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ABSTRACT 

With the continued advancement of modern medicine, the global ageing population is 

expanding. Although lifespan has been dramatically extended since the mid-1800s, 

preserving an individual’s healthspan remains a challenge. Chronic inflammatory 

diseases are increasing within the older population and is in part driven by the age-

related changes to the immune system (e.g. inflammageing, immunesenescence). 

Growing evidence suggests that ageing is associated with dysregulated leukocyte 

trafficking processes, which may contribute to the development of age-related 

inflammatory diseases. The PEPtide Inhibitor of TransEndothelial Migration 

(PEPITEM) is an immunoregulatory peptide that suppresses T-cell transmigration, but 

its ability to control T-cell trafficking in aged systems is currently unknown. 

In this thesis we explored age-related and sex-specific changes to leukocyte 

trafficking patterns in vivo and in vitro. We found that ageing was associated with 

increased numbers of leukocytes within the peritoneal cavity under steady state, 

particularly in female mice, suggesting increased homeostatic leukocyte trafficking to 

this tissue. An increased inflammatory environment within the cavity and increased 

permeability of the peritoneal membrane vasculature likely supported increased 

leukocyte trafficking to this tissue in aged mice.  

Using in vitro and in vivo models of acute inflammation, we next explored age-

related changes to inflammatory leukocyte trafficking. We found that ageing did not 

affect peripheral blood lymphocyte (PBL) adhesion to nor migration across inflamed 

endothelial cells in vitro, however, changed the composition of migrating PBL. Using a 

model of zymosan-induced peritonitis, we found that aged mice, particularly female 

mice, had an exacerbated inflammatory response to zymosan challenge where 
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significantly more leukocytes were recruited to the peritoneal cavity. Following on from 

this, we demonstrated the ability of PEPITEM to control leukocyte trafficking in older 

mice and humans using these in vitro and in vivo models of inflammation. However, 

the PEPITEM pathway was evidently dysfunctional in older adults as adiponectin 

(initiator of the PEPITEM pathway) failed to control the transendothelial migration of 

PBL from older donors in vitro. We found that age-related changes to peripheral blood 

B-cells, including reduced expression of signalling components downstream of the 

adiponectin receptors (e.g. APPL1), led to reduced production of the PEPITEM parent 

protein, 14-3-3ζ, in response to adiponectin. 

Thus, within this thesis, we report that age-related changes to leukocyte 

trafficking dynamics in vivo are sexually dimorphic. Using models of inflammation, we 

have demonstrated that PEPITEM can control the trafficking of leukocytes from older 

hosts. Finally, we have identified that the PEPITEM pathway is dysfunctional in older 

adults, which may contribute to the dysregulated leukocyte trafficking processes 

observed in ageing.  
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FORWARDS 

Chapter 1: The material in this chapter (especially Section 1.3) draws heavily on my 

previously published literature review (Hopkin, Lord and Chimen, 2021) and has 

been adapted for this thesis. 

Chapter 3: This chapter is an expanded version of the manuscript submitted to JLB, 

“Ageing modulates homeostatic leukocyte trafficking to the peritoneal cavity in a sex-

specific manner”. 

Chapter 6: Some of this material draws on my previously published review (Hopkin, 

Lord and Chimen, 2021) and has been adapted for this thesis.



 

 
 

1.  

 

 

 

 

 

CHAPTER 1 – GENERAL INTRODUCTION



2 

As we age, our risk of developing inflammatory diseases increases (Yang et al., 2016). 

Although the reasons for this remain uncertain, and are likely multi-factorial, it is known 

that the ageing process has a significant impact on the human immune system 

(Montecino-Rodriguez, Berent-Maoz and Dorshkind, 2013). Ageing is associated with 

the development of low-grade systemic inflammation, often referred to as 

‘inflammageing’ (Montecino-Rodriguez, Berent-Maoz and Dorshkind, 2013), however, 

we do not fully understand how this affects the trafficking of leukocytes. Does the 

ageing process affect leukocyte trafficking patterns during health? Do these trafficking 

patterns change in the context of inflammation? Is there a way to re-establish younger 

leukocyte trafficking patterns in older hosts? As it is well known that the immune system 

is sexually dimorphic (Marquez et al., 2020; Klein and Flanagan, 2016), do these age-

related changes occur in a sex-specific manner? These are the fundamental questions 

that led to the establishment of this project.  

This thesis investigates leukocyte trafficking under homeostatic and 

inflammatory conditions in vitro and in vivo, and determines how biological sex and 

ageing affect these processes. Within this, the question of whether regulated immune 

cell trafficking can be re-established in aged hosts using the immunoregulatory 

PEPtide Inhibitor of TransEndothelial Migration (PEPITEM) pathway is also explored.  

1.1 AGEING 

Ageing is defined as the gradual deterioration of physiological processes that leads to 

an increased risk of mortality (Jayanthi, Joshua and Ranganathan, 2010). The 

characteristics of ageing include a loss of skin elasticity, cognitive decline, organ 

dysfunction, and increased frailty (Balcombe and Sinclair, 2001).  Ageing is, almost, a 
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universal phenomenon that is the cumulative result of environmental, genetic, and 

epigenetic events over time (Jayanthi, Joshua and Ranganathan, 2010; Franceschi 

and Campisi, 2014).  

In 2019, the number of adults aged 65 years or over reached 703 million 

worldwide, a number expected to increase to over 1.5 billion by 2050 (United Nations, 

2019). In the UK, approximately ⅕th of the population is currently aged 65 years or 

over, which is expected to increase to ¼ by 2043 (UK Parliament, 2021). Sexual 

dimorphism exists within the ageing process of humans, as women tend to outlive men 

(Hossin, 2021; Naghavi et al., 2015). As older adults have an increased risk of 

developing debilitating diseases (Yang et al., 2016; Syed et al., 2022), especially older 

women (Crimmins et al., 2019), there is a great need to further our understanding of 

the biological mechanisms of ageing in both male and female systems, and how this 

can impede on the healthspan of an individual. 

Chronological ageing is defined as the passage of time from birth onwards, 

whilst biological age relates to the establishment of pathological cellular processes 

(Balcombe and Sinclair, 2001). In 2013, nine hallmarks of biological ageing were 

proposed for mammals, which contribute to, and collectively determine, the 

chronological ageing phenotype (Lopez-Otin et al., 2013). These hallmarks relate to 

the accumulation of genetic damage (genomic instability, telomere attrition, epigenetic 

alterations), the dysfunction of metabolic processes (loss of proteostasis, deregulated 

nutrient-sensing, mitochondrial dysfunction) and the changes to cellular responses 

(cellular senescence, stem cell exhaustion, altered intracellular communication) that 

occur during ageing (Lopez-Otin et al., 2013). In 2023, a further three hallmarks of 

ageing have been proposed, namely disabled macroautophagy, chronic inflammation, 
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and dysbiosis (Figure 1-1) (Lopez-Otin et al., 2023). Indeed, several studies have 

reported an age-related decline in autophagic activity in yeast, nematodes, flies and 

mammals, likely contributing to the accumulation of damaged macromolecules in 

ageing (Barbosa, Grosso and Fader, 2018). Importantly, the accumulation of damaged 

molecular material can drive the establishment of neurodegenerative disease and 

cancer in older hosts (Mehrpour et al., 2010). Improving the autophagic activity of cells 

may therefore mitigate some of the effects of ageing. In agreement with this, Pyo and 

colleagues reported that overexpression of Atg5, a protein involved in autophagosome 

formation, in 18-month transgenic C57Bl6 mice promoted autophagy across multiple 

tissue types, improved insulin sensitivity, and extended lifespan compared to wildtype 

controls (Pyo et al., 2013). 

Another major hallmark of ageing is the development of cellular senescence 

(Lopez-Otin et al., 2023). Senescence is an anti-tumour mechanism originally 

described in human fibroblasts in 1961 when it was observed that cells in culture were 

unable to replicate indefinitely, therefore reducing the risk of malignant transformations 

(Hayflick and Moorhead, 1961). Senescent cells are quiescent but metabolically highly 

active, secreting a mix of pro-inflammatory cytokines, matrix metallopeptidases and 

growth factors termed the senescence associated secretory phenotype (SASP), and 

contribute to the development of inflammageing (Lopez-Otin et al., 2013; Coppe et al., 

2010; Xu and Larbi, 2017). The accumulation of senescent cells is well documented 

(van Deursen, 2014), with treatments that target senescent cells 

(senolytics/senomorphics) proving to be effective anti-ageing agents (Di Micco et al., 

2021). Ultimately, each of these hallmarks of ageing contribute to the age-related 
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decline in immune system function, reducing both the healthspan and lifespan of older 

individuals (Lopez-Otin et al., 2013; Fulop et al., 2017; Lopez-Otin et al., 2023).  
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Figure 1-1 The twelve hallmarks of ageing 

A schematic depicting the twelve hallmarks of ageing. These include primary 

(genomic instability, telomere attrition, epigenetic alterations, loss of proteostasis, 

disabled macroautophagy), antagonistic (cellular senescence, mitochondrial 

dysfunction, deregulated nutrient-sensing), and integrative (stem cell exhaustion, 

altered intercellular communication, chronic inflammation, dysbiosis) hallmarks.  

Taken from(Lopez-Otin et al., 2023).
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1.2 OVERVIEW OF THE AGEING ADAPTIVE IMMUNE SYSTEM 

To protect the host from a range of biological threats and to maintain normal 

homeostasis, the immune system has evolved two arms of defence; the innate and 

adaptive immune systems (Chaplin, 2010). Whilst the innate immune system is 

operational from birth and provides broad immunity, the focus of this thesis will be on 

the adaptive immune system; a system that develops over the course of the host’s 

lifetime and provides targeted immunity to specific pathogens (Simon, Hollander and 

McMichael, 2015).  

Ageing profoundly affects the mammalian immune system. Older mice and 

humans exhibit increased circulating levels of pro-inflammatory mediators (Fagiolo et 

al., 1993; Ershler and Keller, 2000; Hu et al., 2017), and changes to immune cell 

function (Pereira et al., 2020; Nakajima et al., 2002; Nicoletti et al., 1991; Mogilenko et 

al., 2021) compared to their younger counterparts. Although it has been well 

established that immune responses are sexually dimorphic in both humans and mice 

(Marquez et al., 2020), the majority of in vivo studies underpinning immunological 

research to date either use a mixture of male and female participants or solely use 

male participants in their investigations (Lee, 2018); therefore, how sex specifically 

affects age-related changes to the immune system has been severely under-

researched. Whether age-related changes to the immune system are more 

pronounced in male or female systems is still debated (Gubbels Bupp, 2015; Rubtsov 

et al., 2011), and it is not known to what extent hormones, sex chromosomes, or 

gender-dependent environmental cues influence the ageing immune system (Gubbels 

Bupp, 2015).  
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Although inflammatory responses are necessary for the protective and tissue 

regenerative effects of the immune system, the chronic yet dysfunctional inflammatory 

responses that occur as a result of the ageing process can lead to tissue damage and 

disease (Chung et al., 2019). Indeed, older adults present with immune system 

dysfunction as they exhibit vaccine hyporesponsiveness, and are at greater risk of 

developing infections, malignancies and inflammatory diseases compared to younger 

adults (Derhovanessian et al., 2008; Goncalves, Mitchell and Lord, 2016; Lord, 2013). 

Ultimately, the immunesenescence that is associated with the ageing process impedes 

the healthspan and lifespan of the individual (Hazeldine and Lord, 2015; Fulop et al., 

2017). How ageing specifically affects the adaptive immune system is described below. 

1.2.1 LYMPHOCYTES 

The major cellular players of the adaptive immune system are T- and B-cells, a group 

of white blood cells that are collectively known as lymphocytes along with natural killer 

cells (NK) and NKT-cells (Chaplin, 2010). In health, lymphocytes account for 

approximately 70-90% of peripheral blood mononuclear cells (PBMC) in young adults 

(Kleiveland, 2015). Within the circulating lymphocyte population of young adults, 70-

85% are CD3+ T-cells, 5-10% are CD19+ B-cells and 5-20% are CD56+ NK cells 

(Kleiveland, 2015).  

It has been well-established that ageing modulates the circulating proportions 

of major lymphocyte populations (Table 1-1). Several cross-sectional studies using 

multiple methodologies including single-cell RNA sequencing, mass cytometry, and 

flow cytometry report an age-associated reduction in the frequency of B-cells, naïve 

CD4+ and CD8+ T-cells, and an increased frequency of NK cells and monocytes in the 
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blood of older individuals compared to younger individuals (Zheng et al., 2020; Le 

Garff-Tavernier et al., 2010; Sansoni et al., 1993; Huang et al., 2021). Using single-

cell RNA sequencing and mass cytometry, Zheng et al. reported a reduced frequency 

of circulating T- and B-cells in the blood of older (>60 years) adults compared to young 

(<45 years), and an increased frequency of circulating monocytes (Zheng et al., 2020). 

Huang et al. found that the frequency of circulating NK cells, CD4+ and CD8+ naïve T-

cells was reduced, and the frequency of circulating monocytes was increased in the 

blood of older (>60 years) adults compared to young (<30 years) adults following 

single-cell RNA sequencing analysis of the PBMC populations (Huang et al., 2021).  

Using flow cytometric analysis, Le Garff-Tavernier et al. reported reduced numbers of 

B-cells, but not T-cells, in the blood of older (>60 years) adults compared to young 

(<60 years) adults (Le Garff-Tavernier et al., 2010).  

In contrast, a longitudinal study reported no effect of ageing on proportions of 

circulating lymphocytes using flow cytometric analysis, however, this study was 

relatively short with only 5 years between baseline and follow-up sample collection (Lin 

et al., 2016). Indeed, by using mass cytometric analysis, the longitudinal IMM-AGE 

study reported an increased frequency of circulating monocytes and a reduced 

frequency of circulating lymphocytes in the blood of older (60-96 years) men and 

women over the course of 7 years (Alpert et al., 2019). Additionally, many of the studies 

mentioned so far did not consider the sex of the subjects (Le Garff-Tavernier et al., 

2010; Sansoni et al., 1993) or used mixed-sex subjects (Zheng et al., 2020; Lin et al., 

2016; Alpert et al., 2019) when investigating the impact of ageing on circulating PBMC 

populations. The age-related changes to lymphocyte populations in the blood may be 

sex-dependent as the reported age-related reduction in the frequency of circulating B-
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cells is only statistically significant for older men (Marquez et al., 2020; Yan et al., 2010; 

Colonna-Romano et al., 2002; Hirokawa et al., 2013). Using flow cytometric analysis 

of the PBMC populations, Marquez et al. reported an age-related reduction in the 

frequency of CD19+ B-cells in the blood of older (>65 years) men compared to young 

(<40 years), whilst Yan et al. and Hirokawa et al. reported an age-related decline in 

the proportion of circulating CD20+ B-cells in men aged 20-80+ years (Marquez et al., 

2020; Yan et al., 2010; Hirokawa et al., 2013). Additionally, Huang et al. found that 

older men had increased proportions of monocytes within the PBMC compartment 

compared to older women (Huang et al., 2021). To determine the impact of 

chronological age and sex on circulating lymphocyte populations, a longer longitudinal 

study stratified according to the sex of the subjects is needed.  

Lymphocytes undergo several rounds of extensive cell division to exert their 

protective immune functions, however, this ultimately drives lymphocytes towards 

cellular senescence (Heath and Grant, 2020). Senescent lymphocytes accumulate 

with age in mice and humans (Shimatani et al., 2009; Hao et al., 2011; Effros et al., 

1994; Colonna-Romano et al., 2009), and possess altered immune functions that 

impede protective immunity (reviewed by Akbar, Henson & Lanna, 2016, and(Frasca, 

2018). How ageing affects the function and trafficking patterns of different lymphocyte 

populations, including senescent lymphocytes, is described below. 
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Table 1-1 The reported effects of ageing on different PBMC populations 

PBMC 

population 

Effect of 

ageing 

For which sex Methodology 

used 

Reference 

Monocytes Increased 

frequency 

Men and women Mass cytometry 

and scRNA seq 

(Alpert et al., 2019; Zheng 

et al., 2020) 

 Increased 

frequency 

Men only scRNA seq (Huang et al., 2021) 

 No effect Men and women Flow cytometry 

and scRNA seq 

(Marquez et al., 2020) 

NK cells Increased 

frequency 

Men and women Flow cytometry 

and scRNA seq 

(Zheng et al., 2020; 

Marquez et al., 2020; Le 

Garff-Tavernier et al., 2010) 

 Increased 

frequency 

Men only Flow cytometry (Yan et al., 2010) 

 Increased 

frequency 

Women only Flow cytometry (Hirokawa et al., 2013) 

 No effect Men and women Flow cytometry 

and mass 

cytometry 

(Alpert et al., 2019; Lin et 

al., 2016) 

T-cells Reduced 

frequency 

Men and women Flow cytometry, 

scRNA seq and 

mass cytometry 

(Alpert et al., 2019; Zheng 

et al., 2020; Marquez et al., 

2020) 

 Reduced 

frequency 

Men only Flow cytometry (Hirokawa et al., 2013) 

 No effect Men and women Flow cytometry (Le Garff-Tavernier et al., 

2010; Yan et al., 2010; Lin 

et al., 2016) 

B-cells Reduced 

frequency 

Men and women Flow cytometry 

and scRNA seq 

(Zheng et al., 2020; Le 

Garff-Tavernier et al., 2010) 

 Reduced 

frequency 

Men only Flow cytometry 

and scRNA seq 

(Marquez et al., 2020; Yan 

et al., 2010; Hirokawa et 

al., 2013) 

 No effect Men and women Flow cytometry 

and mass 

cytometry 

(Alpert et al., 2019; Lin et 

al., 2016) 

 No effect Women only Flow cytometry 

and scRNA seq 

(Marquez et al., 2020) 

A summary of the observed age-related changes to different PBMC populations in men 

and women along with the methodology used. scRNA seq, single-cell RNA 

sequencing.  

1.2.2 T-CELLS 

T-cells play a fundamental role in adaptive immunity, through orchestrating highly 

specific and long-lasting immune responses to pathogens and malignancies (Chaplin, 

2010). To achieve this, each T-cell is equipped with a unique antigen-specific receptor, 



CHAPTER 1  GENERAL INTRODUCTION  

12 
 

namely the T-cell receptor (TCR), which is able to provide targeted immunity towards 

specific immune stimuli (Fabbri, Smart and Pardi, 2003). T-cells play various roles in 

the progression of adaptive immune responses and can be divided into several subsets 

depending on specific immune functions, antigen experience, exposure to specific 

cytokines, and the distinct patterns of Cluster of Differentiation (CD) proteins 

expressed on the extracellular surface (Chaplin, 2010; Jameson and Masopust, 2018; 

Kumar, Connors and Farber, 2018).  

Although all mature T-cells express CD3 (Germain and Stefanova, 1999), the 

immune properties of T-cells can be largely distinguished based on CD4 and CD8 

expression. CD4+ T-cells largely confer immunity through coordinating the immune 

responses of other leukocytes, whilst CD8+ T-cells provide immunity through their 

cytotoxic functions (Kumar, Connors and Farber, 2018). The five major T-cell subsets 

discussed in this thesis are CD4+ and CD8+ naïve, central memory (CM), effector 

memory (EM), regulatory (Treg), and senescent T-cells where the CD markers used 

to identify each T-cell subset is listed in Table 1-2. The functions, trafficking patterns 

of and age-related changes to each T-cell subset are described below. 

1.2.2.1 NAÏVE T-CELLS  

T-cells originate from hematopoietic stem cells found in the bone marrow (BM), which 

differentiate into lymphoid progenitors and relocate to the thymus for maturation 

(Moroy and Karsunky, 2000; Germain, 2002). During this process, T-cells acquire an 

antigen-specific TCR and the ability to distinguish between self from non-self, ensuring 

the establishment of self-tolerance in conjunction with antigen-specificity (Moroy and 

Karsunky, 2000; Germain, 2002). Mature T-cells exit the thymus as antigen-

inexperienced CD4+ or CD8+ naïve T-cells, where they recirculate between the blood, 
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secondary lymphoid organs (SLOs), and the lymphatic network every 12-24 hours to 

maximise their chances of encountering cognate antigen (Gowans, 1959; Mackay, 

Marston and Dudler, 1990).  

Thymic involution is an inevitable part of the ageing process, which 

consequently results in reduced naïve T-cell output (Mackall et al., 1995). The drivers 

of thymic involution are varied and include the presence of sex steroids, adipocyte 

expansion, and changes to the balance of intrathymic cytokines (Lynch et al., 2009; 

Dooley and Liston, 2012). For example, increased thymic levels of IL-6 and leukemia 

inhibitory factor (LIF), and reduced IL-7 levels have been associated with thymic 

involution in older mice and humans (Sempowski et al., 2000; Sempowski et al., 2002; 

Thomas, Wang and Su, 2020). As a consequence of age-related thymic involution, 

older adults (>60 years) exhibit reduced frequencies of naïve T-cells in the circulation 

compared to younger (<45 years) adults (Yan et al., 2010; Zheng et al., 2020). The 

importance of maintaining thymic function is obvious from studies utilising athymic 

mice, which under normal living conditions had a reduced lifespan (De Sousa, Parrott 

and Pantelouris, 1969; Flanagan, 1966). Additionally, naïve T-cells isolated from older 

hosts appear dysfunctional (Kohler et al., 2005; Naylor et al., 2005; Haynes et al., 2003; 

Kang et al., 2004; Goronzy et al., 2015; Clise-Dwyer et al., 2007). Naïve CD4+ T-cells 

isolated from older (>18 months) mice were more prone to apoptosis ex vivo following 

antigen stimulation compared to those isolated from young (<3 months) mice, which 

led to defective cytokine responses and a poorer ability to transition into memory T-

cells (Mattoo et al., 2009). Indeed, in response to a tick-borne encephalitis virus 

vaccine, CD8+ naïve T-cells derived from older (>70 years) adults displayed reduced 

priming capabilities compared to those isolated from middle-aged (20-50 years) 
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individuals in vitro, which was associated with altered naïve-memory T-cell 

differentiation and poorer antibody responses (Briceno et al., 2016). Several studies 

have also indicated that the post-thymic proliferation of CD4+ and CD8+ naïve T-cells 

in older humans and mice causes the contraction of the TCR repertoire (Kohler et al., 

2005; Naylor et al., 2005; Ahmed et al., 2009), contributing to the age-related decline 

in T-cell function (Goronzy et al., 2015). Thymic involution and, in turn, the contraction 

in the size and diversity of the naïve T-cell pool that occurs with ageing impedes both 

the cellular and humoral arms of the adaptive immune response and increases the risk 

of host mortality (Lischner and DiGeorge, 1969). 

1.2.2.2 EFFECTOR T-CELLS  

T-cell activation is triggered upon TCR engagement with its cognate antigen (Figure 

1-2). Once activated, naïve CD4+ and CD8+ T-cells differentiate into their 

corresponding effector T-cells, namely helper T-cells (Th) and cytotoxic T-lymphocytes 

(CTL), respectively (Luckheeram et al., 2012; Zhang and Bevan, 2011).  Effector T-

cells undergo clonal expansion during the early phase of inflammation and exert their 

effector functions to facilitate immune responses and clearance of the inflammatory 

stimulus (Luckheeram et al., 2012; Zhang and Bevan, 2011). Th cells polarise the 

immune response against specific pathogens through secretion of particular cytokines 

e.g. Th1 cells secrete interferon gamma (IFNγ) to promote anti-viral responses 

(Romagnani, 2000; Luckheeram et al., 2012), whilst CTL elicit direct killing and 

removal of infected, damaged or malignant cells through exerting cytotoxic functions 

(Zhang and Bevan, 2011).   

Newly formed effector T-cells exit SLOs and traffic to sites of inflammation 

where they can exert their effector functions (Groom et al., 2012; Agace, 2006). The 
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specific trafficking patterns of effector T-cells is largely dictated by the site of priming 

(Iwata et al., 2004; Dudda, Simon and Martin, 2004; Ferguson and Engelhard, 2010). 

For example, in mice, administration of ovalbumin (OVA)-specific BM-derived dendritic 

cells (BMDC) via the intraperitoneal route gave rise to lymphocyte Peyer patch 

adhesion molecule (LPAM)-1+ P-selectin ligand+ CD8+ T-cells which homed to the 

mesenteric lymph nodes (LN) (Ferguson and Engelhard, 2010). However, 

administration of the same OVA-specific BMDC via the intravenous route gave rise to 

LPAM-1- P-selectin ligand+ CD8+ T-cells which homed to the spleen (Ferguson and 

Engelhard, 2010). Therefore the phenotype, functions and trafficking patterns of 

activated T-cells depend on the specific activation signals received by the T-cell and 

the route of antigen entry into the body. 

The age-associated decline in naïve T-cell output and functionality (see section 

1.2.2.1) results in a reduced pool of T-cells that can differentiate into effector T-cells in 

older hosts (Thome et al., 2016; Pfister et al., 2006; Nikolich-Zugich, 2008). 

Consequently, the frequency of effector T-cells in the circulation of older (>61 years) 

adults is reduced compared to younger (<40 years) adults (van der Geest et al., 2014). 

These processes are reflected in murine models, as the ability of naïve T-cells to give 

rise to effector T-cells is evidently impaired in older mice (Haynes et al., 1999; Garcia 

and Miller, 2001). For example, the number of naïve CD4+ T-cells isolated from older 

(>18 months) mice that can form immunological synapses with antigen-presenting cells 

(APC) was two-fold lower than those isolated from younger (<8 months) mice, thus 

leading to reduced levels of T-cell activation (Garcia and Miller, 2001). Reduced 

activation of older naïve T-cells is, in part, due to defective intracellular signalling 

downstream of the TCR and shorter telomere lengths (Garcia and Miller, 2002). 
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Indeed, naïve T-cells isolated from older mice exhibited altered cytoskeletal 

arrangements, and delayed recruitment of lymphocyte-specific protein tyrosine kinase 

(Lck) and linker for activation of T-cells (LAT), signalling molecules downstream of the 

TCR, to lipid rafts compared to younger mice (Garcia and Miller, 2002). Furthermore, 

naïve T-cells isolated from older (>18 months) mice have been observed to undergo 

apoptosis in response to anti-CD3 and anti-CD28 monoclonal antibody activation 

signals in vitro (Mattoo et al., 2009). Finally, the homeostatic proliferation of effector T-

cell populations in the periphery drive telomere attrition and modulated T-cell 

responses in older hosts (den Braber et al., 2012; Westera et al., 2015; Rufer et al., 

1999; Goronzy and Weyand, 2019). Indeed, CD45RA+CCR7-CD57+ T-cells derived 

from younger (<60 years) adults had shorter telomeres and produced less IFNγ 

following in vitro stimulation with phytohaemagglutinin (PHA) compared to 

CD45RA+CCR7-CD57- T-cells (Verma et al., 2017). Collectively these data support the 

notion that, following the attrition of the naïve T-cell pool in ageing, the remaining naïve 

T-cells are dysfunctional and exhibit a reduced ability to differentiate into effector T-

cells upon activation (Figure 1-2); consequently impeding the immunoprotective 

functions of the immune system in older hosts.
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Figure 1-2 Effects of ageing and sex on T-cell activation 

T-cell activation primarily consists of three steps: 1) T-cell receptor (TCR) engagement 

with antigen bound to major histocompatibility complex I or II on the surface of antigen 

presenting cells (APC); 2) Engagement of co-stimulatory molecules e.g. CD28 (T-cell) 

and CD80/86 (APC); 3) Cytokine signals from the APC programme T-cell activation 

and skew T-cell differentiation towards a particular phenotype e.g. IL-4 promotes CD4+ 

T-cell differentiation into Th2 cells. The effects of ageing on T-cell activation are 

depicted and include an age-related decline in the naïve T-cell pool, a restricted TCR 

repertoire, and modulated APC functions. Sexual dimorphism is evident in some of 

these age-related changes to T-cell activation. Created using Biorender.com 
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1.2.2.3 MEMORY T-CELLS  

Once the inflammatory response subsides, for example after the successful clearance 

of a pathogen, a period of T-cell contraction ensues where most effector T-cells 

undergo apoptosis (Chaplin, 2010). However, a small proportion of antigen-specific 

effector T-cells survive and differentiate into EM and CM T-cells (Kumar, Connors and 

Farber, 2018; Kaech, Wherry and Ahmed, 2002). Memory T-cells represent the major 

circulating population in adult blood and serve an important immune function: to 

provide rapid, long-lasting, and specific immunity against previously encountered 

pathogens (Kumar, Connors and Farber, 2018). 

Whilst both EM and CM T-cells become activated and exert their immune 

functions upon re-encounter with their cognate antigens, they differ in terms of their 

trafficking patterns (Masopust and Schenkel, 2013). CM T-cells populate SLOs, whilst 

EM T-cells circulate between the blood and peripheral tissues (Masopust and 

Schenkel, 2013). EM T-cells are therefore more likely to recognise their cognate 

antigen following re-infection with a previously encountered pathogen, and thus exhibit 

more diverse effector functions compared to CM T-cells (Hamann et al., 1997). 

However, despite a shift towards a memory phenotype within the ageing immune 

system (Lerner, Yamada and Miller, 1989; Ernst et al., 1990; Linton et al., 2005), 

antigen-specific EM T-cell numbers decline with age (Willinger et al., 2005). To ensure 

that immunological memory against specific pathogens prevails over time, CM T-cells 

exhibit strong survival traits, such as an increased proliferative capacity and a 

resistance to apoptosis, to ensure CM T-cell numbers are maintained within lymphoid 

tissues (Willinger et al., 2005; Martin and Badovinac, 2018).  
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In humans, there is a third memory T-cell subset: the terminally differentiated 

effector memory T-cells re-expressing CD45RA (TEMRA; CD45RA+CCR7-) (Pilling et 

al., 1996; Faint et al., 2001). The majority of TEMRA are CD8+ with heightened 

cytotoxic abilities (Rufer et al., 2003; Hamann et al., 1997) and senescence-like traits, 

including a SASP (Callender et al., 2018), shortened telomeres and a reduced 

proliferative capacity (Kumar, Connors and Farber, 2018; Geginat, Lanzavecchia and 

Sallusto, 2003; Verma et al., 2017). The precise trafficking patterns of TEMRA have 

not been extensively studied, however, they are believed to behave similarly to EM T-

cells (Tian et al., 2017) and recirculate between the blood and peripheral tissues 

(Buggert et al., 2020; Setoguchi, 2016). Indeed, as well as expressing high levels of 

PD-1 signifying cellular exhaustion (Parry et al., 2021; Henson et al., 2015), TEMRA 

express high levels of lymphocyte function-associated antigen 1 (LFA-1) and low levels 

of C-C chemokine receptor 7 (CCR7) facilitating their trafficking within the periphery 

(Faint et al 2001). Although our understating of TEMRA is currently limited, including 

an understanding of their developmental origins and effector immune functions, 

TEMRA are believed to be an adapted memory T-cell subset that serves to control 

persistent viral infections and is a population that accumulates with age in humans 

(Weltevrede et al., 2016).  

With age, the memory T-cell pool expands (Lerner, Yamada and Miller, 1989; 

Ernst et al., 1990; Nikolich-Zugich, 2008). The increasing number of memory T-cells in 

aged mice and humans are primarily CD8+, as the reactivation of persistent viral 

infections is one of the major age-related drivers of memory T-cell expansion (Solana 

et al., 2012; Fulop, Larbi and Pawelec, 2013). Furthermore, memory T-cells in older 

hosts exhibit functional changes (Nagel et al., 1988; Haynes et al., 2003; Roberts, Ely 
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and Woodland, 2005). Memory T-cells generated from naïve T-cells isolated from older 

(>14 months) mice proliferated less, generated fewer cytokines upon activation, and 

had a reduced cognate helper function compared to memory T-cells generated from 

naïve T-cells isolated from young (<4 months) mice (Haynes et al., 2003). Additionally, 

memory T-cells isolated from older (>60 years) individuals were less responsive to 

interleukin 2 (IL-2) stimulation, the cytokine which promotes T-cell growth and 

proliferation in response to antigen, in vitro compared to those isolated from younger 

(<40 years) individuals (Nagel et al., 1988). Therefore, although memory T-cells 

accumulate with age, they are functionally distinct from their younger counterparts. 

1.2.2.4 REGULATORY T-CELLS 

Treg are an immunoregulatory population of T-cells that modulate the immune 

responses of other leukocytes to maintain peripheral tolerance, limit chronic 

inflammation and prevent the establishment of autoimmune diseases (reviewed 

by(Vignali, Collison and Workman, 2008). Following their development in the thymus 

or induction in the periphery, activated Treg suppress other T-cells through mopping 

up pro-proliferative cytokine IL-2 (Tang and Bluestone, 2008), secreting anti-

inflammatory cytokines and inducing apoptosis in effector T-cells (Shevach, 2009). 

Upon emigration from the thymus, Treg, equipped with CCR7 and L-selectin, 

follow a C-C chemokine ligand 19 (CCL19) gradient and traffic to SLOs to exert their 

immune suppressive functions (Lim, Hillsamer and Kim, 2004; Ochando et al., 2005). 

Mature Treg can migrate to and take up residency within peripheral tissues (Curiel et 

al., 2004; Stephens et al., 2001; Zou et al., 2004), although the exact chemotactic 

mechanisms for this under homeostatic conditions is unclear. 
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In ageing, the frequency of Treg increases in the circulation of humans (Lages 

et al., 2008; Gregg et al., 2005) and within multiple tissues of mice (Zhao et al., 2007; 

Fulop et al., 2017). The accumulation of Treg in ageing plays a deleterious role in the 

inflammatory responses of older hosts as Treg impair anti-tumour immunity (Ruby and 

Weinberg, 2009; Sharma, Dominguez and Lustgarten, 2006) and immune responses 

following vaccination (van der Geest et al., 2014) in older mice and humans. Indeed, 

Treg appear to be hyperactive in older hosts and possess increased 

immunosuppressive capabilities (Garg et al., 2014; Lages et al., 2008; Rosenkranz et 

al., 2007). Treg isolated from older (>18 months) C57Bl6 mice had a greater ability to 

suppress effector T-cells in vitro through reducing extracellular cysteine availability and 

secreting higher levels of IL-10 compared to Treg isolated from younger (<4 months) 

mice (Garg et al., 2014). The depletion of CD25+ cells, including Treg, in 18-20 month 

BALB/c mice by intravenous delivery of an anti-CD25 monoclonal antibody improved 

anti-tumour immune responses in the aged host, including T-cell cytotoxicity and the 

generation of immunological memory (Sharma, Dominguez and Lustgarten, 2006). In 

humans, CD25+ cell depletion from T-cells isolated from the blood of older (>70 years) 

donors improved T-cell proliferation in response to PHA, indicating improved effector 

T-cell activation (Lages et al., 2008). The age-related accumulation of Treg in older 

individuals is therefore detrimental to the protective functions of the immune system 

and targeting these cells may prove beneficial in restoring protective immune 

responses, at least in the short term.  

