hyperglycaemia, obesity, and insulin 

resistance disrupt the normal regulation of immune cell development and immune 

responses in the spleen. Diets high in fat and sugar (HFSD) have been linked to 

elevated levels of proinflammatory serum markers like IL-6 and increased 

inflammation in peripheral tissues. Regarding the spleen's structure, obesity and 

diabetic pathologies are associated with enlarged spleen size, known as 

splenomegaly. These conditions also lead to the expansion of the RP and WP 

areas within the spleen (Buchan et al., 2018). WP in the spleen consists of 

immune cells that target blood-borne pathogens, while RP is involved in 

erythrophagocytosis (Elmor, 2006). HFSD have been shown to increase 

cellularity in the RP and elevate macrophage numbers (Buchan et al., 2018). The 

other study showed that hyperglycaemia modestly increased cytotoxic T-cells 

(CD8+CD3+ cells), reduced T-helper cells (CD4+CD3+ cells) and significantly 

increased Treg cells (FoxP3+CD4+cells) in STZ-treated mice spleen (Muller-

Graff et al., 2018). 

The relationship between inflammation and metabolic disorders within organs is 

indeed intricate. Changes in the composition of immune cell profiles can 

significantly impact the normal physiological functions of organs. This suggests a 

strong correlation between metabolic disorders and inflammation, where the 

development of pathological diseases can depend on the specific location of 

inflammation.  

In detail, metabolic disorders have the potential to disrupt the normal 

development or recruitment of immune cells within organs, leading to alterations 

in their composition. A thorough understanding of immune cell development and 

recruitment in immune organs is essential to diagnose the tissue/organ 

physiology and correlate with the progress of the immune-related disease. 

Besides that, the functional macromolecule target that underlies the progression 

and development of the metabolic-associated disease is also valuable to 

understand. The involvement of the targets that regulate metabolic mechanisms 
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has been extensively explored over the past decades, where they aim to 

terminate the progression of metabolic diseases such as immune-related cardio-

vascular disease, diabetes and obesity. Among these targets, transcription 

factors are important for maintaining metabolic homeostasis, which is 

transcription factor allows cells/organs to respond to a variety of 

intracellular/extracellular signals, thus playing vital roles in metabolism occurring 

in various organs or controlled by inter-organ communication. In the next section, 

I elaborates in more detail on the roles of transcription factors controlling the 

cellular function in immune regulation.  

1.1.3 Mechanism of the gene transcription by transcription factor 

Gene expression is tightly controlled at various levels by intrinsic and extrinsic 

factors including chromatin remodelling, gene transcription, post-transcriptional 

modification, translation and post-translational gene transcriptions. Regulation of 

gene expression at these multiple levels is a key factor to control cell functions 

(Ralston and Shaw, 2008).  

Transcription regulation is the central of the gene transcription process that is 

controlled by the combination of cis-acting elements and trans-acting factors that 

cooperate to initiate and regulate gene expression (Figure 16). Cis-acting 

elements are located at various positions relative to the transcriptional start site 

of a gene, and include promoters, enhancers, silencers, and insulators, each 

plays a distinct role in the transcription regulation. Promoters of protein-encoding 

genes often comprise a “core promoter”, a region that can be found ∼40 bp 

upstream of the transcriptional initiation site and encompass the TATA box. 

Upstream of the core promoter region are the proximal and distal regions of 

promoters. Moreover, trans-acting factors are proteins that bind to cis-acting 

elements which include transcription factors, co-activators, co-repressor, RNA 

polymerase II and the other proteins that modulate the transcriptional complex 

activity. (Hernandez and Hiner, 2014; Ohnmacht et al., 2020).  

The primary regulators of gene expression are transcription factors, which can be 

divided into general and tissue-specific transcription factors (Hernandez and 

Hiner, 2014; Ohnmacht et al., 2020). Cell-specific transcription activation is 

fundamentally regulated by the interaction between transcriptional co-activators 
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and transcription factors, as illustrated in Figure 16 (Mitsis et al., 2020; Ray and 

Spivakov, 2021; Talukdar and Chatterji, 2023).  

 

 

Figure 16: Transcription regulation of genes that control cell function. The 
process involves the cooperation between the cis and trans elements to initiate and 
regulate the gene expression. Dynamic regulation of gene transcription, participating in 
the structure of chromatin and folding of the distal promoter sequences to become 
proximal to the transcriptional complex (Hernandez and Hiner, 2014; Samanthi, 2018; 
Ohnmacht et al., 2020). 

 

1.1.3.1 Transcription factors modulate metabolic dysfunctional immune-related 

disease 

Gene transcription regulates key processes such as cell proliferation, 

differentiation, development, ageing, responses to stimuli, and various diseases. 

Dysregulation of transcriptional programming, including transcriptional 

machinery, transcription factors, co-factors, DNA-binding elements, mRNA 

processing, stability, transport, and translation, disrupts cellular homeostasis, 

contributing to pathophysiological effects (Hawkins et al., 2018). 

Specifically, in pathological conditions such as metabolic disorders, inflammation, 

and vascular diseases (e.g., atherosclerosis, coronary artery disease, and 

myocardial infarction), transcription factors play a crucial role in transcriptional 

regulation, as illustrated in Figure 17 (Dandona et al., 2005; Song et al., 2019; 
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Luo et al., 2022). Consequently, these transcription factors often emerge as key 

contributors to the pathogenesis of these diseases. 

 

 

Figure 17: Transcription factor as a master regulator of metabolic disorder, 
inflammation and vascular disease. Extrinsic factors such as metabolic disorders 
(e.g. hyperglycaemia and hyperlipidemia) initiate the gene transcription that promotes 
inflammatory gene synthesis, which disrupts the immune regulation and ultimately 
causes the disease progression such as atherosclerosis in blood vessels. (Dandona et al., 
2005; Song et al., 2019; Luo et al., 2022). 

 

Studies have identified several transcription factors, including NFҡB, AP1, signal 

transducer and activator of transcription (STAT), and nuclear factor of activated 

T cells (NFAT), that regulate inflammatory gene expression and immune cell 

phenotypes (Figure 18) (Adcock and Caramari, 2002). Mechanistically, NFҡB is 

a key mediator of pro-inflammatory gene induction and functions in both innate 

and adaptive immune cells. The canonical NFҡB pathway responds to diverse 

stimuli, including cytokine, PRRs, TNF, TCR and B-cell receptors. Stimuli activate 

IKK, which phosphorylates IκBα, leading to the nuclear translocation of canonical 

NFҡB. NFҡB then drives the transcription of genes, including pro-inflammatory 

factors that influence immune cell phenotypes (e.g., MIP-1α, MCP-1, GM-CSF) 

and cytokines/chemokines (e.g., IL-1β, TNF-α, CXCL8). It also regulates 

adhesion molecules like VCAM-1 and ICAM-1, essential for recruiting 

inflammatory cells (Adcock and Caramari, 2002; Redhu et al., 2011). 

NFҡβ also often co-regulates with other transcription factors, such as AP-1. AP-

1 is activated through Fos (c-Fos, FosB, Fra-1, Fra-2) and Jun (c-Jun, v-Jun, 
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JunB, JunD) signal transduction pathway. Both AP-1 and NFҡβ binding sites have 

been identified in the pro-inflammatory promoter region including IL-6 and CXCL8 

(Khalaf et al., 2010). 

 

 
Figure 18: Transcription factors controlling immune response and cellular 
immune phenotypes. The binding of cytokines, growth factors, chemokines, or 
ligands  to the cellular receptors activates A) nuclear factor-kappa B (NFҡB) (B) signal 
transducer and activator of transcription (STAT) (C) nuclear factor of activated T-cells 
(NFAT) and (D) activator protein-1 (AP1) to enhance/repress the transcription of the 
inflammatory response (e.g., pro-, or anti-inflammatory) and immune phenotypic cell 
genes via modulation of signal transduction pathways (e.g., tyrosine kinases, mitogen-
activated protein kinases (MAPK) and STAT pathway) (Adcock and Caramari, 2002).   

 

Moreover, AP1 is also an important transcription factor that controls various 

cellular processes, including proliferation, apoptosis, differentiation, survival, 

migration and transformation. AP1 consists of Jun, Fos, Maf and ATF (Schnoegl 

et al., 2023). In transcription regulation, AP1 is activated by various stimuli 

including TNFα and IL-1β in turn, activates MAPK pathways. AP-1 is in a structure 

that consists of jun and fos, where jun forms homodimers or heterodimers with 

Fos through their leucine zipper domains. AP-1 dimers recognize specific 

response elements in the promoters and enhancers of target genes and 

transactivates or represses them. This transcription process produces various 
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genes, including those involved in the regulation of cytokines, chemokines, 

lymphocyte development, cell proliferation, differentiation, apoptosis, and 

migration. Dysregulation of AP1 expression can lead to pathogenic processes, 

such as cellular transformation, angiogenesis, metastasis, and immune or 

inflammatory disorders (Figure 18 and Figure 19) (Trop and Azar, 2017).  

 

 

Figure 19: The role of activator protein 1 (AP1) in cellular processes and 
pathological conditions. During cellular homeostasis, the AP1 is activated to 
transcript various genes that control cell proliferation, cell differentiation, apoptosis, cell 
migration, production of cytokines and chemokines and lymphocyte development.  
Obstruction of the AP1 transcription regulation process causes pathological conditions 
such as angiogenesis, immune disorder, and cellular transformation (Trop and Azar, 
2017). 

 

On the other hand, STAT, protein regulators that control the immune regulatory 

system also has been studied extensively. STAT is composed of STAT1, STAT2, 

STAT3, STAT4, STAT5a, STAT5b, and STAT6 employed by more than 50 

cytokines and growth factors. The signalling mechanism that begins with extrinsic 

factors such as cytokines or growth factors facilitates the trans-activation of 

receptor-bound Janus kinases (JAKS). Activated JAKS then causes STAT 

phosphorylation by tyrosine, commanding dimerisation into homodimers or 
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heterodimers, nuclear translocation and DNA binding. STAT binds to DNA 

sequence and then regulates the transcription that synthesises various genes 

including immune-related and non-immune-related genes (Villarino et al., 2015). 

Particularly, STAT 6 is the transcription factor that regulates the anti-inflammatory 

pathway and is activated by IL-4 and IL-13. IL-4 induces the Th2 cells to regulate 

the anti-inflammatory pathway in adaptive immune response (Shaheen and 

Broxmeyer, 2018). Moreover, in T lymphocytes, TGFβ inhibited IL-12-induced 

JAK2 and TYK2 tyrosine phosphorylation and STAT3 and STAT4 activation, 

resulting in diminished T-cell proliferation and reduced IFN-γ production. 

Therefore, in this case study, STAT3 and STAT4 are important transcription 

factors for T lymphocyte activation and differentiation (Hu et al., 2021).  

Furthermore, the immune cell phenotype and immune response also has been 

driven by NFAT. NFAT modulate immune responses by driving the transcriptional 

regulation for the synthesis of numerous cytokines, chemokines, and growth 

factors in immune cells. Specifically, NFAT is crucial for shaping humoral 

immunity and immune tolerance and plays a different role in the different T cells. 

In stimulated TCR and co-stimulatory receptors of T cells, NFAT activated and 

bound on the specific DNA sequence target together with AP-1 (Jun/Fos). NFAT: 

AP-1 machinery complexes increase the synthesis of cytokines, chemokines and 

short NFAT2/αA isoform that enhances T-cell activation. Moreover, in Tfh cells, 

the stimulation of TCR and co-stimulatory receptors on T cells, activate and 

contribute to NFAT: AP-1 machinery complexes form on the promoter controls 

the expression of many genes such as IRF4 and BATF that regulate the 

differentiation of Tfh cells, and also regulate various other immune-related genes 

such as CXCR5, PD1, ICOS, CD40L, IL-21, IL4 and NFAT2/αA. Moreover, the 

other T cell phenotype controlled by NFAT includes peripherally induced Treg 

(iTreg) cells, natural Treg (nTreg) cells in the thymus, and anergic and exhausted 

T cells, as illustrated in Figure 20 (Vaeth and Feske, 2018). Collectively, these T 

cells' phenotypes and immune response are tightly regulated by NFAT directly or 

indirectly by co-regulating with the other Transcription factors and co-factors.  
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Figure 20: The different roles of nuclear factor of activated T cells (NFAT) 
in effector, follicular, regulatory, and tolerised T cells. NFAT can co-regulate 
with the same transcription factor (NFAT: NFAT) or with the other transcription factor 
(e.g. activator protein-1 (AP1), mothers against decapentaplegic homolog 3 (Smad3) and 
forkhead box P3 (Foxp3)) to enhance/repress the gene transcription that controls the 
function and differentiation of T cells including effector T cells, T follicular helper (Tfh) 
cells, induced T regulator (iTreg) cells, natural T regulator (nTreg) cells, anergic and 
exhausted T cells (Vaeth and Feske, 2018).  

 

1.1.3.2 Overview of POU4F2/ Brn-3b transcription factor 

Brn-3b is the important transcription factor that controls the functional of various 

tissues by regulating gene expression. In immune cells, Brn-3b has been shown 

to express in Jurkat cells (Bhagrava et al., 1993), peripheral blood mononuclear 

cells (PBMCs) (Ripley et al., 2005) and THP-1 cells (Nurminen et al., 2015). 

Besides that, Brn-3b also has been found in non-immune cells such as neurons 

of the developing and adult nervous system, breast epithelium, heart, aorta, 

testis, ovary and skeletal muscle (Budhram-Mahadeo et al., 2021).  
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In detail of Brn-3b background, it is the transcription factor that derives from the 

POU domain family. This transcription factor is composed of 2 subunits of the 

DNA binding domain, while their subunits are separated by a flexible link with 

variable lengths of amino acids. These helix-turn-helix (HTH) subunits are called 

POU-specific (POUs) domain (N-terminal) that binds to DNA with high specificity 

but low affinity and C-terminal homeodomain (POUH) that binds to DNA with low 

specificity but high affinity. These POUs and POUH domains are tied together by 

a poorly conserved linker and these domains work together to confer high 

specificity and high-affinity DNA binding to sites in gene promoters (Budhram-

Mahadeo et al., 2021). The POU pronounced as a POW is derived from the 

original family members Pituitary- Pit-1, Octomer-1, Octomer-2, and Unc-86 of 

Caenorhabditis elegans. The POU-specific and homeodomain region that 

consists of 70 to 75 amino acids can be found upstream of the homeobox domain 

of some transcription factors (Herr and Cleary, 1995).   

The POU domain is a well-conserved homeodomain and can be classified into 6 

classes, POU1, POU2, POU3, POU4, POU5 and POU6 (Gold et al., 2014). Brn-

3b transcription factor is derived from the Class IV PitOct-Unc (POU) - domain 

family together with Brn3a and Brn3c. These proteins share the DNA binding 

domain but different transcription factors where transcription factor 1 (POU4F1) 

is denoted for Brn3a, transcription factor 2 (POU4F2) for Brn3b and transcription 

factor 3 (POU4F3) for Brn3c, and these proteins encoded by different genes (Pan 

et al., 2005; Ounzain et al., 2011).  

Brn-3b is encoded by two exons separated by an intron. Alternative splicing of 

exons 1 and 2 produces the longer ~43 kDa Brn-3b (L) isoform, while the shorter 

~30 to 35 kDa Brn-3b (S) isoform is encoded solely by exon 2 (Figure 21) (Irshad 

et al., 2004; Mele et al., 2019; Budhram-Mahadeo et al., 2021). Research 

suggests that Brn-3b isoforms may have distinct roles. Findings by DeCarvalho 

et al., (2004) highlight differences in their expression in the lateral line and visual 

system zebrafish. The Brn-3b (L) was detected at 18 hours post-fertilization (hpf), 

whereas the Brn-3b (S) appeared later, at 36 hpf, and lower levels. Both isoforms 

were subsequently observed in the functional larval retina (72 hpf) and the adult 

retina and tectum. These findings provide evidence supporting the distinct 

functions of the protein isoform in cell development. 
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The binding site sequence for the Brn-3b POU domain is GCATGCGTAATGC, 

whereas the Brn-3b protein binds with lower affinity (Xiang et al., 1995). The DNA 

binding sites can be found in gene promoters (Budhram-Mahadeo et al., 2021). 

Brn-3b/POU4F2 transcription factor can, directly and indirectly, regulate the gene 

synthesis. The direct mechanism involves the Brn-3b transcription factor binding 

to BRNF DNA binding sites of the promoters or enhancers and either activating 

or repressing transcription of target genes, depending on cell/tissue type 

(Yogendran et al., 2023). While Brn-3b controls gene expression indirectly by co-

regulating with the other proteins to regulate the target genes (Budhram-

Mahadeo et al., 2021). Thus, Brn-3b can drive complex effects on gene 

expression and control cell functions and diseases depending on interaction and 

co-expression with other regulators. The direct and indirect effects regulated by 

tissue specific-Brn-3b transcription factor are elaborated further in the next 

section for a more extensive understanding of Brn-3b role in controlling the 

cellular mechanism or functions. 

  

 

Figure 21: Schematic overview of Brn-3b protein structure and isoforms 
with exon splicing variants. The schematic diagram shows (A) the Brn-3b protein 
structure, which is encoded by two exons, and (B) the Brn-3b protein isoforms. Splicing 
of exons 1 and 2 gives rise to the longer Brn-3b (L) isoform (~43 kDa), while the shorter 
Brn-3b (S) protein (~30–35 kDa) is encoded by exon 2 (Irshad et al., (2004), Mele et al., 
2019; Budhram-Mahadeo et al., 2021).  
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1.1.3.2.1 POU4F2/Brn-3b transcription factor controls the cell functions 

As previously mentioned, the POU4F2/Brn3b transcription factor can control the 

cellular process either directly or indirectly in different cells/tissues. In the direct 

mechanism of gene transcription, Brn-3b regulates the transcription of various 

target genes directly including Hedgehog (SHH), glucose transporter type 4 

(GLUT4), Pax6, naCHR2, heat shock protein 27 (HSP-27), Cyclin D1, CDK4, 

BRCA-1, Dxl1/2, neuronal genes, plakoglobin and ACE following by RNA Pol (II) 

following its specific binding on the BRNF DNA binding sites (Figure 22) 

(Budhram-Mahadeo et al., 2021). In cellular processes, Brn3b serves as a critical 

protein regulator, maintaining cellular or tissue homeostasis; its absence can lead 

to pathological consequences. For example, in glucose and insulin homeostasis, 

which is primarily regulated by glycogen synthase kinase-beta (GSKβ) and 

GLUT4. GLUT4 functions as a channel for glucose transport. Insulin stimulates 

the translocation of GLUT4, resulting in a 10- to 20-fold increase in glucose 

transport (Gupta, 2022). Moreover, in response to insulin, GSKβ is 

phosphorylated and inactivated, permitting the activation of glycogen synthase 

(GS) and subsequent glucose storage as glycogen (Wang et al., 2022). 

However, Brn3b deficiency has been associated with the dysregulation of these 

proteins. Specifically, the absence of Brn3b leads to an increase in GSKβ and a 

decrease in GLUT4 in insulin-responsive tissues such as skeletal muscle and 

adipose tissue (Bitsi et al., 2016). Mechanistically, Brn3b may directly regulate 

the synthesis of the GLUT4 gene in these tissues, enhancing glucose transport. 

Additionally, Brn3b may suppress GSKβ activity to inhibit glucose production, 

thereby controlling blood glucose levels. Consequently, a reduction in Brn3b may 

cause metabolic disorders linked with these target genes such as 

hyperglycaemia and insulin resistance.  

Further investigation by Bitsi et al., (2016), using co-transfection assay has 

validated the data by showing that GLUT4 is directly transactivated by the Brn-

3b transcription factor at promoter binding sites in C2C12 cells. This finding 

provides additional validation that Brn-3b is an important regulator required to 

prevent metabolic dysfunction (e.g., hyperglycaemia, obesity, and insulin 

resistance).   
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Figure 22: Brn-3b target genes in the regulation of cellular processes.  Brn-
3b can directly mediate cellular effects by regulating the expression of a diverse set of 
genes that control many cellular processes including proliferation, metabolism and 
apoptosis (Budhram-Mahadeo et al., 2021). 

 

Besides that, Brn-3b transcription factor allows cell cycle progression and 

promotes proliferation in breast cancer and neuroblastoma cells by directly 

activating Cyclin D1 and CDK4 (Samady et al., 2004; Budhram-Mahadeo et al., 

2008). Brn-3b has directly repressed the tumour suppressor gene, BRCA1 in 

breast cancer tissue, which then promotes tumour development. The sample 

group with low Brn-3b caused elevated BRCA-1 (Budhram-Mahadeo et al., 

(1999). On the other hand, western blot analysis shows an increase of cyclin D1 

protein in neuroblastoma cells (IMR32) overexpressing Brn-3b (Brn-3b+) and 

decrease in cells with reduced Brn-3b (3b α-sense) compared with LTR1 (vector) 

control (Budhram-Mahadeo et al., 2008).  

In addition, Brn-3b can cause drug resistance and migration by strongly 

transactivating the HSP-27 promoter in MCF-7 cells and human breast biopsies, 

while the loss of Brn-3b reduces HSP-27 expression (Lee et al., 2005). Besides 

that, Brn-3b also upregulates the HSP27 protein in the ovarian cancer cell, 

SKOV3 cell lines. Knockdown of Brn-3b resulted in the loss of HSP27 protein 

expression, hence proving that Brn-3b can directly activate HSP27 gene 

transcription in ovarian cancer (Maskell et al., (2018). This finding indicates that 

in cancer cells (e.g., Breast cancer, neuroblastoma and ovarian cancer), the Brn-

3b transcription factor can be an important biomarker target to prevent the 

proliferation and migration of the cancer cells.  
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Furthermore, the Brn-3b transcription factor is also a crucial regulator in 

maximizing the transcription of the apoptosis-related genes (e.g., P53 and BAX). 

Mechanistically, the P53 protein has been shown to trans-activate the BAX 

promoter, for apoptotic genes synthesis. Brn-3b enhances this process by direct 

contact with the P53 protein via its DNA binding domain (DBD) on the BAX 

promoter, thereby increasing apoptotic gene expression in neuronal cells (ND7). 

In contrast, the direct binding of Brn-3b on the BAX promoter without P53 protein 

results in little effect.  This finding underscores the essential role of Brn-3b as a 

transcription factor in promoting programmed cell death (apoptosis) through its 

co-regulation with the P53 protein (Budhram-Mahadeo et al., 2006). 

Further validation of this role was demonstrated by Budhram-Mahadeo et al., 

2014, who studied the co-regulation of P53 and Brn-3b in other cells/tissues, such 

as cardiomyocytes cells. In this study, cardiac infarction was induced in the heart 

to investigate the co-expression between P53 and Brn-3b in the infarct zone of 

the injured tissue. The finding illustrated that Brn-3b expressed in the non-infarct 

zone, where P53 protein was undetectable, however, its expression was 

maximised in the injured myocardium that expressed high P53. The co-

expression of POU4F2/Brn-3b with P53 appears to be crucial for controlling 

apoptosis in the injured heart region.The apoptosis mechanism was confirmed by 

the expression of pro-apoptotic genes, including BAX, PUMA, NOXA and 

cleavage caspase 3. The interaction between Brn-3b and P53 was further 

validated using shRNA-mediated Brn-3b gene silencing. Knockdown of Brn-3b in 

neonatal rat ventricular myocytes (NRVM) or rat cardiomyoblasts (H9c2) cell lines 

significantly reduced BAX and NOXA protein levels, while P53 expression 

remained unchanged. Since reducing Brn-3b was sufficient to decrease pro-

apoptotic proteins such as BAX, despite unchanged P53 expression, these 

findings suggest that Brn-3b is required for the maximal expression of pro-

apoptotic target genes in the injured myocardium (Budhram-Mahadeo et al., 

2014). However, its interaction with P53 in regulating apoptotic gene expression 

in NRVM and H9c2 cells still requires validation by analysing the Brn-3b binding 

sites at the target promoters. 
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1.1.3.2.2 POU4F2/Brn-3b prevent metabolic dysfunction in metabolic tissue and 

heart  

Diabetes is a metabolic disease that is caused by metabolic changes including 

hyperglycaemia which develops by insulin resistance in insulin-sensitive 

tissues (Lima et al., 2022). Mechanistically, β cells of the pancreas secrete insulin 

following the expression of GLUT2 on the pancreatic surface that facilitates 

glucose transport into the pancreas (Sun et al., 2023). Moreover, insulin 

enhances GLUT4 transporter for the glucose uptake into metabolic tissue (e.g., 

Skeletal muscle and adipose tissue) to ensure homeostatic control of blood 

glucose levels (Czech, 2017). In the liver, hepatocytes respond to insulin by 

inhibiting gluconeogenesis and promoting glycogenesis, thereby, maintaining 

blood glucose homeostasis. When blood glucose levels are low, the pancreas 

releases glucagon, which stimulates hepatocytes to increase gluconeogenesis 

and glycogenogenesis, thus raising blood glucose levels to their homeostatic 

range. However, dysregulation of this process leads to hyperglycaemia and 

contributes to T2DM. Uncontrolled hyperglycaemia can promote inflammation 

and vascular changes that contribute to cardiovascular, renal, and neuropathic 

diseases (Figure 23) (Roder et al., 2016; Galicia-Garcia et al., 2020).   

POU4F2/Brn-3b functions to control normal metabolic processes, and the 

deficiency of Brn-3b leads to dysregulation of metabolic functions such as 

hyperglycaemia, insulin resistance and hemodynamic stress (Bitsi et al., 2016; 

Mele et al., 2019). In pathological conditions such as hyperglycaemia that are 

observed in the global Brn-3b KO mouse blood, it is accompanied by the 

increased insulin level in the blood serum. It shows that the Brn-3b transcription 

factor is an important regulator in preventing insulin resistance and 

hyperglycaemia. Besides that, Brn-3b expression is also diminished in skeletal 

muscle and adipose tissues of obese mice (high-saturated-fat diet mice). The 

consequence of obesity, hyperglycaemia and insulin resistance in the Brn-3b KO 

mice indicated that the loss of Brn-3b may promote metabolic dysfunction (Bitsi 

et al., 2016).   

 

Further validation of the importance of the Brn-3b transcription factor to prevent 

metabolic dysfunction has been shown in in vitro studies using skeletal myoblast-
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derived cells, and C2C12 cells. In this experiment, C2C12 cells were grown in a 

non-glucose (NG) medium or NG medium supplemented with 25 mmol glucose 

in the absence of insulin (NG-GLU) or with added insulin (NG-GLU-INS). Control 

cells were grown in full growth medium (FGM). The finding shows that Brn-3b 

mRNA and proteins are reduced in cells grown in NG media or the presence of 

insulin but increased following the addition of glucose (25 mM). These effects 

may be mediated at the transcription level, as NG or insulin can repress the Brn-

3b promoter, while the addition of glucose stimulates promoter activity. The tight 

regulation of Brn-3b observed following insulin and glucose treatments suggests 

that this transcription factor will have an important role(s) in regulating genes 

associated with glucose uptake. It is validated when further investigation shows 

that the loss of Brn-3b in skeletal muscle affects the expression of key metabolic 

genes including GSK3β and GLUT4. Loss of Brn-3b reduced GLUT4 glucose 

transporter and increased GSK3β (Bitsi et al., 2016).  Dysregulation of these 

genes is associated with the metabolic disorder including insulin resistance and 

glucose tolerance.  

The regulation of these genes also has been study in C2C12 cells. The potential 

of Brn-3b binding sites has been identified by bioinformatic analysis and co-

transfection studies combined with reporter assays. The finding shows the 

increase in exogenous Brn-3b highly transactivates the GLUT4 promoter in 

C2C12 cells. Moreover, Genomatix Transfect analysis illustrated that the GLUT4 

gene promoter contains multiple Brn-3b binding sites and ChIP analysis 

demonstrated that Brn-3b binds directly to the proximal sites in the GLUT4 

promoter in intact myoblast cells (in vivo) (Bitsi et al., 2016). These findings show 

strong evidence for a significant correlation between Brn-3b and GLUT4 

expression from in vivo and in vitro studies. 
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Figure 23: Mechanism of blood glucose homeostasis involving insulin and 
glucagon regulation. When the blood glucose rises above the normal range, this 
stimulates insulin secretion from the pancreas. Insulin then promotes glucose uptake by 
metabolic tissues such as adipose tissue and skeletal muscle. Insulin also acts on the liver 
by inhibiting gluconeogenesis and increasing glycogenesis, thereby reducing the blood 
glucose level to its homeostatic range. Conversely, when blood glucose levels fall below 
the normal range, the pancreas releases glucagon, which plays an important role in 
elevating glycogenolysis and gluconeogenesis in the liver, thus raising blood glucose 
levels to their homeostatic range (Roder et al., 2016). 

 

1.1.3.2.3 POU4F2/Brn-3b transcription factor is an important regulator for 

adaptative to stress and injury in heart 

The processes of growth (hypertrophy), angiogenesis, and metabolic plasticity 

are important for maintaining cardiac homeostasis (Shimizu and Minamino, 

2016). Hypertrophic growth, which is the process of an increase in the size of an 

organ or part, particularly muscle is believed to have a compensatory role that 

reduces wall stress. However, a continual hypertrophic response can cause 

adverse re-modelling and cardiac decompensation/deterioration, and contribute 

to left ventricular dysfunction, dilated cardiomyopathy, ischemic heart disease, 
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heart failure and sudden death. Pathological hypertrophy can be induced by 

hypertension, valvular disease or myocardial infarction. Cardiac hypertrophy is 

categorised by the changes in shape of the heart such as concentric hypertrophy 

and eccentric hypertrophy. Concentric hypertrophy is identified by the shape 

change due to pressure overload in conditions such as aortic stenosis or 

hypertension and it is characterised by an increased cardiomyocyte diameter, 

due to an increase in wall thickness and decrease of left ventricular lumen. 