1.2.2.5 AGE-ASSOCIATED AND SENESCENT T-CELL POPULATIONS  

Ageing profoundly affects T-cells as they are driven towards cellular senescence 

(reviewed by(Chou and Effros, 2013; Pangrazzi and Weinberger, 2020; Mittelbrunn 
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and Kroemer, 2021). At birth, most T-cells express the co-stimulatory receptor, CD28 

(Azuma, Phillips and Lanier, 1992). However, by 80 years of age, CD28 expression is 

drastically reduced on T-cells, especially on CD8+ T-cells (Brzezinska et al., 2004; 

Weyand et al., 1998; Fagnoni et al., 1996). Ageing T-cells also lose CD27 expression, 

an additional costimulatory molecule (Larbi and Fulop, 2014), and gain many NK 

markers, such as CD57, an NK maturity antigen, and killer cell lectin-like receptor 

subfamily G member 1 (KLRG1), a co-inhibitory receptor that serves to inhibit NK 

function (Brenchley et al., 2003; Voehringer, Koschella and Pircher, 2002). KLRG1 

expression on circulating CD8+ T-cells rises significantly from approximately 40% in 

young adults to over 90% in the older population (Voehringer, Koschella and Pircher, 

2002; Ouyang et al., 2003), whilst CD57 expression on CD8+CD28- T-cells is positively 

correlated with age (Merino et al., 1998).  

The loss of co-stimulatory molecules and acquisition of NK markers have 

functional consequences for ageing T-cells, as they have a diminished capacity to 

upregulate activation and proliferation pathways (Topp et al., 2003; Valenzuela and 

Effros, 2002; Henson and Akbar, 2009), are more prone to activation-induced cell 

death (Borthwick et al., 2000), display increased cytotoxic activity (Chattopadhyay et 

al., 2009; Pereira et al., 2020) and have the shortest telomere lengths (Plunkett et al., 

2007; Borthwick et al., 2000) compared to more youthful T-cells. Furthermore, CD28-

CD8+ T-cells exhibit modified gene expression of chemokines and their receptors 

compared to CD28+CD8+ T-cells, including increased transcription of CCL4, CCR5 and 

C-X3-C chemokine receptor 1 (CX3CR1) and reduced transcription of CCR6 and 

CCR7 (Fann et al., 2005; Czesnikiewicz-Guzik et al., 2008; Lazuardi et al., 2009), 

which may limit their trafficking to sites of inflammation and SLOs. However, the point 
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at which these T-cells are defined as senescent according to their pattern of 

extracellular markers is unclear.  

Currently, there is no standardisation for the definition of senescent T-cells in 

humans or mice using extracellular markers. Most studies to date utilise the presence 

or absence of the markers listed above in addition to CD45RA and CCR7 to define 

human senescent T-cells by flow cytometry;  including CD28-CD57+ (Duggal et al., 

2018; Onyema et al., 2015), CD27-CD28- (Pereira et al., 2020), CD45RA+CD27- 

(Callender et al., 2020; Riddell et al., 2015; Henson et al., 2015), and CCR7-CD45RA+ 

(Lau et al., 2019) gating strategies. Although murine senescent T-cells have not been 

as extensively characterised as human senescent T-cells, CD153, PD-1 (Shirakawa et 

al., 2016; Yi et al., 2019; Yoshida et al., 2020), and KLRG1 (Voehringer et al., 2001; 

Beyersdorf et al., 2007) have been suggested as markers for this population. The 

discrepancy between markers used for humans and mice could be explained by 

interspecies differences, and the significantly lower burden of immune challenges mice 

face in germ-free housing compared to humans (Masopust, Sivula and Jameson, 

2017). Despite a great need for consistency in the definition of senescent T-cells 

between studies, no combination of extracellular markers has been proven to be the 

best to define this T-cell population (Rodriguez et al., 2020; Xu and Larbi, 2017). To 

that end, in this thesis, human senescent T-cells will be identified as CD28-CD27- or 

CD57+KLRG1+ cells, whilst murine senescent T-cells will be identified by positive 

expression of KLRG1. 
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Table 1-2 Extracellular markers used to define CD4+ and CD8+ T-cell subsets in humans and 
mice 

T-cell subsets Extracellular markers References 

Human   

Naïve  CCR7+CD45RA+ 

 

 

EM CCR7-CD45RA- 

 

 
(Okada et al., 2008) 

CM CCR7+CD45RA- 

 

(Koch et al., 2008) 

TEMRA CCR7-CD45RA+ 

 

 

Treg CD4+CD25+ (Wing et al., 2002); 
(Bryl et al., 2009) 

Senescent T-cells CD27-CD28- 

CD57+KLRG1+ 

(Pereira et al., 2020) 
(Ramello et al., 2021) 

Mice   

Naïve  CD62L+CD44- (Gerberick et al., 1997) 

EM CD62L-CD44+ (Gerberick, Cruse and 

Ryan, 1999) 

CM CD62L+CD44+  

Treg* CD4+CD25+ (Kuniyasu et al., 2000) 

Senescent T-cells KLRG1+ (Voehringer et al., 2001; 

Beyersdorf et al., 2007) 

*Treg were only identified in the CD4+ T-cell population.  
 

1.2.2.6 EFFECTS OF SEX ON AGEING T-CELL POPULATIONS  

The effect of biological sex on T-cell subset composition and function in older hosts 

has not been extensively investigated, with the majority of immunological studies 

generating male-biased data (reviewed by(Dodd and Menon, 2022). Of the existing 

literature, sexual dimorphism appears to exist within the ageing T-cell compartment 

(Nacka-Aleksić et al., 2020; Barrat et al., 1997b; Hirokawa et al., 2013; Goetzl et al., 

2010; Heng et al., 2005). In dark agouti rats, older (>22 months) males exhibited more 

pronounced changes to CD4+/CD8+ T-cell ratios, naïve/memory T-cell ratios, and 

increased oxidative damage in the peripheral LN compared to older females in the 

context of natural ageing (Nacka-Aleksić et al., 2020). In C57Bl6 mice, old (23 months) 

female mice had increased memory/naïve T-cell ratios in the spleen compared to old 
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male mice, determined by flow cytometry (Barrat et al., 1997b). In humans, the age-

related decline in circulating naïve T-cells (Hirokawa et al., 2013; Gubbels Bupp, 2015) 

and increase in circulating senescent CD8+ effector T-cells is greater in older men (>60 

years) compared to older women (Ritzel et al., 2016). Furthermore, poorer T-cell 

proliferative responses to anti-CD3 monoclonal antibody stimulation in vitro (Hirokawa 

et al., 2013), poorer IFNγ and IL-17 cytokine production (Goetzl et al., 2010), and a 

greater restriction in the TCR repertoire (Yager et al., 2008) was observed in T-cells 

isolated from older men (>60 years) compared to older women. However, T-cells 

isolated from older (>60 years) women exhibited poorer production of IL-2 and 

increased production of IFNγ in response to anti-CD3 and anti-CD28 monoclonal 

antibodies in vitro compared to T-cells isolated from older men (Goetzl et al., 2010; 

Barrat et al., 1997a). Therefore, both biological sex and chronological ageing affect T-

cell subset composition within tissues of humans and mice, and more importantly, both 

variables affect T-cell activation/responses.  

Interestingly, there is a series of studies describing the benefits of sex-steroid 

ablation on improving thymic regeneration and T-cell responses in older mice and 

humans (Sutherland et al., 2005; Heng et al., 2005; Heng et al., 2012). Heng et al. 

demonstrated that sex-steroid ablation by means of surgical castration or ovariectomy 

increased thymic cell population numbers, specifically T-cells, in aged (24 months) 

male and female mice, respectively, after just two weeks (Heng et al., 2012). What 

more, surgical castration of aged male mice resulted in increased frequencies of naïve 

T-cells in the spleen after 6 weeks and restored CD8+ T-cell anti-influenza A and anti-

tumour immune responses to more youthful levels (Heng et al., 2012).  
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Both male and female sex steroids have been reported to influence thymic 

involution in mice and humans (Sutherland et al., 2005). Androgens and oestrogens 

interact with thymic epithelial cells via their reciprocal receptors to promote thymic 

development but also to drive thymic atrophy (Staples et al., 1999; Olsen et al., 2001). 

Using selective androgen receptor knock-out (ARKO) mice, Lai et al. reported normal 

thymic involution in thymocyte ARKO and fibroblast ARKO mice but increased thymic 

size in thymic epithelial cell ARKO mice (Lai et al., 2013). Similarly, oestrogen receptor 

α knock-out mice were partially protected from thymic atrophy after 8 days of 

exogenous oestrogen administration compared to wildtype controls (Wang et al., 

2008a). Interestingly, sexual dimorphism in thymic atrophy is evident from mouse 

studies, where female mice are reported to be more resistant to thymic involution and 

retain thymic cellularity compared to male mice, highlighting the major role for 

androgens in thymic atrophy (Pido-Lopez, Imami and Aspinall, 2001; Aspinall and 

Andrew, 2001; Hun et al., 2020). 

Although the association between sex steroid levels and thymic involution has 

been well described, sex steroid levels are not believed to play a direct role in thymic 

involution. This is due to several observations, including the positive effects of sex 

steroid ablation on non-aged thymus function (Papadopoulou et al., 2011), the lack of 

increased thymic involution in response to increased sex steroid levels (Morley, 2003), 

and the initiation of thymic involution prior to puberty where sex steroid levels are low 

(Shanley et al., 2009). Nevertheless, studies investigating the effects of sex steroids 

on thymic involution highlight the importance of considering biological sex in age-

related changes to the T-cell compartment.  
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1.2.3 B-CELLS 

B-cells are key players of the adaptive immune system, as they form the crux of the 

humoral response and serve as APC for T-cells (Hoffman, Lakkis and Chalasani, 

2016). Conventional B-cells (also referred to as B2 cells) are formed from 

haematopoietic progenitor cells in the BM (Pieper, Grimbacher and Eibel, 2013), where 

they acquire CD19 expression and a unique antigen-specific B-cell receptor (BCR), 

formed from the immunoglobulin (Ig) M (Tonegawa, 1983). Immature B-cells leave the 

BM and enter SLOs, such as the spleen, as transitional regulatory cells to complete 

maturation into naïve, follicular, or marginal-zone B-cells (Sims et al., 2005).  

Activation of mature naïve B-cells occurs in SLOs, where they can recognise 

their cognate antigen, but B-cells only become fully activated when T-cell help is 

provided (Engel et al., 2011). Activated effector B-cells form germinal centre (GC) 

reactions, where key processes of the humoral response occur, including antibody 

affinity maturation (MacLennan et al., 2003; Engel et al., 2011), class-switching (Engel 

et al., 2011) and B-cell differentiation (MacLennan et al., 2003). To provide immediate 

humoral immunity, activated B-cells first differentiate into weak antibody-secreting 

short-lived cells, known as plasma blasts, via extrafollicular responses (Nutt et al., 

2015), and subsequently differentiate into strong antibody-secreting long-lived plasma 

cells within GC (Shlomchik and Weisel, 2012). Plasma cells secrete high levels of 

antigen-specific antibodies and either reside in SLOs or migrate to the BM (Hargreaves 

et al., 2001). Alternatively, activated B-cells may differentiate into memory cells to 

provide lifelong immunity (Shlomchik and Weisel, 2012).  
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Several subsets exist within the B-cell population, each with specific 

immunological functions (Sanz et al., 2019). B1 cells are a small and unique 

subpopulation of conventional B-cells that spontaneously secrete antimicrobial and 

homeostatic antibodies to aid immunosurveillance (Stall, Wells and Lam, 1996; 

Baumgarth et al., 2000; Lalor, 1991). These cells mostly occupy anatomical cavities, 

such as the pleural and peritoneal cavities, and are virtually absent from SLOs such 

as the spleen, LN and Peyer’s patches (Stall, Wells and Lam, 1996; Lalor, 1991). B10 

cells are a regulatory subset of conventional B-cells which suppress T-cell activation 

through secretion of IL-10 (Yanaba et al., 2008; Matsushita et al., 2008). B10 cells 

primarily reside in the peritoneal cavity, with a small subset occupying the spleen 

(DiLillo, Matsushita and Tedder, 2010). The B-cell subsets considered in this thesis, 

along with the extracellular markers used to define them by flow cytometric analysis, 

are listed in Table 1-3. 
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Table 1-3 Extracellular markers used to define human and murine CD19+ B-cells 
B-cell subsets Extracellular markers References 

Human   

Transitional regulatory CD38hiCD24hi (Sanz et al., 2019); 

Mature naïve  IgD+CD27-CD38-IgM+ (Kaminski et al., 2012) 

Effector IgD+CD27+CD38-  

Memory  IgD-CD27+CD38-  

B1 CD70-CD43+CD27+ (Griffin, Holodick and Rothstein, 

2011) 

B10 CD5+CD1dhi (Karim and Wang, 2019) 

Senescent IgD-CD27- (Colonna-Romano et al., 2009; 

Frasca et al., 2017) 

Mouse   

Age-associated B-cells CD21/35-CD23-CD93-CD43- (Hao et al., 2011; Ratliff et al., 

2013) 

 

1.2.3.1 EFFECTS OF AGEING ON B-CELL SUBSETS 

B-cell output from the BM is greatly reduced with ageing (Riley, Kruger and Elia, 1991; 

Stephan, Sanders and Witte, 1996; Rossi et al., 2003). Although an age-associated 

reduction in B-cell lymphopoiesis is well documented, the number of peripheral B-cells 

are maintained with age (Johnson, Rozzo and Cambier, 2002; Stephan, Sanders and 

Witte, 1996) due to the extended lifespan of B-cells in older hosts compared to younger 

hosts (Kline, Hayden and Klinman, 1999). These long-lived B-cells display 

characteristics of memory B-cells, and so maintained B-cell numbers throughout life 

could be explained by the shift of the B-cell compartment from naïve toward a memory 

phenotype during ageing (reviewed in(Bulati, Caruso and Colonna-Romano, 2017). 

Indeed, the balance between different B-cell subsets is changed with age (Chong et 

al., 2005; Yanaba et al., 2009; Colonna-Romano et al., 2008; Hao et al., 2011). 

Circulating numbers of naïve B-cells, transitional regulatory B-cells and B1 cells were 

reduced in the blood of older (>60 years) adults compared to younger (<40 years) 

adults, whilst the number of circulating memory B-cells were increased (Chong et al., 

2005; Rodriguez-Zhurbenko et al., 2019; Duggal et al., 2013). Ageing is also 
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associated with an expansion of regulatory B10 cells, as the frequency of this particular 

subset was increased in the spleens of aged (6 months) mice compared to younger 

(3-10 days) mice (Yanaba et al., 2009). The accumulation of long-lived antigen-

experienced B-cells (Rubtsova et al., 2015; Rubtsov et al., 2011), namely age-

associated B-cells (ABC) and senescent B-cells (Colonna-Romano et al., 2008; Hao 

et al., 2011), also occurs with ageing (see Section 1.2.3.2).  

1.2.3.2 EFFECTS OF SEX ON B-CELL POPULATIONS 

Although not many studies have considered biological sex when investigating age-

related changes to the B-cell compartment, sexual dimorphism is evident in the few 

studies that have (Hao et al., 2011; Rubtsov et al., 2011; Huang et al., 2021; Arsenovic-

Ranin et al., 2019). Older (>15 months) female C57Bl6 mice presented with increased 

frequencies of ABC in the spleen compared to older male mice, suggesting that the 

rate of accumulation of these cells in ageing occurs in a sex-dependent manner (Hao 

et al., 2011; Rubtsov et al., 2011). Indeed, older (30-60 years) women have increased 

frequencies of ABC in the circulation compared to age-matched men (Keller et al., 

2021). In BALB/c mice, old (18 months) female mice had increased numbers of GC B-

cells in the spleen following intramuscular administration of a trivalent mixture of 

influenza virus antigens compared to older male mice, which led to improved anti-viral 

immune responses (Arsenovic-Ranin et al., 2019). Interestingly, sex steroids play a 

role in the age-associated contraction of B-cell lymphopoiesis (Dudakov et al., 2009). 

The ablation of sex steroids by means of surgical castration reversed the age-related 

decline in B-cell lymphopoiesis in the BM and led to increased numbers of B-cells in 

the spleens of 9 month C57Bl6 male mice (Dudakov et al., 2009); whether sex steroid 

ablation reverses B-cell lymphopoiesis in old female mice has not been explored. 
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Therefore, biological sex, including sex hormones, should not be overlooked when 

studying age-related changes to the B-cell compartment of older hosts. 

The antibody responses formed in youth are robust and persist into old age (Yu 

et al., 2008). However, the ability of aged hosts to generate high-affinity antibodies to 

new antigens is greatly reduced in ageing (Goidl, Innes and Weksler, 1976; Kosco et 

al., 1989), and is the cumulative result of impaired GC formation (Szakal et al., 1990; 

Miller and Kelsoe, 1995), reduced levels of somatic hypermutations during BCR 

generation (Miller and Kelsoe, 1995), and decreased T-cell help during B-cell activation 

(Eaton et al., 2004; Yang and Wilson, 1996). The dramatic collapse in the B-cell 

repertoire of older individuals is associated with poorer health outcomes (Gibson et al., 

2009). Interestingly, age-related changes to antibody responses in the context of 

vaccination exhibits sexual dimorphism and depends on vaccine type. Older women 

exhibited improved antibody responses to viral vaccines, such as the seasonal 

influenza vaccine, compared to men (Falsey et al., 2009; Voigt et al., 2019), but poorer 

antibody responses to bacterial vaccines such as tetanus diphtheria/pertussis (Hainz 

et al., 2005; Stark et al., 1999; Marlovits et al., 2000) and pneumococcal vaccines 

(Brandao et al., 2004; Goldblatt et al., 2009). Indeed, biological sex as well as 

chronological ageing affect the B-cell composition and function in hosts. 
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1.3 LEUKOCYTE TRAFFICKING AND THE AGEING PROCESS  

1.3.1 LEUKOCYTE TRAFFICKING DURING HOMEOSTASIS AND 

INFLAMMATION  

1.3.1.1 THE LEUKOCYTE ADHESION CASCADE  

During homeostasis and inflammation, leukocytes traffic from the blood into tissues by 

interacting with, and crossing through, endothelial cells (EC) lining blood vessel walls 

(reviewed by(Ley and Reutershan, 2006). Traditionally, leukocyte migration was 

characterised by a 3-step process, comprising of leukocyte rolling along inflamed EC, 

chemokine-mediated activation of the leukocyte, and finally, firm adhesion of the 

leukocyte to the endothelium (Butcher, 1991; von Andrian et al., 1991). However, as 

our knowledge of leukocyte recruitment has grown, the leukocyte adhesion cascade 

has expanded to incorporate additional steps such as margination, slow rolling, and 

intraluminal crawling (Ley et al., 2007; Nourshargh and Alon, 2014). 

To initiate leukocyte egress from blood, circulating leukocytes move from the 

central blood stream to the blood stream flowing over the single layer of vascular EC 

(Langer and Chavakis, 2009). This process is termed margination and positions 

leukocytes close to the endothelial lining of blood vessels in anticipation of the 

leukocyte-endothelial interactions that facilitate the leukocyte adhesion cascade 

(Langer and Chavakis, 2009). Leukocyte capture is the first step in the cascade and is 

primarily mediated by selectins. Local pro-inflammatory cytokines, including tumor 

necrosis factor alpha (TNFα) and IL-1β, activate vascular EC, inducing the 

upregulation of adhesion molecule expression on the vasculature (True, Rahman and 

Malik, 2000; Deisher et al., 1993). Peripheral blood leukocytes can interact with 
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cytokine-activated EC via L-, P- and E-selectins, binding with their glycosylated 

ligands. P- and E-selectins are found on inflamed EC and bind to P-selectin 

glycosylated ligand 1 (PSGL1) on circulating leukocytes (Ley et al., 2007). Despite its 

name, PSGL1 can interact with all three selectins, and is expressed on most 

leukocytes as well as some EC (Carlow et al., 2009; Rivera-Nieves et al., 2006; da 

Costa Martins et al., 2007). The interaction between P- or E-selectin and PSGL1 is 

therefore one of the major mechanisms that facilitates leukocyte capture and rolling on 

inflamed endothelium. Leukocytes that express L-selectin but lack ligands for P- and 

E-selectins are indirectly recruited to activated EC through interactions with PSGL1 on 

adhered leukocytes (Sundd et al., 2011). L- and P-selectins are dependent upon the 

sheer stress generated by blood flow to maintain adhesion with their ligands, 

highlighting the importance of physiological forces in leukocyte recruitment (Finger et 

al., 1996; Lawrence et al., 1997). 

Following capture, leukocytes proceed to roll along the EC before establishing 

firm adhesion (Ley et al., 2007). Leukocyte arrest is established by endothelial-

expressed chemokines interacting with G-protein coupled receptors on the surface of 

rolling leukocytes, triggering intracellular signalling cascades that result in the 

activation of integrins (Campbell et al., 1998b). Integrins are heterodimer cell surface 

receptors formed of α and β chains of type I transmembrane glycoproteins, and are 

usually expressed in the non-activate confirmation (reviewed by(Mould and 

Humphries, 2004). Upon chemokine-activation of the leukocyte, integrins are 

modulated into an extended, activated conformation which increases the affinity of the 

integrin for its ligands e.g. matrix proteins and Ig superfamily members (Geiger et al., 
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2001). Activated integrins then cluster within the cell membrane (Miyamoto et al., 1995) 

to facilitate the firm adhesion of the leukocyte on the endothelium.  

Upon adhesion, leukocytes may crawl along the blood vessel using adhesion 

molecules, such as macrophage-1 antigen and intercellular adhesion molecule 1 

(ICAM-1), until they have reached a location that permits transmigration, either via the 

paracellular or transcellular route (Schenkel, Mamdouh and Muller, 2004; Phillipson et 

al., 2006; Voisin, Probstl and Nourshargh, 2010; Yadav et al., 2003). Permissible sites 

depend on the structure formed by endothelial-pericyte interactions, composition of the 

endothelial basement membrane and availability of chemokine and adhesion 

molecules (Ley et al., 2007; Alon and Nourshargh, 2013). The paracellular route of 

transmigration requires a reduced affinity of interendothelial contacts to permit 

transmigration of leukocytes between EC. Rho GTPase activation increases 

intracellular calcium concentrations in EC which in turn facilitates the redistribution of 

molecules, such as vascular endothelial (VE)-cadherin within EC junctions, to aid in 

the opening of cell junctions and allow paracellular leukocyte transmigration (Millan 

and Ridley, 2005; Huang et al., 1993; Shaw et al., 2001). Transmigrating leukocytes 

relocalise their nuclei to the lamellipodia to push through the endothelia barrier (Barzilai 

et al., 2017). Many molecules within endothelial junctions actively assist transmigrating 

leukocytes, albeit in a leukocyte- as well as cytokine-specific fashion (Reglero-Real et 

al., 2016; Bradfield et al., 2007). Such molecules include platelet EC adhesion 

molecule 1 (PECAM1; also known as CD31), which facilitates leukocyte transmigration 

in the presence of IL-1β but not TNFα, and EC-selective adhesion molecule, which 

assists transmigrating neutrophils but not T-cells (Nourshargh, Krombach and Dejana, 

2006; Wegmann et al., 2006; Kishore et al., 2012).  
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Paracellular transmigration is facilitated by sequential molecular interactions, as 

disruption or blockade of certain molecules, such as PECAM1 and CD99, hinders the 

transmigration of leukocytes in a cumulative manner (Schenkel et al., 2002; Lou et al., 

2007). Transcellular leukocyte migration is a reportedly minor route of leukocyte 

extravasation, with a 5-20% occurrence observed in vitro (Carman and Springer, 

2004). The process is instigated by the extension of leukocyte protrusions into the EC 

(Millan et al., 2006), and involves membranous passageways through the EC, termed 

vesiculo-vacuolar organelles (Dvorak and Feng, 2001).  

Following transendothelial migration, leukocytes must cross the basement 

membrane as well as the pericyte sheath before entering tissues (reviewed 

by(Nourshargh, Hordijk and Sixt, 2010). The expression of basement membrane 

constituents, such as laminin-10 and collagen type IV, is low in certain locations and 

co-localises with gaps in the pericyte sheath (Wang et al., 2006; Sixt et al., 2001). 

These low-expression sites grow upon cytokine stimulation, permitting the 

transendothelial migration of leukocytes (Wang et al., 2006). Once in tissue, leukocytes 

may migrate in a random fashion (chemokinesis) in the absence of chemoattractants, 

or if a strong chemoattractant gradient is available, leukocytes will move in a directional 

manner (chemotaxis) towards the area with the highest concentration of 

chemoattractants (Gaylo et al., 2016). In the context of inflammation, leukocytes utilise 

a chemokine gradient to migrate towards the source of infection/injury.  

1.3.1.2 T-CELL TRAFFICKING DURING HOMEOSTASIS  

Although heavily associated with inflammatory responses, the trafficking of T-cells into 

and out of tissues is an essential part of steady state homeostasis to provide ongoing 

immunosurveillance (Reglero-Real, Rolas and Nourshargh, 2019). Homeostatic T-cell 
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trafficking occurs in a time-dependent manner, with peak T-cell extravasation from the 

blood into tissues occurring in the day for humans and in the night for mice (Casanova-

Acebes et al., 2013; Scheiermann, Kunisaki and Frenette, 2013). To determine 

whether this circadian control of T-cell trafficking in mice was due to an oscillating 

expression of adhesion molecules within tissues, He et al. collected several murine 

tissues at different time points of the day and assessed the expression of ICAM-1, 

vascular cell adhesion molecule 1 (VCAM-1), and P-selectin using quantitative 

fluorescence microscopy (He et al., 2018). Throughout the 24 hour cycle, ICAM-1 and 

VCAM-1 exhibited oscillating expression patterns in the spleen, LN and Peyer’s 

patches whilst P-selectin expression oscillated in the thymus and the spleen (He et al., 

2018). Furthermore, He et al. assessed chemokine receptor and adhesion molecule 

expression on leukocytes using flow cytometry. The expression of PSGL-1, L-selectin, 

CD11a, CD49d adhesion molecules and CCR7, CXCR4 chemokine receptors 

displayed oscillating expression on circulating CD4+ and CD8+ T-cells throughout the 

24 hour cycle. The diurnal control of homeostatic T-cell trafficking is therefore at least 

partly imposed by the oscillating expression of adhesion molecules within tissue and 

on T-cells themselves, as well as through the oscillating expression of T-cell 

chemokine receptors.  

T-cells are not only trafficked between the circulatory system and peripheral 

tissues, but also within the lymphatic network (Jackson, 2019; Hampton and Chtanova, 

2019). Lymphatic vessels facilitate the trafficking of antigen-loaded APC to draining LN 

(dLN) in order to initiate adaptive immune responses during acute inflammation, and 

also the trafficking of T-cells that mediate immunoregulation and immunosurveillance 

during homeostasis (Jackson, 2019). T-cells enter dLN from high endothelial venules 
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(HEV) (Kansas et al., 1993). Glycoprotein peripheral node addressins are abundantly 

expressed on HEV, which interact with L-selectin (CD62L) on naïve T-cells to assist 

their homing to SLOs (Kansas et al., 1993; Ley, Tedder and Kansas, 1993). CCR7 and 

LFA-1 on the surface of naïve T-cells also aid their homing to SLOs by binding to 

CCL21 and ICAM-1/2, respectively (Weninger et al., 2001; Gunn et al., 1998; Campbell 

et al., 1998a; Campbell et al., 1998b). T-cells eventually exit the lymphatic network and 

enter tissues through extravasation within efferent lymphatic vessels (Hampton and 

Chtanova, 2019).   

The trafficking patterns of T-cells during homeostasis are also dependent on the 

specific subset of T-cell considered. For example, EM and CM T-cell subsets differ in 

their expression of L-selectin and CCR7 to reflect their different trafficking patterns 

(Kaech, Wherry and Ahmed, 2002). CM T-cells express high levels of L-selectin and 

CCR7 to facilitate their entry into SLOs, whilst EM T-cells express low levels of L-

selectin and lack CCR7 expression to remain in the periphery (Kaech, Wherry and 

Ahmed, 2002). Treg are primarily located in the circulation and in SLOs, including the 

thymus, LN, spleen and BM, in the steady state (Shevach, 2002; Sakaguchi, 2005; 

Zou et al., 2004) despite the fact that not all Treg express the SLO-homing molecules 

CCR7 and L-selectin (Thornton and Shevach, 2000; Ermann et al., 2005). The 

mechanisms of Treg homing to SLOs remains to be delineated (Wei, Kryczek and Zou, 

2006). The homeostatic trafficking patterns of T-cells is therefore specific to the T-cell 

subset and relies on a plethora of adhesion molecules and chemokine receptors. 

1.3.1.3 T-CELL TRAFFICKING DURING INFLAMMATION  

T-cell trafficking patterns are modulated during inflammation (Hamann and Syrbe, 

2000). Newly formed effector T-cells downregulate L-selectin and CCR7 and 
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upregulate integrins (LFA-1; very late antigen-1/4, VLA-1,-4) and homing molecules 

(CCR5, CCR6, CCR8, CCR9, CXCR3) so that they may egress from SLOs and enter 

the circulation to traffic to sites of inflammation (Groom et al., 2012; Bromley, Mempel 

and Luster, 2008). In the steady state, all T-cells express PSGL-1 which interacts with 

CCL19/21 and mediates T-cell homing to SLOs, and possibly peripheral tissues 

(Carlow et al., 2009). However, T-cell activation results in the O-glycosylation of PSGL-

1 on the T-cell surface, increasing its affinity for P- and E-selectins expressed on 

inflamed endothelium to facilitate T-cell rolling (Carlow et al., 2009). 

Once captured by the inflamed endothelium, T-cells interact with endothelial-

expressed chemokines, such as CXCL9-11, which induces the activation of T-cell 

integrins including LFA-1 and VLA-4 (Bromley, Mempel and Luster, 2008). Integrin 

activation enhances the affinity of LFA-1 and VLA-4 for their endothelial-expressed 

ligands ICAM-1 and VCAM-1, respectively, and facilitates the firm adhesion of T-cells 

to inflamed EC (Walling and Kim, 2018; Shamri et al., 2005; McGettrick et al., 2009b). 

Once firmly adhered, T-cells primarily utilise LFA-1 to facilitate intraluminal crawling 

and to resist blood flow-mediated detachment from the vessel wall (Shulman et al., 

2009) whilst seeking a permissible site to facilitate transendothelial migration. T-cell 

transmigration across the endothelial monolayer is a dynamic process, as T-cells have 

been observed to migrate back and forth along the inflamed endothelial layer in vitro 

(McGettrick et al., 2009a), and is assisted by active lipid compounds, such as 

prostaglandin D2 (Ahmed et al., 2011).  

For successful recruitment and entry into inflamed tissue, T-cells must be able 

to negotiate the endothelial barrier using an arsenal of molecules, including cell 

adhesion molecules, chemokine receptors and lipid mediators, which differ depending 



CHAPTER 1  GENERAL INTRODUCTION  

39 
 

on the inflammatory stimulus, T-cell subset and vascular bed involved in the migration 

process. Importantly, the adhesion molecules involved in T-cell trafficking also 

influence T-cell effector functions, such as the involvement of integrin signalling in T-

cell activation, differentiation, and proliferation (Bertoni et al., 2018). Importantly, the 

relationship between T-cells and EC is not unidirectional, as T-cells can hinder the 

ability of EC to support leukocyte migration through cell-cell contact (James et al., 

2003). Any age-related changes to T-cells or EC can affect T-cell trafficking processes, 

ultimately impeding protective immune responses.  

1.3.2 AGE-RELATED CHANGES TO LEUKOCYTE TRAFFICKING 

PROCESSES 

1.3.2.1 AGE-RELATED ENDOTHELIAL CELL ACTIVATION  

 1.3.2.1.1 ADHESION MOLECULES  

Several studies have investigated the effect of ageing on the endothelial expression of 

adhesion molecules under homeostatic conditions and found their expression to be 

increased on the aged vasculature (Rom and Scalia, 2013; Zou et al., 2006; Miguel-

Hidalgo et al., 2007; Yousef et al., 2019; Ketani et al., 2016; Li et al., 1999). Older (>32 

months) F1-F344xBN rats had increased expression of endothelial ICAM-1, P-selectin 

and VCAM-1 within the mesenteric microcirculation under basal conditions compared 

to younger (<6 months) rats, which led to enhanced leukocyte rolling, adhesion and 

transmigration within the mesentery (Rom and Scalia, 2013). In the human orbitofrontal 

cortex, increased endothelial ICAM-1 expression was observed in post-mortem tissue 

derived from older (60-80 years) individuals compared to younger (27-54 years) 

individuals (Miguel-Hidalgo et al., 2007). Similarly, there was increased expression of 

VCAM-1 in the hippocampus of old (18 months) C57Bl6 mice under basal conditions 
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compared to younger (3 months) mice as determined by quantitative fluorescent 

microscopy (Yousef et al., 2019).  

Soluble adhesion molecules in serum and plasma are an easily accessible 

measure of endothelial expressed adhesion molecules, however, their presence may 

signify elevated levels of EC activation, proteolytic activity, or EC damage (Kjaergaard 

et al., 2013). Several studies to date have reported increased levels of soluble ICAM-

1 and VCAM-1 in the circulation of older (>50 years) adults compared to younger (<50 

years) adults (Yousef et al., 2019; Morisaki et al., 1997; Richter et al., 2003; Miles et 

al., 2008; Miles et al., 2001). The age-associated increase in endothelial expression of 

adhesion molecules under basal conditions could be due to the increased levels of 

systemic pro-inflammatory cytokines in older hosts (Chung et al., 2019). TNFα and IL-

6, two of the most extensively studied cytokines released as part of the SASP, are 

increased in the serum of older adults (Bruunsgaard et al., 1999; Wei et al., 1992) and 

older mice (Daynes et al., 1993; Spaulding, Walford and Effros, 1997), and can 

modulate the expression of adhesion molecules on EC (Wang et al., 2014; Luu, 

Rainger and Nash, 2000; Chimen et al., 2017; Watson et al., 1996). For instance, in 

vitro, TNFα treatment increased the expression of VCAM-1 (Ahmad et al., 1995; 

Lechleitner et al., 1998), ICAM-1 (Burke-Gaffney and Hellewell, 1996) and E-selectin 

(Bevilacqua et al., 1987) on human umbilical cord EC (HUVEC) and increased E-

selectin expression on pulmonary artery EC (Rahman et al., 1998); whilst IL-6 

treatment increased the expression of ICAM-1, VCAM-1 and E-selectin on HUVEC 

(Watson et al., 1996). The increasing pro-inflammatory environment of older hosts in 

the absence of infection or tissue damage is therefore modulating leukocyte trafficking 

under homeostatic conditions through altering the expression of adhesion molecules 
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within tissues and on EC. However, whether there is sexual dimorphism in the 

expression of adhesion molecules in ageing is largely unknown as the studies 

mentioned in this section only considered male subjects or mixed-sex subjects.  