Eccentric hypertrophy occurs due to volume overload in conditions such as 

chronic aortic regurgitation, mitral regurgitation or myocardial infarction and is 

characterised by an increase in cardiomyocyte length and dilated left ventricle 

with thinning of its wall (Van et al., 2008).  

Adult hearts undergo hypertrophic growth in response to the increased workload 

(e.g. prolonged stress or injury). During this process, early adaptive responses 

by cardiac tissue (e.g. cardiomyocytes) are crucial to maintain the cardiac output. 

The latter stages of pathological responses (e.g. cardiomyocyte apoptosis and 

fibrosis) can cause adverse remodelling which ultimately leads to heart failure 

(Mele et al., 2019). Cardiomyocyte functions are influenced by the re-expression 

of foetal genes including atrial alpha or beta-type natriuretic peptides (ANP, BNP), 

β-MHC and α-skeletal actin (α-SKA), and down-regulation of adult cardiac genes 

such as sarcoendoplasmic reticulum Ca2+ ATPase (SERCA) and α-MHC (Du, 

2007). In the adult, cardiomyocyte cells are unable to proliferate in response to 

the cardiac stressor, however, re-expression of foetal genes can maintain the 

cardiac output and function (Zhang et al., 2003; Ponnusamy and Wang, 2017). 

In addition, the other characteristic of adaptive changes such as cellular growth 

and metabolic switching arises from the extensive expression of genes including 

cell cycle genes (e.g. cyclin D1/CDK4) (Glaviano et al., 2024) and glucose 

transporter genes (e.g. GLUT4) (Sticka et al., 2018). Therefore, the strategy for 

adaptation changes response is by re-expression of the foetal genes and 

expression of metabolic and cell growth/cell cycle genes.  

Following this, Brn-3b can be recognized as an important regulator to control the 

expression of foetal genes following pathological stress in adult mice. Originally, 

Brn-3b is highly expressed in developing hearts and reduced in adult hearts. 

However, Brn-3b expression increased again following pathological stress in 
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adult cardiomyocytes. It is shown when Brn-3b mRNA and protein are increased 

in angiotensin-II (AngII) treated mouse hearts following the hypertrophic changes 

that display the foetal gene expression including ANP/βMHC (Mele et al., 2019; 

Budhram-Mahadeo et al., 2021).  

In cell culture studies, AngII treatment stimulates the expression of Brn-3b, and 

its expression correlates with the increased expression of fetal markers, such as 

ANP/βMHC, and displays sarcomeric remodelling in H9c2 and NRVM cells (Mele 

et al., 2019). Besides that, GLUT4 is also elevated in AngII-treated heart (WT) 

and NRVM and H9c2 cell lines, correlating with high Brn-3b expression in these 

cells/tissues. GLUT4 levels are reduced in AngII-treated Brn-3b KO hearts (Mele 

et al., 2019). It is indicated that Brn-3b and GLUT-4 are important in driving 

adaptation by metabolic switching from fatty acid to glucose in response to 

pathological changes (e.g., stress and metabolic dysfunction). Glucose is 

required for myocardial adenosine triphosphate (ATP) production to maintain 

heart contractile function in response to pathological stress (Shao and Tian, 

2015). In this study, cyclin D1 was also increased in the mouse heart (WT), as 

well as in NRVM and H9c2 cell lines. AngII treatment increased the expression 

of cyclin D1 in these cells/tissues. Mechanistically, cyclin D1 is an important 

adaptive marker for cardiac hypertrophy (Busk et al., 2002; Mele et al., 2019). 

Thus, Brn-3b may play an important role in maintaining the cardiac output by 

controlling adaptive hypertrophic responses in the heart in response to stress. 

Furthermore, Brn-3b is also a curial regulator for controlling the injury adaptive 

response. In the cardiac injury model developed by coronary artery ligation in 

mouse heart, Brn-3b is highly expressed throughout the injured region and it is 

co-localised with p53, however, Brn-3b is also found in the non-ischaemic region 

of the heart, which lacked p53. High expression of Brn-3b and p53 in the injured 

hearts on day 1 after coronary artery ligation correlated with the increase of 

apoptotic markers including cleaved caspase-3 and pro-apoptotic proteins such 

as Bax, Noxa and PUMA, however, antiapoptotic marker which is Bcl-2 and Bcl-

XL remain unchanged (Budhram-Mahadeo et al., 2014). The Cardiomyocyte 

apoptosis mechanism is important to remove the damaged cells in the infarct 

area in the early phase, however, further apoptosis mechanism will cause 
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cardiomyocyte loss which is the determinant of morbidity and mortality after 

myocardial infarction (Kim and Kang, 2010).  

Following injury, the response of the immune system is then triggered. Initially, 

immune cells are recruited to the injured tissue to clear the debris and dead cells 

and degrade the ECM. Furthermore, programmed resolution of inflammation 

recruits and activates myofibroblasts for ECM deposition and angiogenesis. 

Inflammation is crucial for cardiac repair and regeneration. However, the 

imbalance between the pro and anti-inflammatory programmes that cause 

prolonged and unresolved inflammation leads to tissue damage, increased infarct 

size and adverse re-modelling, ultimately causing heart failure (Lai et al., 2018). 

Brn-3b has been identified in various immune cell populations including PBMCs, 

T cells, and monocytes (Bhagrava et al., 1993; Ripley et al., 2005; Nurminen et 

al., 2015). Brn-3b expression is linked to regulating various aspects of cell 

function, including proliferation, differentiation and apoptosis. Considering its 

presence in immune cells, Brn-3b might influence inflammatory pathways and 

potentially have an impact on vascular function, which could be relevant in the 

progression of vascular diseases (Budhram-Mahadeo et al., 2014; Mele et al., 

2019; Bitsi et al., 2016; Budhram-Mahadeo et al., 2021; Yogendran et al., 2023). 

Therefore, implicating Brn-3b in early responses following injury suggests a 

potential role in modulating inflammation and adaptation, processes that may 

contribute to cell survival or reduced cell death (Figure 24) (Budhram-Mahadeo 

et al., 2014; Mele et al., 2019).  
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Figure 24: Interaction of Brn-3b and other regulators in metabolic tissue 
and heart. Brn-3b can control the normal tissue health and response to adaptive 
changes (e.g. stress or injury) by directly or indirectly co-regulate with the other proteins 
to promote/inhibit the genes such as metabolic genes (e.g. glucose transporter 4 (GLUT 
4), glycogen synthase kinase-3 beta GSK3β), cellular growth genes (e.g. cyclin D1), 
apoptotic genes (e.g. Bcl-2–associated X (BAX), phorbol-12-myristate-13-acetate-
induced protein 1 (NOXA), p53 upregulated modulator of apoptosis (PUMA)) (Budhram-
Mahadeo et al., 2021). 

 

1.1.3.2.4 Linking of POU4F2/Brn-3b transcription factor with metabolic 

dysfunction contributes to CVD 

Pathologically, diabetes is a disease that can increase the susceptibility of the 

blood vessels to CVD by promoting injury or vascular changes (Rask-Madsen & 

King., 2013). High glucose induces mitochondrial dysfunction and increases ROS 

production. This intrinsic factor would damage the ECs, recruit monocytes and 

macrophages and activate T cells to produce cytokines which then promote 

inflammatory responses (Figure 24). The development of CVD is enhanced due 

to diabetes mellitus (e.g., hypertension, atherosclerosis, myocardial infarction, 

stroke, and peripheral vascular disease) (Yuan et al., 2019). 

The link between the Brn-3b transcription factor with diabetes mellitus and 

cardiac dysfunction is previously shown in the review written by (Budhram-

Mahadeo et al., 2021). It is illustrated that the loss of Brn-3b contributes to 

metabolic dysfunction by promoting insulin resistance and hyperglycaemia in 
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insulin-related tissue, mouse skeletal and adipose tissue. In the cardiac 

dysfunction issue, Brn-3b KO causes adverse re-modelling after treatment with 

AngII in male adult heart tissue by promoting contractile dysfunction that 

contributes to poor cardiac function (Budhram-Mahadeo et al., 2021). The 

impaired condition in the global Brn-3b KO samples suggests that Brn-3b is 

important in preventing metabolic dysfunction and adverse remodelling of heart 

tissue in response to pathological changes (e.g., injury and hemodynamic stress) 

In addition, Brn-3b may be an important marker for maintaining the physiology of 

vascular health, where vascular changes can lead to CVD (Ghebre et al., 2016). 

The current study by Yogendran et al., (2023) shows that the loss of Brn-3b alters 

the expression of αSMA and Ki67 proteins in VSMCs isolated from mouse aortas, 

as well as elastin and MMP2 genes in mouse aorta tissue. The alteration of these 

genes/proteins can affect the regulation of arterial compliance and vascular tone 

in vessels, thereby increasing the risk of CVD. However, the mechanisms 

underlying metabolic dysfunction, adverse remodelling of heart tissue, and 

vascular changes are not fully understood. As previously mentioned, the Brn-3b 

transcription factor has been shown to be expressed in immune cells (Bhagrava 

et al., 1993; Ripley et al., 2005; Nurminen et al., 2015), and immune cells are 

involved in hyperglycaemia and CVD-related pathological conditions, such as 

cardiac injury, stress, and vascular changes (Daryabor et al., 2020). The 

connection between Brn-3b and immune regulation is crucial for understanding 

its potential role in CVD-related pathological conditions and metabolic 

dysfunction. This is especially important since inflammatory responses play a 

critical role in the progression of these diseases (e.g., adverse remodelling of 

heart tissue) (Li and Wang, 2021). Therefore, an extensive investigation into the 

link between Brn-3b and immune regulation, which strongly correlates with CVD 

conditions (e.g., vascular changes, cardiac injury/stress) and metabolic disorders 

(e.g., diabetes mellitus), is necessary. 

1.2 Aims and Hypothesis 

In previous studies, glucose and insulin levels were found to increase following 

glucose bolus administration in Brn-3b global KO mice. GLUT4 expression was 

reduced, and GSKβ was increased in the adipose tissue and skeletal muscle, 
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potentially correlating with metabolic dysfunctions such as obesity, insulin 

resistance, and hyperglycaemia (Bitsi et al., 2016). Brn-3b KO also altered protein 

and gene expression (αSMA, antigen kiel 67 (Ki-67), MMP2, and elastin), 

essential for vascular integrity (Yogendran et al., 2023), and reduced adaptive 

markers (ANP/βMHC, GLUT4, and Cyclin D1), critical for maintaining cardiac 

output under stress (Mele et al., 2019). Additionally, in a cardiac injury model, 

Brn-3b co-localized with P53 in infarction areas, suggesting a role in apoptotic 

clearance via BAX, NOXA, and PUMA. 

Collectively, these studies suggest that Brn-3b plays a role in regulating metabolic 

dysfunction, vascular changes, and heart disease (CVD). Since metabolic 

dysfunction and CVD are inflammation-related diseases involving complex 

immune pathways, it is hypothesised that Brn-3b may function as a regulator of 

immune responses and help prevent chronic conditions like T2DM and vascular 

dysfunction. Evidence of Brn-3b expression in immune cells, including THP-1, 

Jurkat, and PBMCs (Bhagrava et al., 1993; Ripley et al., 2005; Nurminen et al., 

2015), further supports this hypothesis. Preliminary findings also show that Brn-

3b KO significantly reduces B cell populations in the spleen and decreases 

macrophages and dendritic cells in a zymosan-induced peritonitis mouse model 

(Mele et al., unpublished data). Based on these observations, the following 

hypothesis is proposed: 

Hypothesis: The loss of Brn3b transcription factor may increase pro-

inflammatory immune cells and may also contribute to vascular dysfunction 

Aims: 

1. To investigate how Brn-3b protein expression changes following inflammatory 

marker treatment in in vitro cell lines, THP-1 and T Jurkat cells. 

2. To elucidate the potential function of Brn-3b in immune regulation using the 

global Brn-3b KO mouse model 

3. To investigate the potential link between immune response and structural 

vascular changes protein in the aorta using Brn-3b KO mouse model 
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2 MATERIALS AND METHODS 

2.1 Materials 

In this study, all tissue culture reagents were supplied by Gibco and Sigma Aldrich 

(Poole, Dorset, UK). Tissue culture plastic ware was obtained from Starstedt 

(Nümbrecht, Germany). Unless otherwise stated, all chemicals and reagents of 

analytical grade were purchased from Sigma Aldrich (Poole, Dorset, UK) and 

Merck (Poole, Dorset, UK). Additional laboratory materials were provided by the 

suppliers shown in Table 16 (Appendix 1).  

2.2 Human cell lines study 

In this study, both THP-1 and Jurkat cell lines were used to study Brn-3b 

expression in monocytic and lymphocyte cell lines. THP-1 cells were cultured in 

RPMI Medium 1640 medium, supplemented with 10% heat-inactivated foetal 

bovine serum (FBS), 1% penicillin-streptomycin, 2.6 g/L glucose, HEPES, 

sodium dehydrate and 2-mercaptoethanol (BME). Moreover, Jurkat cells were 

cultured in RPMI Medium supplemented with 10% heat-inactivated FBS and 1% 

penicillin-streptomycin until the flask reached 70% confluency. The cells were 

then used for further experiments. The cell culture procedure was modified from 

the ATCC guideline protocol and Aldo et al., (2013).  

2.2.1 Brn-3b expression in undifferentiated THP1 cells 

After the cells reached 70% confluency, 1x106 cells were seeded into each well 

of 6 well plates. The cell stress due to the centrifuge would affect the inflammatory 

response data, therefore the cells were pre-incubated overnight in the humidified 

incubator at 37o C with 5% CO2. After overnight, the cells were treated with 

different 0.01, 0.05 and 0.1 uM vitamin D3 for a dose-dependence study. 

Moreover, the cells were treated with 0.01 uM vitamin D3, 0.1 ug/mL of IFNy and 

0.02 ug/ml IL-4 to measure the effects of pro/anti-inflammatory marker on Brn-3b 

expression of undifferentiated THP-1 cells. After the treatment, the cell was 

collected into a 15 mL centrifuge tube and centrifuged at 700 x g for 5 minutes. 
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After the centrifuge, the pellet was collected and proceeded with the cell lysis for 

western blot assay. 

2.2.2 Brn-3b expression in differentiation THP-1 cells 

THP-1 cells (≈ 1x106 cells/well) were differentiated into Mo macrophage-like cells 

by treatment with 150 nM of phorbol 12-myristate 13-acetate (PMA) overnight in 

6 well plates. After overnight incubation, the cells were kept in a fresh medium 

overnight. Afterwards, the cells were further differentiated into M1 and M2 cells 

using 0.1 ug/mL of IFNy and 0.02 ug/mL of IL-4 for 24 hours. 0.01 uM of vitamin 

D3 treatment was used as the positive control. In this study, the undifferentiated 

cells treated with vitamin D3 were used as a reference. After the treatment, the 

cell was collected into a 15 mL centrifuge tube and centrifuged at 700 x g for 5 

minutes. After centrifugation, the pellet was collected and processed for cell lysis 

to perform the Western blot assay. The protocol of differentiation of THP1 into 

macrophages was modified from Genin et al., (2015) and Baxter et al., (2020). 

2.2.3 Brn-3b expression in quiescent and activated Jurkat cells 

In this study, the Brn-3b expression was measured in both quiescent and 

activated Jurkat Cells. In the quiescent state, 1x106 cells/well were treated with 

0.01 uM vitamin D3 and 0.1 ug/mL of IFNy. Moreover, I proceeded with the 

experiment on activated Jurkat cells. In this study, 1x106 cells/well of Jurkat cells 

were seeded in 6 well plates and activated the cells by treating with 300 nM of 

PMA, 30 nM of ionomycin (Iono) and a combination of both PMA and Iono for 2, 

6, 18 and 24 hours. After the incubation period, the cell was collected into a 15 

mL centrifuge tube and centrifuged at 700 x g for 5 minutes. After the centrifuge, 

the pellet was collected and proceeded with cell lysis. The toxicity effects of the 

stimulus treatment on the Jurkat cells were measured using 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. The protocol 

was modified from Bacher et al., (1996) and Brignall et al., (2017).   

2.2.4 Western blot 

The cell pellet (THP-1 and Jurkat cells) that were collected were lysed using 100 

µL of proteinase K to 5 ml of 1X RIPA buffer. The protein from the cells was then 

quantified using a BSA assay. Furthermore, 40 µg of the protein and 5 µLof 
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protein ladder were loaded in 12% gel and the gel electrophoresis was run for 2 

hours at 110 V. After 2 hours, the gel was transferred to nitrocellulose membrane 

overnight at 30 V.  

After overnight transfer, the membrane was blocked with 5% blocking milk for 1 

hour and then incubated with 1:1000 anti-rabbit Brn-3b primary antibody (Biorbyt) 

for 2 hours. After 2 hours, the membrane was washed 5 times with phosphate-

buffered saline tween (PBST) which was mixed with 0.01% milk buffer. After the 

washing step, the membrane was incubated with 1: 5000 of secondary anti-rabbit 

for 1 hour. The membrane was washed 5 times before incubating with ECL 

substrate for 2 minutes. Furthermore, the membrane was imaged using the Bio-

Rad Gel Doc Imager. The membrane was imaged at 3 different exposure times 

which for 30 seconds, 1 minute and 30 seconds, and finally for 2 minutes and 30 

seconds. The optimal exposure times were selected for the data analysis using 

Licor Bioscience and Image J software. The western blot step was repeated to 

measure the housekeeping gene (GAPDH).   

Furthermore, the signal for both the targeted protein and the HKP was analysed 

using the formula A to get the HKP normalization factor. Furthermore, the HKP 

normalization factor was used to get the TP signal normalization data using the 

formula B. Finally, the fold difference of the target protein was measured using 

the formula C (Figure 25). Western blot protocol modified from Schnoor et al., 

(2009) and Kaur & Bachlawat, (2009). 

 

 

Figure 25: The formula for fold difference of western blot signal 
quantification. The signal of the western blot band was quantified using Licor 
bioscience software. The formula for (A) housekeeping protein (HKP) normalisation 
factor (B) target protein (TP) normalisation factor and (C) Fold difference was shown.  

Formula 
 

A. HKP normalisation 
factor 

= HKP signal of each lane 
   The highest signal of HKP 

B. TP normalisation 
signal 

= TP signal of each lane 
   HKP normalisation factor 

C. Fold difference = TP normalisation signal of each lane 
   TP normalisation signal of UC 
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2.2.5 MTT assay 

The MTT assay was conducted to measure the effect of the stimulus on the cell 

viability by assessing the cellular metabolic activity (Gruber and Nickel, 2023). 

The assay was measured based on the reduction reaction of MTT (yellow 

tetrazolium dye) to purple formazan crystals by metabolically active cells. The 

amount of formazan relative to the number of viable cells. The Jurkat cells were 

seeded for ≈ 100,000 cells/well in 12 wells and treated with 300 nM of PMA, 30 

nM of Iono and a combination of both PMA and Iono for 18 hours (overnight). 

After overnight, 100 µL of 5% MTT (yellow colour) was pipetted into each well in 

the dark and incubated in the 37° C incubator for 2 hours. After 2 hours of 

incubation, the media was discarded and dissolved with 250 µL dimethyl 

sulfoxide (DMSO) for 15 minutes. The dissolved solution was then transferred 

into 96 well plates to measure the optical density (OD) value using a microplate 

reader at 570 nm of wavelength.  

2.2.6 The study on the global Brn-3b KO mouse model  

Brn-3b KO mice were obtained from Xiang’s research group (Xiang et al., 1996). 

Briefly, the Brn3b gene knocked out mouse was produced by targeting vector 

using neomycin gene cassette (pNeoTK) to replace the mouse Brn3b coding 

region. Brn3b/ neomycin construct was then inserted into AB-1 embryonic stem 

cells and injected into C57BL/6J mouse to generate chimeric mice (Brn3b 

Heterozygous and Brn-3b KO) (Xiang et al., 1996). Brn-3b KO (-/-) and WT (+/+) 

control mice were generated by crossing Brn3b heterozygous mice (+/-) which 

gave rise to Mendelian ratio, i.e., 50% +/- mice, 25% +/+ mice and 25% -/- mice. 

The genotypes of litters were determined by performing a polymerase chain 

reaction (PCR) on DNA extracted from weaned mouse pup ear tissue biopsies 

(using proteinase K digestion) using PCR primers designed to amplify Brn3b and 

neomycin fragments. Brn-3b KO and WT mice were then used for studying the 

role of Brn-3b in immune response and the consequence of loss of Brn-3b to 

vascular changes. 

2.2.7 Validation of Brn-3b KO mouse model 

Before I proceeded with the main experiment in this study, I validated the Brn-3b 

KO mouse model using the PCR method. I validated this transgenic mouse using 
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the lyse ear snip sample. Furthermore, I measured the Brn-3b KO in the tissue 

using two methods, including PCR and immunofluorescent experiment. The 

tissue that was validated in this study were bone marrow, blood, aorta and spleen. 

2.2.7.1 PCR 

In this study, Brn-3b KO and WT mice were determined by performing genotyping 

of DNA that was extracted from the ear tissue of the pup. The ear sample was 

digested using 100 µl direct PCR lysis reagent (Tail) and 0.2 mg/ml proteinase K 

and incubated at 55°C overnight. After overnight, proteinase K was inactivated 

by heating the sample at 85°C for 45 minutes. Furthermore, 2.5 µl of each sample 

was used to amplify by mixing with 22.5 µL of PCR mix. PCR mix was containing: 

1.  0.25 µL (0.1 µM) of Brn3b primers (150bp) (Forward primer: 5’ 

GAGAGAGCGCTCACAATTCC 3’ Reverse primer: 5’ 

ATGGTGGTGGTGGCTCTTAC 3’) and, 

2. 0.25 µL (0.1 µM) of neomycin primers (250bp) (Forward primer: 5’ 

AGACAATCGGCTGCTCTGAT 3’ Reverse primer: 5’ 

ATACTTTCTCGGCAGGAGCA 3’). 

The DNA was amplified using the PCR program: 

1. 95°C 15 minutes 

2. 94°C 30 seconds 

3. 60°C 30 seconds 

4. 72°C 30 seconds 

5. 72°C 5 minutes 

6. 4°C HOLD. 

Furthermore, the amplified PCR product was run on 2% agarose gel containing 

gel red at 100V for 30 minutes in 1X TAE buffer. 100bp DNA Ladder was used 

as a reference for the expression of Brn3b and neomycin fragment. The 

expression of Brn-3b KO, WT and HET was visualized using a gel documentation 

machine (Syngene). A similar method was used to validate the Brn-3b KO in bone 

marrow, blood, aorta and spleen.  
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2.2.8 Animal studies 

All studies using mouse models were undertaken by following Home Office 

guidelines (Animals Scientific Procedures Act 1986) and approved by the local 

Ethics Review Board. Brn3b KO (-/-) and WT (+/+) control mice that were used in 

animal studies (see chapters 4 to 6) were obtained from approved commercial 

sources (Harlan UK or Charles River). The mouse was maintained in a 12-hour 

light/ dark cycle and had ad libitum access to standard chow and water.  

2.2.8.1 Mouse tissue sample preparation 

The femur, blood, aorta, and spleen were isolated from the mice. The tissues 

were processed according to the protocol described in the following section.  

2.2.8.1.1 Bone marrow 

The protocol for cell isolation from bone marrow was adapted from Lui and Quan 

(2015). All the muscles from bones were removed using a sterile scalpel blade 

and forceps in the laminar hood. The cells from the bones were flushed using 10 

mL PBS into the petri dish. The cells were then re-suspended using a pasture 

pipette and transferred into a 50 mL tube via a 70 µM filter.  

The cells were centrifuged at 500 x G for 5 minutes at 6°C. The supernatant was 

removed, and the pellet was resuspended using 10 ml flow cytometry staining 

(FACS) buffer for 4 minutes on ice. Afterwards, the cells were centrifuged again 

at 500 x G for 5 minutes at 6°C, and the supernatant was discarded. One millilitre 

(mL) of FACS buffer was then added to the pellet and continued for the cell 

counting using an accustain solution for the flow cytometry experiment. (Note: 

FACS buffer was prepared using 10 mL of FBS and 800 µL of EDTA mixed in 

190 ml of PBS).  

Moreover, 2 million cells from the balance of flow cytometry experiment were 

seeded in the RPMI medium without FBS overnight. After overnight, the 

supernatant was collected for a V-Plex cytokine assay experiment. The method 

for producing the bone-marrow condition medium was modified from the study by 

Li et al., (2005), Golle et al., (2017) & Chang et al., (2018). The bone marrow has 

been cultured in media without FBS to eliminate the influence of the cytokine 

present in the FBS to the cytokine analysis.  
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2.2.8.1.2 Blood 

The protocol for blood processing was modified from Skordos et al., (2021). The 

blood was collected from the mouse heart using a 1 ml syringe and 25G needle. 

The blood was collected into the EDTA blood collection tube. The blood was kept 

at room temperature (RT) until used. In this study, the blood was processed for 

two experiments: flow cytometry and V-Plex cytokine assay. The blood was lysed 

using 1X RBC lysis buffer for flow cytometry experiment and extracted to get the 

blood plasma by centrifugation method for V-Plex cytokine assay experiment.  

For the flow cytometry experiment, WBC was collected by lysing the whole blood 

(80 µL) with 5 mL of 1X RBC lysis for 5 minutes at RT. Five millilitres of PBS was 

then added to stop the lysis reaction. Afterwards, the blood was kept on ice for 5 

min, and centrifuged at 500g x 5 min at 6°C. The supernatant was discarded and 

1mL of FACS buffer was added to the pellet. This pellet was used for flow 

cytometry experiments.  

For the V-Plex cytokine assay experiment, 100 µL of blood was extracted to 

plasma by centrifuging at 2000g for 15 min at 6°C. The resulting plasma 

(approximately 40µL) was collected into a 1.5 mL Eppendorf tube and kept in the 

-80°C freezer before use. The protocol for plasma extraction was modified from 

Hernandes et al., (2017).  

2.2.8.1.2.1 RBC lysis buffer recipe 

The ammonium-chloride-potassium (ACK) lysis buffer was prepared by adding 

8.02 g of ammonium chloride, 1 g of potassium bicarbonate and 0.0372 g of 

disodium EDTA into 800 mL of distilled water in a scotch bottle. The distilled water 

was added until the volume was 1 L, and the PH was adjusted between 7.2 to 

7.4. The solution was stored for up to 6 months at RT. ACK lysis buffer 

preparations were referred from AAT Bioquest. 

2.2.8.1.3 Aorta 

The aortic cell isolation protocol was modified from Forester et al., (2005) and 

Aronoff et al., (2018). The protocol involved the mechanical digestion method by 

digesting the aorta using curved dissecting scissors and a plunger of the 10 mL 

syringe until there were no visible pieces and it had a smooth consistency. The 

aorta was smashed in a petri dish containing 5 mL of PBS. The disassociated 
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cells were collected into the 15ml Eppendorf tube and centrifuged at 500g x 5min 

at 6°C. The supernatant was discarded, and the pellet was added with 1 mL of 

FACS buffer. This pellet was used for flow cytometry experiments. 

2.2.8.1.4 Spleen 

The protocol for cell isolation from bone marrow was modified from Stagg et al. 

(2001) and Skordos et al., (2021)). The mouse spleen was placed into a sterile 

petri dish containing 5 mL of PBS. The spleen was smashed using the plunger of 

the 10 mL syringe and a pair of straight blunt pointed forceps. The spleen cells 

were then re-suspended using a pasture pipette, filtered using a 40 µM filter and 

transferred into a 50 mL tube. The cells were centrifuged at 500 x G for 5 minutes 

at 6°C. The supernatant was removed, and the pellet was resuspended using a 

10 ml FACS buffer for flow cytometry analysis.  

2.2.8.2 Flow cytometry assay 

The protocol of this experiment was modified from Hristozova et al., (2012) and 

Gjurich et al., (2015). The differences between live (N) and dead cells (T) were 

quantified using an automated cell counter. For the flow cytometry study, 50 μL 

of 0.5 x 106 live cells were seeded in round-bottom 96 well plates and kept on ice.  

Each sample was seeded in 4 groups (negative control, blue live death (LD) stain, 

antibody cocktail and fluorescence minus one (FMO). The cells were blocked with 

Fc Block (CD16/CD32) at 0.001 µg/µL for 5 minutes. Afterwards, the cells were 

incubated with 50 μL of 0.001 µg/µL of the listed antibodies in Table 6, LD stained, 

FMO and negative control for 30 minutes in the dark at 4°C. The cells for the LD 

group were stained with blue LD stain after the cells were heated at 55°C for 15 

minutes. LD stains were prepared by adding 1µL of blue live dead stain in 1ml of 

FACS buffer. The negative control group were just incubated with 50 μL of FACS 

buffer. (Note: In the basic screening analysis, the antibody incubated was 

0.00067 µg/µL). The panel of the antibody is shown in Table 6.  
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Table 6: The fluorochrome of each antibody used for characterisation of 

immune cells in this study. 