1.3.2.1.2 JUNCTIONAL ADHESION MOLECULES  

VE-cadherin is a classical cadherin expressed on EC and is involved in regulating 

vascular permeability (Gavard, 2014). Ageing is associated with increased 

internalisation and degradation of arterial VE-cadherin in the tails of aged (>24 months) 

male F344 rats compared to younger (<4 months) rats, determined by quantitative 

florescence microscopy (Chang, Flavahan and Flavahan, 2017). Increased arterial VE-

cadherin degradation disrupted endothelial barrier integrity and contributed to the 

observed age-associated increase in vascular permeability in the jejunal 

microcirculation and aortas of aged (>24 months) male rats (Belmin et al., 1993; Chen, 

Zhang and Duan, 2003). The reduced expression of junctional proteins such as VE-

cadherin in aged tissues under homeostatic conditions may be due to the age-related 

changes in the inflammatory status of the tissue, therefore modulating leukocyte 

trafficking and vascular permeability in the steady state.  

1.3.2.1.3 ENDOTHELIAL CELLULAR SENESCENCE  

Vascular EC provide a surface for the exchange of materials between the blood and 

tissues (Baldwin and Thurston, 2001). Besides their role in instigating pro-inflammatory 

responses (see section 1.3.1.1), EC serve as important regulators of vascular 

homeostasis including the regulation of vascular tone, blood fluidity and the 

extravasation of solutes, macromolecules, and hormones (Kruger-Genge et al., 2019). 

For example, EC support many anticoagulation pathways, such as the protein 

C/protein S pathway, to maintain blood fluidity (Stern et al., 1991). However, the ageing 
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process negatively affects vascular EC as they are driven towards cellular senescence 

(Jia et al., 2019). 

EC ageing and, in turn, senescence are associated with a loss of typical EC 

functions, and a progressive shift of EC towards a pro-inflammatory state (Uryga and 

Bennett, 2016). Indeed, late passage (passage 50) HUVEC displayed reduced nitride 

oxide (NO) production (Sato et al., 1993), an important soluble gas involved in EC 

homeostasis (reviewed in(Tousoulis et al., 2012), in vitro compared to an earlier 

passage (passage 8) (Sato et al., 1993). Reduced NO production consequently leads 

to impaired EC functions, such as those involving vasodilation, the regulation of local 

cell growth and the protection of EC from circulating leukocytes (Tousoulis et al., 2012). 

Senescent EC also exhibit a pro-inflammatory phenotype (Maier et al., 1990; Mun and 

Boo, 2010; Donato et al., 2008). Highly passaged HUVEC (passage >18) displayed 

increased gene and protein expression of CD44 compared to younger (passage 4) 

HUVEC, which facilitated increased monocyte adhesion to EC in vitro (Mun and Boo, 

2010). EC isolated from the antecubital vein of older (>62 years) adults displayed 

increased intracellular expression of nuclear factor kappa B (NF-κB) p65 protein and 

reduced expression of inhibitor of kappa Bα compared to EC isolated from young (<24 

years) adults, signifying upregulated NF-κB activation in older EC (Donato et al., 2008). 

Further analysis using quantitative fluorescence microscopy confirmed that the older 

EC expressed increased levels of intracellular IL-6, TNFα, and CCL2, a monocyte 

chemoattractant, compared to the younger EC (Donato et al., 2008).   

Whilst the term ‘senescent’ has been used to describe older EC (i.e. late 

passage EC, or EC derived from older hosts) in earlier studies, such as those 

mentioned above, the precise definition and robust characterisation of truly senescent 
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EC wasn’t established until the early 2010s as our understanding of senescent cells 

improved (Kuilman et al., 2010). Nowadays, a variety of techniques, such as 

quantifying p16 expression, measuring telomere lengths and assessing telomerase 

activity, are used to define truly senescent EC (Noren Hooten and Evans, 2017; Biran 

et al., 2017). Despite the advances in the classification of senescent EC, most of the 

findings concerning ‘senescent’ EC mentioned above have been confirmed to be 

features unique to truly senescent EC (Bhayadia et al., 2016; Silva et al., 2017; Kim et 

al., 2021). How the ageing process triggers EC senescence is unclear and is likely to 

be multifactorial (Jia et al., 2019). Indeed, oxidative stress (Abbas et al., 2017), 

hyperuricemia (Puddu et al., 2012) and vascular inflammation (Khan et al., 2017; 

Franceschi and Campisi, 2014) have all been linked to the progression of senescence 

in EC. Nonetheless, it is clear that the gradual accumulation of pro-inflammatory 

senescent EC during ageing influences leukocyte trafficking in the steady state.  

1.3.2.2 AGE-RELATED CHANGES TO SYSTEMIC CYTOKINE AND CHEMOKINE 

LEVELS  

As a consequence of ageing, the circulating levels of pro-inflammatory mediators, 

including cytokines, chemokines and chemoattractants, are increased in older mice 

(Daynes et al., 1993; Spaulding, Walford and Effros, 1997; Jeon, Mun and Boo, 2012; 

Yousefzadeh et al., 2018) and humans (Bruunsgaard et al., 1999; Wei et al., 1992; 

Mariani et al., 2006; Miles et al., 2008; Allen et al., 2021). For example, IL-8, CXCL10, 

and CCL2 chemoattractants, as well as IL-6 and TNFα cytokines, are increased in the 

blood of older (>85 years) adults compared to younger (<60 years) adults (Mariani et 

al., 2006; Inadera et al., 1999; Miles et al., 2008; Antonelli et al., 2006). Interestingly, 

there was no effect of sex on the levels of circulating IL-6, IL-8, CCL2, and TNFα in 
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older adults (Mariani et al., 2006; Inadera et al., 1999). In mice, ageing is associated 

with increased circulating levels of CCL11, an eosinophil chemoattractant, CCL2, and 

CCL17, a T-cell chemoattractant, in old (20 months) male and female C57Bl6 mice 

compared to younger (2 months) mice under resting conditions (Jeon, Mun and Boo, 

2012; Yousefzadeh et al., 2018).  

Although the source of the circulating cytokines and chemokines in the 

circulation of older hosts in the steady state has not been elucidated, the mediators 

are likely to be produced by several cell types including senescent cells as part of the 

SASP (Coppe et al., 2010), and also by PBMC themselves (Pulsatelli et al., 2000; Clark 

and Peterson, 1994; Chen et al., 2003). Intriguingly, PBMC from older (>86 years) 

adults spontaneously secrete IL-8, CCL2, CCL3, and CCL5 under unstimulated 

conditions in vitro whilst PBMC from younger (>85 years) adults do not (Pulsatelli et 

al., 2000). The extent to which increased circulating chemokine/chemoattractant and 

cytokine levels influence leukocyte trafficking processes in older hosts in the steady 

state has not been extensively studied.  

1.3.2.3 AGE-RELATED CHANGES TO ADHESION MOLECULE AND CHEMOKINE 

RECEPTOR EXPRESSION ON LEUKOCYTES  

Ageing is also associated with modified adhesion molecule expression on leukocytes 

(Ritzel et al., 2016; Orme and Roberts, 1998; Ginaldi et al., 2000). In C57Bl6 mice, the 

expression of LFA-1 and VLA-4 integrins was increased on circulating CD8+ T-cells 

derived from aged (>18 months) male mice compared to younger (<3 months) mice, 

and was associated with a higher incidence of CD8+ T-cell recruitment to peripheral 

tissues such as the brain (Ritzel et al., 2016). In female B6D2F1 mice, there was 

increased expression of the integrin subunit α5 and LFA-1, as well as reduced 
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expression of ICAM-1 and L-selectin on circulating CD4+ T-cells isolated from older 

(24 months) mice compared to younger (4 months) mice (Orme and Roberts, 1998). 

In humans, the percentage of circulating monocytes expressing LFA-1 and T-cells 

expressing L-selectin was significantly reduced in older (>75 years) adults compared 

to younger (<50 years) adults (Ginaldi et al., 2000; Chiricolo et al., 1995). Although 

several studies have noted an age-related alteration in adhesion molecule expression 

by circulating T-cells in mice and humans, an air of caution must be implemented when 

interpreting the data as the changes in frequencies of T-cells expressing some 

adhesion molecules such as L-selectin may simply be a reflection of the reduced pool 

of circulating naïve T-cells that accompanies the ageing process (see section 1.2.2.1). 

Many studies have also shown that advancing age affects the surface 

expression of chemokine receptors on T-cells (Mo et al., 2003; Yung and Mo, 2003; 

Cane, Ponnappan and Ponnappan, 2012a; Gomez et al., 2003). Splenic CD4+ T-cells 

isolated from aged (>20 months) C57Bl6 mice exhibited higher levels of gene and 

protein expression of CCR1, 2, 4, 5, 6, 8 and CXCR2-5, and lower levels of CCR7 and 

9 compared to their younger counterparts (<4 months), as determined by Western blot 

analysis (Mo et al., 2003). In humans, circulating PBMC and CD4+ T-cells isolated from 

older (>60 years) adults had increased expression of CCR1-5 compared to cells 

isolated from younger (<40 years) adults (Yung and Mo, 2003). However, it is important 

to note that the pattern of chemokine receptors expressed on a given T-cell is unique 

to a particular T-cell subset, and so any age-related changes observed in overall 

chemokine receptor expression within pools of T-cells may just reflect age-related 

changes in the proportion of T-cell subsets.  
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Importantly, differential chemokine receptor expression on old T-cells is 

functionally relevant. Splenic CD4+ T-cells isolated from aged mice demonstrated 

increased chemotactic responses to CXCL12 and CCL3 in vitro compared to those 

isolated from younger mice (Mo et al., 2003). Similarly, in humans, circulating CD4+ T-

cells isolated from older adults (>65 years) exhibited enhanced chemotactic responses 

to CXCL12 compared to T-cells derived from younger (<30 years) adults, facilitated by 

an increased surface expression of CXCR4 on old T-cells (Cane, Ponnappan and 

Ponnappan, 2012b; Cane, Ponnappan and Ponnappan, 2012a). The age-related 

modulation of adhesion molecule and chemokine receptor expression therefore affects 

leukocyte trafficking in the steady state. Once again, the extent to which biological sex 

affects these processes has not been extensively studied. 

1.3.2.4 AGE-RELATED CHANGES TO LYMPHOCYTE TRAFFICKING 

The ageing process significantly impacts the trafficking processes of leukocytes in both 

humans and mice during inflammation (Figure 1-3), however, the extent to which 

biological sex affects these processes has largely been overlooked (Table 1-4 and 

Table 1-5). What is more, murine studies specifically investigating the age-related 

changes to homeostatic trafficking of lymphocytes are lacking. Instead, most studies 

to date have utilised single-cell RNA sequencing techniques to determine age-related 

changes to lymphocyte population counts within tissues. Single-cell RNA sequencing 

has revealed age-related changes in the abundance of B- and T-cells in various murine 

tissues under homeostatic conditions, albeit in a tissue-specific manner (Tabula Muris, 

2020; Schaum et al., 2020). The proportion of B-cells in the spleen and anterior tibialis 

muscles of aged (>18 months) male and female C57BL/6 mice is reduced compared 

to younger (<3 months) mice, whilst the proportion of T-cells in the thymus, spleen and 
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mammary glands are decreased (Tabula Muris, 2020). Indeed, by using adoptive 

transfer studies, Wols et al. showed that fewer immature B-cells migrated from the 

blood to the spleen in old (>20 months) female BALB/c mice due to age-related 

changes in CXCL13 expression and distribution within the spleen (Wols et al., 2010). 

In another study, single-cell RNA sequencing revealed increased B- and T-cell 

infiltration of the gonadal adipose tissue in aged (24 months) male and female C57Bl6 

mice compared to young mice (3 months), along with increased levels of VCAM-1 in 

the serum, kidney and heart of the aged animals (Schaum et al., 2020).  

Other methodologies, including quantitative fluorescent microscopy, have 

revealed increased numbers of T-cells in the retina of old (>24 months) male rats 

(Chan-Ling et al., 2007) and the brains of old (>12 months) male mice (Stichel and 

Luebbert, 2007; Ritzel et al., 2016) compared to younger counterparts under basal 

conditions. What more, Ritznel et al. noted that aged (>18 months) female C57Bl6 

mice exhibited increased numbers of T-cells within the brain compared to aged male 

mice, however, the authors did not pursue investigating the sexual dimorphism of T-

cell recruitment to the brain during ageing (Ritzel et al., 2016). Nonetheless, the studies 

mentioned above suggest that under homeostatic conditions lymphocytes are drawn 

away from SLOs and enter peripheral tissues in older hosts; perhaps in a sex-specific 

manner. As of such, determining the effects of chronological age and biological sex on 

leukocyte population numbers within lymphoid and peripheral tissues is a major aim of 

this thesis.



CHAPTER 1  GENERAL INTRODUCTION  

48 
 

Table 1-4 Effects of ageing on innate immune cell trafficking in the context of acute 
inflammation 

 Effect of ageing on 
immune cell trafficking 

Potential 
mechanisms 

Species 
investigated 

Sex 
considered 

Reference 

Innate cells      

DC DC recruitment to lung-
dLN post-burn injury in 
mice 

Prostoglandin D2 
levels leading to  
CCR7 expression 
on old DC 

Mice Not 
mentioned 
 

(Zhao et al., 
2011) 

 Delayed DC recruitment 
to the lungs of influenza 
A-infected mice 

Delayed local IL-8 
production 
 

Mice Females (Toapanta 
and Ross, 

2009) 

 CCL21-directed 
chemotaxis in vitro, 
popliteal dLN-homing in 
vivo 

Defective signal 
transduction 
pathways 
 

Mice Not 
mentioned 
 

(Grolleau-
Julius et al., 

2008) 

 CCL19-directed 
chemotaxis in vitro 

Defective PI3K-
AKT signalling 

Humans Not 
mentioned 

(Agrawal et 
al., 2007) 

Neutrophils Chemokinesis and 
CXCL1-directed 
chemotaxis in vitro, 
neutrophil recruitment to 
the lung post-burn injury 
in mice 

ICAM-1 
expression in aged 
lung and 
neutrophil 
chemokinesis 
 

Mice Females (Nomellini 
et al., 2012) 

 Neutrophil recruitment 
to peritoneum during C. 
albicans infection 

No mechanisms 
described  
 

Mice Females (Murciano 
et al., 2008) 

 Neutrophil infiltration 
into wounds infected with 
S. aureus 

ICAM-1 
expression in 
wounds of aged 
mice 

Mice Not 
mentioned 
 

(Brubaker et 
al., 2013) 

 Neutrophil trafficking to 
spleen and mesenteric LN 
during S. Typhimurium 
infection 

No mechanisms 
described  
 

Mice Males 
 

(Ren et al., 
2009) 

 Neutrophil recruitment 
to the peritoneal cavity 
during zymosan-induced 
peritonitis 

Specialised pro-
resolving mediators 
within the aged 
peritoneal cavity 

Mice Males 
 

(Arnardottir 
et al., 2014) 

 fMLP-directed 
chemotaxis in vitro 

Defective 
intracellular 
calcium signalling 

Humans Mixed 
 

(Wenisch et 
al., 2000) 

 fMLP- and PAF-directed 
chemotaxis in vitro 

No mechanisms 
described  

Humans Mixed 
 

(Niwa et al., 
1989) 

 fMLP-, CXCL8-, and 
CXCL1-directed 
chemotaxis in vitro 

Defective PI3K-
signalling 

Humans Mixed 
  

(Sapey et 
al., 2014; 
Wilson et 
al., 2020) 

 Neutrophil reverse 
transendothelial migration 
(rTEM) resulting in remote 
organ damage 

Mast cell-derived 
CXCL1 sensitising 
the CXCR2 on 
neutrophils 

Mice Mostly 
males 

(Barkaway 
et al., 2021) 

Monocytes Inappropriate recruitment 
to the skin in response to 
harmless stimuli 

CCL2 secretion by 
senescent 
fibroblasts in skin 

Humans Mixed 
 

(Chambers 
et al., 2021) 

A summary of the studies investigating the age-related changes of innate immune cell 
trafficking in humans and mice along with the potential mechanisms that drive the 
changes. The sex investigated is also noted. 
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Table 1-5 Effects of ageing on adaptive immune cell trafficking in the context of acute 
inflammation 

 Effect of ageing on 
immune cell 
trafficking 

Potential 
mechanisms 

Species 
investigated 

Sex 
considered 

Reference 

Adaptive cells      

T-cells Delayed recruitment 
to the lungs of 
influenza A-infected 
mice 

Delayed local IL-8 
and MIP-1β 
production 

Mice Females 
 

(Toapanta 
and Ross, 

2009) 

 T-cell recruitment 
to popliteal LN during 
West Nile virus 
infection in mice 

CCL2 production, 
ability of old T-
cells to extravasate  
 

Mice Not mentioned 
 

(Richner et 
al., 2015) 

 T-cell recruitment 
to tumours 

No mechanisms 
described  

Mice Females 
 

(Norian and 
Allen, 2004) 

 CD4+ T-cell 
recruitment to the 
spleen following OVA 
immunization 

CCL19 and 
CCL21 in the aged 
spleen 
 

Mice Not mentioned 
 

(Lefebvre et 
al., 2012) 

 T-cell recruitment 
to the skin in 
response to recall 
antigens 

E-selectin, ICAM-
1, and VCAM-1 
expression on 
endothelial cells in 
old skin 

Humans Not 
considered 
 

(Agius et al., 
2009) 

 

 CD27-CD8+ T-cell 
chemotaxis towards 
autologous serum in 
vitro  

Impaired 
mitochondrial 
function leading to 
inadequate ATP 
production 

Humans Not 
considered 
 

(Callender 
et al., 2020) 

B-cells Retention within 
marginal zones of 
spleens 

CXCR5 
expression on aged 
B-cells 

Mice Females 
 

(Turner and 
Mabbott, 

2017) 

A summary of the studies investigating the age-related changes of adaptive immune 
cell trafficking in humans and mice along with the potential mechanisms that drive the 
changes. The sex investigated is also noted. 
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Several models of inflammation, including infection, immunisation, and tissue injury, 

have been used to study age-related changes to lymphocyte trafficking in mice (Norian 

and Allen, 2004; Toapanta and Ross, 2009; Lefebvre et al., 2012; Richner et al., 2015). 

Induction of subcutaneous West Nile virus (WNV) infection led to reduced trafficking of 

T-cells and NK cells, as well as macrophages and DC, to the popliteal dLN of aged 

(>18 months) C57Bl6 mice compared to younger (<4 months) mice (Richner et al., 

2015). Reduced leukocyte trafficking to the dLN was associated with an increased viral 

burden in the blood, spleen, and brain of aged animals compared to young, suggesting 

that dysfunctional leukocyte trafficking in the aged mice impeded anti-viral responses 

(Richner et al., 2015). Impaired naïve CD4+ T-cell trafficking into the dLN of WNV-

infected aged mice was partly attributed to intrinsic cellular defects, as the adoptive 

transfer of naïve CD4+ T-cells derived from aged mice into young recipients 

experiencing WNV infection did not improve T-cell trafficking to youthful levels (Richner 

et al., 2015). Intravital two-photon microscopy revealed that leukocyte capture and 

rolling along HEV is unaffected by age, however, aged naïve CD4+ T-cells 

extravasated less efficiently into dLN (Richner et al., 2015).  

Defective naïve CD4+ T-cell trafficking in WNV-infected aged mice was also 

partly attributed to age-related changes to the microenvironment, as both young and 

aged naïve CD4+ T-cells displayed lower levels of migration into dLN when adoptively 

transferred into infected aged recipient animals (Richner et al., 2015). Indeed, aged 

mice had significantly lower levels of CCL21, a chemoattractant for naïve T-cells, in 

the dLN after 2 days of infection compared to young mice, determined by ELISA 

analysis. This was also true in models of immunization (Lefebvre et al., 2012). 

Intraperitoneal delivery of OVA (50µg) resulted in reduced recruitment of CD4+ T-cells 
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to the spleens of aged (>20 months) C57Bl6 mice compared to young (<3 months) 

mice, and correlated with a reduced expression of CCL19 and CCL21 T-cell 

chemoattractants in the aged spleen (Lefebvre et al., 2012). Collectively, the literature 

suggests T-cell trafficking during acute inflammation is dysregulated in older mice. 

One of the most extensively used and simple models of acute inflammation to 

study leukocyte trafficking in young mice is zymosan-induced peritonitis (Cash, White 

and Greaves, 2009). The peritoneal cavity is a fluid-filled space that contains the 

abdominal organs, and is an easily accessible immunological niche comprising of 

several populations of leukocytes, primarily macrophages and B1 cells (reviewed 

by(Liu et al., 2021). Dating back to the 1890s (Steven, 1892), the induction of acute 

peritoneal inflammation, known as peritonitis, through use of irritants (thioglycolate, 

polyacrylamide), pro-inflammatory cytokines (IL-1) and pathogenic materials (zymosan 

A) has been used to study mechanisms of inflammation (Chen et al., 2008; Henderson 

et al., 2003; Bursill et al., 2003; Paul-Clark et al., 2004; Rao et al., 1994).  

Zymosan A is an insoluble polysaccharide derived from the cell walls of 

Saccharomyces cerevisiae and has been used to induce self-resolving peritonitis since 

1985 (Doherty et al., 1985). Peritoneal inflammation is initiated by Zymosan A binding 

to toll-like receptors (TLR)-2/6 (Ozinsky et al., 2000) and dectin-1 (Brown et al., 2002; 

Brown et al., 2003) receptors on large peritoneal macrophages, which subsequently 

secrete inflammatory mediators that attract a plethora of leukocytes to the cavity at 

specific time intervals (Newson et al., 2014). The dose of zymosan (Rajakariar et al., 

2008; Newson et al., 2014) and sex of the host organism (Kay et al., 2015; Scotland 

et al., 2011) shapes the course of the inflammatory response. But to date, only a finite 

number of studies have used this extensively characterised model to study leukocyte 
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trafficking in aged mice (Arnardottir et al., 2014). Here, Arnardottir et al. used a self-

resolving model of peritonitis to study neutrophil recruitment to the peritoneal cavity of 

male BALBc mice after 4, 12 and 24 hours and found that aged (20 months) mice 

recruited more neutrophils at each time point compared to young (2 months) mice 

(Arnardottir et al., 2014). However, to date, no one has used the peritonitis model to 

specifically study T-cell trafficking in aged mice or to determine if there is sexual 

dimorphism within this model in aged animals. As of such, these became two major 

aims of this thesis.  
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Figure 1-3 How the ageing process influences the leukocyte adhesion cascade 
A schematic depicting age-related changes to the leukocyte adhesion cascade. The 

trafficking of lymphocytes into and out of tissue is modulated by the ageing process 

under homeostatic and inflammatory conditions. The direct consequences of ageing 

(depicted by bold black arrows, ⬆/⬇) on leukocyte trafficking include: changes to the 

expression of adhesion molecules on the endothelium, changes to the expression of 

adhesion molecules and chemokine receptors on circulating lymphocytes, reduced 

expression of junctional molecules between endothelial cells, and increased 

production of lipid mediators and chemokines within tissue. The indirect 

consequences of ageing (depicted by bold blue arrows, ⬆/⬇) that influence leukocyte 

trafficking dynamics stem from the accumulation of senescent cells in tissue that 

express increased levels of adhesion molecules and secrete pro-inflammatory 

mediators, including chemokines. The age-related dysregulation of lymphocyte 

trafficking is therefore multifactorial and a direct, as well as indirect, consequence of 

ageing.
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1.4 THE PEPITEM PATHWAY  

In 2015, a novel B-cell-mediated immunoregulatory pathway involved in the regulation 

of T-cell trafficking into tissues was identified (Chimen et al., 2015). This homeostatic 

pathway, centred around PEPITEM, served to inhibit T-cell migration across, but not 

adhesion to, vascular endothelium (Chimen et al., 2015). The pathway is initiated by 

adiponectin (AQ) binding adiponectin receptors 1 and 2 (AdipoR1/2) on circulating B-

cells, resulting in the release of a small peptide named PEPITEM (Chimen et al., 2015). 

PEPITEM then interacts with vascular endothelium via cadherin-15, stimulating the 

release of sphingosine-1-phosphate (S1P) (Chimen et al., 2015). S1P binds S1P 

receptors on adhered T-cells and, through intracellular signalling cascades, results in 

integrin LFA-1 inactivation; in turn leading to inhibited T-cell transendothelial migration 

(Chimen et al., 2015). A schematic depiction of the PEPITEM pathway can be found 

in Figure 1-4. One of the major aims of this thesis is to understand whether ageing is 

associated with PEPITEM pathway dysfunction, and in turn, whether this pathway 

plays a role in dysregulated leukocyte trafficking in older hosts. The known molecular 

mechanisms of the PEPITEM pathway components are described below along with a 

summary of the reported sex-specific differences of and age-related changes to each 

signalling component.
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Figure 1-4 Schematic of the PEPITEM pathway 

Circulating adiponectin binds adiponectin receptors 1 and 2 (AdipoR1/2) on B-cells, 

resulting in the release of PEPITEM. PEPITEM binds cadherin-15 (CDH15) on 

vascular endothelial cells, stimulating the activation of sphingosine kinase 1 (SPHK1) 

and secretion of sphingosine-1-phosphate (S1P) via spinster homolog 2 (Spsn2). S1P 

binds S1P receptors 1 and 4 (S1PR1/4) on circulating T-cells, resulting in LFA-1 

integrin inactivation. In turn, this pathway prevents T-cells from performing 

transendothelial migration. Adapted from Chimen et al., 2015. 



CHAPTER 1  GENERAL INTRODUCTION  

56 
 

1.4.1 ADIPONECTIN 

AQ is a 30kDa adipokine released by adipocytes and other tissues (Diez and Iglesias, 

2003; Berner et al., 2004; Yoda-Murakami et al., 2001; Delaigle et al., 2004) that serves 

to regulate glucose levels, lipid metabolism and insulin sensitivity by binding its 

receptors and instigating intracellular signalling cascades in metabolic tissues such as 

the kidneys and liver (Nguyen, 2020; Esmaili, Hemmati and Karamian, 2020). It is 

encoded by the AdipoQ gene located on chromosome 3q21 (Kissebah et al., 2000) 

and its structure is comprised of a carboxy terminal globular head and a collagenous 

tail (Shapiro and Scherer, 1998; Yokota et al., 2000). AQ exists in the circulation as 

the globular domain or full-length multimeric isoforms, including a low-molecular weight 

(LMW) trimer, a medium molecular weight (MMW) hexamer, and the biologically most 

active form based on blood glucose studies, a high molecular weight (HMW) multimer 

(Pajvani et al., 2003; Tsao et al., 2003). Globular forms of AQ are produced from 

cleavage of the collagenous tails by leukocyte elastase (Waki et al., 2005) whilst non-

covalent linkage of the collagenous tails form LMW dimers and trimers (Pajvani et al., 

2003), and additional disulphide bridges/post-translational modifications form MMW 

and HMW multimers (Tsao et al., 2003; Richards et al., 2006).  

Circulating levels of total AQ range between 2-20µg/ml in young healthy 

individuals (Arita et al., 1999; Ouchi et al., 1999), although the circulating 

concentrations of AQ appear to be sex-specific (Adamczak et al., 2005; Ouchi et al., 

1999). Indeed, multiple studies have reported that young (<50 years) men have 

significantly lower levels of circulating AQ (approximately 9.6µg/ml) compared to young 

(<50 years) women (approximately 11.2µg/ml) after controlling for body mass index 
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(BMI), though the average concentration of AQ per sex varied between studies 

(Adamczak et al., 2005; Ouchi et al., 1999; Isobe et al., 2005). The sex-specific 

differences in circulating AQ levels is believed to be due to the inhibitory effects of 

testosterone on AQ release from adipose tissue, leading to lower levels of AQ in the 

circulation of men (Wang et al., 2008b).  

The ageing process evidently affects circulating AQ levels in a sex-specific 

manner, as increased levels of total AQ were observed in the serum of older (>70 

years) men (14µg/ml) compared to younger men, but were unchanged in the serum of 

older (>70 years) women (11.7µg/ml) compared to younger women (Song et al., 2014; 

Adamczak et al., 2005). These changes could be explained by the age-related decline 

in testosterone levels in men (Stanworth and Jones, 2008), which would release the 

inhibitory effects of testosterone on AQ secretion. Intriguingly, despite higher 

circulating AQ levels being linked with frailty in older individuals (Tsai et al., 2013; 

Nagasawa et al., 2018), increased levels of AQ in the plasma of centenarians, 

individuals who live longer than 100 years, has been reported (Bik et al., 2006). Several 

studies have suggested that AQ is able to promote longevity (Iwabu et al., 2015; 

Atzmon et al., 2008) through inducing signalling cascades mimicking exercise, such 

as the calcium/calmodulin-dependent protein kinase β-dependent pathways and the 

phosphorylation of peroxisome proliferator-activated receptor γ coactivator 1α in 

skeletal muscle (Iwabu et al., 2010), as well as alleviating oxidative stress in metabolic 

tissues such as the liver through inducing the expression catalase and superoxide 

dismutase genes (Yamauchi et al., 2007). Any age-related changes to circulating AQ 

levels may affect the function of the PEPITEM pathway. 
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1.4.1.1 IMMUNOREGULATORY PROPERTIES OF ADIPONECTIN  

Many immunoregulatory properties of AQ have been reported, including broad anti-

inflammatory effects (Yamaguchi et al., 2005; Ohashi et al., 2010; Ouchi et al., 1999; 

Ajuwon and Spurlock, 2005). In vitro, the culturing of primary human monocytes, 

monocyte-derived DC, and monocyte-derived macrophages in the presence of 

20µg/ml AQ for 7 days led to IL-10 and IL-1RA production in the absence of immune 

stimuli; although the exact isoform of adiponectin used was not stated (Wolf et al., 

2004). Furthermore, 20µg/ml AQ treatment reduced IFNγ production by 

lipopolysaccharide (LPS)-stimulated primary macrophages, dampening LPS-induced 

pro-inflammatory responses (Wolf et al., 2004). AQ-deficient C57Bl6 mice displayed 

an impaired ability to clear apoptotic thymocytes in response to dexamethasone 

treatment, and to clear apoptotic Jurkat T-cells administered directly into the peritoneal 

cavity; a phenotype that was rescued upon intraperitoneal administration of 

recombinant AQ (Takemura et al., 2007).  

Interestingly, the anti-inflammatory effects of AQ affect leukocyte-endothelial 

interactions (Ouchi et al., 1999; Ouedraogo et al., 2007; Cao et al., 2009). Pre-

treatment of human aortic endothelial cells with various concentrations (1-50µg/ml) of 

recombinant AQ in vitro before a 6 hour TNFα treatment led to reduced endothelial 

expression of VCAM-1, ICAM-1 and E-selectin, and reduced adhesion of THP-1 cells, 

a human monocytic cell line, to the EC (Ouchi et al., 1999). In agreement with this, 

increased levels of leukocyte rolling and adhesion were observed in the peri-intestinal 

venules of AQ-deficient C57Bl6 mice compared to wildtype controls using intravital 

microscopy (Ouedraogo et al., 2007). Quantitative fluorescent microscopy revealed 

increased expression of VCAM-1 and E-selectin in the peri-intestinal venules of AQ-
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deficient mice (Ouedraogo et al., 2007), signifying that AQ-deficiency influences 

endothelial expression of adhesion molecules which in turn affects leukocyte trafficking 

processes. Indeed, AQ influences leukocyte-endothelial interactions and is the 

initiating component of the PEPITEM pathway (Chimen et al., 2015).  

However, there are confounding data in the literature as many studies have also 

reported pro-inflammatory properties of AQ (Song, Chan and Rovin, 2009; Zhang et 

al., 2020a; Cheng et al., 2012; Frommer et al., 2010). Overnight treatment of PBMC 

(0.01-1µg/ml) and dermal microvascular EC (DMVEC; 5-20µg/ml) with HMW AQ 

promoted a dose-dependent production of CCL2 and IL-8 by both cell types in vitro 

(Song, Chan and Rovin, 2009). However, this response appeared to be specific to the 

isoform of AQ used, as LMW AQ at similar concentrations did not elicit the production 

of these cytokines/chemokines from either cell type (Song, Chan and Rovin, 2009). In 

PBMC from healthy donors, 5µg/ml AQ treatment induced the production of pro-

inflammatory CXCL1, CXCL5, CCL3, CCL4, CCL17, IL-6, TNFα and anti-inflammatory 

IL-10 (Zhang et al., 2020a). However, these PBMC were isolated from adults of various 

ages (25-72 years) and were frozen for an unspecified amount of time before use which 

could have affected their functional responses to AQ (Ramachandran et al., 2012). 

Although there is some literature describing the pro-inflammatory properties of AQ, 

most of the literature to date describes the broad-acting anti-inflammatory properties 

of AQ in healthy individuals (Ouchi and Walsh, 2007; Choi, Doss and Kim, 2020). 

Importantly, the observed pro-inflammatory properties of AQ appear to be context 

dependent and vary depending on the isoform of AQ used (Song, Chan and Rovin, 

2009), the inflammatory state of the cell/blood donors (Kitahara et al., 2009; Kusunoki 

et al., 2010) and the experimental design (Zhang et al., 2020a).   
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Of the studies that have investigated the immunoregulatory properties of AQ, 

very few have considered the effects of chronological ageing (Li et al., 2021) on the 

system and none have considered sexual dimorphism. In mice, quantitative 

fluorescence microscopy revealed that 23-32 month AQ-knock out (KO) male mice 

exhibited an increased abundance of pro-inflammatory macrophages in the epididymal 

fat compared to age-matched control mice, which was associated with increased levels 

of TNFα, CCL2 and C-reactive protein in the tissue (Li et al., 2021). Whether high levels 

of circulating AQ are beneficial or detrimental to older individuals is currently unknown 

(Stott et al., 2009; Oh et al., 2018; Hansen et al., 2009; Kizer et al., 2012). Higher levels 

of total AQ in the circulation of older adults was associated with a lower risk of ischemic 

stroke (Stott et al., 2009), but was also associated with an increased incidence of 

depression (Oh et al., 2018), atherosclerosis (Hansen et al., 2009) and cardiovascular 

disease (Kizer et al., 2012). As AQ has metabolic as well as immunoregulatory 

functions, the conflicting data regarding circulating AQ levels in older individuals may 

be due to the fact that these are correlation studies and changes in circulating AQ 

levels in these older adults may be independent of their disease states. 

1.4.2 ADIPONECTIN RECEPTORS 

In the context of the PEPITEM pathway, AQ primarily acts via two seven 

transmembrane receptors that bear resemblance to G-protein coupled receptors 

(GPCR), namely AdipoR1 and AdipoR2 (Yamauchi et al., 2003; Chimen et al., 2015). 

Although both receptors are expressed on multiple cell types throughout the body, 

including on pancreatic beta-cells (Kharroubi et al., 2003), osteoblast-like cells (Berner 

et al., 2004) and PBMC such as NK cells and B-cells (Pang and Narendran, 2008), 

AdipoR1 is primarily found in skeletal muscle and AdipoR2 in the liver (Polito et al., 
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2019). They also differ in their specificity for AQ isoforms (Polito et al., 2019), with 

AdipoR1 preferentially binding globular AQ and AdipoR2 preferentially binding 

multimeric isoforms of AQ (Yamauchi et al., 2014). 

The signalling cascade downstream of the AdipoR has not been characterised 

in B-cells specifically but has been delineated in metabolic tissues such as the liver, 

skeletal muscle, and heart (Yamauchi et al., 2002; Iwabu et al., 2010; Tsuchida et al., 

2004; Cui et al., 2012). In these tissues, AdipoR1/2 stimulation by AQ resulted in 

calcium influx into the cells (Iwabu et al., 2010) and the activation of adenosine 

monophosphate-activated protein kinase (AMPK), peroxisome-proliferator-activated-

receptor α (PPARα), p38 mitogen-activated protein kinase (p38 MAPK), NF-κβ, 

extracellular signal-regulated kinase 1/2 (ERK-1/2), signalling transducer and activator 

of transcription 3 (STAT3) and ceramidase pathways (Yamauchi et al., 2003; 

Yamauchi et al., 2007; Tang et al., 2007; Obeid and Hebbard, 2012; Holland et al., 

2011). Interestingly, sexual dimorphism exists within the signalling cascades 

downstream of the AdipoR as the presence of oestrogen receptor α confers the 

preferential activation of the MAPK pathway rather than the AMPK pathway following 

adiponectin stimulation (Mauro et al., 2015). The intracellular signalling component 

immediately downstream of the AdipoR was discovered in the mid-2000s, namely the 

adaptor protein phosphotyrosine interacting with pH domain and leucine zipper 1 

(APPL1) (Cheng et al., 2007; Mao et al., 2006). Specifically how APPL1 interacts with 

AdipoR1/2 is currently unknown (Deepa and Dong, 2009), but is believed to be due to 

the dimerization of the receptors upon AQ-stimulation, allowing the phosphotyrosine-

binding domain of APPL1 to interact with the intracellular NH2-terminus of AdipoR1/2 

(Yamauchi et al., 2003; Nechamen et al., 2004).  
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1.4.2.1 AGE-RELATED CHANGES TO SIGNALLING COMPONENTS DOWNSTREAM OF 

THE ADIPONECTIN RECEPTORS 

Ageing profoundly affects the signalling components downstream of the AdipoR in 

several tissue types (Salminen and Kaarniranta, 2012; Iwabu et al., 2015). In male 

Fischer 344 rats, activation of AMPK-α2 by 5’-aminoimidazole-4-carboxamide-1-β-D-

ribofuranoside was reduced in the skeletal muscle of old (28 months) rats compared 

to young (3 months) rats (Reznick et al., 2007). A similar observation was made by 

Ljubicic et al., whereby phosphorylated AMPKα levels were reduced in the tibialis 

anterior muscle of old (36 months) Fischer 344 rats following artificial muscle 

contractions in situ compared to young (6 months) rats (Ljubicic and Hood, 2009). 

PPARα signalling is also influenced by the ageing process as baseline gene and 

protein expression of PPARα is reduced in the kidneys of old (31 months) male Fischer 

344 rats compared to younger (13 months) male rats (Sung et al., 2004), and is 

reduced in the spleens of 18 month female Fischer 344 rats compared to 3 month 

female rats (Gelinas and McLaurin, 2005). The activation of ERK-1/2 and MAPK 

pathways are also blunted during the ageing process as reduced phosphotransferase 

activities of ERK-1/2 and p38 MAPK isolated from the cerebrocortex of old (>12 

months) male Fischer 344 rats were observed in vitro compared to younger (6 months) 

rats (Zhen et al., 1999).  

Importantly, the age-related downregulation of signalling components 

downstream of the AdipoR1/2 is evident in leukocytes (Wang et al., 2021; Douziech et 

al., 2002; Tortorella et al., 2004). The gene and protein expression of PPARα was 

reduced in circulating monocytes derived from old (>18 months) female C57Bl6 mice 

compared to younger (<2 months) mice. PPARα protein expression was also reduced 
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in circulating monocytes isolated from older (>60 years) adults compared to younger 

(<30 years) adults (Wang et al., 2021). The activation of ERK and p38 MAPK pathways 

was reduced in T-cells isolated from older (>65 years) adults following anti-CD3 

monoclonal antibody stimulation in vitro compared to T-cells isolated from younger 

(<30 years) donors (Douziech et al., 2002). Furthermore, the stimulation of neutrophils 

isolated from older (>65 years) adults with GM-CSF resulted in reduced levels ERK-

1/2 phosphorylation compared to neutrophils isolated from younger (<35 years) adults 

(Tortorella et al., 2004). Collectively, these studies highlight the negative effect 

chronological ageing has on the downstream signalling components of the AdipoR in 

various tissues including leukocytes.  

1.4.2.2 TRANSCRIPTION FACTORS DOWNSTREAM OF THE ADIPONECTIN 

RECEPTORS 

The activation of p38 MAPK and PPARα pathways (Yamauchi et al., 2003; Tang et al., 

2007), as well as the calcium/calmodulin-dependent protein kinase kinase (CAMKK)-

dependent pathways (Iwabu et al., 2010), that occur downstream of AdipoR1/2 

stimulation leads to the activation of cAMP response element-binding protein (CREB) 

(Di Giacomo et al., 2009; Kim et al., 2018; Chen et al., 1998; Roy et al., 2013) and 

activating transcription factor 1 (ATF-1) (Wiggin et al., 2002; Shimomura et al., 1996) 

transcription factors (TF) (see Figure 1-5). CREB and ATF-1 belong to the CREB 

family of TF and regulate the transcription of a multitude of genes involved in various 

physiological process, such as cellular metabolism, growth-factor-dependent survival, 

and immune cell development (reviewed by(Mayr and Montminy, 2001). Importantly, 

both CREB and ATF-1 regulate the transcription of the gene that encodes 14-3-3ζ/δ, 

the parent protein of PEPITEM, YWHAZ (Kasinski et al., 2014).YWHAZ is located on 
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chromosome 8q22.3 and although there have been five reported transcript variants of 

YWHAZ, only one is dominant in its translation efficiency (Kasinski et al., 2014).  

A limited number of studies have suggested that the activation of CREB family 

TF is dampened by the ageing process, albeit the majority of studies to date have 

specifically focused on CREB activation in the brain (Porte, Buhot and Mons, 2008; 

Paramanik and Thakur, 2013). In 129T2/Sv mice, there was a reduced abundance of 

phosphorylated CREB in the brains of aged (>23 months) male mice compared to 

young (<6 months) mice following 15 minutes of a spatial memory reference task, 

which correlated with spatial memory deficits in the older mice (Porte, Buhot and Mons, 

2008). A similar observation was made in Wistar rats, where a reduced abundance of 

phosphorylated CREB was observed in the hippocampus of aged (30 months) male 

rats compared to young (5 months) rats following conditioned fear (Monti, Berteotti and 

Contestabile, 2005). Furthermore, DMVEC isolated from older (66 years) adults 

displayed reduced levels of phosphorylated CREB in culture compared to DMVEC 

isolated from neonates and was associated with the impaired angiogenesis of older 

EC in response to VEGF treatment (Ahluwalia et al., 2014). One of the aims of this 

thesis is to explore the impact of ageing on the intracellular signalling cascades 

downstream of the AdipoR in B-cells as this may influence PEPITEM production.
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Figure 1-5 Schematic of the intracellular signalling cascades downstream of 

adiponectin receptor stimulation that lead to YWHAZ transcription 

Globular adiponectin preferentially binds adiponectin receptor 1 (AdipoR1), whilst full 

length low (LMW), medium (MMW) and high (HMW) molecular weight adiponectin 

preferentially binds AdipoR2. AdipoR1/2 stimulation leads to adaptor protein 

phosphotyrosine interacting with pH domain and leucine zipper 1 (APPL1) activation, 

which stimulates peroxisome-proliferator-activated-receptor α (PPARα), p38 mitogen-

activated protein kinase (p38 MAPK) and adenosine monophosphate-activated protein 

kinase (AMPK) pathways. p38 MAPK activation leads to MAPK-activated protein 

kinase 2 (MAPKAPK2) and mitogen- and stress-activated protein kinase 1 and 2 

(MSK-1/2) activation.  In turn, signalling downstream of APPL1 results in the activation 

of cAMP response element-binding protein (CREB) transcription factor, which leads to 

YWHAZ transcription. Reportedly, AdipoR1/2 engagement with adiponectin also leads 

to increased intracellular calcium levels, activating calcium/calmodulin-dependent 

protein kinase kinase (CAMKK)-dependent pathways and activating transcription 

factor 1 (ATF-1). ATF-1 activation also leads to YWHAZ transcription. Dotted lines 

represent possible/uncertain interactions.
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1.4.3 14-3-3 PROTEINS  

One of the critical steps in the PEPITEM pathway is the cleavage of PEPITEM from its 

parent protein, 14-3-3 ζ. The 14-3-3 family of proteins (28-33 kDa) are found in all 

eukaryotic organisms and are expressed in almost every tissue in multiple isoforms 

(Mhawech, 2005). In mammals, seven highly homologous and conserved isoforms 

exist, namely the beta (β), epsilon (ε), gamma (γ), eta (η), sigma (σ), tau (τ) and zeta 

(ζ) isoforms (Mhawech, 2005). A further two isoforms are formed by the 

phosphorylation of 14-3-3β and 14-3-3ζ, namely the alpha (α) and delta (δ) isoforms, 

respectively (Fu, Subramanian and Masters, 2000). The monomeric structure of 14-3-

3 proteins consists of nine anti-parallel alpha helices forming an amphipathic groove 

which binds phosphorylated serines and threonines on 14-3-3 binding partners such 

as mammalian target of rapamycin, AMPK, and MAPK (Liu et al., 1995; Morrison and 

Cutler, 1997; Kuwana, Peterson and Karlsson, 1998; Hausser et al., 1999; Muslin et 

al., 1996; Pennington et al., 2018). The 14-3-3 family of proteins are involved in a range 

of cellular processes including cellular metabolism, cell cycle regulation, apoptosis, 

autophagy, and protein trafficking (Mhawech, 2005; Fu, Subramanian and Masters, 

2000; Bridges and Moorhead, 2005; Dougherty and Morrison, 2004). 

1.4.3.1 ROLE OF 14-3-3 PROTEINS IN LEUKOCYTE TRAFFICKING 

Importantly, 14-3-3 proteins are involved in cell adhesion and migration processes 

(Han, Rodriguez and Guan, 2001; Rodriguez and Guan, 2005; Garcia-Guzman et al., 

1999; Wilker and Yaffe, 2004). In vitro, macrophage stimulating protein activation of 

keratinocytes led to 14-3-3τ binding to the integrin laminin receptor, α6β4, invoking the 

redistribution of α6β4 away from hemidesmosomes to lamellipodia in support of 
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keratinocyte spreading and migration (Santoro, Gaudino and Marchisio, 2003). In 

fibroblasts, cell adhesion to fibronectin in vitro was supported by 14-3-3β binding to the 

cytoplasmic domain β1 integrins via a non-phosphoserine mechanism (Han, 

Rodriguez and Guan, 2001; Rodriguez and Guan, 2005), and by 14-3-3ζ/δ binding to 

Cas, an integrin signalling adaptor protein, in a phosphoserine-dependent manner 

(Garcia-Guzman et al., 1999). In mammary epithelial cells, the overexpression of 14-

3-3ζ interfered with transforming growth factor-receptor 1 signalling and led to reduced 

levels of E-cadherin expression on the cell surface, which promoted cell migration in 

vitro (Lu et al., 2009). It is therefore evident that 14-3-3 protein signalling is involved in 

the adhesion and migration of multiple cell types. 

14-3-3 proteins are expressed by almost every immune cell type (monocytes, 

T-cells, B-cells, NK cells (BioGPS)) and are known to play an integral role in the 

inflammatory response (reviewed by(Munier, Ottmann and Perry, 2021). In murine 

hybridoma T8.1 T-cells, TCR stimulation by anti-CD3 monoclonal antibodies in vitro 

led to 14-3-3ε and β binding to and activating the SH2 domain-containing leukocyte 

protein of 76 kD, a key signalling component for TCR activation (Di Bartolo et al., 2007). 

In THP-1 monocytes, metabolic reprogramming through exposure to diabetic 

conditions led to the degradation of 14-3-3ζ and conversion of monocytes into 

hypermigratory, proatherogenic cells (Kim et al., 2014a). B-cells isolated from 14-3-

3σ-deficient mice exhibited reduced survival and proliferation in response to BCR-

engagement in vitro compared to those isolated from wildtype mice (Su et al., 2011). 

Interestingly, extracellular 14-3-3ζ treatment induced a range of immunoregulatory 

responses in PBMC in vitro, including cell proliferation, T-cell polarization towards Th1 

and Th17 subsets and the production of IFNγ and IL-17 (McGowan et al., 2019). The 
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14-3-3 family of proteins therefore appear to exert pro-inflammatory responses in 

leukocytes in both intracellular and extracellular formats. 

1.4.3.2 AGE-RELATED CHANGES TO 14-3-3 PROTEINS 

The 14-3-3 family of proteins have been heavily implicated with ageing and longevity 

(reviewed by(Fan et al., 2019). In Saccharomyces cerevisiae, deletion of the 14-3-3 

protein, Bmh1, extended the lifespan of yeast cells through activating stress response 

TF and reducing intracellular levels of reactive oxygen species (Wang et al., 2009). In 

glioblastoma cells, 14-3-3β depletion by the introduction of small interfering RNA 

resulted in the upregulation of senescence pathways and an inhibition in cell 

growth/proliferation pathways (Seo et al., 2018). Indeed, ageing was associated with 

a reduced abundance of 14-3-3σ in the skin of nude mice (Fang et al., 2016) and 

reduced 14-3-3ε in the skin of humans (Choi et al., 2005), which corresponded with a 

loss of cell growth processes. Although studies specifically investigating the role of 14-

3-3 proteins in ageing leukocytes are lacking, it is clear that 14-3-3 proteins play an 

integral role in the longevity and senescence processes that occur during ageing. 

1.4.4 PEPITEM 

PEPITEM is a small peptide (14 amino acids) that represents residues 28-41 of 14-3-

3ζ/δ (Chimen et al., 2015). The PEPITEM sequence is highly conserved between 

species, with the majority of mammals expressing the protein at 100% homology 

(Chimen, 2012). Although the peptide was first identified by Suri et al. in 2005 (Suri et 

al., 2005), the biological function of PEPITEM was not described until 2015 by Chimen 

et al. (Chimen et al., 2015). The ability of PEPITEM to regulate T-cell trafficking has 

been confirmed in several murine models of acute inflammation, including ZIP, 
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systemic bacteraemia, and LPS-mediated uveitis (Chimen et al., 2015), also in murine 

models of chronic inflammation, such as systemic lupus erythematosus (SLE; 

(Matsubara et al., 2020) and obesity (Pezhman et al., 2023). Whether PEPITEM exerts 

any immunoregulatory properties in the absence of inflammation is currently unknown. 

The production of PEPITEM from 14-3-3ζ/δ is not yet fully understood but is 

believed to occur extracellularly (Apta, 2015). Apta showed that the treatment of PBL 

with 14-3-3ζ inhibited PBL transendothelial migration in vitro at comparable levels to 

PEPITEM treatment, and that these effects were abolished in the presence of a broad-

spectrum protease inhibitor (Apta, 2015). Therefore, the current working hypothesis is 

that upon AdipoR stimulation by AQ, 14-3-3ζ is synthesised intracellularly and then 

secreted by peripheral blood B-cells. It is postulated that EC-derived proteases then 

cleave PEPITEM from 14-3-3ζ in the extracellular space. Following its generation, 

PEPITEM then proceeds to interact with vascular EC via cadherin-15 (Chimen et al., 

2015).  

1.4.5 CADHERIN-15 AND SPHINGOSINE-1-PHOSPHATE 

Cadherin-15 (also known as M-cadherin) is a calcium-dependent adhesion molecule 

that is predominantly expressed within skeletal muscle and the cerebellum (Bahjaoui-

Bouhaddi et al., 1997; Rose et al., 1995; Irintchev et al., 1994; Kaufmann et al., 1999). 

Whilst the primary function of cadherins is to mediate homophilic cell-cell interactions, 

cadherin-15 specifically aids in muscle development and regenerative processes 

(Bornemann and Schmalbruch, 1994; Donalies et al., 1991; Hollnagel et al., 2002). 

Although cadherin-15 expression on EC has not been extensively documented, 

Chimen et al. reported the expression of cadherin-15 on unstimulated and TNFα+IFNγ-
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stimulated human microvascular EC in vitro using confocal microscopy (Chimen et al., 

2015). Furthermore, Matsubara et al. reported cadherin-15 protein expression on the 

vascular EC of the kidneys, skin and peritoneal membrane of 22 week-old MRL/lpr 

mice (Matsubara et al., 2020). The extent to which ageing affects cadherin-15 

expression is currently unknown as the number of studies are limited. Lagerwaard et 

al. reported an age-related increase in the gene expression of cadherin-15 in vastus 

lateralis muscle biopsies of older (>67 years) men compared to younger (<24 years) 

men, which correlated with increased cell adhesion between muscle fibres in older men 

(Lagerwaard et al., 2021). However, it would be of interest to investigate age-related 

changes to cadherin-15 protein expression by vascular endothelium to determine 

whether ageing affects this step in the PEPITEM pathway. 

Following PEPITEM interactions with cadherin-15 on the EC surface, 

intracellular signalling events within the vascular cells result in the release of S1P into 

the extracellular space (Chimen et al., 2015). S1P is a sphingolipid that is involved in 

a range of biological functions, such as suppressing apoptosis, promoting cell growth, 

and supporting immune cell migration (reviewed by(Maceyka et al., 2012; Spiegel and 

Milstien, 2011). S1P is generated by the phosphorylation of sphingosine by 

sphingosine kinase 1 and 2 (SPHK1/2) in the cytosol of numerous cell types including 

EC (Hla et al., 2001). S1P is then transported across the cell membrane into the 

extracellular space by the S1P transporter protein spinster homolog 2 (SPNS2) 

(Kawahara et al., 2009). Once secreted, S1P can then interact with its GPCRs, S1P 

receptors 1 to 5 (S1PR1-5), on target cells (Maceyka et al., 2012).  
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1.4.5.1 SPHINGOSINE-1-PHOSPHATE, ENDOTHELIAL JUNCTIONS AND LEUKOCYTE 

TRAFFICKING 

S1P is a pleiotropic lipid mediator that can modulate the function of multiple cell types, 

including EC and leukocytes (Xiong and Hla, 2014; Blaho and Hla, 2014). Through 

interacting with endothelial expressed S1PR1-3, S1P can modulate endothelial 

spreading, vascular maturation, and vessel permeability (Ancellin et al., 2002; Hla, 

2003). S1PR1 and 3 stimulation leads to the activation of Rac in EC, inducing 

cytoskeletal rearrangements and junctional molecule relocalisation leading to 

enhanced endothelial barrier integrity (Oo et al., 2011; Blaho and Hla, 2011). Indeed, 

in HUVEC, S1P treatment (500nM) led to increased expression of VE-cadherin and β-

catenin at cell-cell contact regions in vitro compared to vehicle controls (Lee et al., 

1999). Importantly, VE-cadherin redistribution was specifically a consequence of S1P 

signalling as the administration of oligonucleotides that disrupted S1P signalling 

suppressed this phenotype (Lee et al., 1999). It is therefore possible that S1P plays an 

additional role in the PEPITEM pathway. It is possible that, following S1P production 

by EC (Figure 1-4), S1P may act in an autocrine fashion on EC via S1PR1-3 to 

enhance vascular integrity; thus promoting a physical barrier to inhibit T-cell 

transendothelial migration.  

S1P plays a central role in the regulation of leukocyte trafficking (reviewed 

by(Spiegel and Milstien, 2011). Regarding T-cells, S1P primarily signals via S1PR1-4 

(reviewed by(Garris et al., 2014) and regulates T-cell trafficking from SLOs into the 

circulation (Matloubian et al., 2004; Fukuhara et al., 2012), but also retains T-cells 

within peripheral tissue during inflammation (Ledgerwood et al., 2008; Roviezzo et al., 

2011). In mice that specifically lack S1PR1 expression on haematopoietic cells, mature 
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T-cells were retained in the thymus whilst B-cells were excluded from the blood and 

lymph (Matloubian et al., 2004). What more, adoptive transfer of S1PR1-expressing B- 

and T-cells into the circulation rescued this phenotype as S1PR1-expressing 

lymphocytes were not restricted to lymphoid tissues (Matloubian et al., 2004). In 

C57Bl6 mice, the treatment of T-cells with FTY720, a S1PR1 agonist, prevented T-cell 

egress from the site of administration into afferent lymphatic vessels under 

homeostatic and inflammatory conditions (Ledgerwood et al., 2008). This was in part 

due to the interactions of T-cell expressed LFA-1 and VLA-4 with their ligands ICAM-1 

and VCAM-1 on afferent lymphatics, respectively, as T-cells pre-treated with anti-LFA-

1 and anti-VLA-4 antibodies were not retained at the site of administration 

(Ledgerwood et al., 2008). Indeed, S1P-mediated signalling influences T-cell integrin 

activation states (Halin et al., 2005; Ledgerwood et al., 2008) and forms the crux of the 

PEPITEM pathway (Chimen et al., 2015). Here, S1P interactions with S1PR1/4 on the 

surface of EC-adhered T-cells resulted in the inactivation of LFA-1 integrins, which, in 

turn, inhibited T-cells from performing transendothelial migration in vitro (Chimen et al., 

2015).   

1.4.5.2 AGE-RELATED CHANGES TO SPHINGOSINE SIGNALLING 

Whilst studies investigating sex-specific differences in leukocyte S1P-S1PR signalling 

are lacking (Al-Attar et al., 2016), limited studies have reported age-related changes to 

S1P-S1PR signalling in lymphocytes (Turner and Mabbott, 2017; Huang et al., 2011; 

Cattoretti et al., 2009). Marginal zone B-cells derived from the spleens of old (20 

months) female C57Bl6 mice exhibited increased chemotactic responses to S1P in 

vitro and increased expression of S1PR1 on the cell surface compared to B-cells 

derived from young (<12 months) mice, ultimately increasing B-cell retention within old 
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spleens (Turner and Mabbott, 2017). In a chemotactic assay, T-cells isolated from the 

blood of older (>65 years) adults exhibited diminished chemotactic responses to S1P 

in vitro compared to T-cells isolated from younger (<40 years) adults which could 

signify increased retention of T-cells in the SLOs or peripheral tissues of older adults 

(Huang et al., 2011). Furthermore, dysregulated sphingosine metabolism in activated 

T-cells derived from older (18 months) C57Bl6 mice compared to young (2 months) 

mice is associated with mitochondrial dysfunction and poor anti-tumour immunity in 

ageing (Vaena et al., 2021). Due to the limited studies, it is difficult to say whether 

these age-related changes to sphingosine signalling and metabolism in B- and T-cells 

is due to the different cell types considered, the different locations in which the cells 

were isolated, or the different species used in the studies. Nonetheless, the importance 

of S1PR signalling in anti-tumour immunity during ageing is evident from studies 

utilizing global S1PR2 KO mice (Cattoretti et al., 2009). In these mice, S1PR2 

deficiency led to the development of clonal B-cell lymphomas by 18-24 months of age 

compared to age-matched wildtype mice and was attributed to increased spontaneous 

GC formation in KO mice (Cattoretti et al., 2009). Age-related changes to sphingosine 

signalling evidently hinders protective immunity, and is, in part, due to lymphocyte 

retention within tissues.  

1.4.6 THE ROLE OF PEPITEM PATHWAY IN CHRONIC INFLAMMATORY DISEASES  

In 2015, Chimen et al. proposed the dysregulation of the PEPITEM pathway in some 

chronic autoimmune diseases, such as type 1 diabetes mellitus (T1DM) and 

rheumatoid arthritis (RA) (Chimen et al., 2015). The expression of AdipoR1/2 on the 

circulating B-cells of T1DM and RA patients was reduced compared to age-matched 

healthy control as determined by flow cytometric analysis (Chimen et al., 2015). This 
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equated to a reduced ability of AQ to regulate the transendothelial migration of PBL 

derived from T1DM and RA patients in vitro (Chimen et al., 2015). The dysregulation 

of the PEPITEM pathway in T1DM and RA patients could therefore contribute to the 

dysregulated trafficking of T-cells in these disease settings (reviewed by(Mellado et al., 

2015; Sandor, Jacobelli and Friedman, 2019). Recently, Matsubara et al. described a 

role for PEPITEM in the control of lymphocyte infiltration of the kidneys during a mouse 

model of SLE (Matsubara et al., 2020). In this model, PEPITEM treatment suppressed 

the enlargement of the kidneys, spleen, and axillary LN, and suppressed the 

development of nephritis (Matsubara et al., 2020). It is clear that PEPITEM has 

therapeutic potential for multiple inflammation-driven diseases.  

Importantly, data generated by this lab suggest that the PEPITEM pathway is 

dysregulated in older individuals (Chimen et al., 2015). Chimen et al. observed an age-

related reduction in AdipoR1/2 expression on peripheral blood B-cells derived from 

otherwise-healthy adults, which may signify reduced PEPITEM production by older B-

cells (Chimen et al., 2015). To that end, the focus of this thesis is to determine whether 

the PEPITEM pathway is dysregulated in older hosts, and whether the presence of 

exogenous PEPITEM restores regulated leukocyte trafficking in an aged context.  
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1.5 AIMS AND HYPOTHESIS 

Age-related inflammatory diseases account for a considerable proportion of morbidity 

and mortality rates within the older population in the UK and worldwide (Yang et al., 

2016; Collaborators, 2022). Leukocyte trafficking is necessary for effective immunity, 

however, age-related changes to leukocyte trafficking processes drive the 

establishment of age-related inflammatory diseases (Chung et al., 2019; Hopkin, Lord 

and Chimen, 2021).  

It was hypothesised that the ageing process would modulate the trafficking of 

leukocytes under homeostatic and inflammatory conditions, and that this was in part 

due to the age-related dysfunction of the PEPITEM pathway. The administration of 

PEPITEM, or the downstream mediators of the pathway, into in vitro and in vivo models 

of inflammation was hypothesised to restore regulated leukocyte trafficking in aged 

systems. 

Therefore, the main aims of this thesis were as follows: 

1. To determine age-related, as well as sex-specific, changes to leukocyte 

populations within murine tissues under homeostatic conditions (Chapter 3). 

 

2. To determine whether age-related changes to leukocyte population numbers in 

murine tissues is associated with to age-related changes to the structure and/or 

the integrity of the vasculature (Chapter 3). 
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3. To determine age-related and sex-specific changes to leukocyte trafficking 

under inflammatory conditions in humans and mice (Chapter 4). 

 

4. To determine whether administration of PEPITEM can regulate leukocyte 

trafficking under inflammatory conditions in aged humans and mice (Chapter 5).  

 

5. To determine whether the PEPITEM pathway is dysfunctional in older adults 

(Chapter 5). If the pathway is indeed dysfunctional, the factors driving age-

related PEPITEM pathway impairment will be assessed (Chapter 5). 

 



 

 
 

 

2.  

 

 

 

 

 

CHAPTER 2 – MATERIALS AND METHODS 



CHAPTER 2  MATERIALS AND METHODS 

78 
 

2.1   MATERIALS 

2.1.1 LIST OF MAIN REAGENTS  

Table 2-1 List of main reagents 

Reagent Supplier Catalogue 
Number 

Working 
concentration
/dilution 

Use/application 

Histopaque 1077 Sigma-Aldrich 10771-100ml 1x PBMC isolation 

PBS with 
magnesium/calcium 

Sigma-Aldrich 14040-091 1x Washes, in vitro 
and in vivo studies, 
flow cytometry 

PBS without 
magnesium/calcium 

Sigma-Aldrich 14190-094 1x Washes, in vitro 
and in vivo studies, 
flow cytometry 

EDTA, 0.02% Sigma-Aldrich E8008-100ml 0.1mM or 
0.02% 

Washes, MACS 
buffer, RBC lysis 
buffer 

EDTA, 0.5M Sigma-Aldrich 03690-100ml 5mM Lavaging peritoneal 
cavity 

BSA, 7.5% Gibco 15260-037 0.15-2% M199+BSA buffer, 
MACS buffer, 
PBSA 

FCS Sigma-Aldrich F9665-500ml 1-20% Enzyme 
neutralisation 
buffers 

M199, 1x Gibco 31150-022 1x In vitro studies 

M199, 10x Sigma-Aldrich M0650-
100ml 

170:830 Making collagen 
matrices 

Rat-tail type I 
collagen 

First Link 60-30-810 830:170 Making collagen 
matrices 

EasySep Human B-
cell Enrichment kit 

StemCell 19054 / Isolating B-cells 
from PBMC 

Basal Endothelial 
Growth Medium MV  

Promocell C-22220 1x HDBEC culture, in 
vitro assays 

Trypsin Gibco 25300-054 0.05% HDBEC culture 

Cryo-SFM Promocell C-29910 1x HDBEC culture 

TNFα R&D Systems 210-TA 100U/ml HDBEC activation 

IFNγ PeproTech 300-02 10ng/ml HDBEC activation 

Adiponectin Enzo Life 
Sciences 

ALX-522-
063-C050 

10µg/ml PBL or B-cell 
treatments 

SVTEQGAELSNEER Cambridge 
Research 
Biosciences 

Batch 39225 
(Quote 
CP20896) 

20ng/ml PBL treatments 

SVTEQGAELSNEER
-[PEG6 ]-amide 

Cambridge 
Research 
Biosciences 

Batch 41521 
(Quote 
CP19800/1) 

300µg In vivo studies 

Dispase type II Sigma-Aldrich D4693 1mg/ml Static adhesion 
assays 

Collagenase type III StemCell 07423 2mg/ml Static adhesion 
assays 

EasyPep Mini MS 
Sample Prep kit 

ThermoFisher A40006 / LC/MS  
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Reagent Supplier Catalogue 
Number 

Working 
concentration
/dilution 

Use/application 

Pierce BCA Protein 
Assay kit 

ThermoFisher 23225 / Western blot, 
LC/MS 

Protease inhibitor 
cocktail 

Sigma-Aldrich P8340 10% Western blot, 
LC/MS 

Laemmli Sample 
buffer 

BioRad 1610747 1:5 Western blot 

PageRuler Plus 
Prestained protein 
ladder 

Invitrogen  26616 1x Western blot 

Tween 20 Sigma-Aldrich P1379-100ml 1x Western blot 

MES SDS Running 
Buffer, 20x 

Invitrogen NP0002 1x Western blot 

Clarity Western ECL 
substrate 

BioRad 170-5060 1x Western blot 

Restore Western Blot 
Stripping Buffer 

Thermo 
Scientific 

21059 1x Western blot 

Zymosan Merck Z4250-
250mg 

0.1mg ZIP studies 

20 kDa dextran-
TRITC 

Sigma-Aldrich 73766-1G 50mg/ml IVM studies 

70 kDa dextran-FITC Sigma-Aldrich 46945-
100MG-F 

50mg/ml IVM studies 

Mouse FcR block Miltinyi Biotec 130-092-575 1:50 Flow cytometry 

Human FcR block  Miltinyi Biotec 130-059-901 1:50 Flow cytometry 

Formaldehyde 36% TAAB F003 2% Flow cytometry 

CountBright beads ThermoFisher C36950 1:15 Flow cytometry 

Mouse XL Cytokine 
Array kit 

R&D Systems ARY028 / Cytokine array 

CCL21/6Ckine 
DuoSet ELISA 

Bio-Techne DY457 / ELISA 

CXCL13/BLC/BCA-1 
DuoSet ELISA 

Bio-Techne DY470 / ELISA 

DuoSet Ancillary 
Reagent Kit 2 

Bio-Techne DY008 / ELISA 

• List of main reagents used in the experimental methods of this thesis 

• /, not applicable  

2.1.2 ANTIBODIES 

The unconjugated primary antibodies and peroxidase-conjugated secondary 

antibodies used for western blotting are described in Section 2.2.1.5. The antibodies 

used for the flow cytometric analysis of human samples are in Table 2-2 and Table 

2-3, whilst the antibodies for the flow cytometric analysis of murine samples are in 

Table 2-4 and Table 2-5.  
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2.2   METHODS 

2.2.1 HUMAN STUDIES  

2.2.1.1 PARTICIPANT RECRUITMENT  

Informed written consent was obtained from all participants prior to collecting blood 

samples for this project. Ethical approval was awarded by the University of Birmingham 

Local Ethical Review Committee (ERN_12-0079). Healthy volunteers were recruited 

from the University of Birmingham or from the Birmingham 1000 Elders cohort. All 

participants were seen at the Institute for Biomedical Research (IBR; Birmingham, UK) 

where participants filled out consent forms and provided a blood sample. Volunteers 

were required to be aged 18 years or over, to not have any underlying conditions that 

affect the immune system, and to not have any on-going infections.  