Antibodies Fluorochrome 

CD4 BUV395 

CD8 BV786 

CkiT/CD117 BV711 

Thy-1 PE-Cy7 

HSA/CD24 FITC 

CD25 PE 

CD3 APC-Cy7 

TCRβ APC 

CD44 BV421 

CD11b BV711 

CD45R/B220 AF488 

Thy-1 AF647 

 

After 30 minutes, the cells were centrifuged at 500 x g for 5 minutes at 6° C. The 

cell pellet was then fixed with 150 µL of 3% PFA and kept in the fridge overnight.   

After overnight the cell was centrifuged at 500 x g for 5 minutes at 6° C and the 

pellet was washed with 150 µL PBS 2 times. Furthermore, the cells were pipetted 

into the flow tube containing 350µL of PBS. For compensation control, we used 

compensation beads for each antibody and live cells for the blue live/dead stain. 

Each antibody was pipetted (3 µL) into 300 µL of PBS that was mixed with one 

drop of beads. All the samples were kept on ice before the flow cytometry assay 

using BD LSRII. The events were acquired with a minimum of 10,000 events for 

each sample.   

Flow cytometric data were then analysed using FlowJoX software. The gating 

strategy is shown in the next section.  
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2.2.8.2.1 Gating strategy 

Flow cytometry gating is crucial for accurately identifying and analysing cell 

populations based on fluorescence characteristics. The gating strategy used in 

this study involved several key steps including quality control to ensure proper 

instrument calibration and compensation. Moreover, I utilized unstained controls 

and FMO controls. My initial gating was based on forward scatter (FSC) vs side 

scatter (SSC) by excluding debris and dead cells and gating on the population 

with appropriate size and granularity characteristics. Furthermore, I excluded 

dead cells using viability dye to exclude dead cells and discriminated doublets by 

plotting FSC-Area (FSC-A) versus FSC-Height (FSC-H) and gating on single 

cells. I identified the population by utilizing specific fluorescence markers to 

identify cell populations. I set gates for positive and negative populations using 

single-parameter histograms or dot plots. For some cell populations, I analysed 

co-expression using two-parameter dot plots. To ensure the right cell population 

was chosen, I used FMO controls to accurately set gates by identifying 

background fluorescence, as illustrated in Figure 26. I validated the gated 

population through repetition using more biological replicate samples. This 

systematic gating strategy ensured precise and reproducible identification of cell 

populations, which was essential for the accuracy of the flow cytometric analysis 

performed in this study. I included the representative plot for each gating strategy 

in each study section for clear clarification. The general gating strategy was 

referred from Staats et al., (2019). 
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Figure 26: The representative of fluorescence minus one (FMO) control 
gating strategy in flow cytometry.  The tissue was fully stained or without one of a 
panel of fluorochrome-conjugated antibodies (Table 6) to produce FMO control. This 
FMO allows to gate on the true positive population.  
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2.2.8.3 V-plex cytokine assay (MSD cytokine assay) 

The protocol for the V-PLEX cytokine assay was based on the MSD cytokine 

standard method. The earliest step of this protocol involved the preparation of the 

calibrator standard dilution. The calibrator 1 was prepared by mixing 1 mL of the 

diluent 41 into the calibrator 1 tube and equilibrated for 30 minutes at RT. The 

serial dilution step was followed, as illustrated in Figure 27. Furthermore, the 

sample was prepared by diluting blood plasma in a 1:3 ratio and bone marrow 

supernatant with whole and 1: 5 ratios. Before proceeding with the assay, the 96-

well MSD plate was washed 3 times with 150 µL of 0.05% PBST. Moreover, 50 

µL of prepared calibrator standard and samples (bone marrow supernatant and 

blood plasma) were pipetted into each well. The plate was closed gently and let 

on the shaker at 750 rpm for 2 hours in RT. The antibodies (Ab) cocktail (IL1β, 

TNFα and IL-6) was then prepared by adding 60 µL of each ab (50x stock 

concentration) in 2820 µL of diluent 45. After the incubation time, the samples 

were washed 3 times with 150 µL of 0.05% PBST. Twenty-five microliters of the 

detected antibody were then added into each well and incubated for 1 hour 30 

minutes on the shaker at 750 rpm for 2 hours in RT. Moreover, 150 µL of the 

prepared T solution (10 mL of 4x T solution + 10 mL distilled water) was added 

to each well, and the plate was read using an MSD instrument. 

 

 

Figure 27: Serial dilution of the calibrator standard in MSD cytokine assay. 
A 100 µL aliquot of calibrator 1 stock solution was pipetted into a new tube, followed by 
the transfer of 100 µL into a new tube containing 100 µL of phosphate-buffered saline 
with Tween 20 (PBST). This serial dilution process was continued until the blank solution 
(PBST only) was produced. 
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2.2.8.4 Haemoxylin and eosin (H&E) staining 

The morphological structure of the mouse tissue including the aorta and spleen 

was imaged based on H&E staining. The section was dewaxed and stained using 

haemoxylin and eosin using the auto-stainer machine. The staining was run for 

approximately 40 minutes. Afterwards, the slide was gently covered with a 

coverslip. The Slides were then imaged using a NanoZoomer Digital Pathology 

(NDP) microscope.  

2.2.8.5 Immunofluorescence staining 

The immunofluorescent staining was carried out on the paraffin wax section and 

the method was modified from Zaquot et al., (2020). The section on the slide was 

dewaxed using the auto-stainer machine. After the dewaxing method, the tissue 

was immersed in PBS and the antigen retrieval step was performed by heating 

the sample in a microwave at high heat for 10 minutes in 0.05 M antigen retrieval 

solution (Sodium Citrate) at pH 6 to 6.8. The tissue was then immersed in the 

PBS and proceeded with the tissue permeabilization step by immersing the tissue 

with 0.25% triton-X for 5 minutes. The tissue section was blocked with 3% BCA 

for 1 hour at RT and humid conditions. After blocking, the tissue was incubated 

in primary antibody overnight in the dark at 4°C. After overnight, the tissue was 

washed 5x and incubated in fluorescent secondary antibody for 45 minutes. After 

incubation, the tissue was then washed 5x using PBS. The nucleus was then 

either stained individually using 0.01 mg/ml of DAPI, washed for 2x using PBS 

and mounted with mounting medium or mounted directly with mounting medium 

containing DAPI. The slides were sealed with nail polish to avoid the fading of 

fluorescent. The prepared slides were imaged using a Leica DMi8 microscope. 

The images were analysed using QuPath Software. The concentration of the 

primary and secondary antibodies is illustrated in Table 7.    
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Table 7: List of primary antibodies, secondary antibodies and their 

concentrations used in the immunofluorescent staining experiments. 

Antibodies (Ab) Concentration (mg/mL) 

SM22 0.002 

Ki67 0.005 

αSMA 0.005 

Brn-3b 0.005 

CD11b 0.005 

CD44 0.005 

CD45R/B220 0.005 

CD3 0.005 

Secondary Ab- AF555, Rhodamine 

Red, AF488, AF647 
0.002 (1:1000) 

 

2.2.8.5.1 Image analysis 

In this study, the total count of positive stained per area of tissue section (µm2) or 

total intensity per area of tissue section (µm2) of the positive stained was 

quantified using QuPath software. The method was modified from the study by 

Courtney et al., (2021). The process of quantification of the positive fluorescent 

staining is illustrated in Figure 28, and the method was modified from the study 

by Shihan et al., (2021). Analysis of exported data was performed using Microsoft 

Excel and GraphPad Prism 9.0.2.  
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Figure 28: The representative steps in fluorescent image analysis using 
QuPath software. The positive staining signal of the tissue was quantified in the 
region of interest (ROI), indicated by the yellow annotation. The true positive signals 
were measured above the threshold value set by the negative control (negative control 
threshold = 45).  

 

2.2.8.6 Gene transcription analysis 

The gene expression analysis was measured using the RT-qPCR method and 

the RNA of the sample was extracted using the trizol method. The RNA extraction 

method was modified from the Invitrogen Life Technologies protocol. Moreover, 

the cDNA synthesis method was modified from the protocol made by the Section 

of Cancer Genomics and Ramalho et al., (2004).  

2.2.8.6.1 RNA extraction method 

The RNA in bone marrow cell pellets were extracted using trizolbased extraction 

method, as summarised in Figure 29.  
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Figure 29: The steps for Trizol-based RNA extraction method. Homogenized 
samples were incubated with chloroform, followed by phase separation through 
centrifugation to isolate the aqueous phase containing RNA. RNA was precipitated with 
isopropyl alcohol, washed with varying concentrations of ethanol, and redissolved in 
RNase-free water. RNA integrity was assessed by A260/280 ratio and stored at -80°C for 
future use. 

 

2.3.2.6.1 DNase 1 treatment  

The pellet in RNAse-free water (RNA sample) was then added with 6 µL of 

MgCl2, 2 µL of DNase I and 2 µL of RNase water to discard the contaminated 

DNA. The sample was incubated at 37°C for 1 hour. Furthermore, 60 µL of 

phenol: chloroform was added and mixed well by vortexing for 20 seconds. The 

samples were then centrifuged at 14,000 x g for 10 minutes at 4°C. The 

supernatant was collected and added with 60 µL of phenol: chloroform, vortexed 

for 20 seconds and centrifuged again at 14,000 x g for 10 minutes at 4°C. The 

supernatant was collected into the new tube containing 60 µL of 100% ethanol, 

added with 30 µL of 4M NaCl and incubated at -80°C freezer for 10 minutes. 

Furthermore, the sample was centrifuged at 14,000 x g for 10 minutes at 4°C and 

added 700 µL of 70% ethanol. The sample was centrifuged at 14,000 x g for 15 

minutes at 4°C. The pellet was air dried for 10 to 15 minutes and added with 20 
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to 30 µL of RNAse-free water. RNA was quantified using nanodrop at 260/280 

nm and 260/230 nm before being stored in a -80°C freezer. 

2.2.8.6.2 cDNA synthesis 

In this study, the cDNA was prepared from 500 to 2000 ng of total RNA. 0.5 µL 

of random primers was added into each tube of prepared sample and vortexed. 

Each tube was incubated on a 70°C heat block for 5 minutes. While waiting, the 

cDNA mix was prepared as in Table 8. 

 

Table 8: The cDNA master mix components per PCR tube. 

Components Volume per sample (µL) 

5x RT buffer 5 

dNTP mix 1.3 

Super transcript (III) RT polymerase 1 

RNase inhibitor 0.6 

 

After the incubation, the samples were placed on ice directly. Furthermore, 7.9 

µL of the cDNA were added in each tube and run in the PCR machine at 37°C 

for 1 hour, 70°C 10 min and held at 4°C. The control included in this study was 

non-template control (RT without sample) and RT control (no RT with sample). 

Afterwards, the cDNA (25 µL) was Stored at -80°C before use. 

2.2.8.6.3 RT-qPCR 

The RT-qPCR protocol was modified from Kuang et al., (2018). The qPCR 

reaction (20 μL) contained 450 nM (3 µL) of each forward and reverse primer 

(Table 9: The list of primers (mouse species)) and ten μL Universal SYBR Green 

Supermix was used. The amount of cDNA used in each qPCR reaction was: 100 

ng (2 µL) of bone marrow. The standard thermocycling program consisted of a 

95°C denaturation for 30 seconds, followed by 40 cycles of 59-60°C (annealing) 

and 72°C for 10 minutes (extension). All samples were run in duplicate to 

triplicate, and the mean Cq values for each sample were calculated. Reactions 
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with non-template control and RT control were included for each set of primers 

on each plate. 

 

Table 9: The list of primers (mouse species) used for the qPCR 

experiments. 

Primers Sequence 

TNFα 
F-CACAAGATGCTGGGACAGTGA 

R-TCCTTGATGGTGGTGCATGA 

IL-15 
F-GTGACTTTCATCCCAGTTGC 

R-TTCCTTGCAGCCAGATTCTG 

CXCR5 
F-TGGCCTTCTACAGTAACAGCA 

R-GCATGAATACCGCCTTAAAGGAC 

GAPDH 
F-TTCACCACCATGGAGAAGGC 

R-GGCATGGACTGTGGTCATGA 

 

2.3 Statistical Analysis 

Results are presented as average ± Standard Error Mean (SEM). Statistical 

significance was tested using a t-test and one-way analysis of variance (ANOVA) 

with Tukey’s post hoc test using GraphPad Prism software. 
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3 A PRELIMINARY STUDY ON THE 

POTENTIAL ROLE OF BRN-3B 

PROTEIN IN IMMUNE REGULATION 

IN HUMAN THP-1 AND JURKAT 

CELLS 

3.1 Introduction 

Brn-3b expression in THP-1 cells has been observed to increase following 

treatment with Vitamin D, a compound recognised for its anti-inflammatory 

properties (Nurminen et al., 2015; Hashemi et al., 2018; Simakao et al., 2021). 

The expression of the vitamin D receptor (VDR) and enzymes that metabolise 

Vitamin D is widespread across various immune cell types, such as monocytes, 

macrophages, DCs, and activated B and T cells. The active form of Vitamin D, 

calcitriol (1,25-(OH)2D3, binds to VDR to induce various gene or transcription 

factors that exert various effects including immunoregulatory effects on innate 

and adaptive immune response (Figure 30) (Fernandez et al., 2022). Therefore, 

the evidence of the expression of Brn-3b in the THP-1 monocyte cells after 

Vitamin D treatment suggests that Brn-3b could be a key protein targeted for 

immunoregulatory effects. To further explore this notion, I aim to investigate Brn-

3b's specific contributions to immune regulation, particularly whether it 

predominantly influences pro-inflammatory or anti-inflammatory responses. 
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Figure 30: Vitamin D3 activation of cellular immune function via vitamin D 
receptor (VDR) complex. The illustration images depict the transduction pathway 
activated by vitamin D3 in immune cells, wherein the transcription of various genes 
leads to changes in the function of immune cells in response to the Vitamin D3-VDR 
complex (Cyprian et al., 2019). 

 

In this study, I explore the regulation of Brn-3b in immune responses using THP-

1 monocytic cells and Jurkat T lymphocyte cells. The THP-1 cell, a human-

derived monocyte, is extensively utilized to explore monocyte and macrophage 

functions, serving as a prominent in vitro model for studying inflammatory 

processes and innate immune responses (Chanput et al., 2014; Pinto et al., 

2021). As key players in the innate immune system, monocytes/macrophages act 

as sentinels, making the study of Brn-3b expression in THP-1 cells pivotal for 

understanding its impact on innate immunity. Similarly, the Jurkat cell, derived 

from human lymphocytes and commonly used for the T cells model, enables the 

examination of critical T cell biology aspects, including signalling and activation 

processes essential for adaptive immunity (Montano, 2014). By analysing Brn-3b 

expression in Jurkat cells, the aim is to elucidate the protein's role in the adaptive 

immune response.  

Monocytes and T cells are important for maintaining health but also can 

contribute to disease progression. Monocytes play a protective role by defending 

the host from pathogenic intruders; however, an increased survival rate of 
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infiltrating monocytes/macrophages can promote diseases such as 

atherosclerosis, liver fibrosis and systemic lupus erythematosus (SLE) (Karlmark 

et al., 2012). Similarly, T cells mediate cell-based immune responses, helping to 

maintain host health and prevent diseases. For example, CD4 T cells enhance 

the anti-tumour response of CD8 T cells. However, disruption of the adaptive 

immune response can lead to autoimmune conditions, as evidenced by the role 

of Th17 activity and IL-17 accumulation in serum, synovial fluid and synovial 

tissue of patients, which promotes chronic joint inflammation and eventually leads 

to rheumatoid arthritis (RA) (Sun et al., 2023). Thus, studying the Brn-3b function 

in both immune cell models is relevant to understanding the correlation between 

Brn-3b expression and the health and disease progression driven by monocytes 

and T cells. 

In this study, I hypothesise that Brn-3b expression in THP-1 cells and Jurkat cells 

changes upon activation or pro-/anti-inflammatory treatment. The treatment 

protocols, including concentrations and durations, are detailed in the 

methodology section. The rationale for using pro- and anti-inflammatory marker 

treatments is to investigate Brn-3b’s function in modulating immune regulation, 

specifically in promoting or resolving inflammation. By examining how Brn-3b 

expression changes in response to these treatments, I aim to better understand 

its involvement in immune regulation. As such, the objectives of this chapter are 

as follows:  

1. To examine the expression of Brn-3b in both undifferentiated and 

differentiated THP-1 cells upon pro-/anti-inflammatory treatment. 

2. To explore the expression of Brn-3b in quiescent and activated Jurkat cells. 
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3.2 Results 

3.2.1 Vitamin D3 (positive control) dose-dependence study 

To investigate the effects of vitamin D3 on Brn-3b protein expression in THP-1 

cells, the cells were treated with different concentrations of vitamin D3 (0, 0.01. 

0.05 and 0.1 µM) for 24 h, as illustrated in Figure 31. The results demonstrated 

that Brn-3b (S) protein was strongly expressed in the THP-1 cells following 

vitamin treatment, with Figure 31 (A) illustrating this effect. Specifically, a 0.01 

µM concentration of vitamin D3 increased Brn-3b (S) expression by 1.734-fold 

(p=0.0001) compared to the untreated control (UC), as shown in Figure 31 (B). 

Given the substantial increase in Brn-3b (S) protein expression at this 

concentration, 0.01 µM vitamin D3 was selected for further study.  

 

   

Figure 31: Dose-dependent effects of vitamin D3 (VITD3) on Brn-3b short 
(S) protein expression in undifferentiated THP-1 cells. Undifferentiated THP-1 
cells were treated with 0.01, 0.05 and 0.1 µM of VITD3 for 24 hours (A) Representative 
western blot image showing Brn3b (S) protein (35 kDa) expression in untreated control 
(UC) and treated THP1 cells. (B) Graph showing the quantification of Brn3b (S) protein 
in vitamin D3 treated undifferentiated THP1 compared to UC, normalised to 
glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Data are presented as mean ± 
SEM for n = 3-4 (***p < 0.001 and Ns = not significant).  
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3.2.2 Brn-3b (S) Protein increases expression following vitamin D3 treatments in 

undifferentiated THP-1 cells. 

To determine whether Brn-3b regulates anti-inflammatory or pro-inflammatory in 

innate immune response, the Brn-3b expression was quantified in 

undifferentiated and differentiated THP-1 cells. In this study, Brn-3b (S) protein 

expression was quantified in the undifferentiated THP1 cells after 24 hours of 

treatment with vitamin D3 (positive control), IL-4 (anti-inflammatory) and IFNγ 

(pro-inflammatory). The results showed that Brn-3b (S) protein increased in 

undifferentiated THP-1 cells after treatment with Vitamin D3, IFNγ and IL-4, but 

the value was not statistically different except for vitamin D3 treatment, as 

depicted in Figure 32. Vitamin D3 significantly increased Brn-3b expression by 

2.005-fold (p=0.0219).  

 

 

Figure 32: Brn-3b short (S) protein expression in undifferentiated THP-1 
cells following cytokine and vitamin D3 (VITD3) treatment. Undifferentiated 
THP-1 cells were treated with 0.01 µM VITD3, 0.02 ug/ml interleukin 4 (IL-4), and 0.1 
ug/mL interferon gamma (IFNγ) for 24 hours (A) Representative western blot image 
showing Brn3b (s) protein (35 kDa) expression in untreated control (UC) and treated 
THP1 cells. (B) Graph showing the quantification of Brn3b (S) protein in treated 
undifferentiated THP1 cells compared to UC, normalised to glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH). Data are presented as mean ± SEM for n = 4-6 (*p < 0.05 and 
Ns = not significant).  
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3.2.3 Brn-3b (S) protein increase in response to vitamin D3 and IL-4 treatment in 

differentiated THP-1 cells 

To further explore whether Brn-3b protein primarily exerts pro-inflammatory or 

anti-inflammatory effects, its expression levels were assessed in differentiated 

THP-1 cells. In this study, THP-1 cells underwent differentiation into Mo 

macrophages through exposure to 150 nM PMA for 24 hours. Subsequently, 

these cells were directed towards the M1 (pro-inflammatory) phenotype via 

treatment with IFNγ and towards the M2 (anti-inflammatory) phenotype through 

IL-4 treatment.  

The results demonstrated that treatments with vitamin D3 (positive control) and 

IL-4 markedly elevated Brn-3b (S) expression in differentiated THP-1 cells, by 

1.715-fold (p=0.0114) and 1.601-fold (p=0.0205), respectively, as shown in 

Figure 33 (B). However, changes in Brn-3b (S) expression due to IFNγ treatment 

did not reach statistical significance, even though the reduction trend of Brn-3b 

expression was shown.  
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Figure 33: Brn-3b short (S) expression in differentiated THP-1 cells 
following cytokine and vitamin D3 (VITD3) treatment. THP-1 cells were 
differentiated with 150 nM phorbol 12-myristate 13-acetate (PMA) for 24 hours, 
followed by treatment with 0.01 µM VITD3, 0.02 ug/ml interleukin 4 (IL-4), and 0.1 
ug/mL interferon gamma (IFNγ) for an additional 24 hours. (A) Representative western 
blot showing Brn3b (S) protein (35 kDa) levels. (B) Graph showing the quantification of 
Brn3b (S) protein in treated differentiated THP-1 cells compared to PMA only, 
normalised to glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The dashed box 
(red) indicates Brn-3b expression after treatment with PMA + IL-4. Data are presented 
as mean ± SEM for n = 3-5 (*p < 0.05 and Ns = not significant). Abbreviations: +, positive 
expression; -, negative expression.  
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3.2.4 Brn-3b expression in quiescent and activated Jurkat cells 

Given the significant expression of Brn-3b in both undifferentiated and 

differentiated THP-1 monocytes, which serve as a crucial model for studying the 

innate immune response, it becomes imperative to investigate Brn-3b's potential 

role in the adaptive immune response. To address this, an experimental design 

was employed involving the activation of Jurkat cells—a model for T lymphocytes 

using PMA, Iono, or a combination of both (PMA/Iono) for durations of 2, 6, 18, 

and 24 hours. Additionally, the study included the quantification of Brn-3b 

expression in quiescent (non-activated) Jurkat cells, providing a baseline for 

comparison. This approach aims to elucidate the involvement of Brn-3b across 

different facets of immune functionality, extending the understanding of its role 

beyond innate responses to encompass potential effects within adaptive 

immunity. 

3.2.4.1 No significant change in Brn-3b (S) expression in quiescent Jurkat cells 

The expression of Brn-3b in quiescent Jurkat cells was assessed using western 

blot analysis following treatment with vitamin D3 and IFNγ for 24 hours. The 

findings indicated that there was no significant change in Brn-3b (S) expression 

after treatment with either vitamin D3 or IFNγ when compared to the UC, as 

shown in Figure 34.  
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Figure 34: Brn-3b short (S) expression in quiescent Jurkat cells following 
vitamin D3 (VITD3) and interferon gamma (IFNγ) treatment. Quiescent Jurkat 
cells were treated with 0.01 µM VITD3 and 0.1 µg/mL IFNγ for 24 hours. (A) 
Representative western blot showing Brn3b protein (35 kDa) expression in untreated 
control (UC) and treated quiescent Jurkat cells. (B) Graph showing the quantification of 
Brn3b protein expression in treated quiescent Jurkat cells compared to UC, normalised 
to glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Data are presented as mean ± 
SEM for n=4 (Ns = not significant). 

 

3.2.4.2 The effects of stimulus on Jurkat cells  

Before the main experiment, the study assessed whether PMA, Iono and 

PMA/Iono stimuli had any detrimental effects on Jurkat cells by performing an 

MTT assay. Jurkat cells were incubated with the stimulus overnight/18 hours. The 

findings revealed that Iono significantly reduced the cell viability of Jurkat cells in 

comparison to the UC, whereas treatments with PMA and the combination of 

PMA/ Iono did not significantly impact cell OD value. Specifically, Iono decreased 

Jurkat cell proliferation to 82.54% relative to the UC, with a p-value of 0.0075 (as 

illustrated in Figure 35). Given that treatments with PMA, Iono and a combination 

of both did not reduce the OD value by more than 30% as compared to UC due 

to cellular metabolic activity, the stimulus is considered non-toxic. It is referred to 
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standard ISO 10993-5 guidelines for cytotoxicity assessment (Gruber and Nickel, 

2023).  

 

 

Figure 35: Cytotoxicity effects of phorbol 12-myristate 13-acetate (PMA), 
ionomycin (Iono) and PMA/Iono on Jurkat Cells. Jurkat cells were treated with 
300 nM PMA, 30 nM Iono, or a combination of both for 18 hours (overnight). Graph 
showing reduced viability of Jurkat cells following treatment with Iono compared to 
untreated control (UC). Data are presented as mean ± SEM for n = 3 (*p < 0.05). 

 

3.2.4.3 Activated Jurkat cells show no significant alteration in Brn-3b (S) protein 

expression. 

To investigate the potential role of Brn-3b in regulating the adaptive immune 

system, this study quantified Brn-3b protein levels in Jurkat cells activated by 

PMA, Iono, and a PMA/ Iono combination after treatment durations of 2, 6, 18, 

and 24 hours. The results showed that treatments with PMA, Iono, and their 

combination for 2, 6, 18, and 24 hours did not significantly affect Brn-3b (S) 

expression in Jurkat cells, as depicted in Figure 36 (B-E). 
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Figure 36: Brn-3b short (S) protein expression in activated Jurkat cells. 
Jurkat cells were activated using 300 nM phorbol 12-myristate 13-acetate (PMA), 30 nM 
ionomycin (Iono), or a combination of both for 2, 6, 18, and 24 hours. (A) Representative 
western blot image showing Brn3b (S) protein (35 kDa) expression in untreated control 
(UC) and activated Jurkat cells. (B to E) Graph showing the quantification of Brn3b (S) 
protein in activated Jurkat cells compared to UC, normalised to glyceraldehyde 3-
phosphate dehydrogenase (GAPDH). Data are presented as mean ± SEM for n = 3 (Ns = 
not significant).  
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3.3 Discussion 

This chapter aimed to investigate the function of Brn-3b in immune regulation 

using in vitro models. I utilised THP-1 monocyte and Jurkat T cell lines to study 

Brn-3b expression under different conditions. Vitamin D3 treatment enhanced 

Brn-3b expression in THP-1 cells but showed no significant effect in Jurkat cells, 

suggesting that Brn-3b may play a function in immune regulation in THP-1 cells.  

These findings provide a basis for future studies, focusing on immune cell profiles 

in Brn-3b KO mouse tissues, including bone marrow, blood, aorta, and spleen, to 

explore Brn-3b's function in immune regulation. 

3.3.1 Brn-3b expression in THP-1 cell lines 

This study investigated Brn-3b expression in undifferentiated and differentiated 

THP-1 monocyte cell lines under different treatments to explore its function in 

immune regulation. Previous studies have demonstrated that Brn-3b is 

expressed in immune cells, including THP-1 cells, and that its expression can be 

modulated by vitamin D3, a well-established immune modulator (Bhargava et al., 

1993; Nurminen et al., 2015). In both undifferentiated and differentiated THP-1 

cells, vitamin D3 treatment significantly increased Brn-3b protein expression 

(Figure 32 and Figure 33). Vitamin D3 is recognised for its ability to regulate 

genes involved in immune and metabolic functions, suppressing pro-

inflammatory responses while promoting anti-inflammatory pathways (Calberg, 

2022; Krajewska et al., 2022). These results suggest that Brn-3b may be part of 

the broader gene network influenced by vitamin D3, which includes both immune 

and non-immune-related genes, potentially contributing to its effects on immune 

regulation.  

Additionally, IL-4 treatment also enhanced Brn-3b expression in differentiated 

THP-1 cells (Figure 33). IL-4 is known to promote the differentiation of M2 

macrophages, which play key roles in resolving inflammation and maintaining 

tissue homeostasis (Celik et al., 2020; Gordon, 2003; Genin et al., 2015). This 

suggests that Brn-3b expression could be linked to the anti-inflammatory 

phenotype of M2 macrophages, which are characterised by the secretion of IL-4, 

IL-10, CCL18, and CCL22, and express markers such as CD206 (MRC1) and 
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CD163 (Gordon, 2003; Genin et al., 2015). In contrast, Brn-3b expression was 

not significantly altered following IFNγ treatment, which induces M1 

macrophages associated with pro-inflammatory responses (Martinez and 

Gordon, 2014). A slight decrease in Brn-3b expression was observed in 

differentiated THP-1 cells treated with IFNγ, suggesting that Brn-3b may not be 

involved in the M1 macrophage-mediated inflammatory response. 

These findings indicate that Brn-3b may be regulated by anti-inflammatory stimuli 

like vitamin D3 and IL-4, suggesting a potential function in immune resolution. 

Future research could focus on measuring cytokine production in undifferentiated 

and differentiated THP-1 cells with Brn-3b knockdown or overexpression. Such 

studies would be essential to understand the downstream effects of Brn-3b in 

immune regulation and to validate its role in inflammation. While these studies 

are crucial, it is important to note that in vitro models provide only preliminary 

insights, and further research in physiological settings is necessary to confirm 

Brn-3b’s function. 