2.2.1.2 PBMC, B-CELL AND PBL ISOLATION FROM WHOLE BLOOD 

Human blood was obtained by venepuncture and collected into Potassium-

Ethylenediaminetetraacetic acid (K3EDTA)-coated vacuettes for collection of PBMC 

(BD Biosciences, UK). In a 15ml falcon tube, 5ml blood was layered on top of 5ml 

Histopaque-1077 (Sigma-Aldrich, UK), as previously described (Apta, Chimen and 

McGettrick, 2017). Tubes were then centrifuged at 800 g for 30 minutes with no 

acceleration and no brake at room temperature (RT). The buffy-coat containing PBMC 

was collected and placed into a fresh 15ml falcon tube. The cells were diluted 1:15 

with phosphate buffered saline (PBS) without magnesium/calcium (PBS-/-; Sigma-

Aldrich) and centrifuged at 300 g for 5 minutes at RT to wash the cells. The supernatant 

was discarded, and the wash step was repeated once more. The PBMC pellet was 

then resuspended in MACS buffer (0.1mM ethylenediaminetetraacetic acid (EDTA), 
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0.6% bovine serum albumin (BSA) in PBS-/-; all Sigma-Aldrich) for B-cell isolation (see 

below) or flow cytometric based analysis (see Section 2.2.3), or in medium 199 (M199; 

Gibco, UK) with 0.15% BSA to isolate PBL (see below).  

To isolate B-cells from PBMC, the EasySep Human B-cell Enrichment kit 

(StemCell, UK) was used according to the manufacturer’s instructions. In a polystyrene 

round-bottom tube (StemCell), PBMC (50x106/ml) were incubated 1:20 with 

enrichment antibody cocktail or 10 minutes at RT. Magnetic particles were then 

vortexed and added to the sample (1:13) for 5 minutes at RT. PBMC were diluted to 

4ml using MACS buffer and the tube was placed into a magnet (StemCell) for 5 minutes 

at RT. The enriched B-cell supernatant (~75% purity) was then poured into a fresh 

15ml falcon tube and centrifuged at 300 g for 10 minutes. Pelleted B-cells were counted 

using the Cellometer Auto T4 (Nexcelom Bioscience, UK) and aliquoted at 2x105 B-

cells/tube into 12x75 mm polystyrene tubes (BD Biosciences) using MACS buffer for 

flow cytometric analysis (Section 2.2.3), or aliquoted at 2x106 B-cells/tube into 

eppendorfs for liquid chromatography-mass spectrometry (LC/MS; Section 2.2.1.4) or 

western blot (Section 2.2.1.5) analysis. 

To isolate PBL, PBMC in 5ml M199 0.15% BSA were transferred into a T25 

flask and incubated (37°C, 5% CO2) for 45 minutes to allow the monocytes to adhere 

to culture plastic, an amendment of the previously described methodology (Rainger et 

al., 2001). The non-adherent PBL were then collected, washed with M199 0.15% BSA 

pre-warmed to 37°C and centrifuged at 300 g for 5 minutes. The pellet was 

resuspended in 1ml M199 0.15% BSA before cells were counted using the Cellometer. 

The PBL (~92% purity) concentration was adjusted to 1x106 cells/ml using M199 



CHAPTER 2  MATERIALS AND METHODS 

82 
 

0.15% BSA and the cells were kept at RT prior to the static adhesion assay (see 

Section 2.2.1.3). 

2.2.1.3 IN VITRO STATIC ADHESION AND MIGRATION ASSAYS 

2.2.1.3.1 GENERATING COLLAGEN MATRICES  

In an ice-cold 15ml round bottomed tube, rat-tail type I collagen (First Link, UK) was 

mixed with 10x M199 media (Sigma-Aldrich) in a 830:170 ratio to achieve a final 

concentration of 1.6mg/ml, as previously described (McGettrick et al., 2017). The tube 

was slowly inverted three times before the collagen mixture was titrated with cold 1N 

sodium hydroxide (Thermo Scientific, UK) to neutralise the acetic acid. The tube was 

kept on ice and inverted in between additions of sodium hydroxide to ensure thorough 

mixing. Titration was completed upon colour change of the collagen mixture from 

yellow to orange-pink, indicating a neutral pH. In a 12-well plate, 500µl of the collagen 

mixture was pipetted into a well, ensuring no air bubbles formed during the transfer. 

The plate was then slowly rocked to ensure even coverage of the well and the plate 

was placed into an incubator set at 37°C for 15 minutes to allow the collagen mixture 

to set. To matrix was equilibrated with fully supplemented Basal Endothelial Growth 

Medium MV (BEGM) media (fetal calf serum (FCS) 0.05ml/ml, endothelial cell growth 

supplement 0.004ml/ml, recombinant human epidermal growth factor 10ng/ml, heparin 

90µg/ml, hydrocortisone 1µg/ml; all from Promocell, Germany) media for 24 hours 

before the addition of human dermal blood endothelial cells (HDBEC). 
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2.2.1.3.2 CULTURING AND SEEDING OF ENDOTHELIAL CELLS 

2.2.1.3.2.1 DEFROSTING ENDOTHELIAL CELLS 

All reagents were pre-warmed to 37°C unless otherwise stated. For these studies, 

HDBEC (6x105 cells) were purchased from Promocell (Lot #423Z004; Germany) at 

passage one and were subsequently expanded to passage six before use in assays, 

as previously described (Apta, Chimen and McGettrick, 2017). The HDBEC were 

derived from a 22 year old female donor. Once received, the HDBEC were placed into 

liquid nitrogen for long-term storage. To passage the HDBEC, the cells were 

transported on dry ice and placed into a water bath set to 37°C for 2 minutes to defrost 

the cells (Apta, Chimen and McGettrick, 2017). HDBEC were then resuspended in 

10ml BEGM media with 100U/ml penicillin and 100µg/ml streptomycin (P4333-100ml, 

Sigma-Aldrich) and transferred into a T25 flask as passage two. The flask was placed 

into the incubator (37°C, 5% CO2) until the cells reached 90% confluency 

(approximately 48 hours).  

2.2.1.3.2.2 TRYPSINISATION OF THE ENDOTHELIAL CELLS 

Once 90% confluent, the media was aspirated and the flask was washed with 0.02% 

EDTA (Sigma-Aldrich) for 10 seconds. The EDTA was aspirated and trypsin 0.05% 

(Gibco) warmed to RT was then added to the flask for 2 minutes to detach the HDBEC 

from culture plastic. The flask was tapped on the bench to assist dislodging and was 

checked using an upright Primo Vert microscope (Zeiss, Germany) to ensure HDBEC 

detachment. M199 with 20% FCS (Sigma-Aldrich) was then added to the flask to 

neutralise the trypsin, as previously described (Apta, Chimen and McGettrick, 2017). 

HDBEC were collected into a 15ml falcon tube using a stripette, and the walls of the 

flask were then washed six times with fresh M199 20% FCS to collect any remaining 
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EC. HDBEC were centrifuged at 250 g for 5 minutes at RT. The pelleted cells were 

resuspended in BEGM media and split between two T25 flasks for passage three. This 

process was repeated until HDBEC reached passage six.  

2.2.1.3.2.3 FREEZING THE ENDOTHELIAL CELLS 

Upon reaching passage six, HDBEC received a final round of trypsinisation and 

centrifugation (see above), followed by resuspension in cold Cryo-SFM (Promocell). 

HDBEC from one T75 flask were split into three CryoVials and placed into a pre-cooled 

Nalgene Mr Frosty Cryo 1°C freezing container (Thermo Scientific), as previously 

described (Apta, Chimen and McGettrick, 2017). The freezing container was then 

placed into a -80°C freezer overnight. The following day CryoVials were transferred 

into liquid nitrogen for long-term storage. 

2.2.1.3.2.4 SEEDING THE ENDOTHELIAL CELLS 

Frozen HDBEC at passage six were defrosted, cultured and trypsinised as described 

above. Once pelleted, HDBEC were resuspended in 1ml BEGM media and the cells 

were counted using the Cellometer. The HDBEC concentration was adjusted to 2x105 

cells/ml using BEGM media and 1ml HDBEC was carefully added to a collagen matrix 

(1ml/well). The plate was gently tilted back and forth to ensure even coverage of the 

HDBEC on the collagen matrix, and then placed back into an incubator (37°C, 5% CO2) 

for 24 hours.
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2.2.1.3.3 CYTOKINE STIMULATION OF THE ENDOTHELIAL CELLS 

HDBEC were checked under an upright microscope to ensure a complete endothelial 

monolayer had formed on top of the collagen matrix. The spent media was aspirated, 

and replaced with BEGM media containing 100U/ml TNFα (R&D Systems, UK) and 

10ng/ml IFNγ (PeproTech, UK) for 24 hours (37°C, 5% CO2), which was based on 

previously published work (Piali et al., 1998; Bahra et al., 1998; Curbishley et al., 2005).  

2.2.1.3.4 PBL TREATMENTS 

For AQ stimulation, PBL (1x106 cells) were centrifuged at 300 g for 5 minutes, 

resuspended in 100µl M199 0.15% BSA and treated with 10µg/ml recombinant AQ 

(Enzo Life Sciences, UK) for 1 hour under agitation at RT. Following pre-treatment, 

PBL were then washed with 1ml M199 0.15% BSA, centrifuged at 300 g for 5 minutes 

and resuspended in 1ml M199 0.15% BSA before immediate use (see Section 

2.2.1.3.5). For PEPITEM treatment, 1x106 PBL were added to the TNFα+IFNγ-treated 

HDBEC in conjunction with 20ng/ml native PEPITEM (Cambridge Research 

Biochemicals (CRB), UK) for the duration of the static adhesion assay (see Section 

2.2.1.3.5). 

2.2.1.3.5 STATIC ADHESION ASSAY 

Cytokine-treated HDBEC monolayers (see Section 2.2.1.3.3) were washed twice with 

M199 0.15% BSA to remove excess cytokines before the addition of 1x106 untreated 

or treated PBL (see above). PBL were allowed to migrate for 20 minutes, 2 hours, or 

24 hours at 37°C. Between timepoints, non-adherent PBL were then removed by 

gentle washing with M199 0.15% BSA and each well was imaged/recorded using a 

phase-contrast Olympus IX70 microscope (Olympus, UK) in a Perspex box to maintain 

a temperature of 37°C. At the 20 minute, 2 hour and 24 hour time points each well was 
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imaged as follows. Firstly, five fields of view within each well were imaged at random 

to quantify the number of PBL that had adhered to the EC monolayer and to measure 

the percentage of PBL transendothelial migration. This was followed by the acquisition 

of five digitised z-stack sequences in random fields of view. Z-stack sequences were 

captured at 2µm intervals from the surface of the HDBEC monolayer to the bottom of 

the collagen matrix to measure average depth of PBL penetration. Finally, a 5 minute 

sequence of a single field of view on the EC surface was recorded to measure PBL 

migration velocities.  

2.2.1.3.6 COLLECTION OF MIGRATED PBL FOR FLOW CYTOMETRIC ANALYSIS 

After imaging, the media was aspirated from the wells and the endothelial surface was 

washed twice with PBS-/-. Dispase type II (1mg/ml; Sigma-Aldrich) was then added to 

the wells, and the plate was incubated at 37°C for 30 minutes under agitation to lift of 

adhered PBL and HDBEC from the collagen matrix. PBS containing 2% BSA (PBSA) 

was added to neutralise the dispase, and the adhered cells were washed off the 

collagen matrix using PBS-/-. Once all adhered cells were removed, the collagen matrix 

was scooped up using a pipette tip and placed into a 15ml falcon tube containing 

2mg/ml collagenase type III (StemCell) for 20 minutes at 37°C under agitation to digest 

the collagen. PBSA was then added to neutralise the digestion and the freed PBL were 

centrifuged for 5 minutes at 300 g. The supernatant was aspirated and the PBL were 

resuspended in 100ul MACS buffer and placed on ice prior to flow cytometric analysis 

(see Section 2.2.3). 
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2.2.1.3.7 ANALYSIS OF THE IMAGES AND SEQUENCES 

The images and sequences were analysed off-line using Image-Pro 6.2 software 

(Media Cybernetics; Maryland, USA). The field dimensions of the microscope were 

calibrated by imaging a graticule and setting the scale on the image analysis software.  

2.2.1.3.7.1 PBL ADHESION AND MIGRATION 

In the images, adhered and transmigrated PBL were classified as previously described 

(Apta, Chimen and McGettrick, 2017; McGettrick et al., 2009a). The phase bright PBL 

on the surface of the HDBEC (rounded morphology and slowly migrating along the EC 

monolayer) were classified as adhered cells, whilst the phase dark PBL underneath 

the HDBEC (spread and migrating beneath the EC monolayer) were classed as 

transmigrated cells. Phase grey PBL were classified as adhered cells if they exhibited 

rounded morphology and over 50% of the cell appeared to be on top of the EC 

monolayer, whilst phase grey PBL that exhibited an irregular morphology with less than 

50% of the cell appearing on top of the HDBEC were classified as transmigrated (Apta, 

Chimen and McGettrick, 2017). In the z-stack sequences, migrated PBL within the 

collagen matrix appeared as rounded phase bright cells. 

Both adhered and transmigrated populations were counted in the images and 

z-stack sequences. Total PBL adhesion to the EC monolayer was the sum of adhered 

and transmigrated PBL, expressed as cells per mm2 per number of PBL added. The 

percentage of PBL transmigration across the EC monolayer was calculated by 

expressing the number of transmigrated PBL as a percentage of the total number of 

adhered PBL. The percentage of AQ and PEPITEM inhibition (Figure 5-3) is the 

percentage change in the proportion of PBL transmigration between the control group 
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and the AQ and PEPITEM groups, respectively. This was calculated for each blood 

donor. 

2.2.1.3.7.2 AVERAGE DEPTH OF PBL PENETRATION INTO THE COLLAGEN MATRIX 

The average depth of PBL penetration into the collagen matrix was calculated as 

previously described (Apta, Chimen and McGettrick, 2017). The number of cells within 

20µm slices were counted and assigned the midpoint depth of that slice. The midpoint 

depth was then multiplied by the number of cells found within the slice. These values 

were then summed and divided by the total number of cells in the stack to give the 

average depth of PBL penetration into the matrix per z-stack. These values were then 

averaged across the five z-stacks to provide the average depth of PBL penetration into 

the collagen matrix per time point. To ensure that shrinkage of the collagen gel was 

not occurring over time, the depth of the gel was also measured at each time point 

using the z-stack setting on the phase-contrast microscope. 

2.2.1.3.7.3 PBL MIGRATION VELOCITIES 

To calculate average migration velocities, the centroids of individual migrating PBL 

were recorded for each minute of the 5-minute sequence and analysed as previously 

described (Munir et al., 2015; Apta, Chimen and McGettrick, 2017). The X and Y 

position values of PBL from minute 0 were subtracted from the values in minute 1 of 

the sequence. This was repeated for each minute of the sequence. The X and Y values 

were then squared and summed. The resulting value was then square rooted to 

provide the distance travelled by an individual PBL over the course of 1 minute, a 

method based on Pythagoras’ theorem. The distance travelled by a singular PBL over 

the course of five minutes was averaged and divided by 5 to calculate the migration 
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velocity (i.e. µm/minute). The migration velocities of all PBL within the frame of view 

were then averaged to provide the average PBL migration velocity of that time point.  

2.2.1.4 LC/MS ANALYSIS OF B-CELL LYSATES 

B-cells were isolated from blood as described in Section 2.2.1.2. Using B-cells isolated 

from a single blood donor, half of the B-cells were left untreated and half were treated 

with 10µg/ml AQ for 15 minutes at RT under agitation. B-cells were then centrifuged at 

300 g for 8 minutes where the supernatant was collected and stored at -80°C for future 

analysis and the cell pellet was washed twice with PBS+/+
. Pelleted B-cells were then 

prepared for LC/MS analysis using the EasyPep Mini MS Sample Prep kit 

(ThermoFisher) according to the manufacturer’s instructions. Pelleted B-cells were 

lysed using the kit’s lysis buffer containing 0.5kU universal nuclease and 10% protease 

inhibitor cocktail (Sigma-Aldrich).  

2.2.1.4.1 BCA ASSAY 

Total protein content of the B-cell lysates was determined using the bicinchoninic acid 

(BCA) assay, using the Pierce BCA Protein Assay kit (ThermoFisher) according to the 

manufacturer’s instructions. Briefly, 1,500-0µg/ml BSA standards were prepared by 

diluting the BSA in PBS+/+, whilst samples were diluted 1:4. In a 96-well flat-bottomed 

plate, 25µl/well of standards and sample were added in duplicate. The working solution 

was prepared by diluting Reagent B 1:50 in Reagent A, and was added at a volume of 

200µl/well to the standards and samples. The plate was placed on a shaker at RT for 

30 seconds to mix the solutions, and then incubated at 37°C for 30 minutes. The plate 

was then cooled to RT and read at 562 nm using a BioTek Synergy HT plate reader 

(BioTek, USA). The numerical data was exported into a table, where the average 

absorbance value of the blank wells was deducted from the absorbance values of the 
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standards and samples. The absorbance values for each standard were averaged and 

a standard curve was generated. The protein concentration (µg/ml) of the samples was 

determined using the y-intercept and slope derived from the standard curve ((average 

fluorescence − y-intercept) ÷ slope), and multiplied by the dilution factor of the sample. 

2.2.1.4.2 COLLECTION OF INTRACELLULAR PROTEINS 

Once the protein concentration had been determined, 70µg of B-cell lysate protein was 

then transferred into an Eppendorf and subjected to the EasyPep Mini MS Sample 

Prep kit as per the manufacturer’s instructions. Briefly, 50µl of Reduction solution and 

50µl Alkylation solution was added to the sample prior to incubation at 95°C for 10 

minutes. Once cooled to RT, 10µg Trypsin/Lys-C Protease Mix was added to the 

sample for 2 hours at 37°C under agitation to digest the proteins. The digest was 

stopped by the addition of 50µl Digestion Stop solution. The peptide solution was then 

transferred into a Peptide Clean-up column and centrifuged at 1,500 g for 2 minutes 

(reagents from EasyPep Mini MS Sample Prep kit). The column was washed once with 

300µl Wash Solution A and twice with Wash Solution B, where samples were 

centrifuged at 1,500 g for 2 minutes between washes. Peptides were eluted by the 

addition of 300µl Elution Solution into the column and centrifugation at 1,500 g for 2 

minutes. The eluted peptides were placed into a Concentrator 5301 vacuum centrifuge 

(Eppendorf, UK) and dried overnight. Peptides were stored at -80°C until they were 

transported to the Advanced Mass Spectrometry unit (Birmingham, UK) for LC/MS 

analysis. 

2.2.1.4.3 LC/MS 

LC/MS analysis of B-cell peptides was performed by the Advanced Mass Spectrometry 

Unit (University of Birmingham). Peptides were resuspended in 10µl 0.1% formic acid 
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diluted in LC/MS grade water, and 5µl of each sample was analysed using LC/MS. A 

gradient of 3-44% v/v acetonitrile in 0.1% formic acid was run at 350 nl/min for 30 

minutes in a Dionex Ultimate 3000 liquid chromatography (LC) system to facilitate the 

separation of peptides. A low concentration of solvent at the beginning of the run allows 

the peptides within the sample to bind to the column, whilst the increasing 

concentration of solvent over the course of the run permits the elution of peptides 

based on hydrophobic properties. Highly hydrophobic peptides are retained longer on 

the column and are the last to be eluted. Using a nanospray source, the samples were 

then sprayed into the Thermo Q Exactive HF Orbitrap mass spectrometer 

(ThermoFisher) from the LC instrument. With the sample now in gas phase, the 

electrostatic attraction of the sample draws the peptides into the ion-trap and separates 

ions based on their mass to charge ratio (m/z). A mass spectrometry survey of 380 to 

1800 m/z was performed and automatic gain control for selecting ions was set at MS1 

3x106 and MS2 1x105. The m/z peaks generated by Thermo Xcalibur software 

(ThermoFisher) were then identified using the Proteome Discoverer 2.2 software 

(ThermoFisher) with the Uniprot protein database. The relative abundance of a specific 

peptide within a sample was equivalent to its peak intensity normalised by the sum of 

intensities of all other peptides. The relative abundance of proteins in AQ-treated B-

cell samples (AQ) compared to control B-cell samples (C) of a single donor was 

calculated as a ratio: AQ/C and is expressed as fold change.  

2.2.1.5 WESTERN BLOT ANALYSIS OF B-CELL PROTEINS 

B-cells were isolated from whole blood as described in Section 2.2.1.2. B-cells were 

then treated, lysed, and subjected to a BCA assay to determine protein concentration, 

as described in Section 2.2.1.4.  



CHAPTER 2  MATERIALS AND METHODS 

92 
 

2.2.1.5.1 WESTERN BLOT 

To denature the proteins, 5µg B-cell lysate was diluted 1:5 with Laemmli Sample buffer 

(BioRad, USA) and then incubated at 95°C for 10 minutes. Samples and 4µl of the 

PageRuler Plus Prestained protein ladder (Invitrogen, UK) were then loaded into a 

NuPAGE 4-12 % Bis-Tris mini protein gel (Invitrogen) and electrophoresed at 100 V 

for 90 minutes. Proteins were transferred onto a PVDF Midi 0.2mm membrane 

(BioRad) using the Trans Blot Turbo system (BioRad) for 10 minutes at 25 V. The 

membrane was then blocked with 5% milk diluted in PBS-Tween 0.1% (blocking buffer; 

reagents from Sigma-Aldrich) for 1 hour at RT under agitation. The membrane was 

then incubated with 1:4,000 rabbit anti-APPL1 (12639-1-AP, ProteinTech, UK) primary 

antibody, diluted in blocking buffer, overnight at 4°C under agitation. The membrane 

received three rounds of 10-minute washes using 0.1% PBS-Tween (PBST), and was 

then incubated with 1:10,000 goat anti-rabbit IgG peroxidase conjugate (401393, EMD 

Millipore Corp, UK) secondary antibody, diluted in blocking buffer, for 90 minutes at 

4°C under agitation. The membrane received three 10-minute washes with PBST prior 

to the addition of 2ml Clarity Western ECL chemi reagent substrate (BioRad) for 1 

minute. Excess chemi reagent was removed by touching the edge of the membrane 

onto paper towel. The membrane was then wrapped in clingfilm, ensuring no air 

bubbles or creases formed, and placed into an autoradiography cassette (Amersham 

Life Science, UK). The membrane was exposed to X-ray film for 30 seconds and 

developed using the Compact X4 Automatic X-ray Film Processor (Xograph, UK). 

Following development, the membrane was washed using PBST as described 

above and incubated with 20ml Restore Western Blot Stripping Buffer (Thermo 

Scientific) at 37° for 30 minutes under agitation to strip the antibody from the 
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membrane. The membrane was re-probed with 1:4,000 rabbit anti-actin (A2066, 

Sigma-Aldrich) primary antibody and subsequently 1:10,000 goat anti-rabbit 

peroxidase conjugate secondary antibody as described above to assess actin 

abundance. 

2.2.1.5.2 ANALYSIS OF THE BLOTS 

After developing the X-ray film, blots were scanned and analysed offline using ImageJ 

(version 2.1.0, Cambridge). To quantify protein abundance, the area under the peak 

method was employed (Alonso Villela et al., 2020; Gassmann et al., 2009; ImageJ, 

2012). Briefly, a region of interest (ROI) comprising of 260 x 290 pixels was drawn 

around each protein band and grey-pixel intensity plots were generated by ImageJ. A 

horizontal line was drawn underneath the peak to eliminate background noise, and the 

area under the peak was measured. The size and intensity of the protein band directly 

corresponded to the area under the peak value: the larger and darker the protein band, 

the larger the area under the peak value. These measurements were determined for 

APPL1 and actin protein bands for each sample. To normalise the data according to 

total protein abundance of the sample, the actin data were normalised to the lowest 

actin value and the corresponding normalisation ratios were applied to the APPL1 data. 

The data in this thesis are presented as normalised APPL1 abundance. 

2.2.2 IN VIVO STUDIES 

2.2.2.1 MICE 

Animal studies were regulated by the Animals (Scientific Procedures) Act 1986 of the 

United Kingdom and were performed under Personal Project Licence P379E5607. 

Approval was granted by the University of Birmingham’s Animal Welfare and Ethical 
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Review Body and all ethical guidelines were adhered to whilst carrying out these 

studies. 

Wildtype male and female C57Bl6J mice aged 2 months (young) and 18 months 

(aged) were purchased from Charles River (UK) and housed in the animal facilities 

located at the University of Birmingham until they reached the appropriate age for our 

studies. We had initially planned to use 3 month-old mice for the young cohort and 21 

month-old mice for the aged cohort. However, due to the COVID-19 pandemic, we 

were required to cull a cohort of 18 month-old male and female mice and so we 

included this data in Chapter 3. In line with UK Home Office regulations, mice were 

maintained under a controlled 12-hour light/12-hour dark cycle and received food and 

water ad libitum.  

2.2.2.2 BASELINE STUDIES 

Naïve mice were sacrificed via cardiac puncture from the side of the ribcage under 

terminal anaesthesia to collect blood. Blood was aliquoted into EDTA-coated tubes 

(Starstedt, Germany) for flow cytometric analysis, and into Eppendorfs to collect 

serum. Subsequently, the peritoneum was lavaged by injecting 5ml of 5mM EDTA 

(Sigma-Aldrich) diluted in PBS-/- into the peritoneal cavity and massaging the peritoneal 

membrane to detach adherent cells. The peritoneal lavage fluid (PLF) was collected 

using a 19 G 2-inch needle and 5ml syringe and stored on ice. The inguinal LN, spleen, 

and the right hind leg were each collected into separate 15ml falcon tubes containing 

PBS+/+ and transported on ice. All tissues were processed immediately as described 

below (Section 2.2.2.4).  
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2.2.2.3 ZYMOSAN-INDUCED PERITONITIS (ZIP) STUDIES  

Peritonitis was induced by intraperitoneal (IP) injection of 0.1mg zymosan A (Merck, 

UK) from Saccharomyces cerevisiae, as previously described (Rajakariar et al., 2008; 

Newson et al., 2014). Control mice received an IP injection of PBS-/- only. Some mice 

received 300µg pegylated PEPITEM, SVTEQGAELSNEER-[PEG6 ]-amide (CRB), 

concurrently with zymosan administration, and again at the 24 hour timepoint (Chimen 

et al., 2015). After 48 hours, mice were sacrificed and tissues were collected as 

described above (Section 2.2.2.2). 

2.2.2.4 TISSUE PROCESSING FOR FLOW CYTOMETRIC ANALYSIS 

2.2.2.4.1 BLOOD 

To lyse red blood cells (RBC), formulated RBC lysis buffer (155mM NH4Cl, 12mM 

NaHCO3, 0.1mM EDTA; all from Sigma-Aldrich) was added to blood samples in a 10:1 

ratio for 10 minutes at room temperature. Cells were then washed twice by diluting 

cells with 10ml PBS+/+ followed by centrifugation at 300 g for 5 minutes. Pelleted cells 

were resuspended in MACS buffer and stored on ice prior to flow cytometric analysis. 

Serum samples were collected by centrifuging the blood at 750 g for 10 minutes and 

were stored at -80°C for future analysis. 

2.2.2.4.2 PERITONEAL LAVAGE FLUID  

PLF samples were centrifuged at 300 g for 5 minutes to pellet cells. PLF supernatants 

were collected and stored at -80°C for future analysis. Peritoneal cells were then 

resuspended in MACS buffer and stored on ice prior to analysis by flow cytometry 

(Section 2.2.3).  



CHAPTER 2  MATERIALS AND METHODS 

96 
 

2.2.2.4.3 SPLEEN AND INGUINAL LYMPH NODES 

Spleens were weighed using Pioneer weighing scales (Ohaus, Switzerland). Excess 

adipose tissue surrounding the inguinal LN was removed using tweezers. Spleens and 

LN were then placed onto separate 40µm cell strainers (Grenier Bio-One, Austria). 

Using the plunger of a 5ml syringe, the tissue was mashed and washed through the 

cell strainer into the collection tube with PBS+/+. Cells were pelleted by centrifugation 

at 300 g for 5 minutes. RBC in the spleen samples were then lysed as described in 

Section 2.2.2.4.1. Cells of the spleen or LN were then resuspended in MACS buffer 

and stored on ice prior to analysis by flow cytometry (Section 2.2.3). 

2.2.2.4.4 BONE MARROW 

Tissue was dissected away from the tibia and the femur of the right hind leg, which 

were then separated and the ends of each bone removed to expose the BM. A hole 

was made at the bottom of a 0.5ml Eppendorf using a 19 G needle into which the 

bones were then placed. The 0.5ml Eppendorf was nested into a larger 1.5ml 

Eppendorf and centrifuged at 10,000 g for 30 seconds to extract the BM. The BM was 

filtered through a 40µm cell strainer before RBC were lysed as described in Section 

2.2.2.4.1. Cells of the BM were then resuspended in MACS buffer and stored on ice 

prior to analysis by flow cytometry (Section 2.2.3). 

2.2.2.5 INTRAVITAL MICROSCOPY OF THE PERITONEAL MEMBRANE 

VASCULATURE 

2.2.2.5.1 INTRAVITAL MICROSCOPY 

All intravital microscopy studies were conducted by Dr Dean Kavanagh (Intravital 

imaging suite, Birmingham, UK). Three-month (22.04±1 gram) and 21-month (30.08±1 

gram) female mice were anaesthetised by IP injection of ketamine hydrochloride 
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(100mg/kg; Pfizer, USA) and medetomidine hydrochloride (10mg/kg; Pfizer) diluted in 

PBS-/-. The trachea and right common carotid artery were cannulated and the 

peritoneal membrane was exposed. Prior to imaging, 50μl tetramethylrhodamine 

isothiocyanate (TRITC) conjugated 20 kDA dextran (50mg/ml; Sigma-Aldrich) and 50μl 

fluorescein isothiocyanate (FITC) conjugated 70 kDa dextran (50mg/ml; Sigma-

Aldrich) were administered via the carotid artery. A 60 second sequence of the 

peritoneal membrane vasculature was recorded at 0- and 60-minutes post-dextran 

administration using an Olympus IX81 inverted microscope (Olympus, UK) through a 

10X objective. After imaging, the mice were sacrificed via cervical dislocation and the 

peritoneal cavity was lavaged as described in Section 2.2.2.2.  

2.2.2.5.2 ANALYSIS OF THE SEQUENCES 

The sequences were analysed offline using Fiji ImageJ. Five still images were 

extracted from each sequence (0-minute and 60-minute sequences) at random, 

ensuring the vasculature was in focus. To measure the average extravascular 

fluorescence, the mean grey values of five regions of interest (20 x 20 pixels) within 

the background of an image were obtained and averaged. The mean grey values 

obtained from the five different images of the same timepoint were then averaged. The 

average mean grey value of the 0-minute images was then subtracted from the 

average mean grey value of the 60-minute images, and this value was used as the 

final measure of extravascular fluorescence for the 60-minute timepoint. 

To analyse the structure of the vasculature, the vasculature network was 

manually mapped onto the image using the paintbrush feature in ImageJ. The 

threshold was then adjusted to 13 – 255 pixels to capture the vasculature outline, the 

image was inverted and analysed using the Angiogenesis Analyzer plug-in (Carpentier 
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et al., 2020). A schematic of the workflow is depicted in Figure 2-1. The Angiogenesis 

Analyzer plug-in labelled points of bifurcation as ‘nodes’, which were identified by 

pixels connecting with three neighbouring pixels, and labelled looping structures within 

the vasculature as ‘meshes’, which were identified as areas completely enclosed by 

vessels (Figure 2-2). The ‘mesh index’ is a measure of the mean distance between 

nodes within a mesh structure, ultimately conveying the average number of vessels 

involved in a mesh structure within a set area of vasculature. The lower the mesh index, 

the more vessels involved in mesh structures within the vasculature. Measurements 

were scaled using a graticule.  
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Figure 2-1 Schematic of intravital microscopy sequence analysis 

(A) An image was extracted from the intravital microscopy sequence, and (B) the 

vasculature was manually outlined using the brush tool in Fiji ImageJ. (C-D) The 

threshold of the image was adjusted to 13 – 255 pixels, (E) the image was inverted 

and (F) the vasculature structure was analysed using the Angiogenesis Analyzer plug-

in on Fiji ImageJ.
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Figure 2-2 Schematic depicting vasculature structure terms 
A schematic depicting the different structure terms for vasculature used in this thesis, 

as defined by the Angiogenesis Anlayzer plug-in for ImageJ. A ‘node’ (blue circle) is 

a point of bifurcation within the vasculature, determined by a single pixel connected 

to at least three neighbouring pixels. A ‘mesh’ (red circle) is a looping structure in the 

vasculature, determined by multiple nodes connected by vessels in a circular fashion. 

A ‘mesh index’ (yellow arrow) is a measure of the mean distance between nodes 

within a mesh structure.
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2.2.2.5.3 MEASURING FLUORESCENT DEXTRANS IN PERITONEAL LAVAGE FLUID 

A two-fold serial dilution of the 20 kDa dextran-TRITC and 70 kDa dextran-FITC was 

performed to generate standards. The PLF samples, standards, and blanks (5mM 

EDTA-PBS) were placed into a 96-well plate (Grenier Bio-One) in triplicate and read 

using the BioTek Synergy HT plate reader. Different excitation and emission 

wavelengths were used to obtain fluorescent measurements for the different 

fluorochromes (excitation: 530/25 nm, emission: 590/35 nm for 20 kDa dextran-TRITC; 

485/20 nm, emission: 528/20 nm for 70 kDa dextran-FITC). The fluorescent values for 

each set of standards were averaged and two standard curves were generated (Figure 

2-3). The fluorescent values of the samples and blanks were averaged, and the 

fluorescent value of the blank was deducted from the sample values. The 20 kDa and 

70 kDa dextran concentrations within the samples were then determined using the y-

intercept and slope derived from the standard curves ((average fluorescence − y-

intercept) ÷ slope). The data were plotted as weight of dextran per ml of PLF (µg/ml). 
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Figure 2-3 Standard curves for dextran quantification 
To generate standard curved for (A) 20 kDa dextran-TRITC and (B) 70 kDa dextran-FITC, standards ranging 25-0 mg/ml were 

generated and plated in triplicate. The arbitrary unit (AU) of fluorescence was measured using a plate reader. An excitation wavelength 

of 530/25 nm and emission wavelength of 590/35 nm was used for 20 kDa dextran-TRITC. An excitation wavelength of 485/20 nm 

and emission wavelength of 528/20 nm was used for 70 kDa dextran-FITC. 
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2.2.2.6 CYTOKINE ARRAY  

Soluble proteins within PLF supernatant samples were measured using the Mouse XL 

Cytokine Array Kit (R&D systems) according to the manufacturer’s instructions. Each 

Mouse XL Cytokine Array membrane was incubated with 2ml Array Buffer 6 for 1 hour 

at RT under agitation to block non-specific binding of analytes. To prepare samples, 

equal volumes (333µl) of PLF supernatant from 3 separate mice were mixed to 

measure soluble proteins within a cohort of mice. PLF samples were then topped up 

to 1.5ml using Array Buffer 4 prior to addition to the membrane and incubation 

overnight at 4°C under agitation. Each membrane underwent three 10-minute washes 

using 1X Wash Buffer prior to incubation with the Detection Antibody Cocktail (1:50) 

for 1 hour at RT under agitation. The membranes were then washed as described 

above prior to the addition of 2ml 1X Streptavidin-HRP for 30 minutes at RT under 

agitation. One final round of membrane washing preceded the addition of 1ml Chemi 

Reagent Mix for 1 minute at RT. The membranes were then wrapped in clingfilm and 

placed into an autoradiography cassette (Amersham Life Science). The membranes 

were exposed to X-ray film for 1 minute (Chapter 3) and developed using the Compact 

X4 Automatic X-ray Film Processor (Xograph). 

The developed membrane was scanned, and the images were analysed offline 

using ImageJ. Each analyte spot was present in duplicate on the membrane, and so 

one ROI (36 x 36 pixels) was created for each analyte spot. The image was then 

inverted so that and the mean grey pixel value could be measured as a numerical 

quantification of the relative abundance of each analyte within the sample. The 

numerical data was then exported into a table. The values of each set of analyte spots 

were averaged and the background signal was removed by subtracting the average 
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value of the negative control spots from each analyte spot value. The aged data were 

then normalised to the young data and expressed as fold-change in analyte abundance 

based on the sex of the mice (Chapter 3). 

2.2.2.7 ELISA 

The concentration of soluble CCL21 and CXCL13 was measured in PLF samples 

from 3-month, 18-month, and 21-month male and female mice using an ELISA. The 

Mouse CCL21/6Ckine DuoSet ELISA and Mouse CXCL13/BLCA/BCA-1 DuoSet 

ELISA in conjunction with the DuoSet Ancillary Reagent Kit 2 (all from Bio-Techne) 

were used according to the manufacturer’s instructions. All reagents and materials 

listed below were provided in the specific ELISA kit or the DuoSet Ancillary Reagent 

Kit 2. In brief, two 96-well plates were incubated with the appropriate capture 

antibody (1µg/ml; 100µl/well) overnight at RT. The plates were then washed by 

aspirating the wells prior to the addition of wash buffer (400µl/well); this process was 

repeated three times to complete the wash step. The plates were then blotted on 

paper towel to ensure complete removal of any remaining liquid from the wells.  

Following washing, the plates were blocked with block buffer (300µl/well) for 1 

hour at RT. After an additional round of washing (described above), neat PLF 

samples and standards (15.6-1,000 pg/ml) were added (100µl/well) in duplicate to 

the plates, which were then incubated at RT for 2 hours. The plates were washed 

again (described above) prior to the addition of the detection antibody (25ng/ml; 

100µl/well) and incubation for 2 hours at RT. The plates were washed once more 

(described above) prior to the addition of streptavidin-HRP (100µl/well) for 20 

minutes at RT in the dark. A final round of plate washing (described above) preceded 

the addition of substrate solution (100µl/well) for 20 minutes at RT in the dark. Stop 
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solution (50µl/well) was then added to each well, and the plates were tapped to 

ensure gentle mixing of the solutions. The optical density of each well at 450 nm 

(OD450) was measured using the BioTek Synergy HT plate reader, and the numerical 

values were exported into a table. 

To quantify the levels of CCL21 and CXCL13 in the PLF samples, the 

background signal was deducted from the OD450 values of the samples for each 

plate. As they were in duplicate, the OD450 values of the standards and samples were 

then averaged and standard curves were generated for each chemoattractant. The 

concentration of CCL21 and CXCL13 in each PLF sample was then interpolated by 

using the y-intercept and slope derived from the appropriate standard curve 

((average fluorescence − y-intercept) ÷ slope). Data are presented as pg 

chemoattractant per ml PLF. 

2.2.3 PHENOTYPING LEUKOCYTE POPULATIONS BY FLOW CYTOMETRY  

2.2.3.1 SAMPLE PREPARATION AND STAINING  

Single cell suspensions were aliquoted into 12x75 mm polystyrene FACS tubes. 

Unless otherwise stated, cells were stained for 20 minutes at 4°C, then washed with 

3ml PBS+/+ and centrifuged at 300 g for 5 minutes between rounds of staining/fixation.  

2.2.3.1.1 STAINING OF HUMAN SAMPLES  

PBMC (1x106/tube), PBL (1x106/tube), or B-cells (2x105/tube) were incubated 1:50 

with human FcR block (Miltenyi Biotec) for 2 minutes at RT and then stained with the 

human T-cell panel (HTP), human B-cell/monocyte panel (HBMP) or human B-cell 

subset panel (HBSP) shown in Table 2-2.  
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For CCR7 staining as part of the HTP, PBMC or PBL were incubated with 1:50 

anti-human CCR7 BV421 for 20 minutes at 37°C (Table 2-2). Cells were then washed, 

centrifuged, and stained with either the HBMP or HTP of antibodies (see Table 2-2). 

Cells were then washed, centrifuged, and fixed as described below (Section 2.2.3.1.3). 

The compensation antibodies (C) used were the primary antibodies listed in Table 2-2, 

whilst the isotype antibodies used can be found in Table 2-3. 

To measure AdipoR1/2 expression on B-cell subsets, enriched B-cells were first 

stained with 1:100 unconjugated rabbit anti-human antibodies specific to either 

AdipoR1 or AdipoR2 (Table 2-2). B-cells were then washed, centrifuged, resuspended 

in MACS buffer and stained with the HBSP, including 1:250 of the Alexa fluor 488-

conjugated secondary goat anti-rabbit antibody (see Table 2-2). Control tubes 

received the HBSP and secondary antibody only. A list of compensation and isotype 

antibodies can be found in Table 2-2 and Table 2-3, respectively. After staining, B-

cells were washed, centrifuged, and fixed as described below (Section 2.2.3.1.3). 

2.2.3.1.2 STAINING OF MURINE SAMPLES  

A proportion of the single-cell suspension of each murine tissue was placed into a 

polystyrene tube (⅓ PLF, ⅓ LN, ⅓ BM, ⅓ blood, ⅕ spleen cells per tube) and 

incubated 1:50 with mouse FcR block (Miltenyi Biotec) for 2 minutes at RT. Cells were 

then stained with either the mouse T-cell (MTP), mouse B-cell (MBP), or mouse 

myeloid (MP) antibody panel for 20 minutes at 4°C to label extracellular markers (see 

Table 2-4). After staining was completed, cells were washed, centrifuged and fixed as 

described below. A list of compensation and isotype antibodies can be found in Table 

2-4 and Table 2-5, respectively. 
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2.2.3.1.3 SAMPLE FIXATION AND ACQUISITION  

All samples were fixed using 400µl 2% formaldehyde (TAAB, UK) diluted in PBS+/+ for 

10 minutes at 4°C. Cells were then washed, centrifuged, and resuspended in a fixed 

volumed of 300µl PBS+/+. All samples were spiked with CountBright beads (1:15; 

ThermoFisher) and acquired on a 4-laser Fortessa X20 flow cytometer. 
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Table 2-2 Primary antibody panels used for human PBMC, PBL and B-cell samples 

Antibodies         

Target Clone Conjugate Isoform Manufacturer Catalogue # Concentration 
(μg/ml) 

Dilution Panel 

CD3 OKT3 PerCPCy5.5 IgG2a, κ ThermoFisher 45-0037-42 50 1:50 HTP, HBMP, 
C 

CD4 RPA-T4 Alexa fluor 700 IgG1, κ ThermoFisher 56-0049-42 50 1:50 HTP, C 

CD8 RPA-T8 BV786 IgG1, κ BD Biosciences 563824 N/A 1:50 HTP 

CD8 OKT8 eFluor450 IgG2a, κ ThermoFisher 48-0086-42 25 1:50 C 

CD45RA HI100 PECy5 IgG2b, κ ThermoFisher 15-0458-42 25 1:50 HTP, C 

CCR7 150503 BV421 IgG2a BD Biosciences 562555 N/A 1:50 HTP 

CD28 CD28.2 PE IgG1, κ ThermoFisher 12-0289-42 50 1:50 HTP, C 

CD27 O323 APC-eFluor 
780 

IgG1, κ ThermoFisher 47-0279-42 50 1:50 HTP 

CD27 O323 eFluor 450 IgG1, κ BioLegend 423101 N/A 1:500 HTP, HBMP 

KLRG1 MAFA Alexa fluor 647 IgG2a, κ BioLegend 367704 N/A 1:100 HTP, HBMP 

CD57 QA17A04 BV605 IgG1, κ BioLegend 393304 N/A 1:100 HTP, HBMP 

CD25 CD25-4E3 PE-eFluor 610 IgG2b, κ ThermoFisher 61-0257-42 25 1:100 HTP 

CD19 HIB19 PECy7 IgG1, κ ThermoFisher 25-0199-42 50 1:50 HTP, HBMP, 
C 

CD19 HIB19 Alexa fluor 700 IgG1, κ ThermoFisher 56-0199-42 25 1:100 HBSP 

CD24 ML5  BV711 IgG2a, κ BD Biosciences 563371 N/A 1:100 HBSP 

CD20 2H7  PerCPCy5.5 IgG2b, κ ThermoFisher 45-0209-42 50 1:100 HBSP 

CD38 HIT2 APC IgG1, κ ThermoFisher 17-0389-42 50 1:40 HBSP 

IgD IA6-2 PECy7 IgG2a, κ BD Biosciences 561314 N/A 1:100 HBSP 

IgD IA6-2 Super Bright 
702 

IgG2a, κ ThermoFisher 67-9868-42 50 1:50 C 

CD43 1G10 BV650 IgG1, κ BD Biosciences 743613 200 1:100 HBSP, C 

CD5 UCHT2 PECy5 IgG2a, κ ThermoFisher 15-0058-42 12 1:100 HBSP 

CD1d CD1d42 PE IgG2a, κ ThermoFisher 15-0058-42 12 1:40 HBSP 

CD56 R19-760 BV711 IgG1, κ BD Biosciences 744221 200 1:50 HBMP 
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• The concentration listed is the concentration the antibody was supplied at and the dilution is the working dilution the antibody was used 

at per experiment.  

• The antibodies were used in 3 separate panels: Human T-cell panel (HTP), human B-cell/monocyte panel (HBMP), and human B-cell 

subset panel (HBSP)  

• C, compensation antibody; N/A, not available; /, not applicable. 

Target Clone Conjugate Isoform Manufacturer Catalogue # Concentration 
(μg/ml) 

Dilution Panel 

CD14 61D3 eFluor 450 IgG1, κ ThermoFisher 48-0149-42 100 1:100 HBMP 

CD14 61D3 APC IgG1, κ ThermoFisher 17-0149-42 50 1:50 C 

CD41 HIP8 Pacific Blue IgG1, κ BioLegend 303714 N/A 1:50 HBMP 

AdipoR1 / Unconjugated IgG Pheonix 
Pharmaceuticals 

G-001-44 200 1:100 HBSP 

AdipoR2 / Unconjugated IgG Pheonix 
Pharmaceuticals 

G-001-23 200 1:100 HBSP 

Goat anti-
rabbit IgG 

/ Alexa fluor 488 IgG ThermoFisher A11008 2000 1:250 HBSP 

Viability dye         

Zombie aqua / / / BioLegend 423101 N/A 1:500 HTP, HBMP, 
HBSP, C 
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Table 2-3 List of primary human antibodies and corresponding isotype controls 

• Each primary antibody and immunoglobulin (Ig) isotype antibody is listed followed by the corresponding isotype control concentration 
and dilutions. 

• N/A, not available.

Primary antibody Isotype Manufacturer Catalogue # Concentration 
(μg/ml) 

Dilution Panel 

CD45RA PECy5 IgG2b, κ PECy5 ThermoFisher 15-4732-42 6 1:50 Isotype panel for HTP 

CCR7 BV421 IgG2a BV421 BD Biosciences 562439 200 1:100 Isotype panel for HTP 

CD28 PE IgG1, κ PE ThermoFisher 12-4714-42 200 1:100 Isotype panel for HTP 

CD27 APC-eFluor 780 IgG1, κ APC-eFluor 780 ThermoFisher 47-4714-82 200 1:100 Isotype panel for HTP 

CD57 BV605 IgG1, κ BV605 BD Biosciences 562652 200 1:100 Isotype panel for HTP 

KLRG1 Alexa fluor 647 IgG2a, κ Alexa fluor 647 ThermoFisher 51-4724-81 200 1:100 Isotype panel for HTP 

CD24 BV711 IgG2a, κ BV711 BD Biosciences 563345 200 1:100 Isotype panel for HBP 

CD27 eFluor 450 IgG1, κ eFluor 450  ThermoFisher 48-4714-82 200 1:800 Isotype panel for HBP 

CD20 PerCPCy5.5 IgG2b, κ PerCPCy5.5 ThermoFisher 45-4724-82 200 1:400 Isotype panel for HBP 

CD38 APC IgG1, κ APC ThermoFisher 17-4714-42 100 1:160 Isotype panel for HBP 

IgD PECy7 IgG2a, κ PECy7 ThermoFisher 25-4724-81 200 1:100 Isotype panel for HBP 

CD43 BV650 IgG1, κ BV650 BD Biosciences 563231 200 1:100 Isotype panel for HBP 

CD5 PECy5 IgG2a, κ PECy5 ThermoFisher 15-4724-81 200 1:500 Isotype panel for HBP 

CD1d PE IgG2a, κ PE ThermoFisher 12-4724-82 200 1:200 Isotype panel for HBP 
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Table 2-4 List of primary antibodies used for murine tissue samples 

Antibodies         

Target Clone Conjugate Isoform Manufacturer Catalogue # Concentration 
(μg/ml) 

Dilution Panel 

CD45.2 104 BV605 IgG2a, κ BioLegend 109841 200 1:100 MTP, MBP,  

CD45.2 104 APC-eFluor 
780 

IgG2a, κ ThermoFisher 47-0454-82 200 1:200 MMP, C 

CD3ξ 145-2C11 PECy7 IgG ThermoFisher 25-0031-82 200 1:50 MTP, MBP, C 

CD4 GK1.5 eFluor450 IgG2b, κ ThermoFisher 48-0041-82 200 1:100 MTP, C 

CD8 5H10 PE-Texas Red IgG2b ThermoFisher MCD0817 N/A 1:200 MTP, C 

CD62L MEL-14 PE IgG2a, κ ThermoFisher 12-0621-82 200 1:500 MTP 

CD44 IM7 FITC IgG2b, κ ThermoFisher 11-0441-82 500 1:500 MTP 

CD25 PC61.5 Alexa fluor 700 IgG1, κ ThermoFisher 56-0251-82 200 1:50 MTP 

KLRG1 2F1 APC-eFluor 
780 

IgG2a, κ ThermoFisher 47-5893-82 200 1:100 MTP 

CD19 1D3 APC IgG2a, κ ThermoFisher 17-0193-82 200 1:50 MTP, MBP 

CD21/35 7G6 PE IgG2b, κ BD Biosciences 552957 200 1:100 MBP 

CD23 B3B4 BV421 IgG2a, κ BD Biosciences 562929 200 1:100 MBP 

CD93 AA4.1 BV650 IgG2b, κ BD Biosciences 563807 200 1:100 MBP 

CD43 S7 PerCPCy5.5 IgG2a, κ BD Biosciences 562865 200 1:100 MBP 

F4/80 BM8 FITC IgG2b ThermoFisher MA5-16628 100 1:50 MMP 

CD11c N418 PECy7 IgG ThermoFisher 25-0114-82 200 1:50 MMP 

Siglec F E50-2440 PE-CF594 IgG2a, κ BD Biosciences 562757 200 1:50 MMP 

Ly6G 1A8 APC IgG2a, κ BD Biosciences 560599 200 1:50 MMP 

CD3ξ 145-2C11 PE IgG ThermoFisher 12-0031-82 200 1:100 C 

CD3ξ 145-2C11 FITC IgG ThermoFisher 11-0031-82 500 1:100 C 

CD45.2 30-F11 Alexa fluor 700 IgG2b, κ ThermoFisher 56-0451-82 200 1:100 C 

CD3ξ 17A2 BV650 IgG2b, κ BD Biosciences 100229 N/A 1:100 C 

CD3ξ 17A2 BV605 IgG2b, κ BD Biosciences 100237 N/A 1:100 C 

CD3ξ 145-2C11 PerCPCy5.5 IgG ThermoFisher 45-0031-82 200 1:100 C 
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• The concentration listed is the concentration the antibody was supplied at and the dilution is the working dilution the antibody was used 
at per experiment.  

• The antibodies were used in 5 separate panels: Mouse T-cell panel (MTP), mouse B-cell panel (MBP), mouse myeloid panel (MMP). 

• C, compensation; N/A, not available; /, not applicable. 

 

Target Clone Conjugate Isoform Manufacturer Catalogue # Concentration 
(μg/ml) 

Dilution Panel 

CD3ξ 17A2 APC IgG2b, κ ThermoFisher 17-0032-82 200 1:100 C 

Viability dye         

Zombie aqua / / / BioLegend 423101 N/A 1:500 MTP, MBP, 
MMP 
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Table 2-5 List of primary mouse antibodies and corresponding isotype controls 

Primary antibody Isotype Manufacturer Catalogue # Concentration 
(μg/ml) 

Dilution Panel 

CD25 Alexa fluor 700 IgG1, κ Alexa fluor 700 ThermoFisher 56-4301-80 200 1:50 Isotype panel for 
MTP 

KLRG1 APC-eFluor 780 IgG2a, κ APC-eFluor 780 ThermoFisher 47-4321-82 200 1:100 Isotype panel for 
MTP 

CD21/35 PE IgG2b, κ PE ThermoFisher 12-4031-82 200 1:100 Isotype panel for 
MBP 

CD23 BV421  IgG2a, κ BV421 BD 
Biosciences 

562602 200 1:100 Isotype panel for 
MBP 

CD93 BV650 IgG2b, κ BV650 BD 
Biosciences 

563233 200 1:100 Isotype panel for 
MBP 

CD43 PerCPCy5.5 IgG2a, κ PerCPCy5.5 ThermoFisher 45-4321-80 200 1:100 Isotype panel for 
MBP 

• Each primary antibody and immunoglobulin (Ig) isotype antibody is listed followed by the corresponding isotype control concentration 
and dilutions. 
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2.2.3.2 ANALYSIS OF FLOW CYTOMETRY DATA  

Gates were set up on FACSDiva (version 7; BD Biosciences) to gate for cells and 

CountBright beads (approximately 1,000 beads/µl) using forward (FSC) and side 

(SSC) scatter profiles. Doublets and dead cells were excluded using forward scatter 

area versus height (FSC-A and FSC-H), and positive zombie aqua signal, respectively 

(Figure 2-3). After acquisition, data were exported from FACSDiva as Flow Cytometry 

Standard (FCS) files and analysed using Flow Jo (version 10.7.1, BD Biosciences). 

Individual populations were gated on as described below (Sections 2.2.3.2.1 and 

2.2.3.2.2). The absolute number of each leukocyte population listed below was 

quantified using the CountBright beads (ThermoFisher) according to the 

manufacturer’s instructions. The number of bead events and the number of cell events 

per leukocyte population within a sample were exported into a table. The number of 

beads added per sample was calculated using the bead concentration stated on the 

CountBright beads, which varied between lots. The absolute number of different 

leukocyte populations within the sample was then calculated using the following 

equation: 

 For murine samples, this value was then multiplied by the denominator of the fraction 

of tissue added to the tube to provide the total number of leukocyte populations within 

the tissue. Flow cytometry data in this thesis are expressed as either absolute counts, 

percentage of the parent population, or median fluorescence intensity (MFI) values. 

2.2.3.2.1 HUMAN LEUKOCYTE POPULATIONS  

The standard gating strategy used for human PBMC samples is shown in Figure 2-4. 

Within the live cell population, T-cells (CD3+CD19-), B-cells (CD3-CD19+), NK CD56lo 
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(CD3-CD56lo), NK CD56hi (CD3-CD56hi) and monocytes (CD14+) were selected 

(Figure 2-4A-C). T-cells were further distinguished based on CD4+ and CD8+ 

expression (Figure 2-4D). Treg were identified as CD4+CD25+ T-cells (Figure 2-4E). 

CD4+ and CD8+ T-cells were identified as naïve (CCR7+CD45RA+), EM (CCR7-

CD45RA-), CM (CCR7+CD45RA-) and TEMRA (CCR7-CD45RA+) T-cells (Figure 

2-4F). CD4+ and CD8+ senescent T-cells were identified based on lack of CD27 and 

CD28 expression (Figure 2-4G), or positive CD57 and KLRG1 expression (Figure 

2-4H). 

The standard gating strategy used for human B-cell samples is shown in Figure 

2-5. Within the live cells gate, B-cells were selected based on CD19+ and CD20+ 

expression (Figure 2-5A). B1 cells (CD43+CD27+) were gated out, followed by B10 

cells (CD5+CD1d+) (Figure 2-5B+C). The remaining B-cells were identified as naïve 

(IgD+CD27-CD38-), transitional regulatory (IgD+CD27-CD38+CD24+), effector 

(IgD+CD27+CD38-), class-switched memory (IgD-CD27+CD38-) and senescent (IgD-

CD27 -) cells (Figure 2-5D+E).  

To measure AdipoR1/2 expression on B-cell subsets, the MFI and the 

percentage of positive and negative populations of the Alexa fluor 488 channel were 

extracted for each B-cell subset and exported into a table. The positive Alexa fluor 488 

signal of the isotype control was subtracted from the positive Alexa fluor signal within 

the sample to determine the percentage of B-cells expressing AdipoR1/2 (Figure 

2-5F). 

The flow cytometric analysis of migrated PBL populations in Chapter 4 was 

normalised to the circulating population of the donor. To achieve this, the number of 
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different lymphocyte populations within the PBL (1x106) pool and the migrated PBL 

sample were quantified using flow cytometry. These values were then used to calculate 

the percentage of migrated cells relative to the number of circulating cells of a given 

lymphocyte population per donor.   

2.2.3.2.2 MURINE LEUKOCYTE POPULATIONS  

The standard gating strategy used for murine samples is shown in Figure 2-6. Within 

the live cell population, leukocytes were selected using CD45 expression (Figure 

2-6A). Leukocytes were then identified as T-cells (CD3+CD19-), B-cells (CD3-CD19+) 

macrophages (F4/80hiCD11c-), DC (F4/80-CD11c+), eosinophils (Siglec F+), and 

neutrophils (Ly6G+) (Figure 2-6B-E). T-cells were further distinguished based on CD4 

and CD8 expression (Figure 2-6F), then identified as naïve (CD62L+CD44-), EM 

(CD62L-CD44+), and CM (CD62L+CD44+) T-cells (Figure 2-6G+H). Treg were defined 

as CD4+CD25+ cells (Figure 2-6I). Senescent T-cells were identified based on positive 

expression of KLRG1 (Figure 2-6J). Age-associated B-cells were identified as 

CD19+CD21/35-CD23-CD43- cells (Figure 2-6K). 
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Figure 2-3 Initial flow cytometry gating strategy for human and murine samples 

Human and murine samples were collected and processed for flow cytometric analysis. 

Firstly, cells and CountBright beads were selected based on forward (FSC) and side 

scatter (SSC) profiles. Doublets were excluded based on cell circularity, and dead cells 

were excluded based on positive zombie aqua staining.  
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Figure 2-4 Extended flow cytometry gating for human PBMC samples 

PBMC or PBL were isolated from fresh blood and migrated PBL were collected from 

collagen gels before flow cytometric analysis. Live cells were identified as (A) T-cells 

(CD3+CD19-), B-cells (CD3-CD19+), (B) NK CD56lo (CD3-CD56lo), NK CD56hi (CD3-

CD56hi) and (C) monocytes (CD14+). (D) T-cells were further distinguished based on 

CD4 and CD8 expression. (E) Regulatory T-cells (Treg) were identified as CD4+CD25+ 

cells. (F) CD45RA and CCR7 were used to identify CD4+ and CD8+ naïve (N), effector 

memory (EM), central memory (CM) and TEMRA T-cells. Senescent T-cells (Sen T) 

were either identified based on (G) lack of CD28 and CD27 expression, or (H) positive 

KLRG1 and CD57 expression. NK, Natural killer cells.  
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Figure 2-5 Extended flow cytometry gating for human B-cell samples 

B-cells were isolated from the blood of young and older donors prior to flow cytometric 

analysis. (A) Live cells were identified as B-cells (CD19+CD20+), and then identified as 

individual B-cell subsets: (B) B1 (CD43+CD27+), (C) B10 (CD5+CD1d+), (D) naïve (N; 

IgD+CD27-CD38-), effector (E; IgD+CD27+CD38-), class-switched memory (M; IgD-

CD27+CD38-) and senescent (S; IgD-CD27 -) cells. (E) Transitional regulatory (TR) B-

cells were identified as IgD+CD27-CD38+CD24+ cells. (F) Representative histogram 

depicting positive expression of AdipoR1/2 on B-cell subsets in comparison to the 

secondary antibody-only control. 
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Figure 2-6 Extended flow cytometry gating for murine samples 

Murine tissues were processed into single-cell suspensions prior to flow cytometric 

analysis. (A) First, live cells were identified as leukocytes based on CD45 expression. 

Leukocytes were then identified as (B) T-cells (CD3+CD19-), B-cells (CD3-CD19+), (C) 

macrophages (F4/80+CD11c-), dendritic cells (DC; F4/80-CD11c+), (D) eosinophils 

(Siglec F+), and (E) neutrophils (Ly6G+). (F) T-cells were further distinguished based 

on CD4 and CD8 expression, and then CD62L and CD44 expression to identify naïve 

(N), effector memory (EM), and central memory (CM) CD4+ (G) and CD8+ (H) T-cell 

subsets. (I) Regulatory T-cells (Treg) were defined as CD4+CD25+ cells. (J) Senescent 

T-cells were identified as CD3+KLRG1+ cells. (K) Age-associated B-cells (ABC) were 

identified as CD93-CD43-CD21/35-CD23- cells. 
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2.3. STATISTICS  

Data analysis was performed using GraphPad Prism software (version 8.4.3; 

GraphPad Software Inc., USA). All data are expressed as mean ± standard error of 

the mean (SEM) unless otherwise stated. Data were first assessed for normal 

distribution using the Shapiro-Wilk test, where a p-value <0.05 was considered 

normally distributed. For in vitro experiments a paired t-test, unpaired t-test, line 

regression analysis, one-way or two-way ANOVA with Bonferroni or Dunnett’s multiple 

comparison test was used. For in vivo experiments an unpaired t-test, one-way, two-

way, or three-way ANOVA with Bonferroni multiple comparison test was used. 

In all cases, a p-value <0.05 was considered statistically significant. 
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3.1 INTRODUCTION 

There is growing evidence to suggest that ageing negatively influences leukocyte 

trafficking processes during varying models of inflammation (reviewed by(Hopkin, Lord 

and Chimen, 2021), however less is known about age-related changes to leukocyte 

trafficking in the steady state. Homeostatic leukocyte trafficking is necessary for 

immunosurveillance and tissue homeostasis (Reglero-Real, Rolas and Nourshargh, 

2019), and so understanding how advancing age influences this process is important 

in the context of an individual’s healthspan. Importantly, there is an abundance of 

evidence demonstrating the impact of biological sex on immunological processes 

(Klein and Flanagan, 2016; Marquez et al., 2020), yet most studies to date regarding 

age-related changes to leukocyte trafficking processes have overlooked this variable. 

Here we investigated age-related and sex-specific changes to leukocyte populations 

across multiple murine tissues, with a specific focus on the peritoneal cavity, to infer 

age-related changes to homeostatic leukocyte trafficking.  

3.2 RESULTS 

3.2.1 AGEING IS ASSOCIATED WITH INCREASED NUMBERS OF 

PERITONEAL LEUKOCYTES IN VIVO 

To investigate the impact of ageing on homeostatic leukocyte trafficking patterns we 

quantified the number of leukocyte subsets in the peritoneum, spleen, BM, inguinal LN, 

and blood of 3-month, 18-month, and 21-month male and female wildtype mice using 

flow cytometry (Figure 3-1). As ageing is associated with chronic low-grade 

inflammation (Franceschi and Campisi, 2014), it was hypothesised that older mice 

would have different numbers of leukocytes within tissues compared to young mice to 
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reflect age-relate9d changes to leukocyte generation, maintenance, and trafficking 

patterns. 

Surprisingly, age was associated with increased numbers of leukocytes in 

the peritoneal cavity in a sex-specific manner. Twenty-one-month female mice had 

significantly more CD45+ leukocytes within the peritoneal cavity compared to 3 month 

(>5-fold change) and 18 month (>11-fold change) females (Figure 3-2). Increased 

numbers of peritoneal leukocytes were observed in 21-month male mice compared to 

the 3 month and 18-month males, although this did not reach statistical significance 

(Figure 3-2). Ageing was associated with significant changes to innate immune cell 

populations within the peritoneal cavity, such as a significant decline in macrophage 

numbers (Figure 3-3A) and a significant increase in neutrophil numbers (Figure 

3-3B) within the cavity of 21-month male and female mice compared to young mice. 

DC were also increased in the peritoneum of 21-month mice compared to younger 

mice, although this only reached statistical significance for the male mice (Figure 

3-3C). Together these data suggest that ageing significantly changes the number of 

innate immune cells within the peritoneal cavity of resting wildtype mice in a sex-

independent manner. 

As for lymphocyte populations, B-cell numbers were significantly increased 

in the peritoneum of 21-month female, but not male, mice compared to 3-month and 

18-month mice (Figure 3-4A). T-cell numbers were significantly increased in the 

peritoneal cavity of 21-month male and female mice compared to young animals 

(Figure 3-4B). Increased numbers of age-related lymphocyte populations were also 

observed in the peritoneum of 21-month mice (Figure 3-5). ABC numbers were 

significantly increased >4-fold in the peritoneal cavity of 21-month female mice 
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compared to younger females (Figure 3-5A), whilst no expansion of ABCs was 

observed for 21-month males compared to younger males. Senescent T-cell 

population numbers were significantly increased in the peritoneum of 21-month male 

and female mice compared to 3-month and 18-month counterparts (Figure 3-5). The 

impact of ageing on the number of multiple peritoneal T-cell subsets can be found in 

Table 3-1. Collectively, these data suggest that ageing expands peritoneal lymphocyte 

populations in aged mice, with females exhibiting a stronger age-related phenotype 

compared to males. 

Leukocyte numbers in the spleen, BM, iLN and blood were also affected by 

ageing (Figure 3-6). The number of leukocytes in the spleen of 21-month male mice 

was significantly reduced (>2-fold) compared to 3 month and 18-month males 

(Figure 3-6A); whereas no age-related changes to splenic leukocyte numbers were 

observed for the females. Interestingly, the number of age-associated lymphocyte 

populations, ABC and senescent T-cells, were significantly increased in the spleens 

of 21-month female mice, but not male mice, compared to 3-month counterparts 

(Table 3-2). No age-related changes to leukocyte numbers were observed in the BM 

of wildtype mice (Figure 3-6B), but a significant reduction (>4-fold) in inguinal LN 

leukocyte numbers was observed in 18 month and 21-month male and female mice 

compared to 3-month mice (Figure 3-6C). The number of T- and B-cells in the 

inguinal LN of 21-month male and female mice was significantly reduced compared 

to 3-month mice (Table 3-3). An age-related increase in the number of circulating 

leukocytes was observed in 21-month male and female mice compared to younger 

mice, however, this increase only reached statistical significance for the male mice 

(Figure 3-6D). Indeed, the circulating number of DC, eosinophils, neutrophils, and B-
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cells was significantly increased for 21-month male mice compared to 3-month mice 

(Table 3-2). These data suggest that the ageing process affects leukocyte population 

numbers in multiple tissues in a sex-specific manner.  
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Figure 3-1 Gating strategy to identify murine leukocytes using flow cytometry 

Tissues were collected from naïve 3-month, 18-month and 21-month male and female 

mice, and processed to single-cell suspension prior to flow cytometric analysis. (A) 

Representative forward (FSC) versus side (SSC) plots of cells derived from the 

peritoneum, spleen, bone marrow, inguinal lymph nodes (iLN) and blood. (B) Gating 

strategy to identify live, single leukocytes for all tissues. Subsequently, (C) T-cells, B-

cells, (D) macrophages, dendritic cells (DC), (E) eosinophils and (F) neutrophils were 

identified. Within the T-cell gate, T-cells were distinguished based on (G) CD4 and 

CD8 expression, and then (H) CD44 and CD62L expression. (I) Regulatory T-cells 

were identified as CD4+CD25+ cells, whilst (J) senescent T-cells were identified as 

CD3+KLRG1+. (K) Age-associated B-cells (ABC) were identified as CD19+CD93-CD43-

CD21-CD23- cells.
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Figure 3-2 Ageing and sex influenced peritoneal leukocyte numbers in vivo 

Exudate from the peritoneal cavity of naïve 3 month, 18 month and 21 month female 

(♀) and male (♂) C57Bl6 mice was collected and analysed using flow cytometry. The 

total number of peritoneal CD45+ leukocytes was quantified using CountBright beads. 

Two-way ANOVA showed a significant effect of sex (p<0.001) and age (p<0.001) on 

peritoneal CD45+ leukocyte numbers. Data are presented as mean±SEM for n=9 

independent experiments using n=5 for 3 month mice, n=8 for 18 month mice and n=6 

for 21 month mice. ***p<0.001 by Bonferroni multiple comparison post-test. 
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Figure 3-3 Ageing affected peritoneal myeloid population numbers 

Exudate from the peritoneal cavity of naïve 3 month, 18 month and 21 month female 

(♀) and male (♂) C57Bl6 mice was collected and analysed using flow cytometry. 

Peritoneal (A) F4/80hi macrophages, (B) Ly6G+ neutrophils, and (C) CD11c+ dendritic 

cells (DC) were quantified using CountBright beads. Two-way ANOVA showed a 

significant effect of age on macrophage, neutrophil, and DC numbers (p>0.0.001) and 

of sex on macrophage (p<0.01) numbers. Data are presented as mean±SEM for n = 9 

independent experiments using n=5 for 3 month mice, n=8 for 18 month mice and n=6 

for 21 month mice. ***p<0.001, **p<0.01, *p<0.05 by Bonferroni multiple comparison 

post-test.
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Figure 3-4 Ageing affected peritoneal lymphocyte populations in a sex-

dependent manner 

Exudate from the peritoneal cavity of naïve 3 month, 18 month and 21 month female 

(♀) and male (♂) C57Bl6 mice was collected and analysed using flow cytometry. 