3.3.2 Brn-3b expression in quiescent and activated human Jurkat cell lines 

Since Brn-3b may be expressed by monocytes/macrophages, this section aimed 

to explore its expression in T cells. Macrophages and T cells are thought to mirror 

each other, with M1 macrophages resembling Th1 cells and M2 macrophages 

reflecting Th2 cells (Mantovani et al., 2004). 

The findings showed that Brn-3b expression did not significantly change in 

quiescent Jurkat T cells treated with vitamin D3 or IFNγ (Figure 34). This may be 

due to the absence of VDR expression in resting T cells (Cantorna and Waddell, 

2014) and the complex regulatory role of IFNγ in inflammation (Zhang, 2007). 

Further analysis in activated Jurkat cells revealed no significant changes in Brn-

3b expression following treatments with Iono, PMA, or their combination (Figure 

36). PMA and Iono activate T cells through distinct pathways—PMA via PKC 

signalling and Iono through calcium signalling (Brignall et al., 2017; Chatila et al., 

1989; Guo et al., 2008; Dagur et al., 2010; Zhu et al., 2010). Despite these known 

pathways, neither treatment induced significant changes in Brn-3b expression. 

Even when used together, PMA and Iono can induce robust T cell activation, 

leading to chromatin remodelling at approximately 2,100 regions, compared to 
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600 and 350 regions for PMA and Iono alone, respectively (Chatila et al., 1989; 

Brignall et al., 2017). Yet, this enhanced chromatin remodelling did not translate 

to changes in Brn-3b expression. These findings suggest that Brn-3b may 

respond to different stimuli, and future studies using other activators, such as 

PHA, could provide additional insights into T cell activation and proliferation 

(Chaudhary et al., 2021). 

A limitation of this study is that vitamin D3 treatment was not included in activated 

Jurkat cells. Previous research by Shifera et al., (2010) showed that vitamin D3 

did not prevent the degradation of IκBα in Jurkat T cells, a protein involved in 

activating the NFκB pathway and promoting inflammation. This suggests that 

vitamin D3 may not be crucial for correlating with Brn-3b expression in Jurkat 

cells. However, it would still be useful to include vitamin D3 treatment in future 

studies to confirm its effects and explore whether its influence differs between T 

cells and other immune cells, such as monocytes/macrophages. 

Overall, Brn-3b appears to have a negligible role in Jurkat T cells. However, given 

the limited number of experiments, further studies with additional biological 

replicates are needed to confirm these findings. 

3.4 Conclusions 

This chapter aimed to investigate the immune-related function of Brn-3b using in 

vitro models. The key findings are: 

• Vitamin D3 increased Brn-3b expression in undifferentiated THP-1 cells. 

• Both vitamin D3 and IL-4 increased Brn-3b expression in differentiated THP-

1 cells. 

• Brn-3b expression did not change in quiescent Jurkat T cells after treatment 

with vitamin D3 or IFNγ. 

• Brn-3b expression did not change in activated Jurkat T cells. 

These results suggest that Brn-3b may be regulated by vitamin D3 and IL-4 in 

THP-1 cells, potentially contributing to immune regulation in 

monocyte/macrophage differentiation. In contrast, Brn-3b appears to have a 

negligible role in Jurkat T cells under the tested conditions. Future studies should 

investigate the functional consequences of Brn-3b modulation in immune 
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responses and explore its role in more complex in vivo systems to better 

understand its potential involvement in immune regulation. 
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4 IMMUNOPHENOTYPING 

CHARACTERISATION OF THE 

IMMUNE CELLS IN THE BONE 

MARROW OF BRN-3B KNOCK-OUT 

MOUSE MODEL  

4.1 Introduction 

In the previous chapter, my preliminary data showed the expression of Brn-3b in 

THP-1 monocytes and M2-like macrophages, while no changes were observed 

in Jurkat cells. This suggests a potential involvement of Brn-3b in immune cell 

regulation in specific immune cell types. To further explore Brn-3b's function in 

immune cell regulation, I extend the study using the global Brn-3b KO mouse 

model.  

Previous unpublished data (Mele et al.) suggest that Brn-3b deficiency leads to a 

reduction in B cell populations (CD45+CD19+) and an increase in monocyte 

populations (Ly6C+) in a zymosan-induced peritonitis model. These observations 

point to a potential role for Brn-3b in immune regulation. This study aims to further 

examine Brn-3b’s function by assessing immune status in the bone marrow 

based on immune cell profiles and protein biomarkers. 

4.1.1 Bone marrow 

Bone marrow is a key hematopoietic organ for immune cell production and 

proliferation, as well as a site for immune cell residency (Schirrmacher, 2023). 

This tissue houses a diverse array of immune cells including monocytes, 

macrophages, B and T cells, dendritic, neutrophil and NKT cells that are 

responsible for controlling inflammatory responses (Zhou et al., 2015). The bone 
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marrow is a crucial site to produce blood cells, making it central to numerous 

investigations in the fields of haematology and immunology (Hamon et al., 2015). 

This includes bone marrow tests that assess whether the bone marrow is healthy 

and producing normal amounts of blood cells.  

In this study, I evaluate the immune cell profiles of Brn-3b KO bone marrow, 

focusing on T cell (early and mature states) and non-T cell (B lymphocytes, 

monocytes, granulocytes) lineages. This was done using cell surface markers, 

including CD11b (macrophages/monocytes), CD45R/B220 (B lymphocytes), 

CD4 and CD8 (T lymphocytes), CD44 (HSCs and activation status), Thy-1 (T cell 

lineage and activation), cKIT, CD25, CD24/HSA, CD3, and TCRβ. Cytokine 

expression levels (IL-1β, IL-6, and TNFα) were also assessed in the bone marrow 

supernatant to further explore immune status. 

In this study, I hypothesise that the loss of Brn-3b alters the development and 

accumulation of immune cell profiles in the bone marrow, leading to a pro-

inflammatory status. Accordingly, the objectives of this chapter were delineated 

as follows: 

1. To investigate the changes of immune cell profile including T (early and 

mature state) and non-T cell (B lymphocytes, monocytes and granulocytes) 

lineage in Brn-3b KO mouse bone marrow. 

2. To explore the changes of protein biomarker profile including IL-1β, IL-6 and 

TNFα in Brn-3b KO mouse bone Marrow  
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4.2 Results 

4.2.1 Validation of the Brn-3b KO strain 

Initial validation of the Brn-3b KO model was conducted using ear samples, 

followed by PCR analysis on various tissues, including bone marrow, blood, 

spleen, and aorta, to ensure the effective knockout of the target gene. The 

presence of a neomycin cassette expression at approximately 250 base pairs 

(bp) served as the criterion for gene knockout. 

The results indicated that genomic DNA from bone marrow, blood, spleen, and 

aorta displayed a band at approximately 150 bp in WT samples, and a band at 

approximately 250 bp was observed in Brn-3b KO samples, as illustrated in 

Figure 37 (A). Genotyping of some of the tissues was re-analysed due to some 

samples not expressing the expected band, which was attributed to insufficient 

DNA quantity or the appearance of double bands resulting from sample 

spillover/cross-contamination between wells (refer to Figure 89 in Appendix 2). 

The gender details of the mice for each tissue are provided in Appendix 2 (Figure 

89).  

Furthermore, Brn-3b KO validation at the protein level was conducted within aorta 

tissue sections through immunofluorescence staining. The representative images 

showed a slight increase in Brn-3b expression in the WT tissues compared to the 

negative control, with the signal predominantly observed in the TM. Conversely, 

Brn-3b expression in the KO tissues appeared to align with that of the negative 

control, as depicted in Figure 37B(i). Quantitative analysis showed a significant 

reduction in Brn-3b signal within the region of interest (ROI) of the KO tissues 

compared to their WT counterparts (p = 0.0118), as shown in Figure 37B(ii).  
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Figure 37: Validation of Brn-3b knock-out (KO) in mouse tissues used in the 
experiment via PCR and immunofluorescent experiments. The genotypes of 
the mice were determined using ear-snip samples before the experiment. The knock-
out of the Brn-3b gene was measured in the bone marrow (BM), blood, spleen, and aorta 
using PCR, and protein level in the aorta using immunofluorescence staining. (A) 
Representative PCR results in BM, blood, spleen, and aorta. (B) Validation at the protein 
level in the aorta: (i) Representative immunofluorescent staining images; (ii) 
Quantification of the Brn-3b signal in cross-sections (tunica intima (TI), tunica media 
(TM) and tunica adventitia (TA)) of wild type (WT) and Brn-3b KO tissues. Data are 
presented as mean ± SEM for n = 3 (*p < 0.05) (Sex = male/female) (Age = 2-4 months). 
Region of interest (ROI) is denoted in red (- -) annotation. 

B(i) 

(ii) 

A 
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4.2.2 No significant difference in total bone marrow cell counts between Brn-3b 

KO and WT in the femur and tibia 

To ascertain the effect of the Brn-3b KO gene on tissue physiology, I compared 

cell count variations in tissues from both WT and Brn-3b KO mouse models. The 

analysis revealed that the total number of bone marrow cells within the femur and 

tibia of both WT and Brn-3b KO mice did not differ significantly, as illustrated in 

Figure 38. 

 

 

Figure 38: Total bone marrow cell number in femur and tibia of wild type 
(WT) and Brn-3b knock-out (KO). C57BL/6J mice were euthanised, and the femur 
and tibia were harvested and flushed using a 25G needle and syringe and passed through 
a 70 μM cell strainer. Cell numbers were determined using an automated cell counter in 
Brn-3b KO and WT mouse samples. Data are presented as mean ± SEM for n = 6-7 (Sex 
= male) (Age = 2–4 months) (Ns = not significant). 

 

4.2.3 Basic screening of T cell lineage and activation status in mouse bone 

marrow 

To delineate the immune cell profile within the bone marrow cells, live and single 

cells on scatter parameters were initially sub-gated based on single immune cell 

surface markers, a process depicted in Figure 39 (A). Following this, cells were 

categorized into major components for a fundamental screening, which included 

DN for the early stage and DP and SP cells for the mature stage of T cell 

development, as shown in Figure 39 (B). Further sub-gating was conducted within 
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each major component cell group to assess T cell lineages in DN and T cell 

activation status in DP and SP cells. Unstained samples were used as a control 

in the gating strategy to exclude background signals. 
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Figure 39: Gating strategy for identifying single markers and basic screening of T cell lineage populations in the bone marrow. 
Cells were isolated from digested mouse tibia and femur, and live cells were identified by excluding debris and doublets using forward scatter (FSC) 
and side scatter (SSC) parameters. (A) A single marker was first screened to identify the main populations expressing marker: CD45R/B220+, CD4+, 
CD8+, CD11B+, Thy-1, and CD44+. (B) Identification of major compartments: double negative (DN), single positive 4 (SP4), SP8 and double positive (DP) 
against CD4 and CD8 expression. DN cells were further divided into DN1/DN2 and DN3/DN4 populations based on their differing expression of CD44. 
Non-T and T cell lineages within the DN population and activated T cells were analysed in the DP, SP4, and SP8 populations based on Thy-1 expression. 

Major Components 
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4.2.3.1 No significant changes of cells expressing single surface markers in Brn-

3b KO mouse bone marrow 

To study the effect of the loss of Brn-3b on immune regulation, the basic immune 

cell profile for macrophages, T cells, and B cells in the bone marrow was 

quantified. The immune cells were stained using CD11b (macrophages), CD4 (T 

cells), CD8 (T cells), B220/CD45 (B regulatory cells), CD44 (T cell 

development/MSC), and CD90/Thy-1 (T cell surface marker) using a flow 

cytometry assay.  

The results demonstrated that only the proportion of CD44 markers was 

statistically significant in the Brn-3b KO bone marrow sample population, with a 

p-value of 0.0213. However, when considering the total number of CD44+ cells 

within the entire tissue, no significant change was observed. For other cell surface 

markers examined, including B220, CD4, CD8, CD11b, and Thy-1, neither the 

percentages within the sample populations nor the total cell counts in the entire 

bone marrow tissue of Brn-3b KO mice showed significant differences, as 

demonstrated in Figure 40. 
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Figure 40: Single surface marker expression in the bone marrow of wild 
type (WT) and Brn-3b knock-out (KO) mice. C57BL6/J mice were euthanised, and 
the femur and tibia were harvested and flushed using a 25G needle and syringe and 
passed through a 70 μM cell strainer. Half a million bone marrow cells were stained for 
polychromatic flow cytometry analyses. Depicted are (A) CD45R/B220+ (B), CD4+ (C) 
CD8+, (D) CD11B+, (E) Thy-1+ and (F) CD44+ in WT and Brn-3b KO mouse bone marrow. 
Data are presented as mean ± SEM for n = 3-7 (Sex = male) (Age = 2–4 months) (*p < 
0.05 and Ns = not significant). Note: The Thy-1 marker was stained for n=3 only (left-
hand panel = % and right-hand panel = total cells). 
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4.2.3.2 No significant changes in immune cell profile within major CD4 and CD8 

expression compartments of Brn-3b KO mouse bone marrow 

Although the results for single markers did not reach statistical significance, the 

potential impact of Brn-3b loss on immune cell subsets should not be overlooked. 

To explore this further, I specifically investigated immune cell profiles associated 

with markers showing a near-positive trend in expression, namely CD44 and Thy-

1. 

The analysis of Brn-3b KO on major T cell subsets, including early development 

(DN) and maturation checkpoints (DP, SP4, and SP8), is depicted in Figure 41. 

The data revealed that Brn-3b deficiency did not significantly change DN cell 

counts, as evidenced by the close clustering of data points. Similarly, no 

significant differences were observed in the SP4 cell populations between WT 

and Brn-3b KO bone marrow samples. While some variability in SP8 cell counts 

was noted in Brn-3b KO bone marrow, the overlapping error bars suggest these 

differences were not statistically significant. The DP cell counts followed similar 

trends, with no significant alterations between WT and Brn-3b KO bone marrow 

samples. 

 

 

Figure 41: The basic screening of double negative (DN), single positive 4 
(SP4), SP8 and double positive (DP) cells in the bone marrow of wild type 
(WT) and Brn-3b knock-out (KO) mice. C57BL6/J mice were euthanised, and the 
femur and tibia were harvested and flushed using a 25G needle and syringe and passed 
through a 70 μM cell strainer. Half a million bone marrow cells were stained for 
polychromatic flow cytometry analyses. Depicted are CD4-CD8- (DN), CD4+CD8- (SP4), 
CD4-CD8+ (SP8) and CD4+CD8+ (DP) in WT and Brn-3b KO mouse bone marrow. Data 
are presented as mean ± SEM for n = 6-7 (Sex = male) (Age = 2–4 months) (Ns = not 
significant). 
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4.2.3.2.1 T cell commitment in DN Subsets 

In this section, I focus on assessing the profile of CD44-immune-related cells. I 

specifically examined the DN cell subsets, applying additional gating on DN cells 

with CD44 markers. The findings revealed that the absence of Brn-3b did not 

significantly impact the total cells of the DN1/DN2 subsets in bone marrow tissue. 

Although some variability was observed in the cell counts of the DN3/DN4 

subsets, the presence of overlapping error bars suggested that these differences 

were not statistically significant, as illustrated in Figure 42 (A).  

I further investigated the developmental potential of cells within the DN subsets 

towards non-T and T cell lineages by gating for Thy-1 marker expression. The 

findings indicated that the loss of Brn-3b did not significantly influence the total 

number of DN1/DN2 cells expressing either Thy-1 negative or Thy-1 positive, as 

depicted in Figure 42 (B). Conversely, within the DN3/DN4 cell subsets, the loss 

of Brn-3b markedly decreased the total of Thy-1- cells, yet it did not significantly 

alter the count of Thy-1+ cells, as depicted in Figure 42 (C).  
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Figure 42: Basic screening of T cell lineage on double negative (DN) 
subsets in the bone marrow of wild type (WT) and Brn-3b knock-out (KO) 
mice.  C57BL6/J mice were euthanised, and the femur and tibia were harvested and 
flushed using a 25G needle and syringe and passed through a 70 μM cell strainer. Half a 
million bone marrow cells were stained for polychromatic flow cytometry analyses. 
Depicted are (A) DN subsets, and T cell lineage (Thy-1+) in (B) DN1/DN2 and (C) DN3/DN4 
in WT and Brn-3b KO mouse bone marrow. Data are presented as mean ± SEM for n = 
3-7 (Sex = male) (Age = 2–4 months) (* p < 0.05 and Ns = Not significant). Note: The Thy-
1 marker was stained for n=3 only. 
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4.2.3.2.2 Accumulation of activated DP and SP cells 

Following the investigation of non-T and T cell lineage at an early checkpoint of 

T cell commitment, I extend the research to assess Thy-1 expression on mature 

DP and SP cells in Brn-3b KO Bone Marrow. The findings indicated that the loss 

of Brn-3b did not significantly alter the expression of Thy-1, either positively or 

negatively on mature cells, as depicted in Figure 43. Notably, I observed some 

variability in Thy-1+ expression among DP and SP4 cells within the Brn-3b KO 

bone marrow; however, these differences were not statistically significant when 

compared to the WT samples, as illustrated in Figure 43 (A) and (C). 
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Figure 43: Basic screening of activated double positive (DP), single positive 
8 (SP8) and SP4 cells in the bone marrow of wild type (WT) and Brn-3b 
knock-out (KO) mice.  C57BL6/J mice were euthanised, and the femur and tibia were 
harvested and flushed using a 25G needle and syringe and passed through a 70 μM cell 
strainer. Half a million bone marrow cells were stained for polychromatic flow cytometry 
analyses. Depicted are activated (Thy-1+) of (A) DP, (B) SP8 and (C) SP4 in WT and Brn-
3b KO mouse bone marrow. Data are presented as mean ± SEM for n = 3 (Sex = male) 
(Age = 2–4 months) (Ns = Not significant).  
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4.2.4 Deep characterisation of T cell lineage and activation status in mouse bone 

marrow 

After initial screening showed significant changes in Thy-1- expression in 

DN3/DN4 cells and variable, yet non-significant, Thy-1+ expression in DP and 

SP4 cells of Brn-3b KO bone marrow, I proceeded with a more detailed 

examination of these immune profiles. A comprehensive phenotypic 

characterisation of early (DN) and mature (DP and SP) T cells in the bone marrow 

of Brn-3b KO mice and their WT counterparts was conducted using nine cell 

surface markers, as shown in Figure 44. The gating strategy included unstained 

samples and FMO as a control to exclude any background fluorescence or non-

specific binding.  

 

 

 

 



 

114  Norfazlina Mohd Nawi - February 2025 

   

Figure 44: Deep characterisation of the T cell lineage populations in the bone marrow of wild type (WT) and Brn-3b knock-out 
(KO) mice. Cells were isolated from digested mouse tibia and femur, and live cells were identified by excluding debris and doublets using forward 
scatter (FSC) and side scatter (SSC) parameters. Major compartments were identified as double negative (DN), single positive 4 (SP4), SP8 and double 
positive (DP) against CD4 and CD8 expression. DN cells were further divided into DN1-4 subsets based on their differing expression of CD3, CD44, CD25, 
TCRβ, cKIT and CD24/HSA. All SP and DP subsets were identified based on their differing expression profile of TCRβ and CD24/HSA. 
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4.2.4.1 No significant changes in additional surface markers in Brn-3b KO bone 

marrow 

In deep characterisation of T cell lineage, the additional markers were included 

in the flowcytometric antibody cocktails which were CD3, TCRβ, CD25, 

cKIT/CD117 and CD24/HSA, as shown in Figure 44. Regardless of sex, the total 

bone marrow cells expressing these markers exhibited minimal variability, with a 

small error bar, indicating that combining data from both sexes was appropriate 

for the analysis. 

Before the comprehensive investigation of the immune cell profile, I compared 

the changes of the single surface marker between Brn-3b KO and normal Bone 

Marrow. The finding showed no significant changes of additional markers in Brn-

3b KO mouse bone marrow as compared to the WT, as illustrated in Figure 45.  
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Figure 45: Surface expression of additional markers for identification of T 
cell lineage in the bone marrow of wild type (WT) and Brn-3b knock-out (KO) 
mice. C57BL6/J mice were euthanised, and the femur and tibia were harvested and 
flushed using a 25G needle and syringe and passed through a 70 μM cell strainer. Half a 
million bone marrow cells were stained for polychromatic flow cytometry analyses. 
Depicted are (A) dot plot images and (B) the scatter plot graph of (i) CD3+ (ii) CD24+ (iii) 
CD25 (iv) Ckit and (v) TCRβ in WT and Brn-3b KO mouse bone marrow. Data are 
presented as mean ± SEM for n = 5 (Sex = male/female) (Age = 2–4 months) (Ns = not 
significant) (left-hand panel = % and right-hand panel = total cells).  
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4.2.4.2 Loss of Brn-3b does not change DN subset cells in mouse bone marrow 

Furthermore, I conducted a deeper characterization of the DN components using 

essential markers CD3, CD44, and CD25 to identify the immature DN subsets, 

including DN1 to DN4, as shown in Figure 46. The scattered plot showed that the 

expression of DN1 was highly expressed, DN2 and DN4 populations were 

relatively low, and no expression showed for DN3 in Bone Marrow. The findings 

revealed that the loss of Brn-3b did not significantly alter the total DN1 to DN4 

cell subsets compared to the WT.  

 

 

Figure 46: The number of double negative (DN) subsets in the bone marrow 
of wild type (WT) and Brn-3b knock-out (KO) mice. C57BL6/J mice were 
euthanized, and the femur and tibia were harvested and flushed using a 25G needle and 
syringe and passed through a 70 μM cell strainer. Half a million bone marrow cells were 
stained for polychromatic flow cytometry analyses. Depicted are CD44+CD25-(DN1), 
CD44+CD25+(DN2), CD44-CD25+(DN3), and CD44-CD25-(DN4) in WT and Brn-3b KO 
mouse bone marrow. Data are presented as mean ± SEM for n = 4 (Sex = male/female) 
(Age = 2–4 months) (Ns = not significant). 
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4.2.4.3 No significant changes of DN1 subsets and DNαβ T cells (early stage) 

and DP, SP4, and SP8 cells (mature stage) in Brn-3b KO bone marrow 

Following the deep characterization of the DN subset, only DN1 was expressed, 

while DN2 to DN4 were either low or absent in the bone marrow. Consequently, 

DN2 to DN4 subsets were excluded from further investigation. Table 10 

summarises the detailed immunophenotype of DN1 subsets and DNαβ T cells 

during the early T cell development stage, as well as DP and SP cells during the 

mature stage. 

The findings showed that the loss of Brn-3b did not significantly alter the 

expression of DN1 subsets (DN1a to e) and DNαβ T cells in the bone marrow. In 

addition, the loss of Brn-3b also did not significantly change the expression of 

DP, SP4 and SP8 at different maturation stages (immature, semi-mature and 

mature) in mouse bone marrow as compared to their WT control. 
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Table 10: Deep characterisation of cells in the early and mature stages of T 
cell development in the bone marrow of wild type (WT) and Brn-3b knock-
out (KO) mice. C57BL6/J mice were euthanised, and the femur and tibia were 
harvested and flushed using a 25G needle and syringe and passed through a 70 μM cell 
strainer. Half a million bone marrow cells were stained for polychromatic flow cytometry 
analyses. Depicted are double negative 1 (DN1) subsets and DNαβ T cells (early stage), 
and double positive (DP), single positive 4 (SP4), and SP8 cells at different maturation 
stages (mature stage) in WT and Brn-3b KO mouse bone marrow. Data are presented as 
mean ± SEM for n = 4 (Sex = male/female) (Age = 2–4 months) (Ns = not significant). 
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4.2.4.3.1 Loss of Brn-3b significantly alters DN1a with a lack of Thy-1 expression 

As the loss of Brn-3b may not affect the T cell lineage (DN, DP and SP cells) in 

the bone marrow, I extended the analysis by conducting a detailed 

characterization of DN1 subsets using the Thy-1 marker to distinguish between 

T and non-T cell lineages. Additionally, Thy-1 expression was measured on 

mature cells (DP and SP) to assess the potential effect of Brn-3b KO on the 

activation status of these mature cells in the bone marrow. 

Table 11 presents the expression of T cells (Thy-1+) and non-T cells (Thy-1-) 

within DN1 subsets (DN1a to e), as well as activated cells (Thy-1+) in mature 

populations (DP, SP4, and SP8 cells). The findings showed that the loss of Brn-

3b did not significantly alter Thy-1+ expression in DN1 subsets or mature cells 

(DP, SP4, and SP8 cells). However, the loss of Brn-3b significantly affected the 

total DN1a cells lacking Thy-1 expression in the bone marrow (p = 0.0241). It is 

important to note that the presence of DN1a cells in the bone marrow was 

relatively low, which limited the statistical robustness of this analysis. 
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Table 11: Deep characterisation of T cell lineage and activation of T cells 
based on Thy-1 expression of wild type (WT) and Brn-3b knock-out (KO) 
mice. C57BL6/J mice were euthanised, and the femur and tibia were harvested and 
flushed using a 25G needle and syringe and passed through a 70 μM cell strainer. Half a 
million bone marrow cells were stained for polychromatic flow cytometry analyses. 
Depicted are Thy-1-/+ expression on double negative 1 (DN1) subsets (early stage), and 
double positive (DP), single positive 4 (SP4) and SP8 cells (mature stage) in WT and Brn-
3b KO mouse bone marrow. Data are presented as mean ± SEM for n = 4 (Sex = 
male/female) (Age = 2–4 months) (* p < 0.05 and Ns = Not significant). Abbreviation: 
ND, not determined.  
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4.2.5 Immunophenotyping of non-T cell lineage in Brn-3b KO mouse bone 

marrow  

In the previous section, I observed that the loss of Brn-3b did not significantly 

affect the accumulation or development of the CD44-related T cell lineage in the 

whole tibia and femur. To further investigate Brn-3b's function in immune cell 

regulation, I extended the analysis to explore its potential influence on CD44-

related non-T cell lineage. The gating strategy for identifying subsets of non-T 

cell lineages, including monocytes, B lymphocytes, and granulocytes, is outlined. 

4.2.5.1 Gating strategy using scatter parameter and CD24 marker 

The sequential gating method for identifying monocytes, B cells, and 

granulocytes is illustrated in Figure 47. These non-T cell lineages were 

distinguished based on scattered parameters (FSC and SSC) following the 

exclusion of T cell lineage (CD3+ and Thy-1+) in the bone marrow. Monocytes, 

B cells, and granulocytes were identified based on CD24 expression at different 

SSC sizes. Specifically, CD24+ expression at low SSC was categorized as B 

cells (rough B cell), CD24+ and CD24– expression at intermediate SSC as 

monocytes, and CD24+ expression at high SSC as granulocytes (Raife et al., 

1994; Alghetany and Patel, 2002; Sheng et al., 2017; Tarfi et al., 2018; Cherian 

et al., 2018; Sadofsky et al., 2019; Altevogt et al., 2021; Panagiotou et al., 2022).  

The activation or differentiation state of these cell populations was further 

discerned based on the expression of the CD44 marker. The gating strategy 

employed unstained samples and FMO as a control to exclude any background 

fluorescence or non-specific binding.
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Figure 47: Identification of the B cells, monocytes and granulocytes in the bone marrow of wild type (WT) and Brn-3b knock-out 
(KO) mice. Cells were isolated from digested mouse tibia and femur, and live cells were identified by excluding debris and doublets using forward 
scatter (FSC) and side scatter (SSC) parameters. T cell lineages (double positive (DP), single positive 4 (SP4), SP8 and CD3+ cells) were discarded. Double 
negative (DN) with CD3- cells were further discriminated into lymphocytes, monocytes and granulocytes based on the FSC and SSC. The T cell lineage 
in each gate of scattered parameters was further gated out using the Thy-1 marker. B cells, granulocytes, and monocytes in each FSC and SSC gate 
were identified based on CD24 expression. CD24 expression at low SSC was characterised as B cells, CD24 positive at high SSC as granulocytes and 
CD24 (+/-) in monocytes gate for monocytes. Furthermore, the activated and non-activated B cells, granulocytes and monocytes were identified based 
on their differing expression of CD44.  
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4.2.5.2 Rough selection of lymphocytes, monocytes and granulocytes in bone 

marrow  

The analysis of B lymphocytes, monocytes, and granulocytes in the whole bone 

marrow is depicted in the scatter plot image and graph in  

Figure 48. In the dot plot image, lymphocyte cell populations were selected based 

on FSC low and SSC low, monocytes on FSC int/high and SSC int, and 

granulocytes on FSC int/high and SSC high. Lymphocyte populations (excluding 

T cells) were found to be highly expressed in the bone marrow, followed by 

monocytes and granulocytes. The findings showed that loss of Brn-3b did not 

significantly change the total number of lymphocytes, monocytes, and 

granulocytes in the bone marrow as compared to their WT control. The next 

section provides a more in-depth analysis utilizing marker expression within each 

gate of scatter parameters. 

 

 

Figure 48: The number of lymphocytes, monocytes and granulocytes in the 
bone marrow of wild type (WT) and Brn-3b knock-out (KO) mice. C57BL6/J 
mice were euthanised, and the femur and tibia were harvested and flushed using a 25G 
needle and syringe and passed through a 70 μM cell strainer. Half a million bone marrow 
cells were stained for polychromatic flow cytometry analyses. Depicted are the total 
numbers of lymphocytes, monocytes, and granulocytes in WT and Brn-3b KO mouse 
bone marrow. Data are presented as mean ± SEM for n = 4 (Sex = male/female) (Age = 
2–4 months) (Ns = Not significant). 
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4.2.5.2.1 No significant difference of B cells (CD24+ SSClow) and their activation 

status in Brn-3b KO bone marrow 

Furthermore, I quantified B cells within the lymphocyte gate using the expression 

of CD24 at low SSC and further identified their activation status based on CD44 

expression on CD24+ B cells, as illustrated in the scatter plot in Figure 49. The 

scatter plot shows that CD24+ B cells are predominantly located within the 

lymphocyte gate, with a majority expressing CD44. However, the loss of Brn-3b 

did not significantly alter the number of CD24+ cells within the lymphocyte gate 

in the bone marrow compared to the WT counterpart. Additionally, no significant 

differences in activation status (CD44+/CD44-) were observed for B cells from 

Brn-3b KO and WT samples. 

 

 

Figure 49: The number of B cells and their activation status in the bone 
marrow of wild type (WT) and Brn-3b knock-out (KO) mice. C57BL6/J mice 
were euthanised, and the femur and tibia were harvested and flushed using a 25G 
needle and syringe and passed through a 70 μM cell strainer. Half a million bone marrow 
cells were stained for polychromatic flow cytometry analyses. Depicted are the total 
numbers of B cells (CD24+ SSClow) within the lymphocyte gate and their activation status 
(CD44+) in WT and Brn-3b KO mouse bone marrow. Data are presented as mean ± SEM 
for n = 4 (Sex = male/female) (Age = 2–4 months) (Ns = Not significant). 
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4.2.5.2.2 No significant difference of monocyte cells (CD24- and +) and their 

differentiation status in Brn-3b KO bone marrow 

In this investigation, I analysed the expression of CD24-positive and CD24-

negative markers within the monocyte scatter parameter, as delineated in Figure 

50. The scatter plot shows a high number of monocyte-derived cells expressing 

CD24 at intermediate SSC in the bone marrow, compared to those without CD24 

expression. Furthermore, the loss of Brn-3b did not significantly alter the 

expression of CD24+/- monocytes in the bone marrow compared to the WT 

control. The expression of CD44+/- (differentiation status) on monocytes also did 

not significantly differ between Brn-3b KO and WT bone marrow tissue. 

 

 

Figure 50: The number of monocytes cells and their differentiation status 
in the bone marrow of wild type (WT) and Brn-3b knock-out (KO) mice. 
C57BL6/J mice were euthanised, and the femur and tibia were harvested and flushed 
using a 25G needle and syringe and passed through a 70 μM cell strainer. Half a million 
bone marrow cells were stained for polychromatic flow cytometry analyses. Depicted 
are the total numbers of monocytes (CD24+/-) within the monocyte gate and its 
differentiation status (CD44+) in WT and Brn-3b KO mouse bone marrow. Data are 
presented as mean ± SEM for n = 4 (Sex = male/female) (Age = 2–4 months) (Ns = Not 
significant). 
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4.2.5.2.3 No significant difference of granulocytes with (CD24+ SSChigh) and their 

activation status in Brn-3b KO bone marrow 

The investigation of CD24 expression on granulocytes was extended to address 

the research question regarding the potential impact of Brn-3b loss on the 

accumulation/development of CD24+ granulocytes and their activation 

phenotype (CD44+) within the bone marrow. The scatter plot in Figure 51 shows 

a high expression of CD24+ within the granulocyte gate, with most cells exhibiting 

a CD24+CD44+ phenotype in the bone marrow. However, the loss of Brn-3b did 

not significantly alter the total number of CD24+ granulocytes or CD24+CD44+ 

phenotype cells in the bone marrow.  

 

 

Figure 51: The number of granulocytes and their activation status in the 
bone marrow of wild type (WT) and Brn-3b knock-out (KO) mice. C57BL6/J 
mice were euthanised, and the femur and tibia were harvested and flushed using a 25G 
needle and syringe and passed through a 70 μM cell strainer. Half a million bone marrow 
cells were stained for polychromatic flow cytometry analyses. Depicted are the total 
numbers of granulocyte cells (CD24+ SSChigh) within the granulocyte gate and its 
activation status (CD44+) in WT and Brn-3b KO mouse bone marrow. Data are presented 
as mean ± SEM for n = 4 (Sex = male/female) (Age = 2–4 months) (Ns = Not significant). 
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4.2.5.3 Back gating strategy using CD45R/B220 and CD11b 

In the previous section, monocytes, B lymphocytes, and granulocytes, 

characterized based on scatter parameters and the CD24 marker, showed no 

significant changes between Brn-3b KO and normal bone marrow tissue. 

Furthermore, I characterized non-T cell lineages based on the expression of B220 

(B cells) (Rodig et al., 2005) and CD11b (granulocytes and monocytes) markers 

(Rhein et al., (2010), Yu et al., (2016) & Wang et al., (2017) and proceeded with 

a back-gating strategy to confirm the immune cell profile in the bone marrow. The 

gating strategy employed unstained samples as a control to exclude any 

background fluorescence, as illustrated in Figure 52.  
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Figure 52: Identification of the B cells, monocytes and granulocytes in the bone marrow of wild type (WT) and Brn-3b knock-out 
(KO) mice. Cells were isolated from digested mouse tibia and femur, and live cells were identified by excluding debris and doublets using forward 
scatter (FSC) and side scatter (SSC) parameters. T cell lineages (double positive (DP), single positive 4 (SP4), and SP8) were discarded, and the T cell 
lineage in the double negative (DN) gate was further excluded using the Thy-1 marker. The B cell lymphocytes, granulocytes, and monocytes were 
discriminated using B220 and CD11b markers. The B220+ cells were backgated at low FSC and SSC to confirm the B cell population, CD11b+ cells at 
intermediate FSC and SSC to confirm monocytes, and CD11b+/- cells at intermediate FSC and high SSC to confirm granulocytes. Furthermore, activated 
and non-activated B cells, granulocytes, and monocytes were identified based on their differing expression profiles of the CD44 marker.  Abbreviation: 
Int, intermediate. 
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4.2.5.3.1 No significant difference of B220+ lymphocytes and their activation 

status in Brn-3b KO bone marrow 

Further analysis employing a back-gating strategy using the B220 marker is 

illustrated in Figure 53. The graph demonstrates that the loss of Brn-3b did not 

significantly alter the expression of B220+ cells at low SSC compared to the WT 

counterpart. Subsequent analysis of B cell activation status also showed that the 

loss of Brn-3b did not significantly affect the accumulation or development of non-

activated (CD44-) and activated (CD44+) B cells.  

 

 

Figure 53: The number of B cells and their activation status in the bone 
marrow of wild type (WT) and Brn-3b knock-out (KO) mice. C57BL6/J mice 
were euthanised, and the femur and tibia were harvested and flushed using a 25G 
needle and syringe and passed through a 70 μM cell strainer. Half a million bone marrow 
cells were stained for polychromatic flow cytometry analyses. Depicted are the total 
numbers of B cells (B220+) and their activation status (CD44+) expression on B220 cells 
in WT and Brn-3b KO mouse bone marrow. Data are presented as mean ± SEM for n = 3 
(Sex = male) (Age = 2–4 months) (Ns = Not significant). 
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4.2.5.3.2 No significant difference of CD11b+ monocytes and their differentiated 

status in Brn-3b KO bone marrow 

Furthermore, this section illustrates the impact of Brn-3b KO on the total 

monocyte population (CD11b+ at intermediate SSC and FSC) in the bone 

marrow, as depicted in Figure 54. The findings indicated that the loss of Brn-3b 

did not significantly affect the expression of CD11b+ monocytes in the bone 

marrow compared to the WT counterpart. Further analysis of the differentiation 

status of CD11b+ monocytes revealed that most cells expressed CD44+ 

(differentiated), and the loss of Brn-3b did not significantly alter this.  

 

Figure 54: The number of monocytes and their differentiation status in the 
bone marrow of wild type (WT) and Brn-3b knock-out (KO) mice. C57BL6/J 
mice were euthanised, and the femur and tibia were harvested and flushed using a 25G 
needle and syringe and passed through a 70 μM cell strainer. Half a million bone marrow 
cells were stained for polychromatic flow cytometry analyses. Depicted are the total 
numbers of monocytes (CD11b+) and their differentiation status (CD44+) in WT and Brn-
3b KO mouse bone marrow. Data are presented as mean ± SEM for n = 3 (Sex = male) 
(Age = 2–4 months) (Ns = Not significant). 
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4.2.5.3.3 No significant difference of Granulocytes (CD11b+/-) and their 

activation status in Brn-3b KO bone marrow 

Further analyses were conducted to assess the effect of the loss of Brn-3b on the 

granulocyte population (CD11b+/- at high SSC and intermediate FSC) in the bone 

marrow, as illustrated in the scatter plot of Figure 55. The findings indicated that 

the loss of Brn-3b did not significantly change the total number of CD11b+/- 

granulocytes in the bone marrow. Additionally, the loss of Brn-3b did not 

significantly affect the activation status of CD11b+/- granulocytes, as the CD44 

marker expression mirrored that of their WT control.  

 

Figure 55: The number of granulocytes and their activation status in the 
bone marrow of wild type (WT) and Brn-3b knock-out (KO) mice. C57BL6/J 
mice were euthanised, and the femur and tibia were harvested and flushed using a 25G 
needle and syringe and passed through a 70 μM cell strainer. Half a million bone marrow 
cells were stained for polychromatic flow cytometry analyses. Depicted are the total 
numbers of granulocytes (CD11b+/-) and their activation status (CD44+) in WT and Brn-
3b KO mouse bone marrow. Data are presented as mean ± SEM for n = 3 (Sex = male) 
(Age = 2–4 months) (Ns = Not significant). 
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4.2.6 Loss of Brn-3b does not significantly change the TNFα, IL-1β and IL-6 

concentration in bone marrow supernatant 

In the preceding section, I investigated the potential link between Brn-3b and the 

immunoregulatory function, focusing on the immune cell profile present in the 

bone marrow. To further validate Brn-3b's function in immune regulation, I 

expanded the analysis by measuring cytokine concentrations (TNFα, IL-1β, and 

IL-6) secreted in the conditional medium of bone marrow using the Vplex mouse 

cytokine assay. 

The results revealed that the loss of Brn-3b did not significantly alter TNFα, IL-

1β, and IL-6 concentration in the bone marrow supernatant, as illustrated in 

Figure 56.  

 

 

Figure 56: The expression of tumour necrosis factor alpha (TNFα), 
interleukin 6 (IL-6) and interleukin 1 beta (IL-1β) protein in the bone marrow 
of wild type (WT) and Brn-3b knock-out (KO) mice.  C57BL6/J mice were 
euthanised, and the femur and tibia were harvested and flushed using a 25G needle and 
syringe and passed through a 70 μM cell strainer. Two million cells were seeded in 2mL 
of RPMI without foetal bovine serum (FBS) for 24 Hours. The supernatant was collected, 
and the concentration of cytokines was measured using an MSD Vplex custom kit. 
Depicted are the concentration of (A) TNFα (B) IL-1β and (C) IL-6 in WT and Brn-3b KO 
mouse bone marrow. Data are presented as mean ± SEM for n = 4 (Sex = male/female) 
(Age = 2–4 months) (Ns = Not significant). 
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4.2.6.1 Correlation of immune cell population and cytokine profiling  

Despite the findings showing no significant differences in the immune cell 

population and cytokine profile in Brn-3b KO bone marrow compared to WT 

controls, my curiosity persisted regarding potential correlations between specific 

immune cell subsets and cytokine release. To explore this, I conducted a Pearson 

X-Y correlation analysis, which revealed intriguing insights.  

The results demonstrated a very strong negative correlation between DP T cells 

and IL-1β secretion (r = -0.9619, p = 0.0381) in Brn-3b KO bone marrow, a 

correlation that was negligible in the WT control.  Moreover, other immune cells 

did not show significant correlations with IL-1β secretion in the bone marrow. 

Similarly, no significant correlations were observed between the secretion of IL-

6 or TNFα and any immune cell subsets in the bone marrow, as summarised in 

Table 12. 

 

Table 12: Correlation between immune cell profile and cytokine secretion 
in mouse bone marrow of wild type (WT) and Brn-3b knock-out (KO) mice. 
C57BL6/J mice were euthanised, and the femur and tibia were harvested, flushed, and 
passed through a 70 μM cell strainer. Cells were stained for flow cytometry and seeded 
in RPMI without FBS for cytokine measurement. Depicted are Pearson r values between 
immune cell populations (B cells, monocytes, granulocytes, double negative (DN), 
double positive (DP), single positive 4 (SP4) and SP8 cells) and cytokine secretion 
(interleukin 6 (IL-6), interleukin 1 beta (IL-1β), tumour necrosis factor alpha (TNF-α)) in 
WT and Brn-3b KO bone marrow. Data are for n = 4 (Sex = male/female) (Age = 2–4 
months) (* p <0.05 and Ns = Not significant). 
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4.2.6.2 Exploring the interplay between Brn-3b and immune-related key genes 

In the preceding section, I assessed the potential function of Brn-3b in immune 

regulatory status by examining the impact of Brn-3b KO on the accumulation and 

development of immune cell phenotypes, and secretion of cytokine in the Bone 

Marrow. However, the findings did not yield promising results. Therefore, I 

expanded the analysis to include gene expression data related to the 

development of immune cells and cytokine profiles. 

As shown in Figure 57, I investigated the expression of TNFα, IL-15, and CXCR5 

genes in the bone marrow samples. The results revealed that the loss of Br-3b 

did not significantly change the expression of TNFα and IL-15 gene in the bone 

marrow as compared to WT. Similarly, CXCR5 gene expression followed 

consistent patterns between WT and Brn-3b KO bone marrow samples, with most 

data points showing slight variation. However, the changes in CXCR5 gene 

expression in both samples could not be statistically validated due to inadequate 

sample size for statistical analysis. 
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Figure 57: The expression of tumour necrosis factor alpha (TNFα), 
interleukin 15 (IL-15) and C-X-C chemokine receptor type 5 (CXCR5) gene 
in bone marrow of wild type (WT) and Brn-3b knock-out (KO) mice. C57BL6/J 
mice were euthanised, and the femur and tibia were harvested and flushed using a 25G 
needle and syringe and passed through a 70 μM cell strainer. Cells were lysed in lysis 
buffer and RNA was extracted for qPCR. Depicted are the expression of (A) TNFα (B) IL-
15 and (C) CXCR5 in WT and Brn-3b KO mouse bone marrow. For those cycle threshold 
(CT) values where the target was undetermined after 40 cycles, a CT value of 35 was 
used for calculation. Data are presented as mean ± SEM for n = 2-4 (Sex = male) (Age = 
2–4 months) (Ns = Not significant). 
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4.3 Discussion 

This chapter aimed to investigate the function of Brn-3b in immune regulation 

using a global Brn-3b KO mouse model. Specifically, I examined the effect of Brn-

3b deficiency on the expression of immune cell profiles, including T cell and non-

T cell lineages, as well as inflammatory markers such as IL-1β, IL-6, and TNF-α 

in the bone marrow. These immune cells and cytokines markers are critical 

regulators of inflammatory responses (Zhang and An, 2007), and their expression 

levels provide valuable insights into how Brn-3b may modulate immune 

regulation, particularly in inflammatory contexts. 

4.3.1 The effect of the loss of Brn-3b on T immune cell profile in the bone marrow 

This chapter showed that the loss of Brn-3b potentially affects the expression of 

the CD44 marker in the bone marrow, as illustrated in Figure 40. To explore this 

further, I investigated the effect of Brn-3b KO on CD44-related immune cell 

profiles in the bone marrow.   

CD44 is a structurally diverse cell surface receptor expressed on most cells 

(Larkin et al., 2006). First identified on lymphocytes, this cell adhesion protein is 

involved in cell-cell interactions, cell motility, cell migration, cell differentiation, cell 

signalling, and gene transcription (Mishra et al., 2019). In the context of the 

immune cell profile, CD44 is broadly expressed on the membranes of B cells, 

granulocytes, monocytes, erythrocytes, thymocytes, and mature T cells (Mak and 

Saunders, 2006). On lymphocytes such as T cells, CD44 plays a crucial role in T 

cell development and activation/ polarisation. The loss of CD44 results in a poor 

capacity of CD44–/– T lineage cells to compete with WT cells at multiple levels, 

implicating CD44 as essential for normal T cell function (Graham et al., 2007).  

This study investigated the effect of Brn-3b deficiency on T cell lineage 

populations at early and mature T-stage development. The findings showed that 

the loss of Brn-3b did not significantly affect the DN and DN1 subsets (early 

stages of T cell development) in the bone marrow (Figure 42, Figure 46 and Table 

10). Further investigation on DN1 subsets using the Thy-1 marker also showed 

no significant differences of this cell subset (DN1a to e) between Brn-3b KO bone 

marrow and WT control. However, a notable alteration was observed in DN1a 
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cells lacking Thy-1, with their expression being significantly affected in Brn-3b KO 

bone marrow compared to WT controls. 

Thy-1 is a critical marker of T lineage progenitor activity, necessary for efficient T 

cell development. T cell progenitors lacking Thy-1, CD127, or high levels of 

CD117 do not efficiently generate T lineage progeny (Saran et al., 2012). Thy-1 

is also a pan-T cell marker, abundantly expressed on mature T cells, serving as 

an important criterion for T cell identity (Haeryfar and Hoskin, 2004; Furlong et 

al., 2018). The significant alteration in DN1a cells lacking Thy-1 expression 

suggests that, while the loss of Brn-3b does not broadly affect the 

accumulation/development of total early T cell lineage (DN1 subsets), it may 

influence the accumulation/development of non-T cell lineages. This is 

particularly relevant because DN1 subset (DN1a to e) cells exhibit heterogeneity 

and have the potential to produce both T and non-T cell lineages (Porritt et al., 

2004; Oh et al., 2023).  

However, these observations are speculative and warrant further investigation to 

determine whether Brn-3b deficiency shifts the balance of non-T cell lineage 

expression. Additionally, the low cell numbers of DN1a cells lacking Thy-1 limit 

the robustness of the statistical analysis. Future studies with larger sample sizes 

and increased event acquisition during flow cytometry are needed to validate 

these findings and improve the statistical reliability of the data. 

For mature T cells, the finding showed the expression of DP, SP4 and SP8 cells 

in the Brn-3b KO mouse bone marrow did not significantly change as compared 

to WT control. Further analysis of the Thy-1 expression on these mature T cell 

populations also showed no significant difference between Brn-3b KO and WT 

control. On mature T cells, Thy-1 functions differently whereas their signal 

promotes the T cell activation and differentiation. Thy-1 provides the TCR-like 

signal that is sufficient for T cells including CD4 T cells to proliferate and 

differentiate into the effector T cells (Furlong et al., 2018). Therefore, the loss of 

Brn-3b might not affect the accumulation/development of activated mature T cells 

in bone marrow. 

Building on these findings, the next section will focus on the effect of Brn-3b loss 

on non-T cell lineage expression in the bone marrow. 
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4.3.2 The effect of the loss of Brn-3b on non-T cell lineage in the bone marrow 

Non-T cell lineages, including B cells, monocytes, and granulocytes, are involved 

in inflammatory diseases and cancers. In this study, I investigated these 

populations that are known derived from the bone marrow (Fang et al., 2018), 

and employed two distinct gating strategies for analysis, including CD24 

sequential gating and B220 or CD11b back-gating. 

The CD24 marker in non-T cell lineages has clinical relevance, with CD24 

blockade showing promise in preclinical studies and monoclonal antibodies 

targeting CD24 demonstrating safety in clinical trials, establishing it as a potential 

target for cancer immunotherapy (Panagiotou et al., 2022). Similarly, CD11b and 

B220 markers are pivotal in immune-targeted therapies, particularly within the 

tumour microenvironment, where they influence the efficacy of immune 

checkpoint blockade therapies (Cheng et al., 2023). Investigating Brn-3b's 

function in the expression of these markers could provide insights into its potential 

influence on immune modulation. 

The findings showed that the loss of Brn-3b did not significantly alter the 

expression of B cells, monocytes, or granulocytes in the bone marrow, despite 

using two distinct gating strategies (Figure 49 to Figure 55). This result does not 

align with my initial assumption, which was based on findings that showed a 

significant reduction of DN1a cells with the lack of Thy-1 (a non-T cell lineage 

progenitor) in Brn-3b KO bone marrow (Table 10). I had anticipated that Brn-3b 

deficiency would affect these non-T cell lineages as well. However, this 

assumption was not supported by the data.  

Additionally, the findings did not align with previous reports by Mele et al. 

(unpublished data), which demonstrated that the loss of Brn-3b significantly 

affected monocyte (Ly6C+) numbers in zymosan-induced peritonitis and B cell 

populations (CD45+CD19) in the spleen. The discrepancies may arise from 

differences in marker selection, the pathological context and the tissue utilised. 

In this study, distinct markers were used to assess these populations in baseline 

mice, while Mele et al., (unpublish data) study used different markers to measure 

B cells and assessed monocyte expression under inflammatory conditions. 

These findings suggest that Brn-3b may have a more pronounced effect under 

inflammatory conditions. Future studies should further investigate Brn-3b 
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deficiency in both baseline and induced pathological states to better understand 

its role in non-T cell lineages. Additionally, employing other markers may help 

confirm the effects of Brn-3b deficiency on the non-T cell lineage profile in bone 

marrow tissue. 

Furthermore, I explored CD44 expression on non-T cell lineages, as it plays a 

crucial role in immune cell activation and function. On B lymphocytes, CD44 

expression is vital for B cell activation, with inhibition of this protein marker 

suppressing B cell activation (Yi et al., 2023). Similarly, CD44 functions in 

neutrophil cell polarisation and recruitment (Iqbal et al., 2022). On monocytes, 

the CD44 marker serves as an indicator of monocyte differentiation, particularly 

as monocytes polarise into macrophages (Zhang et al., 2014).  

This finding showed that the loss of Brn-3b did not significantly alter CD44 

expression in B cells, monocytes, or granulocytes compared to WT controls 

(Figure 49 to Figure 55). This suggests that Brn-3b deficiency may not affect 

CD44 expression under baseline conditions and possibly could influence CD44 

expression in response to inflammatory signals, which was not assessed in this 

study. The lack of significant findings may also be attributed to the limited number 

of biological replicates. Increasing the number of replicates would strengthen the 

statistical analysis and provide more robust conclusions. 

In summary, the expression profiles of T (DN, DP, and SP cells) and non-T cell 

lineages (B cells, monocytes, and granulocytes) in the bone marrow of Brn-3b 

KO mice were mirrored to WT controls. These findings suggest that Brn-3b may 

not significantly impact immune regulation in the bone marrow, based on these 

specific immune cell profiles. Further investigation is required to assess the 

immune regulation status in Brn-3b KO bone marrow tissue, potentially by 

measuring other indicators, such as soluble proteins (cytokines). 

4.3.3 The effect of the loss of Brn-3b to protein biomarker (cytokine) profile and 

its correlation with immune cell profile  

Identifying immune-inflammatory indicators is crucial for predicting the severity of 

disease disorders and disease diagnosis, particularly in the context of emerging 

infectious diseases. These indicators not only provide insights into the 

progression and severity of the disease but also guide medical therapy, allowing 

for more targeted and effective treatments (Ghofrani et al., 2023). Cytokines play 
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a critical role in cell-cell communication within the immune system and have 

emerged as important therapeutic targets (Cui et al., 2024). The cytokines 

assessed in this study, including IL-1, IL-6, and TNFα, are typically classified as 

pro-inflammatory cytokines, which mediate inflammatory responses (Calson et 

al., 1999; Umare et al., 2014; Walsh et al., 2023). This study evaluated the 

concentration of these cytokines in the bone marrow supernatant of Brn-3b KO 

mice to explore the potential function of Brn-3b in immune regulation. 

The results showed that the loss of Brn-3b did not significantly affect the 

expression levels of IL-1β, IL-6, or TNFα in the bone marrow supernatant when 

compared to WT controls (Figure 56). These cytokines are produced by various 

cells, including monocytes, macrophages, B and T lymphocytes, DCs, and 

neutrophils (Kany et al., 2019; Walsh et al., 2023). Given this, further analysis 

was conducted to explore the correlation between cytokine release and the 

expression of T and non-T cell lineages in the Brn-3b KO bone marrow compared 

to the WT. A significant negative correlation was observed between IL-1β and DP 

cells in the Brn-3b KO bone marrow, but no significant correlation was observed 

between the other cytokines and immune cell profiles (Table 12).  

These findings suggest that the loss of Brn-3b does not significantly affect the 

overall immune cell profile and cytokine release in the bone marrow. The 

observed negative correlation between IL-1β and DP cells indicates that Brn-3b 

may regulate specific subsets of immune cells and cytokines, rather than affecting 

the broader immune cell profile or cytokine levels in the bone marrow as a whole. 

This highlights the need for further analysis of isolated DP cells from Brn-3b KO 

bone marrow to measure IL-1β expression at both the transcriptional and protein 

levels in these cells, as well as to investigate molecular pathways such as NFҡB 

or MAPK. These studies could provide valuable insights into Brn-3b’s role in 

regulating immune responses through DP cells and IL-1β expression. 

However, it is worth noting that the mouse model used in this study is a global 

Brn-3b KO model, which represents a complete loss of Brn-3b across the entire 

organism, rather than a cell-specific knockout (Gurumurthy et al., 2021). While 

this approach allows for observation of the overall effects of Brn-3b deficiency, it 

does not pinpoint which specific cell types (such as immune cells) are responsible 

for the observed effects. To gain more detailed mechanistic insights, future 



 

142  Norfazlina Mohd Nawi - February 2025 

studies using a cell-specific Brn-3b knockout model, such as the cre-lox system, 

would help clarify which immune cell subsets are involved.  

Additionally, to validate Brn-3b’s role in immune regulation, it is essential to 

extend the analysis to other tissues that are highly correlated with the bone 

marrow, such as blood circulation. Normal haematopoiesis in the bone marrow 

results in a balanced production of blood cells, which are released into circulation. 

In pathological conditions, however, the number of blood cells can be significantly 

altered (Boes and Durham, 2017). Therefore, future studies should explore the 

impact of Brn-3b deficiency on the accumulation of T and non-T cell populations 

in the blood. 

4.4 Conclusions 

The objective of this chapter was to investigate the immune-related role of Brn-

3b by analysing the immune cell phenotype development/infiltration and soluble 

protein in the bone marrow tissue of the Brn-3b KO mouse model. Some of the 

key findings include: 

• The loss of Brn-3b did not significantly alter the total of CD44, Thy-1, 

B220, CD4, CD8, and CD11b cell in the whole tibia and femur. 

• Development/infiltration of T cell lineage in Brn-3b KO bone marrow 

mirrored those of the WT control. 

• Development/infiltration of non-T cells including B-lymphocytes, 

monocytes and granulocytes in Brn-3b KO bone marrow mirrored those of the 

WT control. 

• Brn-3b deficiency did not significantly influence the secretion of pro-

inflammatory cytokines including TNFα, IL-1β, and IL-6 in bone marrow 

supernatant. 
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5 EVALUATION OF LEVELS OF 

INFLAMMATORY-BASED MARKERS 

IN THE BLOOD OF BRN-3B KNOCK-

OUT MOUSE MODEL 

5.1 Introduction 

All cells, including RBCs, WBCs, and platelets found in the blood, originate from 

the bone marrow. Blood consists of 55 to 60% plasma, approximately 1% WBCs, 

and about 40% RBCs (Dean, 2005; Wang et al., 2021). The components in the 

blood have been extensively explored clinically to diagnose various health 

conditions. Blood analysis is a cornerstone of medical diagnostics due to its ability 

to provide critical information about a patient’s immune status, metabolic health, 

and the presence of diseases such as infections, inflammatory conditions, and 

malignancies (Seo and Lee, 2022). Recently, several efforts have been made to 

simplify methods for tracking inflammatory status, primarily focusing on the 

evaluation of blood biomarkers. These methods include peripheral blood cell-

derived inflammatory scores, which are based on equations involving blood cell 

counts, particularly white cell subtypes and platelets, along with other clinical 

parameters (Banna et al., 2022). Clinically, the presence of immune biomarkers 

in peripheral blood aids in guiding treatment decisions for patients (Hiam et al., 

2021). 

5.1.1 Assessment of inflammatory prognosis based on cellular and protein 

biomarker 

Blood sampling is a relatively simple and minimally invasive method compared to 

accessing other tissues/organs, such as the brain in multiple sclerosis or the 

joints in RA, which present significant challenges for assessment. However, 

immune cells from the organ become primed/trained and execute their functions 
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by recirculating between central and peripheral lymphoid organs and migrating to 

and from sites of injury via the blood (Chaussabel et al., 2010). Consequently, 

alterations in the cellular and protein components in the blood can correlate with 

the conditions of primary and secondary organs and reflect the pathological state 

of the immune system (Boes and Durham, 2017). Therefore, primary diagnosis 

of the inflammatory status usually could be assessed by collecting blood samples 

from the patient.  