Peritoneal (A) CD19+ B-cells and (B) CD3+ T-cells were quantified using CountBright 

beads. Two-way ANOVA showed a significant effect of age on B- and T-cell numbers 

(p>0.0.01) and of sex on B-cell (p<0.05) numbers. Data are presented as mean±SEM 

for n = 9 independent experiments using n=5 for 3 month mice, n=8 for 18 month mice 

and n=6 for 21 month mice. ***p<0.001, **p<0.01, *p<0.05 by Bonferroni multiple 

comparison post-test.
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Figure 3-5 Ageing was associated with increased numbers of age-related 

lymphocytes in the peritoneal cavity, in a sex-specific manner 

Exudate from the peritoneal cavity of naïve 3 month, 18 month and 21 month female 

(♀) and male (♂) C57Bl6 mice was collected and analysed using flow cytometry. 

Peritoneal (A) CD19+CD93-CD43-CD21/35-CD23- age-associated B-cells (ABCs) and 

(B) CD3+KLRG1+ senescent T-cells were quantified using CountBright beads. Two-

way ANOVA showed a significant effect of age on ABCs and senescent T-cell numbers 

(p>0.0.01). Data are presented as mean±SEM for n = 9 independent experiments 

using n=5 for 3 month mice, n=8 for 18 month mice and n=6 for 21 month mice. 

**p<0.01, *p<0.05 by Bonferroni multiple comparison post-test.
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Table 3-1 T-cell subsets in the peritoneum of young and aged wildtype mice 

Peritoneal T-cell subsets of 3 (3mo), 18 (18mo) and 21 (21mo) month male (M) and female (F) wildtype mice. Data are shown as 

mean ± standard error of the mean (SEM) for lymphocyte subsets. Statistical analysis performed using two-way ANOVA to determine 

the effects of sex and age on the number of peritoneal lymphocyte subsets. N, naïve; EM, effector memory; CM, central memory; 

Tregs, regulatory T-cells.
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Figure 3-6 Ageing affected leukocyte numbers in various murine tissues 

The (A) spleen, (B) bone marrow (BM), (C) inguinal lymph nodes (iLN) and (D) blood 

of naïve 3 month, 18 month and 21 month female (♀) and male (♂) C57Bl6 mice were 

collected, processed and analysed using flow cytometry to quantify the number of 

CD45+ leukocytes. Two-way ANOVA showed a significant effect of age on the number 

of CD45+ leukocytes in the blood, spleen and iLN (p<0.05), and of sex on CD45+ 

leukocyte numbers in the blood (p<0.001). Data are presented as mean±SEM for n=9 

independent experiments using n=5 for 3 month mice, n=8 for 18 month mice and n=6 

for 21 month mice. ***p<0.001, **p<0.01, *p<0.05 by Bonferroni multiple comparison 

post-test.
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Table 3-2 Innate and adaptive leukocyte population numbers in the blood and spleen of young and aged wildtype mice 

Innate and adaptive leukocyte numbers in the blood and spleen of 3 (3mo), 18 (18mo) and 21 (21mo) month male (M) and female (F) 

wildtype mice. Data are shown as mean ± standard error of the mean (SEM) for leukocyte populations. Statistical analysis performed 

using two-way ANOVA to determine the effects of sex and age on the number of leukocytes in each tissue. DC, dendritic cells; ABCs, 

age-associated B-cells.
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Table 3-3 Innate and adaptive leukocyte population numbers in the bone marrow and inguinal lymph nodes of young and aged wildtype mice  

Innate and adaptive leukocyte numbers in the bone marrow (BM) and inguinal lymph nodes (LN) of 3 (3mo), 18 (18mo) and 21 (21mo) 

month male (M) and female (F) wildtype mice. Data are shown as mean ± standard error of the mean (SEM) for leukocyte populations. 

Statistical analysis performed using two-way ANOVA to determine the effects of sex and age on the number of leukocytes in each 

tissue. DC, dendritic cells; ABCs, age-associated B-cells.
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3.2.2 AGEING IS ASSOCIATED WITH AN ALTERED PERITONEAL 

SECRETOME  

To understand why there was an increased number of leukocytes in the peritoneal 

cavity of aged mice, we assessed the relative abundance of 

chemokines/chemoattractants, leukocyte survival/growth factors, and soluble 

adhesion molecules in the PLF of young and aged mice using a cytokine array. We 

observed a ≥3-fold increase in the levels of CCL-2, 3, 5, 6, 11, 17, 21, CX3CL1, CXCL-

1, 2, 13, 16 and chemerin in the peritoneal cavity of aged male and female mice 

compared to young, although this age-associated change was more pronounced in the 

female mice (Figure 3-7). For some chemokines, the age-associated increase in their 

expression occurred in a sex-specific manner. For example, a ≥3-fold increase in the 

expression of CCL12, CCL19, CXCL10, CXCL11 and LIX was only observed in the 

PLF of aged female mice compared to young animals, but not in the PLF of aged male 

mice (Figure 3-7). On the other hand, there was a ≥3-fold increase in the levels of 

CCL20 in the PLF of aged male mice compared to young males that was not evident 

in the PLF of aged female mice. Interestingly, CCL22 levels were increased >40-fold 

in the PLF of aged female mice compared to young females, but these levels were 

reduced >4-fold in the PLF of aged male mice compared to their younger counterparts. 

We validated some of these age-related observations by quantifying the levels of 

CCL21 and CXCL13, B-cell chemoattractants, in the PLF of 3-month, 18-month and 

21-month male and female mice using an ELISA (Figure 3-8). We observed a 

significant increase in the concentration of CCL21 in the PLF of 21-month female, but 

not male, mice compared to 18-month and 3-month counterparts (Figure 3-8A). The 

concentration of CXCL13 was increased in the PLF of 21-month male and female mice 
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compared to 3-month mice (Figure 3-8B). Despite these sex-specific differences, the 

data suggest that ageing is associated with a dramatic increase in the 

chemokine/chemoattractant levels within the peritoneal cavity, which may support 

increased leukocyte recruitment in the steady state. 

We also observed a ≥3-fold increase in the levels of BAFF (a B-cell survival 

factor) and FLT-3 (a hematopoietic cell growth/survival factor) in the PLF of aged male 

and female mice compared to young animals; although the age-associated change in 

expression was more pronounced for the female mice (Figure 3-9A). Interestingly, we 

observed a >40-fold increase in the levels of M-CSF (a monocyte/macrophage 

differentiation/survival factor) in the PLF of aged female mice compared to young 

females, but observed a >7-fold reduction in M-CSF levels in the PLF of aged male 

mice compared to young males (Figure 3-9A). There was a ≥3-fold increase in the 

abundance of soluble adhesion molecules P-selectin, ICAM-1, and VCAM-1 in the PLF 

of 21-month male and female mice compared to young mice, although the increase 

was more striking for the females (Figure 3-9B). Interestingly, levels of soluble E-

selectin were increased >40-fold in the PLF of aged female mice compared to young 

females, but were decreased by >8-fold in the PLF of aged male mice (Figure 3-9B). 

Collectively these data indicate that ageing is associated with increased levels of 

immune cell growth and survival factors, as well as soluble adhesion molecules, within 

the peritoneal cavity under homeostatic conditions.   

To understand whether the age-associated increase in peritoneal leukocyte 

numbers corroborated a pro-inflammatory environment, we assessed the relative 

abundance of pro- and anti-inflammatory mediators in the PLF of 21-month male and 

female mice compared to 3 month mice using a cytokine array (Figure 3-10). We 
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observed a ≥3-fold increase in the pro-inflammatory cytokines IFNγ, IL-5, IL-12, IL-15, 

and IL-33 in the peritoneal cavity of aged male and female mice compared to young 

mice. Aged female PLF also presented with a ≥3-fold increase in the levels of pro-

inflammatory cytokines IL-1α, IL-1β, IL-23, TNFα and the pleiotropic cytokines IL-4, IL-

11, IL-13, IL-22, IL-27 compared to young females, although these levels were either 

reduced or unchanged in aged male PLF (Figure 3-10). Interestingly, pleiotropic 

cytokines IL-6 and IL-7 were increased in the PLF of male and female mice compared 

to young mice (Figure 3-10). We also observed an increase in the anti-inflammatory 

cytokines IL-1RA (>16-fold), IL-10 (>5-fold) and IL-28 (>15-fold) in the PLF of aged 

female mice compared to young females, although these levels were either reduced 

or unchanged in aged male PLF (Figure 3-10). Collectively these data suggest that 

ageing alters the inflammatory environment within the peritoneal cavity in a sex-

specific manner and, overall, skews it towards a more pro-inflammatory phenotype. 

To determine if changes to the peritoneal membrane vasculature contributed 

to increased leukocyte recruitment to the peritoneal cavity, we assessed the relative 

abundance of pro-and anti-angiogenic factors in the PLF of 21 month male and female 

mice compared to young mice using a cytokine array. We observed a ≥3-fold increase 

in the levels of pro-angiogenic factors angiopoietin-2, angiopoietin-like 3, endoglin, PD-

ECGF, and VEGF in the PLF of aged male and female mice compared to young mice 

(Figure 3-11). We also observed an increase in the pro-angiogenic factors 

angiopoietin-1 (>3-fold) and Gas 6 (>40-fold) in the PLF of aged female mice compared 

to young females, but these levels were unchanged in the PLF of aged male mice 

(Figure 3-11). Interestingly, we also observed a striking increase in the level of anti-

angiogenic factor endostatin (>40-fold) in the PLF of aged male and female mice 
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compared to young mice. Collectively, these data suggested that ageing may influence 

the angiogenic processes within the peritoneal vasculature, which may affect vascular 

structure/integrity.  
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Figure 3-7 Ageing is associated with increased levels of chemokines and 

chemoattractants in the peritoneal cavity 

Exudate from the peritoneal cavity of naïve 3 month and 21 month female (♀) and male 

(♂) C57Bl6 mice was collected and analysed using a cytokine array. The chemokines 

and chemoattractants that exhibited a ≥3-fold change within the peritoneal cavity of 

aged mice relative to young mice within a sex group are shown. Data was obtained 

from the mixing of exudate derived from three mice per group, n=1.
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Figure 3-8 Ageing is associated with increased levels of B-cell chemoattractants, 

CCL21 and CXCL13, in the peritoneal cavity 

Exudate from the peritoneal cavity of naïve 3 month, 18 month, and 21 month female 

(♀) and male (♂) C57Bl6 mice was collected and analysed using an ELISA to 

quantify levels of (A) CCL21 and (B) CXCL13. ANOVA showed a significant effect of 

age (p<0.001) and sex (p<0.001) on the concentration of CCL21 in the peritoneal 

fluid, and of age (p<0.001), but not sex, on the concentration of CXCL13. Data are 

presented as mean ± SEM using n=4-5 per age group, from n = 1 independent 

experiment. *p<0.05, **p<0.01, and ***p<0.001 by Bonferroni multiple comparison 

post-test. 
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Figure 3-9 Ageing is associated with increased levels of leukocyte 

growth/survival factors and soluble adhesion molecules in the peritoneal cavity 

Exudate from the peritoneal cavity of naïve 3 month and 21 month female (♀) and male 

(♂) C57Bl6 mice was collected and analysed using a cytokine array. The (A) leukocyte 

growth and survival factors and (B) soluble adhesion molecules that exhibited a ≥3-

fold change within the peritoneal cavity of aged mice relative to young mice within a 

sex group are shown. Data was obtained from the mixing of exudate derived from three 

mice per group, n=1. 
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Figure 3-10 Ageing is associated with increased levels of pro-inflammatory 

mediators in the peritoneal cavity 

Exudate from the peritoneal cavity of naïve 3 month and 21 month female (♀) and male 

(♂) C57Bl6 mice was collected and analysed using a cytokine array. The pro- and anti-

inflammatory cytokines that exhibited a ≥3-fold change within the peritoneal cavity of 

aged mice relative to young mice within a sex group are shown. Data was obtained 

from the mixing of exudate derived from three mice per group, n=1. 
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Figure 3-11 Ageing is associated with increased angiogenic factors in the 

peritoneal cavity 

Exudate from the peritoneal cavity of naïve 3 month and 21 month female (♀) and male 

(♂) C57Bl6 mice was collected and analysed using a cytokine array. The pro- and anti-

angiogenic factors that exhibited a ≥3-fold change within the peritoneal cavity of aged 

mice relative to young mice within a sex group are shown. Data was obtained from the 

mixing of exudate derived from three mice per group, n=1.
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3.2.3 INCREASED PERMEABILITY AND MODULATED STRUCTURE OF 

THE PERITONEAL MEMBRANE VASCULATURE IN OLDER MICE  

As the integrity of blood vessels is reportedly reduced in aged hosts (Chang, Flavahan 

and Flavahan, 2017; Belmin et al., 1993) and as we observed an age-associated 

increase in angiogenic mediators within the peritoneal cavity, it was hypothesised that 

ageing would alter the structure of and increase the permeability of the peritoneal 

membrane vasculature. To assess this, we administered fluorescent dextran into the 

bloodstream of young and aged female mice and imaged the peritoneal membrane 

vasculature using IVM. Following IVM, the PLF was collected to measure the 

concentration of fluorescent dextran that had leaked from the circulation into the 

peritoneal cavity. 

The young peritoneal membrane vasculature appeared organised with 

minimal extravascular fluorescence (Figure 3-12A), indicating low levels of dextran 

leakage from the vasculature into tissue. On the other hand, the aged peritoneal 

membrane vasculature appeared much more disorganised with more looping 

structures and increased extravascular fluorescence indicating increased permeability 

of the vessels (Figure 3-12B). Indeed, quantification of the mean number of grey pixels 

in the extravascular space of the IVM images confirmed significantly increased levels 

of extravascular fluorescence in the peritoneal membrane tissue of aged mice 

compared to young (Figure 3-13A). Quantification of fluorescent dextran 

concentrations in the PLF of young and aged mice using a plate reader confirmed 

significantly increased concentrations of 20kDa and 70kDa fluorescent dextrans in the 

peritoneum of aged mice post-IVM compared young mice (Figure 3-13B+C). 
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Together, these data suggest that ageing reduces the integrity of the peritoneal 

membrane vasculature, which may facilitate increased leukocyte trafficking into the 

peritoneal cavity. 

Analysis of the vasculature network using the Angiogenesis Analyzer plug-in 

on Fiji ImageJ revealed no significant effect of ageing on the number of vessels or total 

length of the vessels per mm2 of peritoneal membrane (Figure 3-14A+B), but identified 

a significant increase in the number of nodes within the aged vasculature compared to 

young per mm2 of peritoneal membrane (Figure 3-14C). Furthermore, there was a 

significant increase in the number of meshes and total mesh area per mm2 aged 

peritoneal membrane compared to young mice (Figure 3-15A+B), and a reduction in 

the mesh index (Figure 3-15C). An increased number of nodes (points of bifurcation) 

and mesh (looping) structures in the aged peritoneal membrane, including increased 

mesh area and a reduced mesh index (indicating increased number of vessels involved 

in the looping structures), suggests that ageing modulates the vasculature structure.   
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Figure 3-12 Intravital microscopy of the peritoneal membrane vasculature in vivo 

Fluorescent dextran (50µl 20 kDa dextran-TRITC and 50µl 70 kDa dextran-FITC) was 

administered intravenously to young (3 months) and aged (21 months) female mice 

under terminal anesthesia, the peritoneal membrane was exposed and imaged in real-

time at 60 minutes. Representative images of the peritoneal membrane vasculature of 

(A) young and (B) aged mice are shown. Scale bar indicates 10μm.
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Figure 3-13 Ageing was associated with increased permeability of the peritoneal 

membrane vasculature 

Fluorescent dextran (50µl 20 kDa dextran-TRITC and 50µl 70 kDa dextran-FITC) was 

administered to young (3 months) and aged (21 months) female mice and the 

peritoneal membrane vasculature was imaged after 60 minutes. The mean grey pixel 

values of the extravascular space were obtained using ImageJ to calculate the (A) 

average extravascular fluorescence. Peritoneal lavage fluid was collected from the 

mice post-imaging and the average concentrations of fluorescent (B) 20 kDa and (C) 

70 kDa dextrans were measured using a plate reader. Data are shown as mean ± SEM 

for n = 5 independent experiments using 5 different mice per age group. Statistical 

analysis was performed using an unpaired t-test, *p<0.05, **p<0.01.
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Figure 3-14 Ageing modulates peritoneal vascular structure but not density 

Fluorescent dextran (50µl 20 kDa dextran-TRITC and 50µl 70 kDa dextran-FITC) was 

administered to young (3 months) and aged (21 months) female mice and the 

peritoneal membrane vasculature was imaged after 60 minutes. Images were 

processed and analysed using Angiogenesis Analyzer plug-in on ImageJ to provide 

the (A) average number of vessels, (B) total length of vessels and the (C) number of 

nodes per mm2 of membrane. Data are shown as mean±SEM for n = 5 independent 

experiments using 5 different mice per age group. Statistical analysis was performed 

using an unpaired t-test, *p<0.05. 
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Figure 3-15 Ageing is associated with increased mesh structures within the 

peritoneal vascular network 

Fluorescent dextran (50µl 20 kDa dextran-TRITC and 50µl 70 kDa dextran-FITC) was 

administered to young (3 months) and aged (21 months) female mice and the 

peritoneal membrane vasculature was imaged after 60 minutes. Images were 

processed and analysed using Angiogenesis Analyzer plug-in on ImageJ to provide 

the (A) number of meshes, (B) total mesh area and the (C) mesh index per mm2 of 

membrane. Data are shown as mean ± SEM for n = 5 independent experiments using 

5 different mice per age group. Statistical analysis was performed using an unpaired t-

test, *p<0.05, **p<0.01.
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3.3 DISCUSSION 

Homeostatic leukocyte trafficking is key to facilitating immunosurveillance and to 

maintaining tissue homeostasis (Reglero-Real, Rolas and Nourshargh, 2019). 

Although growing evidence supports the notion that ageing affects lymphocyte 

trafficking patterns during inflammation (see Section 1.3.2.4.), few studies have 

investigated the impact of chronological ageing on homeostatic leukocyte trafficking 

and even fewer have considered the sexual dimorphism within these age-related 

changes (see Table 1-4 and Table 1-5). Here, we found ageing was associated with 

significantly increased numbers of leukocytes in the blood and peritoneum of mice, and 

significantly decreased numbers of leukocytes in the spleen and inguinal LN. 

Importantly, these age-related changes occurred in a sex-specific manner. We 

observed the most prominent age-related changes to leukocyte population numbers 

within the peritoneal cavity, where 21-month female mice exhibited dramatic increases 

in peritoneal leukocyte numbers, particularly B-cells, compared to 21-month male 

mice. Increased peritoneal leukocyte numbers was associated with a pro-inflammatory 

environment as we observed increased levels of cytokines, 

chemoattractants/chemokines, leukocyte growth/survival factors and soluble adhesion 

molecules within the aged cavity, particularly in aged female mice. We observed age-

related changes to the peritoneal membrane vasculature of female mice, including 

increased looping structures within the vasculature network, increased permeability of 

the vessels, and increased levels of soluble angiogenic factors within the peritoneal 

cavity, which may have facilitated increased leukocyte trafficking. To the best of our 
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knowledge, this is the first demonstration of sex-specific age-related changes to 

leukocyte trafficking patterns to the peritoneal cavity in the steady state.  

3.3.1 THE ROLE OF AGEING IN LEUKOCYTE TRAFFICKING TO THE 

PERITONEAL CAVITY  

Studies investigating age-related changes to peritoneal leukocyte populations in the 

steady state are limited. The data presented in this thesis describe increased numbers 

of peritoneal leukocytes in aged mice, including increased numbers of neutrophils and 

B-cells and reduced numbers of macrophages, which agrees with previous reports; 

where Mogilenko et al. demonstrated increased proportions of neutrophils and B-cells, 

and reduced frequencies of macrophages in the peritoneal cavity of aged (17-24 

months) male C57Bl6 mice compared to young (3-6 months) mice using single-cell 

RNA sequencing (Mogilenko et al., 2021). Linehan et al. also described reduced 

frequencies of peritoneal macrophages in aged (15-20 months) male C57Bl6 mice 

compared to young (<3 months) mice using flow cytometry (Linehan et al., 2014). 

Arnardottir et al., however, reported comparable numbers of peritoneal Ly6G+ 

neutrophils and increased numbers of peritoneal F4/80hi macrophages in aged (20 

months) male BALBc mice at baseline compared to young (2 months) mice (Arnardottir 

et al., 2014), which disagrees with the studies using C57Bl/6 mice (including ours). But 

these differences could be explained by the different strains of mice used in each study. 

Indeed, there is evidence of differential leukocyte population numbers within the blood 

(Bernal et al., 2021; Pinchuk and Filipov, 2008), spleen (Pinchuk and Filipov, 2008) 

and peritoneum (Nossent et al., 2017; Pompeu et al., 1991) of naïve C57Bl6 and 
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BALBc mice. Therefore, the strain of the mouse used can affect the experimental 

outcome. 

Increased numbers of peritoneal leukocytes in aged mice fits the paradigm 

of inflammageing, whereby the development of chronic inflammation during the ageing 

process alters the inflammation status of peripheral tissues (Yue et al., 2021; Lee et 

al., 2021; Sendama, 2020). Indeed, we observed a significant age-associated 

reduction in the number of leukocytes residing in the spleen and inguinal LN, and an 

increase in circulating leukocytes, implying the mobilisation of leukocytes from the 

lymphoid tissues. This process was also described in a study conducted by Kay et al., 

whereby increased numbers of circulating Gr1high neutrophils and reduced numbers in 

the spleen correlated with increased recruitment of neutrophils into the peritoneal 

cavity during a model of peritonitis (Kay et al., 2015). We observed an age-associated 

increase in the number of circulating B-cells in naïve mice, which agrees with the work 

of Pinchuk et al. who reported an increased frequency of circulating CD19+ B-cells in 

naïve aged (18 month) C57Bl6 male mice compared to young (1 month) mice using 

flow cytometric analysis (Pinchuk and Filipov, 2008). Increased circulating B-cell 

numbers may simply reflect increased trafficking of these cells to the peritoneal cavity 

in ageing. Collectively, these data suggest an age-related modulation of homeostatic 

leukocyte trafficking to the peritoneal cavity, however, other factors could explain these 

changes in leukocyte counts. Ageing may alter peritoneal leukocyte numbers by 

affecting peritoneal leukocyte proliferation and/or apoptotic rates.  

Although there is no literature specific to peritoneal leukocytes, there is an 

abundance of evidence supporting age-related changes to leukocyte proliferation 
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(Guidi et al., 1998; Haynes et al., 1999; Yang et al., 2020) and apoptosis (Telford and 

Miller, 1999; Yang et al., 2020; Fulop et al., 1997; Schindowski et al., 2000) rates 

across multiple tissues in humans and mice. For example, naïve CD4+ T-cells isolated 

from the spleens of older (18-20 months) C57Bl6 mice exhibited increased rates of 

apoptosis in response to antigen stimulation ex vivo compared to those isolated from 

young (2-3 months) mice (Mattoo et al., 2009). Determining proliferation and apoptosis 

rates in ageing peritoneal leukocytes, by means of assessing the percentage of 

leukocytes positive for proliferation (e.g. Ki67) and apoptosis (e.g. annexin V, caspase 

3) markers using flow cytometry, would be necessary to rule out these possibilities. 

Alternatively, ageing could influence leukocyte retention within tissues. For example, 

the shuttling of marginal zone B-cells between the follicle and marginal zone within the 

spleen is reportedly impaired in aged (>18 months) C57Bl6 mice compared to young 

(2 months), resulting in B-cell retention in the marginal zones (Turner and Mabbott, 

2017). It would therefore be of interest to investigate whether increased numbers of 

peritoneal leukocytes in aged mice is simply due to increased leukocyte retention 

within the cavity, through cell tracking or adoptive cell transfer studies.  

3.3.2 THE ROLE OF SEX IN LEUKOCYTE TRAFFICKING TO THE 

PERITONEAL CAVITY  

To date, studies investigating age-related changes to peritoneal leukocyte populations 

have only utilised male mice (Linehan et al., 2014; Arnardottir et al., 2014; Mogilenko 

et al., 2021). As we know that biological sex influences the immune system (Marquez 

et al., 2020; Klein and Flanagan, 2016), we hypothesised that any age-related changes 

to leukocyte population numbers within murine tissues would occur in a sex-specific 
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manner. We did indeed observe this sexual dimorphism in leukocyte population 

numbers within the aged peritoneal cavity, and intriguingly, found that the most 

dramatic age-related changes took place in female mice.  

Published datasets regarding the sex-specific differences in peritoneal 

leukocyte populations of non-inflamed mice have primarily utilised young mice and are 

usually a by-product of studies focusing on models of inflammation (Scotland et al., 

2011; Kay et al., 2015; Bain et al., 2020). The data presented in this thesis 

demonstrates increased leukocyte numbers, including increased F4/80hi 

macrophages, in the peritoneal cavity of 3 month female mice compared to 3 month 

male mice. These data did not reach statistical significance in a two-way ANOVA, likely 

due to the variation in the data, but are in agreement with previous reports where Kay 

et al. reported increased numbers of peritoneal leukocytes, including F4/80hi 

macrophages and CD19+ B-cells, in young (<3 months) female C57Bl6 mice compared 

to males (Kay et al., 2015). Scotland et al. also reported higher numbers of peritoneal 

leukocytes in young (<5 months) female C57Bl6 mice compared to young males in the 

steady state and, importantly, these changes were not due to sex differences in 

leukocyte apoptosis or proliferation rates but were thought to be due to sex-specific 

changes in leukocyte trafficking patterns (Scotland et al., 2011). Indeed, 

ovariectomized female mice had comparable numbers of peritoneal leukocytes to 

young male mice, suggesting female sex hormones play a direct role in the regulation 

of leukocyte trafficking to the peritoneal cavity (Scotland et al., 2011). This is interesting 

as we observed a significant increase in peritoneal leukocyte numbers in the aged 

female mice compared to young female and aged male mice despite the diminished 

sex steroid levels that are associated with ageing (reviewed by(Horstman et al., 2012). 
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However, as the ageing process is associated with a multitude of physiological 

changes (Lopez-Otin et al., 2013) it is likely that reduced sex steroid levels are only 

one of the factors that affect leukocyte trafficking to the aged peritoneum.  

3.3.3 AGE-RELATED MODULATION OF THE PERITONEAL 

INFLAMMATORY STATUS  

Due to the role that inflammageing can play in dysregulated leukocyte trafficking 

patterns (Hopkin, Lord and Chimen, 2021), we hypothesised that increased numbers 

of leukocytes within the peritoneal cavity of aged mice would be associated with a pro-

inflammatory environment. Indeed, we observed increased levels of multiple pro-

inflammatory cytokines, chemoattractants/chemokines, leukocyte growth/survival 

factors and soluble adhesion molecules within the ageing peritoneal cavity, which 

suggest that the inflammatory status of the cavity shifts towards a more pro-

inflammatory phenotype in ageing. Again, this phenotype was more pronounced for 

the female mice suggesting sexual dimorphism within the system.  

Increased levels of B-cell (e.g. CCL6, CCL21, CXCL13), T-cell (e.g. CX3CL1, 

CXCL1), DC (e.g. Chemerin, CCL5), and neutrophil (e.g. CXCL1/2) chemoattractants 

within the ageing peritoneal cavity may have facilitated increased trafficking of these 

cell types to this tissue in the steady state. Increased levels of CCL22 in the PLF of 21-

month female, but not male, mice compared to 3-month counterparts may have 

promoted the recruitment of monocytes, DC, NK cells and Th2 cells to the peritoneal 

cavity of these mice. Although CCL22 is inducible upon inflammation, its constitutive 

expression in tissue can induce immunoregulatory responses such as Treg function 

and recruitment (Montane et al., 2011; Curiel et al., 2004; Rapp et al., 2019). It is 
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therefore possible that increased CCL22 expression in the peritoneal cavity of aged 

female mice is a consequence of the heightened inflammatory status of this tissue, but 

may also serve as a negative feedback mechanism to promote immunoregulation and 

tissue homeostasis in the ageing cavity.  

The age-associated increase in levels of soluble adhesion molecules (e.g. 

sP-selectin, sVCAM-1, sICAM-1) within the peritoneal cavity is likely the consequence 

of increased expression and activity of metalloproteases in the aged tissue. Indeed, 

metalloproteases are released as part of the SASP, and are able to cleave adhesion 

molecules off activated EC (Coppe et al., 2010; Conant et al., 2012). Increased 

expression of soluble adhesion molecules in aged PLF may also reflect increased 

leukocyte trafficking to the cavity in the steady state. Peritoneal levels of sICAM-1 have 

been reported to correlate with increased polymorphonuclear cell recruitment to the 

peritoneal cavity of 27-80 year old adults during episodes of peritonitis (Pruimboom et 

al., 1995). Whether increased numbers of leukocytes within the peritoneal cavity of 

aged mice are specifically due to age-related changes to homeostatic leukocyte 

trafficking patterns needs to be clarified. Another potential mechanism to explain 

increased leukocyte numbers within the ageing peritoneal cavity could be an age-

related increase in the survival and growth of certain leukocyte populations. For 

example, increased expression of the B-cell survival factor (BAFF) and the 

haematopoietic cell growth factor (FLT- 3ligand) within the ageing cavity may have 

promoted the survival of B-cells. Indeed, Amezcua Vesley et al. demonstrated that 

BAFF treatment of peritoneal B1 cells ex vivo protected the B-cells from FcγRIIb-

mediated apoptosis (Amezcua Vesely et al., 2012). Increased peritoneal BAFF levels 
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may explain the increased number of B-cells in the peritoneal cavity of aged female 

mice reported in this thesis.  

Ageing resulted in reduced macrophage numbers within the peritoneal cavity 

of aged male and female mice compared to young, however, M-CSF levels were only 

reduced in the peritoneal cavity of aged male mice. In fact, we observed a >40-fold 

increase in M-CSF levels in the peritoneal cavity of aged female mice. As M-CSF 

promotes macrophage proliferation (Otero et al., 2009), increased M-CSF levels but 

reduced macrophage numbers in the peritoneal cavity of aged female mice is 

contradictory. This contradiction could be explained by increased levels of pro-

inflammatory mediators, such as TNFα (>15-fold), in the peritoneal cavity of aged 

female mice compared to aged male mice, which may counteract the proliferation-

inducing effects of M-CSF and induce macrophage apoptosis. Indeed, TNFα is able to 

induce apoptosis of monocyte-derived macrophages in vitro when NF-κB signalling is 

suppressed (Tran et al., 2009). To understand the sexual dimorphic regulation of 

macrophage populations within the peritoneal cavity of ageing mice further 

investigation is needed.  

The increased expression of IL-6 and IL-12 within the peritoneal cavity of 

aged male and female mice reported in this thesis is in contrast with previous reports, 

where Anrnardottir et al. demonstrated that the levels of IL-6 and IL-12 within the 

peritoneal cavity of aged (20 months) male BALBc mice were not significantly different 

to levels found in young (<2 months) mice, as determined by ELISA (Arnardottir et al., 

2014). These differences could be explained by the variation within the published data-

set as the baseline peritoneal levels of IL-12 appeared higher in aged mice compared 
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to young, but did not reach statistical significance in the context of a two-way ANOVA 

(Arnardottir et al., 2014); or by the different mouse strain and experimental approaches 

used. Indeed, Chen et al. utilised aged (>20 months) male and female C57Bl6 mice 

and observed increased levels of IL-6 in the muscle, spleen and thymus compared to 

young (<2 months), as determined by ELISA (Chen et al., 2021b). The results 

presented in this thesis are therefore in agreement with previous reports that utilised 

C57Bl6 mice and found that ageing was associated with increased levels of pro-

inflammatory mediators across different tissues. 

Although ageing was largely associated with increased levels of pro-

inflammatory cytokines, chemokines and chemoattractants within the peritoneal cavity, 

we did observe increased levels of the anti-inflammatory cytokine, IL-10, only in the 

peritoneal cavity of aged female mice. This does not agree with the work of Linehan et 

al. who reported increased IL-10 production by peritoneal cells derived from aged (>15 

months) male C57Bl6 mice ex vivo compared to young (<3 months) in the absence of 

stimulation (Linehan et al., 2014). However, these differences could be explained by 

the experimental set-up, as Linehan et al. removed the peritoneal cells from their 

physiological environment and placed them into an artificial environment for 24 hours 

to measure IL-10 production, which may have led to altered cytokine secretion. Indeed, 

immune responses by leukocytes, such as cytokine secretion, are not isolated events 

but depend upon, and are the result of, an integration of signals from both the 

environment and other cells within the tissue (Salvioli et al., 2006). Interestingly, 

Linehan et al. suggest B-cells to be the source of IL-10 production as the depletion of 

B-cells abolished this age-dependent observation (Linehan et al., 2014). This notion 

fits with the data presented in this thesis, as we observed a significant increase in the 
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number of B-cells within the peritoneal cavity of aged female, but not male, mice 

compared to young, and this was associated with increased peritoneal IL-10 levels. 

3.3.4 MODULATED STRUCTURE AND INCREASED PERMEABILITY OF 

THE AGED PERITONEAL MEMBRANE VASCULATURE  

We observed increased levels of several pro-angiogenic factors within the peritoneal 

cavity of aged mice compared to young, which may induce age-related changes to 

angiogenic processes in these mice. For example, increased levels of Gas6 in the 

peritoneal cavity of aged female mice, but not male mice, may have influenced vascular 

homeostasis. Indeed, Gas6 is a ligand for several protein kinase receptors involved in 

vascular cell growth and survival, namely Axl, Mer and Tyro3 receptors (Laurance, 

Lemarie and Blostein, 2012). In retinal microvascular EC, Gas6 plays a crucial role in 

angiogenic processes by regulating ERK1/2 phosphorylation, thereby stimulating EC 

proliferation, migration, and tube formation (Kim et al., 2014b). Using IVM, we 

confirmed that the structure of the peritoneal vasculature in female mice was modified 

with age, which may reflect age-related changes to angiogenic processes in these 

mice. However, we report no age-related changes to vascular density.  

How ageing affects the vascular density of tissues appears to be tissue-specific. 

Chen et al. reported increased vascular density in the pituitary gland of aged (>13 

months) C57Bl6 mice compared to young (<2 months), but reduced vascular density 

in the testis and pancreas, as determined by quantitative fluorescence microscopy 

(Chen et al., 2021a). On balance, the high levels of multiple pro-angiogenic factors, 

such as angiopoietin-2, angiopoietin-like 3 and VEGF, within the peritoneal cavity may 

have protected the peritoneal membrane from an age-related loss in vessel density. 
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Indeed, Ahluwalia et al. reported impaired angiogenesis of the gastric mucosa of aged 

(24 months) male Fisher rats in response to ethanol-induced injury compared to young 

(3 months), and this was partly attributed to an age-related reduction in VEGF 

expression and an increase in endostatin expression in the aged tissue (Ahluwalia et 

al., 2013). 