In the blood, various cell lineages have been found and characterised for further 

diagnosis. Therefore, the development or progression of inflammatory conditions 

is often measured by the accumulation of cellular biomarkers, including bone 

marrow progenitors, immature neutrophils, monocytes, semi-mature DCs, and 

lymphocytes in the blood. Theoretically, immature immune cells, such as stem 

cell progenitors are found in the blood as they circulate into the blood from the 

bone marrow before migrating to various immune organs, including the spleen, 

thymus, and lymph nodes, for further development or residence (Boes and 

Durham, 2017). Furthermore, these immune cells undergo activation and perform 

their functions by recirculating to the targeted tissue via the blood. The complex 

patterns of recirculation depend on the state of cell activation, the adhesion 

molecules expressed by immune and ECs, and the presence of soluble 

chemotactic molecules such as chemokines and cytokines that selectively attract 

populations of blood cells (Chaussabel et al., 2010). 

As the expression of soluble protein mediators such as IL-6, IL-1β, TNFα, IL-2, 

IL-4, IL-8, and IL-10 in the blood is also crucial for the attraction and regulation of 

blood cells, these markers are essential for evaluating inflammatory status (Hiam 

et al., 2021). In correlation with immune cells, cytokines such as interferons (IF) 

and IL are produced by accumulated immune cells like macrophages, B and T 

lymphocytes, mast cells, and ECs to systematically perform their roles (Menzel 

et al., 2021). These immune cells usually were found in the WBCs layer and the 

soluble mediator were founded in the plasma (Wang et al., 2021).  The 

imbalances of the immune cells in the WBC layer and soluble mediators in the 

plasma would reflect the inflammatory status of the blood (Dean, (2005) & 

Pettengill et al., (2014). 

Building on findings from the previous chapter, which demonstrated that Brn-3b 

deficiency did not significantly affect immune cell profiles in the bone marrow, this 
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chapter investigates whether the loss of Brn-3b alters inflammatory markers in 

the blood. This evaluation includes both cellular and protein biomarkers, offering 

additional insights into Brn-3b’s potential role in immune regulation. 

In this study, I hypothesise that the loss of Brn-3b would affect the development 

and accumulation of immune cell profiles in the blood that would cause 

inflammation. Accordingly, the objectives of this chapter were delineated as 

follows: 

1. To explore the alterations of immune cell profile including T (early and 

mature state) and non-T cell (B lymphocytes and monocytes) lineage within the 

blood of Brn-3b KO mice. 

2. To explore the changes in protein biomarker including IL-1β, IL-6 and 

TNFα in the Brn-3b KO mouse blood 
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5.2 Results 

5.2.1 No significant alteration of the total WBC in Brn-3b ko mouse blood 

As observed in the previous chapter, the loss of Brn-3b did not significantly alter 

the expression of T and non-T cell lineages in the bone marrow. To further 

investigate this, I analysed blood, a tissue closely related to the bone marrow, 

focusing on changes in the WBC components. 

As shown in Figure 58, the loss of Brn-3b did not significantly change the total 

number of WBC in the 80 µL of blood compared to WT counterparts. On average, 

there were 382,200 ± 0.7940 cells per 80 µL (or 4,777.5 cells/µL) of WBCs in 

normal mouse blood, compared to 309,000 ± 0.5026 cells per 80 µL (or 3,862.2 

cells/µL) in Brn-3b KO mouse blood.  

 

 

Figure 58: Total WBC number in 80 µL of blood of wild type (WT) and Brn-
3b knock-out (KO) mice. C57BL6/J mice were euthanised, and blood was collected 
using a 25G needle and syringe, then kept in ethylenediaminetetraacetic acid (EDTA) 
blood collection tubes at room temperature (RT). The blood was lysed using red blood 
cell (RBC) lysis buffer, and the white blood cells (WBCs) were counted using an 
automated cell counter. Data are presented as mean ± SEM for n = 5 (Sex = male/female) 
(Age = 2–4 months) (Ns = not significant). 
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5.2.2 Gating strategy for single immune cell surface markers in mouse WBC 

Following the comparison of the number of rough WBCs present in both normal 

and Brn-3b KO blood, I extended the investigation to focus on specific leukocytes, 

including T and non-T cell lineage present in the blood of both groups. These 

leukocytes were identified based on their surface marker expression, as depicted 

in Figure 59.  

The gating strategy was employed to identify single markers on live and single 

cells. The cells were discriminated using scatter parameters, following the 

exclusion of debris, doublets, and dead cells, as illustrated in Figure 59. The 

gating strategy for the stained samples was validated against FMO and unstained 

controls to minimize background fluorescence signals.  
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Figure 59: Gating strategy for identifying single markers in blood of wild type (WT) and Brn-3b knock-out (KO) mice. Blood was 
collected using a 25G needle and syringe, and lysed using red blood cell (RBC) lysis buffer and live cells were identified by excluding debris and doublets 
using forward scatter (FSC) and side scatter (SSC) parameters. Ten thousand cells from 80 µL of blood were stained for polychromatic flow cytometry 
analyses. Depicted are single markers (black box) for CD4+, CD8+, Ckit+, CD24+, TCRβ+, CD3+, CD25+, Thy-1+, and CD44+. 
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5.2.2.1 No significant different of single markers expression in Brn-3b KO mouse 

blood 

In this section, the expression of single surface markers was analysed. WBCs 

were stained with surface markers, including CD4, CD8, CD3, CD44, Thy-1, 

CD24, cKIT, CD25, and TCRβ. A representative image of these marker 

expressions is shown in Figure 59.  

The results revealed that the loss of Brn-3b did not significantly alter the 

expression of these markers in 80 µL of mouse blood compared to the WT 

control, as depicted in Figure 60. 
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Figure 60: Single surface markers expression in blood of wild type (WT) and Brn-3b knock-out (KO) mice. C57BL6/J mice were 
euthanised, and blood was collected using a 25G needle and syringe, then kept in ethylenediaminetetraacetic acid (EDTA) blood collection tubes at 
room temperature (RT). A total of 80 µL of blood was lysed using red blood cell (RBC) lysis buffer, and 10,000 white blood cells (WBCs) were stained 
for polychromatic flow cytometry analyses. Depicted are (A) CD4+ (B) CD8+ (C) CD3+ (D) CD44+ (E) CD25 (F) cKIT (G) CD24 (H) TCRβ and (I) Thy-1 in WT 
and Brn-3b KO mouse blood. Data are presented as mean ± SEM for n = 4-5 (Sex = male/female) (Age = 2–4 months) (Ns = not significant) (left-hand 
panel = % and right-hand panel = total cells). 
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5.2.3 Gating strategy of comprehensive phenotyping of T cell lineage  

Following the quantification of single marker expression, I further analysed the 

comprehensive phenotype of the T cell lineage. The T cell lineage in the blood 

was examined using the gating strategy illustrated in Figure 61. This 

comprehensive phenotypic characterization of the immune cell profile 

encompassed both early and maturation stages of T cell development, utilising 

nine cell surface markers. 

At the early stage of T cell development, the DN cells were identified by excluding 

CD4, CD8, and CD3 markers. The DN subsets were further characterised by 

manipulating the expression of CD44, CD25, TCRβ, cKIT, and CD24. For the 

maturation stages of T cell development, the immune cell profiles were identified 

by analysing the positive expression of CD4 and CD8 with TCRβ and CD24 

expression. Unstained samples and FMO controls were employed in the gating 

strategy to exclude background fluorescence and non-specific binding. 



 

152  Norfazlina Mohd Nawi - February 2025 

 

Figure 61: Deep characterisation of the T cell lineage populations in the blood of wild type (WT) and Brn-3b knock-out (KO) mice. 
Blood was collected using a 25G needle and syringe and lysed using red blood cell (RBC) lysis buffer, and ten thousand cells from 80 µL of blood were 
stained for polychromatic flow cytometry analyses.  Live cells were identified by excluding debris and doublets using forward scatter (FSC) and side 
scatter (SSC) parameters. Major compartments were identified as double negative (DN), single positive 4 (SP4), SP8 and double positive (DP) against 
CD4 and CD8 expression. DN cells were further divided into DN1-4 subsets based on their differing expression of CD3, CD44, CD25, TCRβ, cKIT and 
CD24/HSA. All SP and DP subsets were identified based on their differing expression profile of TCRβ and CD24/HSA.
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5.2.3.1 Loss of Brn-3b does not change the immune cell profile within major CD4 

and CD8 components of mouse blood 

In this section, I examined the expression of DN cells (early stage) and DP and 

SP cells (mature stage) in the blood of Brn-3b KO mice compared to WT control. 

As shown in dot plot images (Figure 62), DN cells were highly accumulated in the 

blood as compared to DP, SP4, and SP8. The finding showed that the loss of 

Brn-3b did not significantly change the total of DN cells and DP, SP4, and SP8 in 

the 80 µL of mouse blood compared to the WT control.  

 

 

Figure 62: The number of double negative (DN), single positive 4 (SP4), SP8 
and double positive (DP) cells in blood of wild type (WT) and Brn-3b knock-
out (KO) mice. C57BL6/J mice were euthanised, and blood was collected using a 25G 
needle and syringe, then kept in ethylenediaminetetraacetic acid (EDTA) blood 
collection tubes at room temperature (RT). A total of 80 µL of blood was lysed using red 
blood cell (RBC) lysis buffer, and 10,000 white blood cells (WBCs) were stained for 
polychromatic flow cytometry analyses. Depicted are CD4-CD8- (DN), CD4+CD8- (SP4), 
CD4-CD8+ (SP8) and CD4+CD8+ (DP) in WT and Brn-3b KO mouse blood. Data are 
presented as mean ± SEM for n = 4 (Sex = male/female) (Age = 2–4 months) (Ns = not 
significant).  
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5.2.3.2 Loss of Brn-3b did not significantly alter the DN subset in the blood 

Furthermore, I extended the investigation by conducting an in-depth analysis of 

DN cells (the early stage of T cell development). This analysis identified immature 

DN cell subsets, including DN1 to DN4, by gating on CD3-negative cells and 

manipulating the CD44 and CD25 markers, as demonstrated in Figure 61. As 

shown in the dot plot image in Figure 63, DN1 subsets were highly expressed in 

the blood, while DN2, DN3, and DN4 subsets showed very low or absent 

expression. The analysis revealed that the loss of Brn-3b did not significantly alter 

the expression of DN1 to DN4 in 80 µL of mouse blood compared to WT controls.  

 

Figure 63: The numbers of double negative (DN) subsets in blood of wild 
type (WT) and Brn-3b knock-out (KO) mice. C57BL6/J mice were euthanised, and 
blood was collected using a 25G needle and syringe, then kept in 
ethylenediaminetetraacetic acid (EDTA) blood collection tubes at room temperature 
(RT). A total of 80 µL of blood was lysed using red blood cell (RBC) lysis buffer, and 10,000 
white blood cells (WBCs) were stained for polychromatic flow cytometry analyses. 
Depicted are CD44+CD25-(DN1), CD44+CD25+(DN2), CD44-CD25+(DN3), and CD44-
CD25-(DN4) in WT and Brn-3b KO mouse blood. Data are presented as mean ± SEM for 
n = 4 (Sex = male/female) (Age = 2–4 months) (Ns = not significant).  
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5.2.3.3 No significant changes of DN1 subsets and DNαβ T cells (early stage) 

and DP, SP4, and SP8 cells (mature stage) in Brn-3b KO blood 

Since only DN1 was expressed while DN2 to DN4 were either low or absent in 

mouse blood, further analysis was conducted on DN1 cells, with DN2 to DN4 

subsets excluded. Table 13 summarises the detailed immunophenotype of DN1 

subsets and DNαβ T cells during the early T cell development stage, as well as 

DP and SP cells during the mature stage. 

The findings revealed that the loss of Brn-3b did not significantly alter the 

expression of DN1 subsets (DN1a to e) and DNαβ T cells in the blood. 

Additionally, the loss of Brn-3b did not significantly change the expression of DP, 

SP4, and SP8 cells at different maturation stages (immature, semi-mature, and 

mature) in 80 µL of mouse blood compared to WT controls. 
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Table 13: Deep characterisation of cells in the early and mature stage of T 
cell development in blood of wild type (WT) and Brn-3b knock-out (KO) 
mice.  C57BL6/J mice were euthanised, and blood was collected using a 25G needle and 
syringe, then kept in ethylenediaminetetraacetic acid (EDTA) blood collection tubes at 
room temperature (RT). A total of 80 µL of blood was lysed using red blood cell (RBC) 
lysis buffer, and 10,000 white blood cells (WBCs) were stained for polychromatic flow 
cytometry analyses. Depicted are double negative 1 (DN1) subsets and DNαβ T cells 
(early stage), and double positive (DP), single positive 4 (SP4) and SP8 cells at different 
maturation stages (mature stage) in WT and Brn-3b KO mouse blood. Data are presented 
as mean ± SEM for n = 4 (Sex = male/female) (Age = 2–4 months) (Ns = not significant). 
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5.2.3.3.1 Loss of Brn-3b significantly alters DN1a with Thy-1 expression 

Since the loss of Brn-3b may not significantly affect the presence of T cell lineage 

(DN, DP, and SP cells) in the mouse blood, I further analysed the DN1 subsets 

in detail using the Thy-1 marker to distinguish between T and non-T cell lineages. 

Additionally, Thy-1 expression was measured on mature cells (DP and SP) to 

assess the potential effect of Brn-3b deficiency on the activation status of mature 

cells in the mouse blood. 

The findings showed that the loss of Brn-3b significantly altered the total DN1a 

expressing Thy-1 (p = 0.0465), while it did not significantly affect other DN1 

subsets or mature cells (DP, SP4, and SP8) with Thy-1 expression (Table 14). It 

is important to note that the presence of DN1a cells in the mouse blood was 

relatively low, which limited the statistical robustness of this analysis. 
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Table 14: Deep characterisation of T cell lineage and T cell activation status 
based on Thy-1 expression of wild type (WT) and Brn-3b knock-out (KO) 
mice. C57BL6/J mice were euthanised, and blood was collected using a 25G needle and 
syringe, then kept in ethylenediaminetetraacetic acid (EDTA) blood collection tubes at 
room temperature (RT). A total of 80 µL of blood was lysed using red blood cell (RBC) 
lysis buffer, and 10,000 white blood cells (WBCs) were stained for polychromatic flow 
cytometry analyses. Depicted are Thy-1-/+ expression on double negative 1 (DN1) 
subsets (early stage), and double positive (DP), single positive 4 (SP4) and SP8 cells 
(mature stage) in WT and Brn-3b KO mouse blood. Data are presented as mean ± SEM 
for n = 4 (Sex = male/female) (Age = 2–4 months) (* p < 0.05 and Ns = Not significant). 
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5.2.4 Immunophenotyping of non-T cell lineage in 80µL blood of Brn-3b KO 

mouse model 

In this study, I expanded the investigation to evaluate the effect of Brn-3b 

deficiency on the number of non-T cell lineages, including B lymphocytes and 

monocytes, present in the blood. Immune cell phenotypes were identified using 

the gating strategy illustrated in Figure 64. Based on FSC and SSC parameters, 

lymphocytes and monocytes were predominantly detected, with granulocytes 

being absent. 

Following the exclusion of T cell lineages (CD4+, CD8+, CD3+) from the WBC 

component, lymphocytes and monocytes were further gated based on their 

scatter properties (FSC and SSC). Monocytes and B cells were distinguished 

using CD24 expression at different SSC sizes, where CD24+ B cells were 

expressed at low SSC, while CD24+ and CD24- monocytes were expressed at 

intermediate SSC (Raife et al., 1994; Alghetany and Patel, 2002; Sheng et al., 

2017; Tarfi et al., 2018; Cherian et al., 2018; Sadofsky et al., 2019; Altevogt et 

al., 2021; Panagiotou et al., 2022).   

The activation or differentiation states of these populations were further analysed 

based on CD44 expression. The gating strategy employed unstained samples 

and FMO as a control to exclude any background fluorescence or non-specific 

binding. 
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Figure 64: Identification of the B cells, monocytes and granulocytes in 80µL of blood of wild type (WT) and Brn-3b knock-out (KO) 
mice. Blood was collected using a 25G needle and syringe and lysed using red blood cell (RBC) lysis buffer, and ten thousand cells from 80 µL of blood 
were stained for polychromatic flow cytometry analyses.  Live cells were identified by excluding debris and doublets using forward scatter (FSC) and 
side scatter (SSC) parameters. T cell lineages (double positive (DP), single positive 4 (SP4), SP8 and CD3+ cells) were discarded. Double negative (DN) 
with CD3- cells were further discriminated into lymphocytes and monocytes based on the FSC and SSC. The T cell lineage in each gate of scattered 
parameters was further gated out using the Thy-1 marker. B cells, granulocytes, and monocytes in each FSC and SSC gate were identified based on 
CD24 expression. CD24 expression at low SSC was characterised as B cells and CD24 (+/-) in monocytes gate for monocytes. Furthermore, the activated 
and non-activated B cells and monocytes were identified based on their differing expression of CD44.
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5.2.4.1 Rough selection of lymphocytes and monocytes in Brn-3b KO mouse 

model 

In the blood, the rough populations of monocytes and lymphocytes (based on 

FSC and SSC parameters) were identified, as illustrated in Figure 64. Monocytes 

were more abundant than lymphocytes, as depicted in the dot plot image of 

Figure 65. In normal mouse blood, the total monocytes were 166,000 ± 4.431 

cells per 80 µL (2,075/µL), while lymphocytes (excluding T cells) totalled 71,570 

± 2.364 cells per 80 µL (894.63/µL).  

The finding showed that the loss of Brn-3b did not significantly alter the 

expression of monocytes or lymphocytes in 80 µL of mouse blood compared to 

the WT control.  

 

Figure 65: The number of lymphocytes and monocytes in blood of wild type 
(WT) and Brn-3b knock-out (KO) mice. C57BL6/J mice were euthanised, and blood 
was collected using a 25G needle and syringe, then kept in ethylenediaminetetraacetic 
acid (EDTA) blood collection tubes at room temperature (RT). A total of 80 µL of blood 
was lysed using red blood cell (RBC) lysis buffer, and 10,000 white blood cells (WBCs) 
were stained for polychromatic flow cytometry analyses. Depicted are the total numbers 
of lymphocytes, monocytes, and granulocytes in WT and Brn-3b KO mouse blood. Data 
are presented as mean ± SEM for n = 4 (Sex = male/female) (Age = 2–4 months) (Ns = 
Not significant).  
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5.2.4.1.1 Total B cells with CD24+ (SSClow) and non-and activated B cells 

In this section, the dot plot image showed high expression of B cells (CD24+ 

SSClow), and most of these cells were expressing CD44+, as illustrated in the dot 

plot image of Figure 66. The analysis showed that the loss of Brn-3b did not 

significantly change the number of B cells (CD24+ SSClow) in 80 µL of mouse 

blood compared WT control. Additionally, no significant differences in activation 

status (CD44+/CD44-) were observed for B cells from Brn-3b KO and WT 

samples.  

 

 

Figure 66: The number of B cells and their activation status in blood of wild 
type (WT) and Brn-3b knock-out (KO) mice. C57BL6/J mice were euthanised, and 
blood was collected using a 25G needle and syringe, then kept in 
ethylenediaminetetraacetic acid (EDTA) blood collection tubes at room temperature 
(RT). A total of 80 µL of blood was lysed using red blood cell (RBC) lysis buffer, and 10,000 
white blood cells (WBCs) were stained for polychromatic flow cytometry analyses. 
Depicted are the total numbers of B cells (CD24+ SSClow) within the lymphocyte gate and 
their activation status (CD44+) in WT and Brn-3b KO mouse blood. Data are presented 
as mean ± SEM for n = 4 (Sex = male/female) (Age = 2–4 months) (Ns = Not significant). 
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5.2.4.1.2 Total Monocytes cells with CD24+/- and their Differentiation status  

Moreover, the CD24-based marker monocytes were quantified in the rough 

monocyte gate. The discrimination using the CD24 marker produced two 

populations of monocyte-derived cells which were CD24- monocytes and CD24+ 

monocytes, and both of these types of monocytes were mostly expressed CD44 

surface markers, as illustrated in the dot plot image in Figure 67.  

The analysis showed that the loss of Brn-3b did not significantly change the 

expression of monocytes (CD24+/-) in 80 µL of mouse blood compared WT 

control. Additionally, no significant differences in differentiation status 

(CD44+/CD44-) were observed for monocyte cells from Brn-3b KO and WT 

blood. 

 

 

Figure 67: The number of monocytes cells and their differentiation status 
in blood of wild type (WT) and Brn-3b knock-out (KO) mice. C57BL6/J mice 
were euthanised, and blood was collected using a 25G needle and syringe, then kept in 
ethylenediaminetetraacetic acid (EDTA) blood collection tubes at room temperature 
(RT). A total of 80 µL of blood was lysed using red blood cell (RBC) lysis buffer, and 10,000 
white blood cells (WBCs) were stained for polychromatic flow cytometry analyses. 
Depicted are the total numbers of monocytes (CD24+/-) within the monocyte gate and 
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its differentiation status (CD44+) in WT and Brn-3b KO mouse blood. Data are presented 
as mean ± SEM for n = 4 (Sex = male/female) (Age = 2–4 months) (Ns = Not significant). 

5.2.5 Loss of Brn-3b significantly reduced IL-1β protein expression in blood 

plasma 

In the blood plasma, the expression of IL-1β, TNFα, and IL-6 was investigated. 

The concentration of IL-1β in 100 µL of blood was just above the minimum 

baseline level, in comparison to IL-6 and TNFα (Figure 68 A).  

The results showed that the loss of Brn-3b significantly reduced the expression 

of IL-1β in the blood plasma, compared to the WT control (p = 0.0040). However, 

no significant changes were observed in the expression of IL-6 and TNFα in 100 

µL of blood compared to the WT control. 

  

 

Figure 68: The expression of tumour necrosis factor alpha (TNFα), 
interleukin 1 beta (IL-1β) and interleukin 6 (IL-6) protein in blood plasma of 
wild type (WT) and Brn-3b knock-out (KO) mice. C57BL6/J mice were euthanised, 
and the blood was collected using a 25G needle and syringe and kept in the 
ethylenediaminetetraacetic acid (EDTA) blood collection tube at room temperature 
(RT). The blood plasma was collected by centrifuge of 100 µL of blood at 2000 X g for 15 
minutes at 6°C. The concentration of cytokines was measured using an MSD Vplex 
custom kit. Depicted are the concentration of (A) TNFα (B) IL-1β and (C) IL-6 in WT and 
Brn-3b KO mouse blood plasma. Data are presented as mean ± SEM for n = 3-5 (Sex = 
male/female) (Age = 2–4 months) (** p < 0.01 and Ns = Not significant). 
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5.2.5.1 Correlation of immune cells profile and IL-1β, IL-6 and TNFα protein 

secretion in normal and Brn-3b KO blood 

In this study, the results showed that the loss of Brn-3b significantly altered the 

expression of IL-1β protein in the blood compared to the WT, but did not 

significantly affect the expression of TNFα, IL-6, or the immune cell profile (Figure 

62 to Figure 68). To explore whether Brn-3b deficiency influences specific 

immune cells that secrete cytokines, I conducted a Spearman X-Y correlation 

analysis to assess the relationship between the immune cell profile and cytokine 

production in the blood (Table 15). 

 

Table 15: Correlation between immune cell profile and cytokine secretion 
in mouse blood of wild type (WT) and Brn-3b knock-out (KO) mice. C57BL6/J 
mice were euthanized, and the blood was collected using a 25G needle and syringe and 
kept in the ethylenediaminetetraacetic acid (EDTA) blood collection tube at room 
temperature (RT). White blood cells (WBCs) were stained for flow cytometry and blood 
plasma was collected for cytokine measurement. Depicted are Spearman r values 
between immune cell populations (B cells, monocytes, double negative (DN), double 
positive (DP), single positive 4 (SP4), SP8 cells) and cytokine secretion (interleukin 1 beta 
(IL-1β), interleukin 6 (IL-6), tumour necrosis factor alpha (TNF-α)) in WT and Brn-3b KO 
mouse blood. Data are for n = 3-5 (Sex = male/female) (Age = 2–4 months) (Ns = Not 
significant). 
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5.3 Discussion 

This chapter aimed to further investigate the function of Brn-3b in immune 

regulation by analysing the impact of Brn-3b deficiency on immune cell profiles 

and cytokine expression in mouse blood. Using the same parameters as in the 

bone marrow study, I examined the expression of T and non-T cell lineages as 

well as the inflammatory cytokines IL-1β, IL-6, and TNF-α in the WBC component 

of Brn-3b KO and WT mice. Measuring immune markers in the blood provides an 

accessible indicator of immune status and reflects conditions in immune organs 

such as bone marrow (Carter, 2018). Changes in blood immune markers that 

reflect alterations in immune organs may provide valuable insights into the 

broader effects of Brn-3b deficiency. 

5.3.1 Assessing the Brn-3b KO mouse immune status in the blood based on T 

cell and non-T cell lineage expression 

This study screened the physiological immune status of mice by evaluating WBC 

counts. The findings showed that the loss of Brn-3b did not significantly alter WBC 

counts in the blood compared to WT controls (Figure 58). This approach aligns 

with routine clinical practices, where WBC counts are often used as general 

indicators of immune function. WBC-based inflammatory indices are also 

prognostic markers for inflammatory diseases, including cardiovascular disease, 

diabetes, cancer, and infections (Dean, 2005; Fest et al., 2018; Seo & Lee, 2022). 

Based on these observations, the loss of Brn-3b does not appear to significantly 

impact immune status under baseline conditions.  

To provide a more detailed assessment, I extended the investigation to evaluate 

immune marker expression using flow cytometry. The loss of Brn-3b significantly 

altered the expression of DN1a cells with Thy-1 in the blood (Table 13). While 

DN1a cells with Thy-1+ have a higher potential to give rise to T cell lineages 

(Saran et al., 2012), this change did not significantly affect the production of 

downstream T cell subsets, including DP, SP4, and SP8. However, the low 

abundance of DN1a cells in the blood may limit the robustness of these findings, 

emphasising the need for future studies with larger sample sizes and increased 

event acquisition during flow cytometry to enhance statistical reliability.  

Similarly, the expression of non-T cell lineage profiles (lymphocytes and 

monocytes) was not significantly affected by Brn-3b loss compared to WT 
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controls (Figure 65 to Figure 67). However, this analysis was based solely on 

CD24-sequential gating. Incorporating more specific markers for lymphocytes 

and monocytes in future studies will be critical for confirming these observations. 

Alterations in immune cell profiles, including T and non-T cell lineages, are known 

to play roles in the pathogenesis of various diseases. For example, T cell 

lymphoblastic lymphoma and leukaemia arise from immature T progenitors 

(Kroeze et al., 2020), while changes in DP T cells have been associated with 

diseases like HIV, COVID-19, multiple sclerosis (MS), RA, and cancers (Hagen 

et al., 2023). Additionally, alterations in CD4 and CD8 T cells are linked to 

atherosclerosis, where they recognize lipid- and endothelial-derived antigens and 

secrete proinflammatory cytokines, contributing to disease progression 

(Schwartz et al., 2020). Non-T cell lineages, such as monocytes and 

macrophages, are implicated in autoimmune diseases like SLE and RA, and 

changes in B lymphocytes often serve as pathological markers for these 

conditions (Ma et al., 2019). 

As the findings did not show a strong significant alteration in immune cell profiles 

in Brn-3b KO mice at baseline, further investigation of Brn-3b function in disease-

induced mouse models could provide valuable insights into how Brn-3b regulates 

immune cell profiles relevant to these diseases. Modulating Brn-3b expression in 

specific immune cells, especially those highly expressed in disease-induced 

models, using techniques like cre-lox, could help elucidate its potential role in the 

development and progression of these diseases. 

Having assessed the cellular immune profiles, the next section explores the effect 

of Brn-3b deficiency on the expression of key inflammatory cytokines, including 

IL-1β, TNFα, and IL-6, in the blood plasma. 

5.3.2 The loss of Brn-3b significantly reduced IL-1β in the blood plasma 

This study compared the expression of IL-1β, TNFα, and IL-6, soluble plasma 

cytokines, in the blood plasma of normal and Brn-3b KO mice. The findings 

revealed that the loss of Brn-3b significantly altered the expression of IL-1β in the 

blood plasma, as compared to WT control, but did not significantly affect IL-6 or 

TNFα (Figure 68).  
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These cytokines were included as pro-inflammatory factors secreted by immune 

cells (Tylutka et al., 2024). Monocytes and macrophages are the primary sources 

of IL-1β, although it is also expressed by neutrophils, DCs, and B cells (Pullugulla 

et al., 2018; Kany et al., 2019). IL-1β plays a crucial role in immune activation, 

particularly by enhancing the expansion or priming of CD4 and CD8 T cells (Ben-

Sasson et al., 2013; Van Den Eechkout et al., 2021). However, IL-1β expression 

is absent in non-activated or resting T cells and unstimulated myeloid cells 

(Pullugulla et al., 2018). Therefore, the significant reduction of IL-1β in the blood 

plasma of Brn-3b KO mice may be attributed to an immature or resting state of T 

cells and myeloid cells. 

IL-1β is a key mediator of inflammation, primarily responsible for recruiting 

immune cells to sites of infection or injury (Lopez-Castejon and Brough, 2011). 

The observed reduction in IL-1β in Brn-3b KO mice might suggest a weaker 

inflammatory response, but its exact biological significance under baseline 

conditions remains uncertain. Further studies are needed to explore whether this 

reduction persists or changes under activated conditions. 

Future studies could expose Brn-3b KO mice to inflammatory stimuli, such as 

LPS, to assess whether their ability to produce IL-1β is impaired under activated 

conditions. In vitro experiments using isolated monocytes, macrophages, or 

dendritic cells from Brn-3b KO mice could provide further insights into the role of 

Brn-3b in regulating IL-1β production. Additionally, transcriptomic or proteomic 

analyses of immune cells could help identify upstream regulators and 

downstream targets of IL-1β influenced by Brn-3b loss. This could clarify the 

pathways controlled by Brn-3b in immune cells. Finally, it would be valuable to 

investigate whether the reduction of IL-1β in Brn-3b KO mice affects systemic or 

local inflammatory responses and whether this has implications for disease 

susceptibility or progression. 

It is important to note that the IL-1β levels observed were close to the detection 

limit of the assay, which may limit their biological significance under baseline 

conditions. More sensitive assays or inflammatory stimuli could offer more 

accurate insights into the function of Brn-3b in IL-1β regulation. 

In conclusion, this chapter demonstrates that the loss of Brn-3b does not 

significantly impact overall immune cell profiles or cytokine expression under 
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baseline conditions, although a notable reduction in IL-1β levels was observed. 

This suggests a potential alteration in immune regulation in the Brn-3b KO mice. 

However, as the immune system is dynamic and responsive to various stimuli, 

further studies, particularly those assessing immune responses under 

inflammatory conditions, are needed to better understand how Brn-3b influences 

inflammation.  

The next chapter will focus on immune cell infiltration in the aorta, aiming to 

investigate how Brn-3b deficiency might contribute to vascular changes, 

particularly within the framework of immune regulation. 

5.4 Conclusions 

The objective of this chapter was to investigate the immune-related role of Brn-

3b by analysing the immune cell phenotype development/infiltration and plasma 

cytokine protein in the blood of the Brn-3b KO mouse model. Some of the key 

findings include: 

• The loss of Brn-3b did not significant alterations the expression of CD3, 

CD4, CD8, TCRβ, CD24, CD25, CD44, Thy-1 cell markers in 80 µL of mouse 

blood. 

• Development/infiltration of cells of T cell lineage in Brn-3b KO mouse 

blood mirrored those of the WT control. 

• Development/infiltration of non-T cell lineage in Brn-3b KO blood 

mirrored those of the WT control. 

• IL-1β significantly reduced in Brn-3b KO blood plasma as compared to 

WT control, but not TNFα and IL-6 

• No significant correlation between the T and non-T cell lineage cell 

population and cytokine plasma measured (IL-1β, TNFα and IL-6) in the Brn-3b 

KO blood. 
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6 INVESTIGATIONS OF A POSSIBLE 

LINK BETWEEN THE IMMUNE 

RESPONSE AND CHANGES OF 

STRUCTURAL VASCULAR PROTEIN 

IN BRN-3B KO MOUSE AORTA 

6.1 Introduction 

The activation of the immune system, including T cell activation and systemic 

inflammation, contributes to CVD. Immune-related diseases such as viral 

infections (e.g., Cytomegalovirus (CMV) and SARS-CoV-2), autoimmune 

diseases (e.g., SLE) and RA), ageing and diabetes mellitus increase the 

incidence of CVD by causing gradual progression of vascular damage and 

declining cardiovascular function (Reali et al., 2021; Girard and Vandiedonck, 

2022).  

Vascular damage can be classified into macrovascular damage (e.g., affecting 

the aorta, coronary, and renal arteries) and microvascular damage (e.g., affecting 

smaller arteries) (Li et al., 2023). Vascular damage in organs, such as the aorta 

in the heart, plays a pivotal role in the progression of cardiovascular disease 

(CVD) (Berbudi et al., 2020; Lopez et al., 2023). For example, in T2DM, 

hyperglycaemia and insulin resistance activate the immune system, causing 

vascular damage and promoting the progression of CVD. This process is 

summarized in Figure 69.  
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Figure 69: The overview of the link between type 2 diabetes mellitus (T2DM), 
inflammation activation and cardiovascular disease (CVD). Hyperglycemia and 
dyslipidemia, resulting from insulin resistance (IR), induce oxidative stress, which 
damages endothelial cells (ECs). This damage facilitates the entry of low-density 
lipoprotein (LDL) into the tunica intima (TI) where they are oxidised to form oxidised 
low-density lipoprotein (oxLDL). The presence of oxLDL attracts monocytes that 
differentiate into foam cells, which release signals to recruit additional immune cells, 
including CD8+ T cells, thereby promoting inflammation and the formation of a necrotic 
core. Foam cells and inflammation also stimulate vascular smooth muscle cells (VSMCs) 
to migrate and produce extracellular matrix (ECM), leading to the formation of a fibrous 
cap around atherosclerotic plaques. These pathological changes result in stiffened blood 
vessels, luminal narrowing, and increased blood pressure, collectively heightening the 
risk of CVD (Tabas and Lichtman, 2017; Schafer and Zernecke, 2020; Lacolley et al., 
2020). (BioRender). 

 

6.1.1.1 The master regulator behind the pathological of diabetes mellitus, 

inflammation and cardiovascular disease 

Transcription factors, including ATF3, FOXP3, AP1, and NFκB, play crucial roles 

in regulating the progression of diseases such as diabetes, inflammation, and 

CVD (Figure 70) (Zhou et al., 2018; Prasad et al., 2019; Ku and Cheng, 2020; 

Wu et al., 2022). Targeting these transcription factors has been explored in 

therapeutic approaches. For instance, aspirin, sodium salicylate, and 

dexamethasone have been shown to suppress NFκB activation, reducing 

inflammation in cancer (Yu et al., 2020). Moreover, NFκB is targeted by drugs 

like insulin and salsalate for the treatment of diabetes and vascular complications 

(Pollack et al., 2016). Exploring transcription factors as therapeutic targets holds 

significant promise for advancing clinical treatments for these diseases. 
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Figure 70: The modulation disease progression via transcription factor. 
Specific transcription factors regulate the expression of functional proteins, which drive 
or exacerbate the development of diabetes mellitus, inflammation, and cardiovascular 
disease (BioRender). 

 

The Brn-3b transcription factor also has been associated with potential roles in 

disease mechanisms, including vascular changes (Yogendran et al., 2023). This 

study seeks to investigate the relationship between Brn-3b deficiency and 

vascular changes observed in the aorta of Brn-3b KO mice with a focus on 

possible links to immune regulation. Prior findings by Yogendran et al. (2023) 

identified downregulation of immune-related genes, such as IL-1β, CXCR2, and 

CCL12, in Brn-3b KO aortic tissue, suggesting that Brn-3b might influence 

immune responses in the aorta. However, further research is needed to clarify 

the extent and implications of these observations. 

Here, I examine the expression of immune markers (CD3, CD11b, B220), 

mesenchymal markers (CD44), and vascular wall markers (αSMA, SM22, Ki67) 

in the aortic tissue of Brn-3b KO mice. 

I hypothesise that the loss of Brn-3b affects the immune cell expression and 

structural vascular proteins in the mouse aorta. Accordingly, the objectives of this 

chapter were delineated as follows: 

1. To explore alterations in structural vascular protein (αSMA, SM22), 

proliferative marker (Ki67), immune cell infiltration (CD3, CD11b, B220) and 

immune/ Mesenchymal marker CD44 in the thoracic and abdominal aorta of Brn-

3b KO mice.  
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6.2 Results 

6.2.1 The effect of Brn-3b KO on the histology of mouse aorta 

In this study chapter, I explored the effects of the loss of Brn-3b on immune cell 

infiltration in the mouse aorta. I screened immune cell infiltration within the aortic 

wall, focusing specifically on the aorta and excluding the heart, as illustrated in 

Figure 71 (A). 

The observational analysis finding illustrated that there were no obvious 

differences between the Brn-3b KO and normal mouse aorta’s structure as 

depicted in Figure 71 (B). The morphological characteristics, including the aortic 

lumen, TA, TM, and TI, in the Brn-3b KO mouse aorta closely resembled those 

in the normal WT control. Additionally, both Brn-3b KO and WT aortas displayed 

a free lumen. 
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Figure 71: Representative histology staining of aortic segments of wild type 
(WT) and Brn-3b knock-out (KO) mice. C57BL/6J mice were euthanised, and aortas 
were isolated, processed, and embedded in paraffin wax. The aortas were sectioned 
longitudinally at a thickness of 5 µm. The tissue sections were stained with haematoxylin 
and eosin (H&E) and imaged using a Nanozoomer microscope at 20× magnification. 
Depicted are (A) the aortic regions studied and (B) the histological structure of the tunica 
adventitia (TA), tunica media (TM), and tunica intima (TI) in WT and Brn-3b KO mouse 
aorta. Data are presented for n = 2-4 (Sex = male) (Age = 2–4 months). 
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6.2.2 The effect of Brn-3b KO on total cell counts in the mouse aorta  

In the preceding section, I investigated the morphology of the mouse aorta in Brn-

3b KO mice compared to WT control. To assess a different parameter, I 

investigated the total number of cells freshly isolated from both groups of mouse 

aorta using the mechanical digestion method. The finding showed that the loss 

of Brn-3b did not significantly alter the total cell count in the mouse aorta as 

compared to the WT control, as illustrated in Figure 72.  

 

 

Figure 72: Total cell count in the aorta of wild type (WT) and Brn-3b knock-
out (KO) mice. C57BL/6J mice were euthanised, and aortas were isolated, 
mechanically digested, and filtered through a 40 µm filter. The dissociated cells were 
counted using an automated cell counter. The figure shows the total cell count in WT 
and Brn-3b KO mouse aorta. Data are presented as mean ± SEM for n = 3-5 (Sex = 
male/female) (Age = 2–4 months) (Ns = Not significant). 

 

6.2.2.1 Flow cytometric screening of single immune cell marker in normal and 

Brn-3b KO aorta 

In the previous section of this chapter, I investigated the effect of Brn-3b 

deficiency on the histological vascular structure and total cell counts in the aorta. 

In this section, I focused on another parameter: the expression of immune 

markers in the aorta. The gating strategy for measuring the expression of single 

immune cell markers is shown in Figure 73 (A). Positive cellular markers were 
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selected following the exclusion of debris, doublets, and dead cells. Further 

discrimination was achieved using FMO and unstained controls to discard auto-

fluorescent cells. The finding showed that only CD44 was highly expressed, while 

other protein markers (CD3, CD4, CD8, CD11b and B220) were present at very 

low levels or nearly undetectable in the aorta (Figure 73 (A and B)). Due to the 

limited sample size, I did not perform statistical comparisons with Brn-3b KO 

mouse aorta, as the data were insufficient to determine significant differences. 
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Figure 73: Screening of immune marker expression in the aorta of wild type 
(WT) and Brn-3b knock-out (KO) mice.  C57BL/6J mice were euthanised, and 
aortas were isolated, mechanically digested, and filtered through a 40 µm filter. 8,000 
cells were stained for polychromatic flow cytometry analyses. Depicted are (A) the 
gating strategy of single markers and (B) the expression of CD3, CD4, CD8, B220, CD11b, 
and CD44 in WT and Brn-3b KO mouse aorta. Data are presented as mean ± SEM for n = 
2 (Sex = male/female) (Age = 2–4 months) (Ns = Not significant). 
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6.2.3 The immunofluorescent staining on mouse aorta 

Although morphological images in the previous section showed no apparent 

changes between Brn-3b KO and WT aortas, structural changes may not be 

visible with brightfield microscopy. In this study, I explored potential alterations in 

the aorta by measuring the expression of vascular markers (αSMA, SM22), and 

proliferative marker (Ki67). Additionally, I assessed their potential link with 

immune regulation by measuring the expression of immune markers (CD3, B220, 

CD11b, and CD44). Immunofluorescent staining was performed on both 

longitudinal and transverse aortic sections, as illustrated in Figure 74, to provide 

additional insight into the aorta's structure and pathology. 

 

 

Figure 74: Longitudinal and transverse cut section of the aortic histological 
plane for experimental analysis. Illustration depicting the longitudinal and 
transverse cut sections of the aorta. The diagram highlights the different orientations of 
the aortic tissue for histological analysis (BioRender).  

 

 

 



Chapter 6: INVESTIGATIONS OF A POSSIBLE LINK BETWEEN THE IMMUNE RESPONSE AND CHANGES OF 

STRUCTURAL VASCULAR PROTEIN IN BRN-3B KO MOUSE AORTA 

Norfazlina Mohd Nawi - February 2025   179 

6.2.3.1 Experimental on the longitudinal cut section of the descending aorta 

On longitudinal cut sections of the aorta, I measured the expression of vascular 

markers including αSMA and SM22, and the infiltration of immune markers B220, 

CD11b, and immune/ Mesenchymal marker CD44. An example of how the 

positive signal of these markers is expressed in the longitudinal cut sections of 

the aorta is illustrated in Appendix 3. The images were enlarged to improve 

visibility, as the original signals on the longitudinal sections of the aortic wall were 

difficult to visualise due to the thinness of the wall. For clarity, I chose to illustrate 

how these markers' positive signals appear on the tissue.  

For vascular marker expression, the qualitative results showed the reduction 

pattern of αSMA signal and a slight increase of SM22 signal in Brn-3b KO aorta 

as compared to WT control, as depicted in Figure 75 (A to D). The graphs 

confirmed the reduction trend for αSMA markers, but the SM22 data points 

overlapped with those of the WT control. Statistical analysis across three 

independent experiments did not reveal significant differences (Figure 75 (E to 

F)).  

For immune marker expression, the loss of Brn-3b slightly caused a reduction 

trend in B220 and an increasing trend in CD44, while the CD11b data points 

seemed not much different from the normal control. The statistical analysis 

indicated that the differences in these markers were not significantly different 

compared to the WT counterpart (Figure 75 (G to I)).  

Co-staining results indicated no alteration in the trend of SM22+B220+ and 

SM22+CD11b+ expression in the Brn-3b KO aorta, but there was an increased 

expression of SM22+CD44+ compared to the WT control (Figure 75 (J to L)).  
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Figure 75: The representative images and quantification of 
immunofluorescent stained images of the aorta of wild type (WT) and Brn-
3b knock-out (KO) mice.  C57BL/6J mice were euthanised, and aortas were 
isolated, processed, and embedded in paraffin wax. The aortas were sectioned 
longitudinally at a thickness of 5 µm. The tissue sections were stained and imaged using 
a Leica DMi8/Olympus microscope at 10x and 20x magnification. Depicted are (A) alpha 
smooth muscle actin (αSMA), (B) smooth Muscle Protein 22 (SM22) and CD45R/B220, 
(C) SM22 and CD11b, (D) SM22 and CD44, (E-I) statistical results of single marker 
staining, (J-L) co-staining, and (M) staining design for each section of WT and Brn-3b KO 
aorta. The analysis was performed using QuPath 0.4.3 software. Data are presented as 
mean ± SEM for n = 4 (tissue sections = 1-4 per mouse) (Sex = male) (Age = 2–4 months) 
(Ns = Not significant). Note: The yellow paint (--) was drawn to localise the example 
expression of the markers. 
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6.2.3.2 Experimental on the transverse cut section of mouse aorta 

Longitudinal sections offer insights into the continuity and distribution of changes 

along the length of the aorta. To further validate the findings, I measured the 

morphological structure and the expression of vasculature and immune marker 

proteins on the transverse plane, as illustrated in Figure 74. This approach 

provides detailed information on the histological architecture and localised 

abnormalities.  

6.2.3.2.1 Thoracic aorta 

Based on visualization on the transverse plane, the loss of Brn-3b did not alter 

the general morphology of the aorta compared to the WT counterpart, as 

illustrated in Figure 76 (A). The free lumen can be observed for both Brn-3b KO 

and their WT control.  

The finding showed that the loss of Brn-3b did not significantly alter the average 

approximate thickness (r) of TI, TM and TA for thoracic aorta compared to WT 

control (Figure 76 (B to C). 
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Figure 76: The thickness of thoracic aorta wall of wild type (WT) and Brn-
3b knock-out (KO) mice. C57BL/6J mice were euthanised, and aortas were isolated, 
processed, and embedded in paraffin wax. The aortas were sectioned transversely at a 
thickness of 5 µm. The tissue sections were stained with haematoxylin and eosin (H&E) 
and imaged using a Nanozoomer microscope at 20× magnification. Depicted are (A) a 
representative image of the thoracic aorta, (B-C) the average thickness (r) of tunica 
media (TM), tunica intima (TI), and tunica adventitia (TA), and (D-E) the area of TI, TM, 
and TA for each tissue section in WT and Brn-3b KO mouse aorta. ROI for both TM, TI, 
and TA are illustrated in Appendix 4. Data are presented as mean ± SEM for n = 3-4 
(tissue sections = 2-4 per mouse) (Sex = male) (Age = 2–4 months) (Ns = Not significant). 
Note: The formula for thickness is provided in Appendix 4.  
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6.2.3.2.1.1 The expression of aSMA- structural vascular protein  

Furthermore, the analysis focused on the expression of αSMA (vascular marker) 

in the thoracic cross-section tissue, as illustrated in Figure 77. Representative 

images indicated an increase in αSMA expression in the Brn-3b KO thoracic aorta 

compared to the WT controls, with the marker localized in the TI and TM layers. 

Quantitative analysis revealed a trend toward increased αSMA signal in the Brn-

3b KO aorta relative to the WT control. However, statistical analysis did not show 

significant differences between the two groups. 
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Figure 77: The representative images and quantification of αSMA immunofluorescent staining on the thoracic aorta of wild type 
(WT) and Brn-3b knock-out (KO) mice. C57BL/6J mice were euthanised, and aortas were isolated, processed, and embedded in paraffin wax. 
The aortas were sectioned transversely at a thickness of 5 µm. The tissue sections were stained and imaged using a Leica DMi8/Olympus microscope 
at 10x and 20x magnification. Depicted are (A) the representative image and (B) the quantification analysis of alpha smooth muscle actin (αSMA) 
protein in WT and Brn-3b KO mouse aorta. The analysis was performed using QuPath 0.4.3 software. Data are presented as mean ± SEM for n = 3 
(tissue sections = 2-4 per mouse) (Sex = male) (Age = 2–4 months) (Ns = Not significant)

A B 
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6.2.3.2.1.2 The expression of SM22- structural vascular protein 

Moreover, I investigated the expression of the SM22 marker in the thoracic cross-

sections. The representative staining images in Figure 78 illustrated a reduction 

of SM22 marker expression in Brn-3b KO aorta as compared to WT controls, in 

which the marker was localised in the TI and TM regions. The quantitative 

analysis showed a decreasing trend of SM22 signal in Brn-3b KO aorta compared 

to WT counterparts, but the difference was not statistically significant. 
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Figure 78: The representative images and quantification of SM22 immunofluorescent staining on the thoracic aorta of wild type 
(WT) and Brn-3b knock-out (KO) mice. C57BL/6J mice were euthanised, and aortas were isolated, processed, and embedded in paraffin wax. 
The aortas were sectioned transversely at a thickness of 5 µm. The tissue sections were stained and imaged using a Leica DMi8/Olympus microscope 
at 10x and 20x magnification. Depicted are (A) the representative image and (B) the quantification analysis of smooth Muscle Protein 22 (SM22) protein 
in WT and Brn-3b KO mouse aorta. The analysis was performed using QuPath 0.4.3 software. Data are presented as mean ± SEM for n = 3 (tissue 
sections = 2-4 per mouse) (Sex = male) (Age = 2–4 months) (Ns = Not significant). 
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6.2.3.2.1.3  The expression of immune surface antigen markers 

Furthermore, the analysis focused on the expression of immune and 

mesenchymal markers in the thoracic aorta. Herein, I measured the effect of Brn-

3b deficiency on the infiltration of immune cell markers CD3, B220, CD11b, and 

immune/ Mesenchymal-like CD44 marker across the thoracic aorta section.  

The results showed that the loss of Brn-3b did not significantly alter the 

expression of CD3, B220, CD11b, or CD44 markers compared to WT controls. 

These markers were localized in the TI, TM, and TA regions in both Brn-3b KO 

and WT mouse thoracic tissue (Figure 79).  
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Figure 79: The representative images and quantification of 
immune/mesenchymal markers immunofluorescent staining on the 
thoracic aorta of wild type (WT) and Brn-3b knock-out (KO) mice. C57BL/6J 
mice were euthanised, and aortas were isolated, processed, and embedded in paraffin 
wax. The aortas were sectioned transversely at a thickness of 5 µm. The tissue sections 
were stained and imaged using a Leica DMi8/Olympus microscope at 10x and 20x 
magnification. Depicted are (A) the representative image and (B-E) the quantification 
analysis of CD3, B220, CD11b and CD44 protein in WT and Brn-3b KO mouse aorta. The 
analysis was performed using QuPath 0.4.3 software. Data are presented as mean ± SEM 
for n = 3-4 (tissue sections = 2-4 per mouse) (Sex = male) (Age = 2–4 months) (Ns = Not 
significant). Note: The red paint (---) was drawn to localise the example expression of 
the markers.      
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6.2.3.2.2 Abdominal aorta 

In the prior section, the investigation was conducted on the descending aorta 

(longitudinal cut) and thoracic aorta (transverse cut). Herein, I opted to further 

investigate the effect of Brn-3b deficiency on the structural integrity and immune 

cell infiltration in the abdominal aorta. 

The morphological structure of the abdominal aorta is shown in the H&E image 

of Figure 80. This image indicates the free lumen of Brn-3b KO mouse abdominal 

aortas, which mirror their WT control. However, some disorganisation of the 

nuclei arrangement and elastic lamella structure was observed in the Brn-3b KO 

abdominal aorta compared to the normal control.  
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Figure 80: Representative histology staining of abdominal aorta of wild type (WT) and Brn-3b knock-out (KO) mice. C57BL/6J mice 
were euthanised, and aortas were isolated, processed, and embedded in paraffin wax. The aortas were sectioned transversely at a thickness of 5 µm. 
The tissue sections were stained with haematoxylin and eosin (H&E) and imaged using a Nanozoomer microscope at 20× magnification. Depicted are 
(A) the histological structure of the abdominal aorta in WT and Brn-3b KO mouse aorta. Data are presented for n = 3 (Sex = male) (Age = 2–4 months).  
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6.2.3.2.2.1 The expression of αSMA- structural vascular protein  

Furthermore, I investigated the expression of vascular markers, αSMA in 

abdominal aorta cross-sections. Observational analysis revealed reduced αSMA 

expression in Brn-3b KO abdominal aortas compared to WT, as shown in Figure 

81. In both groups, αSMA was localized in the TI and TM regions.   

Quantitative analysis indicated a reduction trend in αSMA expression in Brn-3b 

KO tissue; however, the difference was not statistically significant. 
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Figure 81: Representative images and quantification of αSMA immunofluorescent staining on the thoracic aorta of wild type (WT) 
and Brn-3b knock-out (KO) mice. C57BL/6J mice were euthanised, and aortas were isolated, processed, and embedded in paraffin wax. The aortas 
were sectioned transversely at a thickness of 5 µm. The tissue sections were stained and imaged using a Leica DMi8/Olympus microscope at 10x and 
20x magnification. Depicted are (A) the representative image and (B) the quantification analysis of alpha smooth muscle actin (αSMA) protein in WT 
and Brn-3b KO mouse aorta. The analysis was performed using QuPath 0.4.3 software. Data are presented as mean ± SEM for n = 3 (tissue sections = 
2-4 per mouse) (Sex = male) (Age = 2–4 months) (Ns = Not significant).
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6.2.3.2.2.2 The expression of single immune markers in abdominal aorta 

Furthermore, I investigated the effect of Brn-3b deficiency on the infiltration of 

immune markers CD3, B220, CD11b, and immune/ Mesenchymal like CD44 in 

the abdominal aorta. These markers were localized in the TI, TM, and TA regions 

in both Brn-3b KO and WT tissues, as shown in Figure 82 (A). 

The quantitative analysis presented in Figure 82(B to E(i)), indicated no 

significant differences in the expression of CD3, B220, or CD44 between Brn-3b 

KO and WT cross-sections. However, a reduction trend in CD11b expression was 

observed in Brn-3b KO tissues compared to WT, although statistical analysis was 

limited by the small sample size (n = 2) for the WT control. 

Additionally, shape analysis revealed that the cells expressing these markers 

exhibited a predominantly spherical morphology (circularity index ≈ 0.85), with no 

obvious differences observed between Brn-3b KO and normal tissue sections 

(Figure 82(B to E(ii)).  
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Figure 82: Representative and quantification of immune/mesenchymal 
markers immunofluorescent staining on the abdominal aorta of wild type 
(WT) and Brn-3b knock-out (KO) mice. C57BL/6J mice were euthanised, and aortas 
were isolated, processed, and embedded in paraffin wax. The aortas were sectioned 
transversely at a thickness of 5 µm. The tissue sections were stained and imaged using 
a Leica DMi8/Olympus microscope at 10x and 20x magnification. Depicted are (A) the 
representative image and (B-E (i)) the quantification analysis of CD3, B220, CD11b and 
CD44 protein and (B-E (ii)) the cell circularity index of these markers in WT and Brn-3b 
KO mouse aorta. The analysis was performed using QuPath 0.4.3 software. Data are 
presented as mean ± SEM for n = 2-4 (tissue sections = 2-4 per mouse) (Sex = male) (Age 
= 2–4 months) (Ns = Not significant). Note: The green box (--) was drawn to localise the 
example expression of the markers.     
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6.2.3.2.2.3 Correlation between αSMA and SM22 and their co-localisation with 

B220 marker in Brn-3b KO abdominal aorta 

To specifically investigate the effect of Brn-3b deficiency on vascular changes 

and to determine whether these changes are potentially linked to immune 

regulation in the abdominal aorta, I further investigated by conducting co-

immunostaining (triple multiplex staining) experiments using SM22, αSMA, and 

the B220 marker.  

The representative image in Figure 83 (A) demonstrated that the expression of 

both αSMA and SM22 was reduced in the Brn-3b KO abdominal aorta compared 

to the WT control. Quantitative analysis revealed a reduction trend in both αSMA 

and SM22 (single signals) in Brn-3b KO tissue (Figure 83 (B)).  

Co-staining results showed that both αSMA and SM22 expression were in a 

reduction trend in Brn-3b KO abdominal aorta compared to WT controls (Figure 

83 (C)). Furthermore, the quantitative analysis of B220 immune cell infiltration 

around αSMA+SM22 is presented in Figure 83 (D). The findings indicated a 

reduction trend in B220 expression near αSMA+SM22 in Brn-3b KO tissues 

compared to WT controls. However, statistical analysis of the data in this section 

was limited due to the small sample size (n = 2) for the WT control.   
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Figure 83: Representative and quantitative immunofluorescent staining 
(alpha smooth muscle actin (αSMA), smooth Muscle Protein 22 (SM22) and 
B220) on the abdominal aorta of wild type (WT) and Brn-3b knock-out (KO) 
mice.  C57BL/6J mice were euthanised, and aortas were isolated, processed, and 
embedded in paraffin wax. The aortas were sectioned longitudinally at a thickness of 5 
µm. The tissue sections were stained and imaged using a Leica DMi8/Olympus 
microscope at 10x and 20x magnification. Depicted are (A) the representative images of 
co-staining (αSMA, SM22, and B220), (B) the signal intensity of αSMA and SM22, (C) the 
co-expression of αSMA and SM22, and (D) B220 expression near αSMA and SM22 in WT 
and Brn-3b KO mouse aorta. The analysis was performed using QuPath 0.4.3 software. 
Data are presented as mean ± SEM for n = 2 (tissue sections = 2-4 per mouse) (Sex = 
male) (Age = 2–4 months).  
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6.2.3.2.2.4 Correlation between αSMA and Ki67 and their co-localisation with 

B220 marker in Brn-3b KO abdominal aorta 

To further explore the relationship between Brn-3b deficiency and vascular 

integrity, I investigated the expression of an additional marker, Ki67, a critical 

marker for vascular structural integrity and cell proliferation (Li et al., 2024). In 

this section, I performed co-immunostaining (triple multiplex staining) of Ki67, 

αSMA, and the B220 immune marker. 

The qualitative findings showed a reduction in αSMA expression, while the Ki67 

marker exhibited an increasing trend in Brn-3b KO abdominal aorta compared to 

WT control (Figure 84 (A)). The quantitative data presented in Figure 84 (B), 

indicated a reduction trend in αSMA expression and a slight increase in Ki67 

expression (single signals). 

Co-staining results showed that the expression of both αSMA and Ki67 did not 

demonstrate an obvious trend in Brn-3b KO mice compared to WT controls 

(Figure 84 (C)). Furthermore, the expression of the B220 marker infiltrating near 

αSMA+Ki67 did not show any noticeable differences in Brn-3b KO abdominal 

aorta cross-sections compared to WT controls (Figure 84 (D)). However, 

statistical analysis of the data in this section was limited due to the small sample 

size (n = 2) for the WT control.
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Figure 84: Representative and quantitative immunofluorescent staining 
(antigen kiel 67 (Ki67), alpha smooth muscle actin (αSMA) and B220) in the 
abdominal aorta of wild type (WT) and Brn-3b knock-out (KO) mice.  C57BL/6J 
mice were euthanised, and aortas were isolated, processed, and embedded in paraffin 
wax. The aortas were sectioned longitudinally at a thickness of 5 µm. The tissue sections 
were stained and imaged using a Leica DMi8/Olympus microscope at 10x and 20x 
magnification. Depicted are (A) the representative images of co-staining (Ki67, αSMA, 
and B220), (B) the signal intensity of αSMA and Ki67, (C) the co-expression signal of 
αSMA and Ki67, and (D) the co-localization of B220 near αSMA and Ki67 in WT and Brn-
3b KO mouse aorta. The analysis was performed using QuPath 0.4.3 software. Data are 
presented as mean ± SEM for n = 2-3 (tissue sections = 1-2 per mouse) (Sex = male) (Age 
= 2–4 months).  
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6.2.4 Investigation of the possible changes of immune cell infiltration in Brn-3b 

KO mouse spleen 

In the final section of this chapter, I presented additional data exploring the 

potential infiltration of immune cells into the spleen. Spleens were dissected from 

Brn-3b KO and WT mice and processed for various experiments, including 

histology analysis, histological analysis, flow cytometry, and 

immunofluorescence. 

6.2.4.1 The histology structure of spleen 

The histological structure of the spleen was examined using qualitative analysis. 

As shown in Figure 85, the sub-cellular components, including WP and RP, 

appeared organised in both Brn-3b KO and WT mouse spleens. A clear 

distinction between the RP, WP and MZ was evident in the spleens of both 

experimental groups of mice. Moreover, the capsule of the Brn-3b KO spleen also 

showed no obvious difference compared to their WT control. 
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Figure 85: Histology structure of the spleen of wild type (WT) and Brn-3b knock-out (KO) mice. C57BL/6J mice were euthanised, and 
spleens were isolated, processed, and embedded in paraffin wax. The spleens were sectioned longitudinally at a thickness of 5 µm. The tissue sections 
were stained with haematoxylin and eosin (H&E) and imaged using a Nanozoomer microscope at 20× magnification. Depicted are the morphological 
structures of the spleen in WT and Brn-3b KO mice. Data are presented for n = 1 (Sex = male) (Age = 2–4 months). 
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6.2.4.2 The loss of Brn-3b did not affect the weight of the whole spleen and the 

total number of cells in the 0.05g spleen. 

Additionally, I compared other parameters of the spleen that could serve as 

indicators of physiological changes, including spleen weight and total cell count. 

As shown in Figure 86, there were no significant differences in either spleen 

weight or total cell count in 0.05g of spleen between Brn-3b KO mice and their 

WT controls. 

 

 

Figure 86: Weight and total cell count of the spleen of wild type (WT) and 
Brn-3b knock-out (KO) mice. C57BL/6J mice were euthanised, and spleens were 
isolated, weighed, digested, and passed through a 40 μm cell strainer. Cell numbers 
were determined using an automated counter. Depicted are (A) spleen weight and (B) 
total cell count in 0.05g of spleen from WT and Brn-3b KO mice. Data are presented as 
mean ± SEM for n = 4 (Sex = male/female) (Age = 2–4 months) (Ns = Not significant). 

 

6.2.4.2.1 The flow cytometric screening of infiltration of immune cells in normal 

and Brn-3b KO spleen 

In the previous section of this chapter, the histological structure, weight, and total 

cell count parameters were studied to measure the effect of Brn-3b deficiency on 

spleen immune status. Here, I focus on the parameter that specifically measures 

immune cells based on the expression of immune markers, including CD3, CD8, 

CD4, CD11b, B220, CD44, and Thy-1, in the spleen. These markers were gated 

on live and singlet cells, following the exclusion of doublets and dead cells. Auto-

fluorescent cells were gated out using FMO controls and unstained controls. 
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The results indicated that the loss of Brn-3b did not significantly affect the 

expression of CD3, CD8, CD4, and CD44 in the spleen compared to WT controls, 

as shown in Figure 87. Additionally, the expression trends of CD11b, B220, and 

Thy-1 in the Brn-3b KO spleen did not show noticeable differences compared to 

their WT controls. 
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Figure 87: Single surface marker expression in the spleen of wild type (WT) and Brn-3b knock-out (KO) mice. C57BL/6J mice were 
euthanised, and spleens were isolated, weighed, digested, and passed through a 40 μm cell strainer. Half a million spleen cells were stained for 
polychromatic flow cytometry analyses. Depicted are (A) CD3, (B) CD8, (C) CD4, (D) CD11b (E) B220 (F) cKIT and (G) Thy-1 expression in WT and Brn-3b 
KO mouse spleen. Data are presented as mean ± SEM for n = 2-4 (Sex = male/female) (Age = 2–4 months) (*p < 0.05 and Ns = not significant) (left-hand 
panel = % and right-hand panel = total cells). 
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6.2.4.2.2 The immunofluorescence image of immune cell infiltration in normal and 

Brn-3b KO spleen. 

Furthermore, I investigated the localisation of the B220, CD11b, CD44, and CD3 

markers in the spleen. Based on the observable analysis, B220 was expressed 

around the BCZ, as indicated by the yellow arrow in Figure 88A(i). CD11b was 

localized around the MZ and was also present in both the RP and WP areas. CD3 

appeared to be expressed primarily in the WP area, while CD44 was mainly 

expressed in the RP. The regions of RP, WP, and MZ are indicated in Figure 85.  

The qualitative finding analysis showed that the loss of Brn-3b might slightly alter 

the expression of B220 and CD44 markers in the spleen; however, the expression 

of CD11b and CD3 were mirrored to those in the WT control. 
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Figure 88: Representative immune markers immunofluorescent staining on the spleen of wild type (WT) and Brn-3b knock-out 
(KO) mice. C57BL/6J mice were euthanised, and spleens were isolated, processed, and embedded in paraffin wax. The spleens were sectioned 
longitudinally at a thickness of 5 µm. The tissue sections were stained and imaged using a Leica DMi8/Olympus microscope at 10x magnification. 
Depicted are (A) the representative images of (i) CD45R/B220, (ii) CD11b, (iii) CD44, and (B) CD3 in WT and Brn-3b KO mouse spleen. Data are presented 
as for n = 3 (tissue sections = 2-4 per mouse) (Sex = male/female) (Age = 2–4 months). Note: The yellow box (---) highlights the localized expression of 
the markers.

B 
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6.3 Discussion 

This chapter investigates the potential relationship between vascular dysfunction 

and immune regulatory factors in the Brn-3b KO mouse aorta. Even though the 

previous chapters showed that Brn-3b deficiency did not significantly impact the 

immune cell profile (T and non-T cell lineage) in the bone marrow (Chapter 4) or 

blood (Chapter 5) and suggested that Brn-3b may not substantially affect the 

immune profile in these tissues. 

However, the central hypothesis (the loss of Brn-3b may increase pro-

inflammatory immune cells and may also contribute to vascular dysfunction) 

requires further validation. To address this, I examined the effect of Brn-3b loss 

on immune cell infiltration in the aortic wall and its potential correlation with 

changes in vascular structure. I proposed that disrupted immune cell trafficking 

within the aorta could contribute to vascular changes, similar to what is observed 

in conditions like thoracic aortic disease, where immune cell infiltration induces 

hyperplastic changes (Harky et al., 2021). This investigation aims to enhance my 

understanding of how Brn-3b deficiency may influence immune responses and 

vascular integrity. 

6.3.1 Aortic morphological structure in Brn-3b KO mouse aorta 

In this study, I examined the structural conditions in the Brn-3b KO aorta, focusing 

on the descending, thoracic, and abdominal aortas. The analysis was conducted 

using both longitudinal and transverse planes. The longitudinal plane provided 

information on vascular lumen and potential changes along the vessel (Bathala 

et al., 2013; Currie et al., 2017), while the transverse plane offered insights into 

the blood vessel wall, plaques, patency, and carotid bifurcation levels (Bathala et 

al., 2013). 

The findings showed some disorganisation of the nuclear arrangement and 

elastic lamella structure in the Brn-3b KO abdominal aorta compared to WT 

(Figure 80). However, both the longitudinal and transverse sections of the 

descending, thoracic, and abdominal aortas showed a free lumen without 

apparent pathological changes (Figure 71, Figure 76 and Figure 80).  
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Clinically, vascular dysfunction typically manifests as abnormal morphological 

structures, including false lumen formation due to aortic dissection, aneurysms, 

fatty streaks, or bulges in the wall. These structures are often associated with 

immune cell trafficking to the pathological site (Li et al., 2018; Yuan et al., 2022; 

Tiwari et al., 2022). Since no significant morphological changes were observed 

in this study, it suggests that Brn-3b deficiency might not lead to major lumen 

structural changes but could affect the organisation of cellular components in the 

abdominal aorta. 

However, this study was just based on H&E staining, which is commonly used in 

pathology to assess tissue structure and cellular architecture (Himmel et al., 

2018). Further validation using vascular structure-specific markers or additional 

techniques, such as Masson's Trichrome, is necessary for a more comprehensive 

analysis. 

Furthermore, the finding on aortic wall thickness (TI, TM, and TA) in the thoracic 

aorta of Brn-3b KO mice did not show significant alterations (Figure 76).  This 

contrasts with a previous study by Yogendran et al. (2023), which reported 

increased TA thickness in the Brn-3b KO aorta. The discrepancy may be due to 

differences in the planes used for measurement, as our study used cross-

sectional, while their study used longitudinal sections. Additionally, 

methodological differences could also contribute to this variation. Yogendran et 

al. (2023) utilised approximately 50 equidistant measurements across the aortic 

wall, while I calculated the TA area by dividing the perimeter (the average of the 

inner and outer contour lengths), a method adapted from Galaska et al. (2023).  

Clinically, vascular dysfunction involves both structural and functional 

abnormalities (Rehan et al., 2023). Further analysis is suggested to evaluate 

functional changes in the Brn-3b KO aorta by assessing key functional markers 

essential for vascular integrity. 

6.3.2 Aortic functional analysis in Brn-3b KO mouse aorta   

While structural vascular changes were minimal in Brn-3b KO mice, the functional 

effect on the aorta remains unknown. To address this, I analysed the expression 

of vascular markers αSMA, SM22, and Ki67 across the descending, thoracic, and 

abdominal aortas. 
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The results showed a decreasing trend in αSMA and SM22 expression in the 

abdominal aorta of Brn-3b KO mice, with no major alteration in Ki67 expression 

(Figure 81 to Figure 84), and no significant trends observed in the descending or 

thoracic aortas (Figure 75, Figure 77 and Figure 78). This aligns with findings by 

Yogendran et al. (2023), who reported reduced αSMA expression in Brn-3b KO 

aortic VSMC primary cultures. Furthermore, the co-staining analysis revealed a 

similar reduction trend in αSMA+SM22 expression within the TI and TM of the 

abdominal aorta compared to WT controls (Figure 83). 

It is important to note that SM22 expression in adults is restricted to smooth 

muscle (SM) tissues. During early developmental stages, SM22α can also be 

found in skeletal and cardiac muscle (Li et al., 1996; Fagginger et al., (1999), Feil 

et al., (2004), Rattan et al., (2015) and Zhang et al., (2021)). SM22 protein is 

important for maintaining the differentiated phenotype and contractile function of 

VSMC (Rattan et al., (2015). Pathological conditions, including atherosclerosis 

and neointima formation, are associated with the downregulation of SM22 

expression (Zhang et al., 2021). Moreover, αSMA is a contractile phenotype 

protein typically found in SMCs. A lack of αSMA expression in aortic tissues 

indicates the extent of SMC degeneration or a phenotypic switch between 

contractile and synthetic SMCs (Yuan and Wu, 2018; Balint et al., 2023).  

Therefore, the observed decreasing trend in both αSMA and SM22 expression 

suggests that Brn-3b deficiency may impact the functional integrity of the 

abdominal aorta by altering SMC stability and contractility. Further studies with 

more biological replicates are necessary to confirm these findings. Expanding the 

analysis to include other vascular markers such as MYH11+ CD68 and galectin-

3 (LGALS3) (Sorokin et al., 2020), would provide a more comprehensive 

assessment of vascular integrity. Additionally, investigating isolated aortic cells 

from the abdominal aorta, expressing αSMA and SM22 in vitro, and manipulating 

Brn-3b protein levels via knockdown or overexpression, could help clarify the 

relationship between Brn-3b and these markers. 
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6.3.3 The possible link of vascular changes with immune cell infiltration in Brn-3b 

KO mouse aorta   

This section aims to address the main hypothesis of this chapter. The overall 

findings of immune cell infiltration revealed a decreasing trend in CD11b cells in 

the Brn-3b KO abdominal aorta (Figure 82 (D)), but no significant changes in the 

descending or thoracic aortas compared to WT controls. Additionally, expression 

of CD3, B220, and CD44 was not significantly altered in the Brn-3b KO aorta (in 

the descending, thoracic, and abdominal regions). Co-staining experiments 

further showed a reduced trend of B220 expression near SM22+αSMA+ cells in 

the Brn-3b KO abdominal aorta compared to WT controls (Figure 83). 

These findings contradict those of Yogendran et al., (2023), who reported high 

lymphocyte infiltration in Brn-3b KO perivascular adipose tissue (PVAT). 

However, in this study, I did not assess immune cell infiltration in PVAT due to 

the technical challenges posed by the high autofluorescence in this tissue. To 

further investigate this, it would be beneficial to explore the effect of Brn-3b 

deficiency in PVAT by incorporating additional methods in the 

immunofluorescence imaging steps, such as Z-depth reduction and 

autofluorescence quenching, for accurate quantification of immune cells in the 

highly auto-fluorescent PVAT region (Willow et al., 2022). 

Additionally, vascular dysfunction, such as atherosclerotic plaque formation, 

typically results from high vascular permeability that facilitates the infiltration of 

LDL, as well as the rapid and extensive trafficking of macrophages and 

lymphocytes within the aortic wall (Zernecke et al., 2020; Botts et al., 2021; 

Mussbacher et al., 2022). Since the results showed a reduced trend in CD11b 

(single-stained) and B220 expression near SM22+αSMA+ cells (co-staining) in 

the Brn-3b KO abdominal aorta, which contradicts our initial expectation, this 

suggests the need for further investigation. It is recommended to use specific 

markers to identify the cells involved, such as CD86 (M1 macrophages) and 

CD206 (M2 macrophages) (Sun et al., 2020) and explore cytokine release by 

these cells at both the transcription and protein levels. 

6.4 Conclusions 

The objective of this chapter was to investigate the potential link between 

vascular dysfunction trends and immune cell infiltration in the Brn-3b KO mouse 
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aorta wall. This objective was pursued through a comparative analysis of 

morphology structure, expression of structural vascular proteins, and immune cell 

marker infiltration in Brn-3b KO aortas compared to WT controls. Key findings 

include: 

• The loss of Brn-3b did not reveal extensive changes in morphology 

structure that could indicate immune cell trafficking compared to WT controls. 

• There was a decreasing trend of SM22 and αSMA expression in the 

abdominal aorta of Brn-3b KO mice compared to WT controls. 

• There was a decreasing trend of CD11b in Brn-3b KO mouse abdominal 

aorta compared to WT controls. 

• There was a reduction trend in B220 expression around SM22+ αSMA 

cells of the Brn-3b KO abdominal aorta compared to WT controls. 
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7 MAIN CONCLUSION AND FUTURE 

DIRECTIONS 

7.1 Summary of thesis findings 

The data presented in this thesis highlight that Brn-3b might not be a key player 

in the functional immune system in bone marrow, blood (WBC) and aorta wall. 

Although Brn-3b expression was significantly increased in non-differentiated and 

differentiated THP-1 cells following vitamin D3 treatment (Figure 31 to Figure 33), 

this finding is based on an in vitro model and requires validation in a more 

complex in vivo system, which has not yet been thoroughly explored.  

Investigations using the Brn-3b KO mouse model revealed that the immune cell 

profiles, including T and non-T cell lineages (B lymphocytes, monocytes, and 

granulocytes), in the bone marrow (Chapter 4) and blood (Chapter 5) were 

comparable to those in WT mice. In terms of soluble protein, IL-1β levels were 

significantly reduced in Brn-3b KO blood compared to WT (Figure 68), not in bone 

marrow. The other markers, TNFα and IL-6 expression were not significantly 

altered in either the bone marrow or blood of Brn-3b KO mice. Additional analysis 

of the spleen revealed no noticeable changes in immune marker expression 

(CD3, CD4, CD8, B220, CD44, Thy-1, and CD11b) compared to WT controls 

(Figure 87). These findings suggest that Brn-3b may not regulate pro-

inflammatory activity in the bone marrow, blood, or spleen. 

This study then explored the potential link between immune responses and 

vascular changes in the Brn-3b KO mouse aorta, addressing the main hypothesis 

outlined in Chapter 1. The results showed that the loss of Brn-3b reduced the 

expression trends of vascular markers, SM22 and αSMA (both single and co-

staining), in the TI and TM of the abdominal aorta (Figure 83). Regarding immune 

markers, CD11b expression showed a decreasing trend in the abdominal aorta, 

while CD3, B220, and CD44 expression remained unchanged in the aortic wall 

(descending, thoracic, and abdominal regions) compared to WT controls. A 
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reduced expression trend for B220 was observed near SM22+αSMA in the Brn-

3b KO abdominal aorta (Figure 83). 

These findings suggest that the loss of Brn-3b does not increase immune cell 

infiltration (based on the markers investigated) in the aortic wall. Instead, the 

observed trends in vascular changes in Brn-3b KO mice may be attributed to 

alterations in structural protein expression, likely occurring independently of 

immune regulatory factors. 

7.2 Limitations and future directions  

The experiments conducted in this thesis were performed on cell lines and mice, 

making the findings primarily pre-clinical. To efficiently translate these findings 

into clinical outcomes, further studies in humans are necessary.  

For the in vitro study using THP-1 cells, future research could focus on measuring 

cytokine production in both undifferentiated and differentiated THP-1 cells with 

Brn-3b knockdown or overexpression. These studies would be crucial for 

understanding the downstream effects of Brn-3b in immune regulation and 

validating its role in inflammation.  

Furthermore, in this study, I used the global Brn-3b KO mouse model, the global 

Brn-3b KO model, which represents a complete loss of Brn-3b across the entire 

organism, rather than a cell-specific knockout. Further studies using a cell-

specific Brn-3b knockout model, such as the cre-lox system, would help to clarify 

the effect of Brn-3b deficiency on the immune cell subsets involved. 

Additionally, due to limited resources, the Brn-3b KO mouse cohort included both 

male and female mice in the flow cytometry experiments, specifically in the deep 

immunophenotyping of immune cell profiles (2 males and 2 females). However, 

the data points for total cells and immune cell profiles seem similar/not much 

different between genders. Future experiments should be conducted with a focus 

on gender-specific analysis to validate these findings. 

In the immunofluorescence experiments, slight fluorescent signals were present 

in the negative control of the aorta. This limitation was mitigated by setting the 

ROI around the aortic wall, excluding the lumen and fat, and subtracting the 

autofluorescence signal in the wall of the negative control tissue to obtain the real 

threshold of positive expression signals. For H&E staining, variability in stain 
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intensity was observed between tissue sections, despite using the same auto-

stainer machine for the experiment. This variability can affect the accuracy of 

qualitative assessments. 

Furthermore, in some experiments, particularly in Chapter 6, the limited number 

of samples prevented robust statistical analysis, and findings were elaborated 

based on data trends. Future experiments should expand the sample size to allow 

for comprehensive statistical analysis. 

Future research will focus on elucidating other immune cell populations that may 

be affected by the loss of Brn-3b. The Brn-3b KO mouse model, particularly in 

the context of specific immune-vascular dysfunctional diseases such as 

aneurysms or atherosclerosis, could serve as an ideal model to examine the 

potential role of Brn-3b in preventing immune-related diseases. Using this model, 

researchers can compare the expression of various structural vascular proteins 

between Brn-3b KO and WT controls. Additionally, a deep investigation into the 

molecular events targeted by Brn-3b in controlling the expression of these 

proteins in aneurysms or atherosclerosis would be beneficial. This research could 

aid in the development of drugs targeting Brn-3b to prevent these diseases. 

7.3 Concluding remarks 

This thesis investigated the potential link between the loss of Brn-3b and immune 

regulation, and how this might contribute to vascular changes. The data suggest 

that the loss of Brn-3b may affect normal vascular function by altering the 

expression trends of key structural vascular proteins in Brn-3b KO mice. 

However, there was no considerable increase in immune cell infiltration near the 

vascular wall in these mice. These findings imply that the observed trends in 

vascular changes may not be directly associated with immune cell infiltration in 

the Brn-3b KO mouse aorta. 
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APPENDIX 1 – LIST OF MATERIALS NEEDED FOR THE 

EXPERIMENT AND THE SUPPLIERS. 

 

Table 16: List of materials’ suppliers and catalogue numbers used for the 

experiments in this project. 

Materials Supplier/provider Catalog number 

 Cell culture 

RPMI 1640 Medium Gibco 21875034 

RPMI-1640 Medium Sigma-Aldrich R8758 

Fetal Bovine Serum, 

qualified, heat inactivated, 

Brazil 

Gibco 10500064 

Penicillin-Streptomycin Sigma-Aldrich P4333 

2-Mercapethanol Gibco 21985023 

HEPES buffer solution Gibco 11560496 

Sodium Pyruvate 100Mm Gibco 12539059 

D-Glucose Solution Gibco 15384895 

 Cell lines 

THP-1 cells 
Human monocytes were derived 

from acute leukaemia patients 

 

Jurkat cells 

Human T lymphocytes were 

derived from T cell leukaemia 

patient 

 

 Cytokine array 

V-PLEX Custom Mouse 

Biomarkers (1 plate) 

Meso Scale Diagnostics (MSD) 

LLC 
K152A0H-1 
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Proinflammatory Panel1 

(mouse) 

Blocker™ BSA ThermoFisher 37520 

 Western blotting 

PBS tablets Gibco/Life Technologies 18912-014 

Protein Ladder, Color 

Prestained Protein 

Standard, Broad Range 

(10-250 kDa) 

New England Biolabs P7719 

30% Acrylamide/Bis 

Solution 
Bio-Rad 1610156 

Ammonium persulfate Honeywell 215589 

TEMED Bio-Rad 1610800 

Tween 20 Sigma-Aldrich T8787 

Pierce BCA Protein Assay 

Kit 
ThermoFisher 23225 

Nonfat dried milk powder ITW Reagents  A0830 

Goat Anti-Rabbit 

Immunoglobulins/HRP 

(affinity isolated) 

Agilent Dako P0448 

Goat Anti-Mouse 

Immunoglobulins/HRP 

(affinity isolated) 

Agilent Dako P0447 

Clarity Western ECL 

Substrate 
Bio-Rad 1705061 

 Flow cytometry 

EDTA (0.5 M), pH 8.0, 

RNase-free 
Invitrogen AM9260G 
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Paraformaldehyde 

Solution, 4% in PBS 
ThermoScientific Chemicals J19943.K2 

LIVE/DEAD™ Fixable 

Blue Dead Cell Stain Kit, 

for UV excitation 

Invitrogen L23105 

ACK Lysing Buffer Gibco A1049201 

Accustain Solution Nano Enstek 
 

ADK-1000 

Accuchip 4X Nano Enstek 
 

AD4K-200 

Ammonium Chloride BDH 
 

10017 

Ethylenediaminetetraaceti
c acid disodium salt 
dihydrate (EDTA) 

Sigma-Aldrich 
 

E5513 

Potassium Hydrogen 
Carbonate 

BDH 
 

10206 

Immunofluorescence 

DAPI Sigma Aldrich D9542-1MG 

CD11b Monoclonal 

Antibody (M1/70.15)  
Invitrogen MA1-80091 

CD3 Monoclonal Antibody 

(17A2),  
eBioscience™ 14-0032-82 

CD45R (B220) 

Monoclonal Antibody 

(RA3-6B2) 

eBioscience™ 14-0452-82 

CD44 Monoclonal 

Antibody (IM7) 
eBioscience™ 14-0441-82 

Brn-3b Polyclonal 

Antibody 
BIOSS BS-6985R 

Anti-alpha smooth muscle 

Actin antibody [1A4] 
Abcam ab7817 

Anti-TAGLN/Transgelin 

antibody (SM22) 
Abcam ab14106 
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Ki67/MKI67 Antibody - 

BSA Free 
Novus Biological NB110-89717 

Goat anti-Rat IgG (H+L) 

Cross-Adsorbed 

Secondary Antibody, 

Alexa Fluor™ 488 

Invitrogen A-11006 

Goat anti-Rat IgG (H+L) 

Cross-Adsorbed 

Secondary Antibody, 

Alexa Fluor™ 647  

Invitrogen A-21247 

Goat anti-Rabbit IgG 

(H+L) Highly Cross-

Adsorbed Secondary 

Antibody, Alexa Fluor 555 

Invitrogen A-21429 

Goat anti-Mouse IgG 

(H+L) Cross-Adsorbed 

Secondary Antibody, 

Rhodamine Red™-X 

ThermoScientific Chemicals R6393 

 MTT assay 

Thiazolyl Blue Tetrazolium 

Bromide 
Sigma-Aldrich M5655-100MG 

Corning® 250 mL DMSO 

(Dimethyl Sulfoxide) 
Corning 25-950-CQC 

Genotyping PCR 

DirectPCR Lysis Reagent 

(Mouse Tail) 
VIAGEN Biotech 102-T 

Proteinase K Solution meridian BIOSCIENCE BIO-37084 

UltraPure™ 

DNase/RNase-Free 

Distilled Water 

Invitrogen™  11538646 

UltraPure Agarose Invitrogen™  16500500 
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Brn3-b primers (150bp) 

Forward primer: 5’ 

GAGAGAGCGCTCACAATTCC 

3’          Reverse primer: 5’ 

ATGGTGGTGGTGGCTCTTAC 

3’ 

 

Neomycin primers 

(250bp) 

Forward primer: 5’ 

AGACAATCGGCTGCTCTGAT 

3’           Reverse primer: 5’ 

ATACTTTCTCGGCAGGAGCA 

3’ 

 

Antibodies 

Brn-3b 

Rabbit Anti-POU Class 4 

Homeobox 2 antibody, 

Polyclonal 

Biobyt orb576708 

GAPDH Santa Cruz sc-32233 

BD Horizon™ BV421 Rat 

Anti-Mouse CD44 
BD Bioscience 563970 

BD Horizon BUV395 rat 

anti-mouse CD4 (clone 

GK1 5) 

BD Bioscience 563790 

BD horizon BV786 rat 

anti-mouse CD8a 

(clone:53-6.7) 

BD Bioscience 563332 

Brilliant Violet 711™ anti-

mouse/human CD11b 

Antibody 

BioLegend 101241 

CD45R (B220) 

Monoclonal Antibody 

(RA3-6B2), eBioscience™  

ThermoScientific Chemicals 14-0452-82 
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Alexa Fluor® 488 anti-

mouse/human 

CD45R/B220 Antibody 

BioLegend 103225 

Mouse CD90/ Thy-1 Alexa 

Fluor® 647-conjugated 

Antibody 

R&D System FAB7335R 

PE anti-mouse CD25 

Antibody 
BioLegend 101904 

APC anti-mouse TCR β 

chain Recombinant 

Antibody 

BioLegend 159708 

Brilliant Violet 711™ anti-

mouse CD117 (cKIT) 

Antibody 

BioLegend 105841 

PE/Cyanine7 anti-mouse 

CD90.2 (Thy-1.2) 

Antibody 

BioLegend 140310 

FITC anti-mouse CD24 

Antibody 
BioLegend 101805 

PE anti-mouse CD25 

Antibody 
BioLegend 101904 

BD Pharmingen™ Purified 

Rat Anti-Mouse 

CD16/CD32 (Mouse BD 

Fc Block™) 

BD Bioscience 553141 
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APPENDIX 2 – VALIDATION OF BRN-3B KO TISSUES 

 

Figure 89: The PCR gel electrophoresis images. The genotyping of the mouse 
has been conducted before the experiment and validating the Brn-3b KO after the 
experiments. The PCR genotyping has been conducted to screen the mouse phenotype 
using ear sample by the lab member. The confirmation of the samples including bone 
marrow, blood, spleen aorta and ear samples has been conducted after the 
experiments. Some of the WT sample from the same mouse expressing the neomycin 
cassette band due to the sample spill over/cross contamination between nearby well. 
However, this cross-contamination has been confirmed by comparing the sample 
genotype with the other tissue from the same mouse and referring based on the ear 
sample genotyping result. (m = male, f = female, WT = Wild Type, KO = Knock-out). 
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APPENDIX 3 – EXAMPLE OF PROTEIN MARKERS 

EXPRESSION 

 

Figure 90: The expression signal of SM22, αSMA, B220, CD11b and CD44 
markers. The example of the fluorescent expression signal of structural vascular 
protein (Smooth Muscle -22 (SM22) and alpha- Smooth Muscle Actin (αSMA)), and 
immune marker (CD45R/B220 (B220), CD11b) and immune/Mesenchymal like-CD44 in 
the longitudinal cut section of aorta. These signals were detected by QuPath software 
following the subtraction of the background threshold signal. 
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APPENDIX 4 – REGION OF INTEREST (ROI) FOR AORTIC 

WALL 

 

Figure 91: Region of Interest (ROI) for aortic wall drawn for analysis. The ROI 
of Tunica Media (TM) and Tunica Intima (TI), and Tunica Adventitia (TA) was drawn using 
the annotation (in yellow) in Qupath 0.4.3 software. The approximate aortic wall 
thickness (r) TI, TM and TA were measured by dividing the TI and TM area or TA area by 
the average of the inner and outer contour lengths (perimeter). The area and perimeter 
of the aortic wall and TA were automatically generated by QuPath software (Galaska et 
al., 2023). 

 

 

 

 

 

 

 

 

 