As vascular integrity is reportedly reduced with age (Chang, Flavahan and 

Flavahan, 2017; Belmin et al., 1993; Chen, Zhang and Duan, 2003; Huynh et al., 2011), 

we hypothesised that increased numbers of leukocytes within the peritoneal cavity of 

aged mice would be in part due to the increased permeability of the peritoneal 

membrane vasculature. Indeed, by using an IVM approach, we observed increased 

permeability of the peritoneal membrane vasculature in aged female mice compared 

to young. The data presented in this thesis agree with the work of Karaman et al., 

where intravenous administration of a fluorescent reporter, P20D800, demonstrated 

increased vascular leakage in the ear skin of aged (18 months) C57Bl6 J-TyrC-J albino 

mice in real-time compared to young (2 months) mice (Karaman et al., 2015). Although 

the increased permeability of the peritoneal membrane vasculature in aged mice is 

likely due to several age-related factors, one such possibility is the age-related 

expansion of the peritoneal mast cell population. Indeed, mast cells secrete a variety 

of permeability factors such as VEGF and histamine, and their numbers within tissue 

have been reported to increase with age (Boesiger et al., 1998; Lee et al., 2008; Ashina 

et al., 2015; Chatterjee and Gashev, 2012; Gunin et al., 2011; Barkaway et al., 2021). 

Indeed, Barkaway et al. reported significantly increased numbers of mast cells in the 

peritoneal cavity of unchallenged aged (>16 month) C57Bl6 wild-type male mice 

compared to young (<4 month) mice (Barkaway et al., 2021). It would therefore be of 



CHAPTER 3                                      AGE-RELATED CHANGES TO HOMEOSTATIC    

LEUKOCYTE TRAFFICKING  

162 
 

interest to investigate the relationship between mast cell number and vascular 

permeability within the naïve peritoneal cavity of old male and female mice.   

Increased vascular permeability could promote leukocyte trafficking into the 

peritoneal cavity through the release of local pro-inflammatory mediators and 

chemoattractants into the bloodstream. Indeed, Owen-Woods et al. reported increased 

trafficking of neutrophils into the cremaster muscle of young (<3 months) male C57Bl6 

mice in response to inflammation-mediated vascular leakage of CXCL1 (Owen-Woods 

et al., 2020). However, to confirm that increased vascular permeability directly 

facilitates increased leukocyte trafficking into the aged peritoneal cavity, further 

experiments such as the fluorescent labelling of circulating leukocytes and imaging 

their extravasation from the peritoneal membrane vasculature into the cavity in real 

time are necessary. 

3.4 CONCLUSIONS 

Homeostatic leukocyte trafficking is an essential part of protective immunity, however, 

understanding how ageing affects these processes have largely been overlooked. The 

main aim of this section was to investigate how ageing and biological sex affect 

leukocyte populations across multiple murine tissues in the steady state to infer age-

related and sex-specific changes to homeostatic leukocyte trafficking patterns. A 

schematic summary of Chapter 3 can be found in Figure 3-16. Overall, we found a 

striking increase in the number of leukocytes in the peritoneal cavity of aged mice, 

particularly in female mice, and this was associated with a pro-inflammatory 

environment. We demonstrated increased permeability of the peritoneal membrane 

vasculature which may aid in increased leukocyte recruitment to the peritoneal cavity 
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in ageing. To conclude, we have provided evidence that ageing increases leukocyte 

trafficking to the peritoneal cavity in the steady state, and this occurs in a sexually 

dimorphic manner. 
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Figure 3-16 Summary of Chapter 3 

A schematic depicting the major findings of Chapter 3. We found an age-related 

increase in the number of leukocytes within the peritoneal cavity of naïve mice, 

particularly female mice, which were predominantly B-cells. This was accompanied by 

an increased inflammatory environment within the peritoneal cavity of aged mice, 

including increased peritoneal levels of chemoattractants, including B-cell 

chemoattractants CXCL13 and CCL21, growth/survival factors, soluble adhesion 

molecules, and pro-inflammatory cytokines. Once again, this age-related phenotype 

was more pronounced in female mice. Intravital microscopy techniques revealed an 

altered vascular structure and increased vascular permeability within the peritoneal 

membrane of aged female mice, which may support increased leukocyte extravasation 

into the cavity with age. Together, these data indicate that ageing affects homeostatic 

leukocyte trafficking to the peritoneal cavity in a sex-specific fashion. Created with 

BioRender.com
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3.5 LIMITATIONS 

Whilst this study provides a first look at the sexual dimorphism in age-related changes 

to leukocyte populations across multiple murine tissues, this study had its limitations. 

Firstly, as with most animal studies, this was a cross-sectional study. As of such, only 

specific ages were investigated. The disproportionate changes in tissue leukocyte 

counts between 18-month and 21-month mice compared to 3-month mice (e.g. 

significantly increased numbers of peritoneal leukocytes in 21-month mice compared 

to 18-month) suggest that a significant change is occurring between these two ages 

that results in a dramatic change to leukocyte populations across multiple tissue types 

and warrants further investigation. Secondly, whilst we suggest that the differences in 

leukocyte population numbers within ageing tissues could reflect age-related changes 

to homeostatic leukocyte trafficking, there are a number of alternative explanations that 

we did not investigate. These include age-related changes to leukocyte 

proliferation/apoptosis rates, leukocyte differentiation fates, and leukocyte retention 

within tissues. It is also worth noting that, although we investigated several leukocyte 

populations across multiple murine tissues, we did not consider mast cells or 

monocytes. It would be interesting to investigate age-related changes to monocyte 

numbers, particularly in the peritoneum, as monocytes are known to be recruited to the 

peritoneal cavity during acute inflammation (Newson et al., 2014; Louwe et al., 2021). 

Currently, we do not know whether inflammageing drives monocyte infiltration of the 

peritoneal cavity.  

The methodology used in this chapter to explore the age-related changes to 

levels of pro-inflammatory mediators within the peritoneal cavity was largely conducted 
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using a cytokine array, which only provided relative data for pooled samples. Whilst 

we had validated the age-related changes to two peritoneal analytes using an ELISA, 

the lack of quantification of the other analytes meant we could not establish the 

biological relevance of these age-related changes as determined by cytokine array. 

Furthermore, the use of pooled samples for the cytokine array prevented us from 

performing statistical analysis on the data.  

We utilised IVM to determine age-related changes to the structure and integrity 

of the peritoneal membrane vasculature in mice. However, a major limitation was not 

adjusting the concentration fluorescent dextran based on the weight of the mouse. As 

aged mice (30.1±1g) were heavier compared to young mice (22.0±1g), a fixed volume 

of dextran would mean that the aged mice were receiving less fluorescent dextran 

when taking blood volume into account. Finally, whilst we focus on the sexual 

dimorphism of age-related changes to the peritoneum in this chapter, we did not 

assess the structure and integrity of the peritoneal membrane vasculature in male mice 

due to the limited availability of aged male mice.  
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4.1 INTRODUCTION 

Inflammatory leukocyte trafficking processes are evidently modulated by ageing 

(reviewed by(Hopkin, Lord and Chimen, 2021), yet most studies that have investigated 

age-related changes to leukocyte trafficking patterns to date have been conducted in 

mice (see Section 1.3.2.4.). Furthermore, most of the murine studies specifically 

designed to investigate age-related changes to the inflammatory trafficking of T-cells 

required lengthy models (>8 days) of acute inflammation (Toapanta and Ross, 2009; 

Richner et al., 2015; Norian and Allen, 2004). Here, to extrapolate the biological 

relevance and translatability of mouse models, we sought to investigate the migratory 

capabilities of PBL derived from young and older donors in the context of acute 

inflammation using a well-established in vitro static adhesion assay (Apta, Chimen and 

McGettrick, 2017; Rainger and McGettrick, 2017). We also sought to investigate 

whether ZIP could be used as a shorter model to study inflammatory T-cell trafficking 

in mice.   

4.2 RESULTS 

4.2.1 AGEING DOES NOT INFLUENCE THE ABILITY OF PBL TO 

MIGRATE IN VITRO, BUT SELECTIVELY ENHANCES THE MIGRATION OF 

SPECIFIC T-CELL SUBSETS 

To investigate the effect of age on inflammatory leukocyte trafficking in humans, we 

isolated PBL from young (20-35 years) and older (60-74 years) adults to use in an in 

vitro transendothelial migration assay. As data previously generated by this lab 

suggested that an age-related increase in PBL transendothelial migration only 
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occurred for men and not women (unpublished), we used PBL derived from male 

donors only in this study. We investigated the ability of PBL to adhere to and migrate 

across TNFα+IFNγ-stimulated EC and into a collagen matrix over the course of 24 

hours using phase-contrast microscopy (Rainger and McGettrick, 2017). We then 

collected the migrated PBL within the collagen matrix, analysed the migrated PBL 

using flow cytometry (Figure 4-1) and normalised the migrated numbers to the 

circulating population of the donor (Appendix I). Most reports indicate that ageing does 

not affect the ability of T-cells to migrate in vitro (Stohlawetz et al., 1996; Smart, Rao 

and Cohen, 1993; Callender et al., 2020), however, age-related changes to T-cell 

expression of integrins (Ritzel et al., 2016; Orme and Roberts, 1998; Ginaldi et al., 

2000) and chemokine receptors (Mo et al., 2003; Yung and Mo, 2003; Cane, 

Ponnappan and Ponnappan, 2012a) have been reported for specific T-cell subsets. It 

was therefore hypothesised that ageing would enhance the migratory capabilities of 

specific T-cell subsets in vitro. 

We observed a significant reduction in PBL total adhesion over time for both 

donor cohorts, where the total number of adhered PBL was halved by the 24-hour 

timepoint, with no significant effect of age on PBL adhesion (Figure 4-2A). PBL 

transmigration across the EC monolayer significantly increased over time and reached 

>55% for both donor cohorts by the 24 hour timepoint, but was not influenced by the 

age of the donor (Figure 4-2B). Increased PBL migration was accompanied by 

increased PBL penetration of the collagen matrix over time for both donor cohorts 

(Figure 4-2C). Whilst the depth of the collagen matrix did not significantly change with 

time (data not shown), young PBL reached depths of 62µm and older PBL reached 

depths of 70µm by the 24 hour timepoint with no significant effect of age on the average 
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depth of PBL penetration (Figure 4-2C). In contrast, the average migration velocities 

of young (5.6 µm/min) and older (4.7 µm/min) PBL were not influenced by time nor age 

but remained constant for the duration of the assay (Figure 4-2D). Together, these 

data support the notion that chronological ageing does not influence the ability of PBL 

to adhere to and migrate through cytokine-activated EC in vitro.  

The total number of PBL adhered to and the percentage of PBL that had 

migrated across IFNγ+TNFα-stimulated EC were comparable between young and 

older donors at the 20 minute timepoint (Figure 4-3A+B). In line with this, flow 

cytometric analysis of the migrated PBL showed that the percentage of migrated T-

cells was comparable between young (5.5%) and older donors (8.1%) at the 20-minute 

time point (Figure 4-3C). However, the percentage of CD4+CCR7+CD45RA- and 

CD8+CCR7+CD45RA- CM T-cells that had migrated into the collagen matrix was 

increased for older donors compared to young donors (Figure 4-3D+E). The 

percentage of migrated CD4+KLRG1+CD57+ senescent T-cells was also increased for 

older donors compared to young donors at the 20 minute time point (Figure 4-3F). The 

percentage migration of all T-cell subsets assessed for both donor cohorts can be 

found in Table 4-1. These data suggest that ageing does not influence the migration 

of T-cells overall but enhances the migration of specific T-cell subsets, namely memory 

and senescent T-cells.
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Figure 4-1 Gating strategy to define T-cell subsets within migrated PBL samples 

Following the static adhesion assay, the collagen matrix was digested and the PBL 

that had migrated into the matrix were collected and analysed using flow cytometry. 

(A) The gating strategy used to identify single, live T-cells. T-cells were then 

distinguished based on (B) CD4 and CD8 expression. (C) Regulatory T-cells were 

identified as CD4+CD25+ cells. (D) CD45RA and CCR7 were then used to identify CD4+ 

and CD8+ naïve (N), effector memory (EM), central memory (CM) and TEMRA T-cells. 

Senescent T-cells were identified as (E) CD28-CD27- or (F) KLRG1+CD57+ cells. 
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Figure 4-2 Ageing does not affect the migratory capabilities of PBL in vitro 

PBL (1x106 cells/ml) were isolated from young (Y, black, n=9) and older (O, red, n=9) 

donors and added to TNFα (100U/ml) and IFNγ (10ng/ml) stimulated HDBEC for 24 

hours at 37°C. At the 20-minute (20min), 2 hour (2hr) and 24 hour (24hr) timepoints 

digitised images of 5 random fields were captured to assess (A) the total number of 

adhered PBL and (B) the percentage of PBL transmigration across HDBEC. Z-stack 

sequences and 5-minute sequences were also captured at each timepoint to measure 

the (C) average depth of PBL penetration into the collagen matrix and (D) average PBL 

transmigration velocities, respectively. In A-C, two-way ANOVA analysis showed a 

significant effect of time, but not age, on PBL adhesion (p<0.001), percentage 

migration (p<0.001) and average depth of migration (p<0.001). Data is shown as mean 

bar only for n=9 independent experiments using 1 HDBEC donor and 18 different PBL 

donors. *p<0.05, **p<0.01, ***p<0.001 by Bonferroni multiple comparison post-test.
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Figure 4-3 Ageing increases the transendothelial migration of memory and 

senescent T-cell subsets in vitro 

HDBEC were seeded onto a collagen matrix and stimulated with TNFα (100U/ml) and 

IFNγ (10ng/ml) for 24 hours. PBL (1x106 cells/ml) were isolated from young (black, 

n=9) and older (red, n=9) donors and added to cytokine-activated HDBEC for 20 

minutes at 37°C. Digitised images of 5 random fields were captured to assess (A) the 

total number of adhered PBL and (B) the percentage of PBL transmigration across 

HDBEC. The collagen matrix was then collected, digested, and the number of PBL that 

had migrated across HDBEC and into the collagen matrix were quantified using flow 

cytometry. The percentage of migrated (C) CD3+, (D) CD4+CCR7+CD45RA-, (E) 

CD8+CCR7+CD45RA-, and (F) CD4+KLRG1+CD57+ T-cells, normalised to the 

circulating population of the donor, is shown. Data is shown as mean±SEM for n=9 

independent experiments using 1 HDBEC donor and 18 different PBL donors. *p<0.05, 

**p<0.01 by unpaired t-test.
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Table 4-1 Percentage of migrated T-cell subsets for young and older blood donors  

Percentage of T-cell subsets that had migrated across cytokine-activated EC and into 

a collagen matrix, normalised to the circulating population of the donor. The migrated 

T-cell subsets of young and older donors are shown as mean ± standard error of the 

mean (SEM). Statistical analysis performed using an unpaired t-test to determine the 

effects of age on the transendothelial migration of specific T-cell subsets in vitro. EM, 

effector memory; TEMRA, terminally differentiated effector memory T-cells re-

expressing CD45RA; Treg, regulatory T-cell.
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4.2.2 AGEING EXACERBATES LEUKOCYTE RECRUITMENT TO THE 

PERITONEAL CAVITY DURING ZYMOSAN-INDUCED PERITONITIS IN A 

SEX-SPECIFIC MANNER 

We next sought to determine the effects of age on lymphocyte trafficking in vivo. We 

used a well-established model of acute inflammation, namely ZIP, to specifically study 

the recruitment of T-cells to the peritoneal cavity of young and aged mice (Rajakariar 

et al., 2008; Newson et al., 2014). Forty-eight hours after zymosan challenge, the 

peritoneal exudate of young and aged mice was collected for the quantification of 

leukocyte populations by flow cytometry (same gating strategy as Figure 3-1). As we 

observed increased numbers of leukocytes within the peritoneal cavity of naïve aged 

mice, particularly in aged female mice (see Chapter 3), it was hypothesised that aged 

mice would have an exacerbated inflammatory response to zymosan-challenge and 

this would be more pronounced in the aged female mice. 

The number of peritoneal leukocytes were >3-fold higher in PBS-treated aged 

mice compared to PBS-treated young mice (Figure 4-4), which agrees with baseline 

peritoneal leukocyte counts in Chapter 3 (Figure 3-2). Zymosan-challenge significantly 

increased the number of leukocytes within the peritoneal cavity of young and aged 

mice, however, zymosan-challenged aged mice presented with >2-fold more 

peritoneal leukocytes than zymosan-challenged young mice (Figure 4-4).  

Zymosan challenge did not significantly increase the number of peritoneal T-

cells in young mice compared to the PBS control mice, but did increase peritoneal T-

cell numbers by >4-fold in aged mice (Figure 4-5). Inflamed aged mice presented with 

>4-fold more T-cells in the peritoneal cavity compared to inflamed young mice (Figure 
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4-5). Zymosan-challenge significantly increased the number of several innate 

leukocyte subsets in the peritoneal cavity of young and aged mice, including DC and 

macrophages (Table 4-2). As for the adaptive leukocyte subsets, zymosan-challenge 

did not significantly affect the number of peritoneal B-cells in young and aged mice, 

but significantly increased the number of multiple T-cell subsets (Table 4-2). These 

data demonstrate that ageing exacerbates leukocyte trafficking to the peritoneal cavity 

in response to acute inflammation. 

We next investigated the impact of sex on the trafficking of leukocytes into the 

peritoneal cavity of young and aged mice post-zymosan challenge. ZIP significantly 

increased leukocyte numbers in the peritoneal cavity of young male, aged male, and 

aged female mice but not young female mice (Figure 4-6). Young inflamed male 

mice had significantly more (2-fold) leukocytes within the peritoneal cavity compared 

to young inflamed female mice (Figure 4-6). Aged female mice presented with >6-

fold more peritoneal leukocytes post-zymosan challenge compared to young 

inflamed females, whilst aged male mice had comparable numbers of peritoneal 

leukocyte numbers to young males post-zymosan challenge (Figure 4-6).  

We observed increased numbers of T-cells within the peritoneum of young 

male, aged male, and aged female mice post-zymosan challenge, but did not observe 

increased T-cell numbers in the peritoneal cavity of inflamed young female mice 

compared to PBS control mice (Figure 4-7). Aged female mice had >24-fold more T-

cells in the peritoneal cavity compared to young females post-zymosan challenge, but 

the number of T-cells in the peritoneal cavity of inflamed young and aged male mice 

were comparable (Figure 4-7). Zymosan-challenge led to significant changes to innate 
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immune cell numbers within the peritoneal cavity of young and aged female and male 

mice, including increased numbers of peritoneal neutrophils and macrophages (Table 

4-3). However, zymosan-challenge only led to significant changes within multiple 

adaptive immune cell populations in young male, aged male, and aged female mice 

(Table 4-4). This included increased numbers of B-cells in the peritoneal cavity of 

young male mice following ZIP, and increased numbers of multiple T-cell subsets in 

young male, aged male, and aged female mice (Table 4-4). We also quantified the 

number of leukocyte subsets in the blood, spleen, BM and inguinal LN of inflamed 

young and aged mice (Table 4-5 and Table 4-6). Zymosan challenge significantly 

reduced circulating DC numbers in aged male mice, and significantly reduced the 

number of circulating ABC in aged female mice (Table 4-5). In the spleen, zymosan-

challenge led to reduced T-cell numbers in young female, aged female, and young 

male mice (Table 4-5). We observed reduced DC numbers in the BM of aged male 

mice following ZIP, and reduced numbers of B-cells in the BM of young male mice 

(Table 4-6). In the iLN, we observed a significant increase in the number of senescent 

T-cells in young male mice following zymosan-challenge (Table 4-6). Together, these 

data support the hypothesis that age, as well as sex, influence the trafficking of 

leukocytes in the context of acute inflammation in vivo. 
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Figure 4-4 Ageing exacerbated leukocyte recruitment to the peritoneal cavity 

during zymosan-induced peritonitis 

Young (3 months) and aged (21 months) C57Bl6 male and female mice received 

intraperitoneal injection of 0.1mg zymosan (+) to induce peritonitis. Control mice 

received PBS (-). After 48 hours, the peritoneal cavity exudate was collected and 

analysed using flow cytometry. The total number of peritoneal CD45+ cells was 

quantified using CountBright beads. Two-way ANOVA showed a significant effect of 

age (<0.001) and zymosan challenge (<0.001) on peritoneal leukocyte numbers. Data 

are presented as mean±SEM for n = 8 independent experiments using n = 14 for 3 

month mice and n = 13-14 for 21 month mice. Statistical analysis performed using 

Bonferroni multiple comparison post-test, ***p<0.001, ** p<0.01, * p<0.05. 
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Figure 4-5 Ageing exacerbated T-cell recruitment to the peritoneal cavity during 

zymosan-induced peritonitis 

Young (3 months) and aged (21 months) C57Bl6 male and female mice received 

intraperitoneal injection of 0.1mg zymosan (+) to induce peritonitis. Control mice 

received PBS (-). After 48 hours, the peritoneal cavity exudate was collected and 

analysed using flow cytometry. The total number of peritoneal CD3+ cells was 

quantified using CountBright beads. Two-way ANOVA showed a significant effect of 

age (<0.001) and zymosan challenge (<0.001) on peritoneal T-cell numbers. Data are 

presented as mean±SEM for n = 8 independent experiments using n = 14 for 3 month 

mice and n = 13-14 for 21 month mice. Statistical analysis performed using Bonferroni 

multiple comparison post-test, ***p<0.001. 
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Table 4-2 Leukocyte subsets in the peritoneal cavity of young and aged inflamed mice 

The number of peritoneal leukocyte subsets of young (3 months) and aged (21 months) 

mice that received intraperitoneal injection of PBS or 0.1mg zymosan A (Zym) 

treatment. Data are shown as mean ± standard error of the mean (SEM) for innate and 

adaptive leukocyte subsets. Statistical analysis performed using two-way ANOVA to 

determine the effects of zymosan-challenge and age on the number of peritoneal 

leukocyte subsets. ABCs, age-associated B-cells; DC, dendritic cells; N, naïve; EM, 

effector memory; CM, central memory; Tregs, regulatory T-cells.
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Figure 4-6 Sexual dimorphism of leukocyte recruitment to the peritoneum of 

young and aged mice during zymosan-induced peritonitis 

Young (3 months; white bars) and aged (21 months; grey bars) female (♀) and male 

(♂) C57Bl6 mice received intraperitoneal injection of 0.1mg zymosan (+) to induce 

peritonitis. Control mice received PBS (-). After 48 hours, the peritoneal cavity exudate 

was collected and analysed using flow cytometry. The total number of peritoneal 

CD45+ leukocytes was quantified using CountBright beads. Three-way ANOVA 

showed a significant effect of age (<0.001) and zymosan challenge (<0.001), but not 

sex, on peritoneal CD45+ cell numbers. Data are presented as mean±SEM for n = 8 

independent experiments using n = 7 for 3 month mice, n = 5-8 for 21 month mice. 

Statistically significant changes based on treatment (*), age (*), and sex (#) are 

depicted.  *** or ### p<0.001, ** p<0.01 using Bonferroni multiple comparison post-

test. 
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Figure 4-7 Sexual dimorphism of T-cell recruitment to the peritoneum of young 

and aged mice during zymosan-induced peritonitis 

Young (3 months; white bars) and aged (21 months; white bars) female (♀) and male 

(♂) C57Bl6 mice received intraperitoneal injection of 0.1mg zymosan (+) to induce 

peritonitis. Control mice received PBS (-). After 48 hours, the peritoneal cavity exudate 

was collected and analysed using flow cytometry. The total number of peritoneal CD3+ 

leukocytes was quantified using CountBright beads. Three-way ANOVA showed a 

significant effect of age (<0.001), zymosan challenge (<0.001), and sex (p<0.05) on 

peritoneal CD3+ cell numbers. Data are presented as mean±SEM for n = 8 

independent experiments using n = 7 for 3 month mice, n = 5-8 for 21 month mice. 

Statistically significant changes based on treatment (*), age (*), and sex (#) are 

depicted. *** or ### p<0.001, ** p<0.01 using Bonferroni multiple comparison post-test. 
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Table 4-3 Innate immune cell populations in the peritoneal cavity of young and aged inflamed male and female mice 

Innate immune cell populations within the peritoneum of young female (YF), aged female (AF), young male (YM), and aged male 
(AM) mice that received intraperitoneal injection of PBS or 0.1mg zymosan A (Zym) treatment. Data are shown as mean ± standard 
error of the mean (SEM) for the number of innate immune cell populations residing in the peritoneal cavity. Statistical analysis 
performed using three-way ANOVA to determine the effects of zymosan-challenge, sex, and age on the number of peritoneal innate 
immune cells. DC, dendritic cells.
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Table 4-4 Adaptive immune cell populations in the peritoneal cavity of young and aged inflamed male and female mice 

Adaptive immune cell populations within the peritoneum of young female (YF), aged female (AF), young male (YM), and aged male 

(AM) mice that received intraperitoneal injection of PBS or 0.1mg zymosan A (Zym) treatment. Data are shown as mean ± standard 

error of the mean (SEM) for the number of adaptive immune cell populations residing in the peritoneal cavity. Statistical analysis 

performed using three-way ANOVA to determine the effects of zymosan-challenge, sex, and age on the number of peritoneal adaptive 

immune cells. ABCs, age-associated B-cells; N, naïve; EM, effector memory; CM, central memory; Tregs, regulatory T-cells.
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Table 4-5 Leukocyte populations in the blood and spleens of inflamed young and aged mice  

Leukocyte populations within the blood and spleens of young female (YF), aged female (AF), young male (YM), and aged male (AM) 

mice that received intraperitoneal injection of PBS or 0.1mg zymosan A (Zym) treatment. Data are shown as mean ± standard error 

of the mean (SEM) for the number of leukocytes in the blood and spleen. Statistical analysis performed using three-way ANOVA to 

determine the effects of zymosan-challenge, sex, and age on the number of leukocytes. ABCs, age-associated B-cells; DC, dendritic 

cells.
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Table 4-6 Leukocyte populations in the BM and inguinal LN of inflamed young and aged mice 

Leukocyte populations within the bone marrow (BM) and inguinal lymph nodes (LN) of young female (YF), aged female (AF), young 

male (YM), and aged male (AM) mice that received intraperitoneal injection of PBS or 0.1mg zymosan A (Zym) treatment. Data are 

shown as mean ± standard error of the mean (SEM) for the number of leukocytes in the BM and LN. Statistical analysis performed 

using three-way ANOVA to determine the effects of zymosan-challenge, sex, and age on the number of leukocytes. ABCs, age-

associated B-cells; DC, dendritic cells.
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4.3 DISCUSSION 

Inflammatory leukocyte trafficking is evidently modulated by the ageing process 

(reviewed by(Hopkin, Lord and Chimen, 2021), yet human studies centred around this 

research question are limited. Here we found that although ageing did not specifically 

modify the ability of PBL to adhere to nor migrate across cytokine-activated EC in vitro, 

including the depth and speed of PBL migration, it did affect the composition of 

migrating PBL. We report no difference in the percentage of T-cell transendothelial 

migration between young and older donors, as determined by flow cytometry, but we 

did observe an age-related increase in the proportion of migrated CD4+/CD8+ EM, CM, 

and some senescent (CD4+KLRG1+CD57+ and CD8+CD27-CD28-) T-cell subsets.   

Several in vivo models designed to specifically investigate age-related changes 

to inflammatory T-cell trafficking exist but are lengthy procedures (Toapanta and Ross, 

2009; Richner et al., 2015; Norian and Allen, 2004). As ZIP is a well-characterised 

murine model to study leukocyte trafficking in the context of acute inflammation (Cash, 

White and Greaves, 2009), we investigated whether this model could be applied to 

aged systems to specifically study T-cell trafficking in a short time frame. Here we 

found that a 48-hour ZIP model was sufficient to induce T-cell recruitment to the 

peritoneal cavity of young and aged mice. Furthermore, we found that ageing 

exacerbated T-cell trafficking to the peritoneal cavity during ZIP, and that this occurred 

in a sex-specific manner.



CHAPTER 4                          AGE-RELATED CHANGES TO LEUKOCYTE TRAFFICKING 

    DURING ACUTE INFLAMMATION 

188 
 

4.3.1 EFFECT OF AGEING ON LYMPHOCYTE TRAFFICKING IN VITRO 

To date, the in vitro studies that have investigated age-related changes to T-cell 

migration have largely relied on isolating specific T-cell subsets from the blood of young 

and older donors and subjecting the lymphocytes to chemokine-directed transwell-like 

assays (Kushner et al., 2010; Callender et al., 2020) and transendothelial migration 

assays (Stohlawetz et al., 1996; Smart, Rao and Cohen, 1993; Lau et al., 2019). To 

broaden our investigation of age-related changes to T-cell transmigration to multiple 

T-cell subsets, we used PBL in an in vitro transendothelial migration assay and 

performed flow cytometric analysis of the migrated cells. As data previously generated 

by this lab suggested an age-related increase in PBL transendothelial migration for 

male donors only (unpublished), we used PBL derived from men in this study. The data 

presented in this thesis describe no effect of ageing on the ability of PBL to adhere to 

and migrate across inflamed EC in vitro, but an age-related increase in the 

transendothelial migration of certain memory and senescent T-cell subsets.  

We observed no age-related changes to PBL transendothelial migration, which 

disagrees with the data previously generated by this lab. This could simply be due to 

lower n numbers in this thesis, however, several of the published studies investigating 

age-related changes to lymphocyte transendothelial migration in vitro to date have 

reported no change (Stohlawetz et al., 1996; Smart, Rao and Cohen, 1993; Cane, 

Ponnappan and Ponnappan, 2012b). Stohlawetz et al. observed no difference in the 

ability of T-cells derived from young (<31 years) and older (>85 years) adults to adhere 

to nor migrate across IL-1+IFNγ activated HUVEC in vitro (Stohlawetz et al., 1996). 

This was also reported by Smart et al. who observed no difference in the ability of T-

cells derived from young (<34 years) and older (>70 years) adults to adhere to TNFα-
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activated HUVEC in vitro, determined by fluorescent quantification of the T-cells using 

the Rose Bangal stain (Smart, Rao and Cohen, 1993). In contrast, Kushner et al. 

reported reduced migration of T-cells derived from older (>62 years) adults towards 

VEGF and SDF-1α in a Boyden chamber system compared to T-cells derived from 

young (<26 years) adults, as determined by calcein staining of the migrated T-cells 

(Kushner et al., 2010). However, the contrasted findings could be explained by the 

different experimental set-up used by Kushner et al., as they did not assess T-cell 

migration across an EC monolayer (Kushner et al., 2010). Furthermore, VEGF and 

SDF-1α are not effective T-cell chemoattracts, with evidence suggesting SDF-1α 

actively repulses T-cells away from areas where it is present (Poznansky et al., 2000), 

and VEGF selectively attracts activated T-cells (Shin et al., 2009). Interestingly, Cane 

et al. reported increased migration of CD4+ T-cells isolated from older (>65 years) 

donors towards SDF-1α in a transwell system compared to T-cells isolated from young 

(<30 years) donors, but this was only evident after generating a migration index value 

(normalised CD4+ T-cell migration towards SDF-1α compared to vehicle control); the 

percentage of migrating CD4+ T-cells was not significantly different between the 

different aged donors (Cane, Ponnappan and Ponnappan, 2012b). Overall, the 

literature suggests that ageing does not affect T-cell migration in vitro, which is in 

agreement with the data presented in this thesis.  

We observed a significant age-related increase in the transendothelial migration 

of CD4+ and CD8+ EM and CM T-cell subsets, which agrees with the work of Lau et al. 

who demonstrated that the memory T-cell subsets, particularly EM T-cells, isolated 

from older (>53 years) adults exhibited increased levels of migration across HUVEC in 

vitro compared to naïve and TEMRA subsets (Lau et al., 2019). Indeed, memory T-cell 
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subsets preferentially migrate through cytokine-activated EC in vitro (Brezinschek et 

al., 1995; Lalor et al., 2002; Chimen et al., 2015), but ageing evidently enhances their 

migratory capabilities. We did not observe any age-related changes to the 

transendothelial migration of CD4+ and CD8+ TEMRA T-cells, which is in agreement 

with the works of Callender et al. who reported no difference in the migration of CD4+ 

and CD8+ TEMRA T-cells derived from young (<46 years) and older (>66 years) adults 

across HUVEC towards a CXCL10/12 gradient in vitro (Callender et al., 2020). TEMRA 

T-cells from young (<46 years) adults exhibit dysfunctional mitochondrial function and 

reduced migratory capabilities as they cannot meet the energy demands necessary for 

transmigration (Callender et al., 2020); perhaps that is why ageing does not lead to 

enhanced migration of this memory T-cell subset. 

The use of an in vitro assay to assess age-related changes to lymphocyte 

migration has its caveats, such as the absence of physiological factors that may 

influence lymphocyte adhesion and migration in vivo e.g. local cytokine/chemokine 

gradients, shear stress, and the presence of other cell types. An artificial environment 

would limit EC activation and intercellular connectivity through the exclusion of 

supporting cell types such as pericytes, fibroblasts, and mast cells. Within the 

microvasculature bed, where leukocyte trafficking takes place, pericytes surround the 

abluminal surface of the endothelial tube (Geevarghese and Herman, 2014). Pericytes 

modulate EC activation and vascular permeability through cell-cell contacts and the 

secretion of soluble factors e.g. VEGF (Kozma et al., 2021; Yamamoto et al., 2015; 

Zhang et al., 2020b). Fibroblasts are key players in the production and maintenance 

of extracellular matrix; however, they can propagate and support EC activation during 

inflammatory events through secreting cytokines, growth factors and proteases 
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(Enzerink and Vaheri, 2011). In addition to being modulators of immune responses, 

mast cells can increase vascular permeability through secreting soluble factors such 

as VEGF and histamine (Boesiger et al., 1998; Lee et al., 2008). It is therefore possible 

that the lack of additional cell types e.g. pericytes, fibroblasts and mast cells in 

migration assays changes the physiology of lymphocyte-EC interactions, which may 

help explain the lack of age-related changes to lymphocyte transendothelial migration 

observed in vitro. Indeed, Agius et al. reported reduced memory T-cell recruitment to 

the skin of older (>70 years) individuals in response to recall antigens compared to 

younger (<40 years) adults in vivo (Agius et al., 2009). This was attributed to defective 

TNFα production by dermal macrophages in older hosts, which led to reduced 

activation of dermal EC and reduced recruitment of memory T-cells to the tissue (Agius 

et al., 2009). It is therefore important to investigate age-related changes to lymphocyte 

trafficking patterns in a physiological in vivo setting. 

The sex- and age-mismatch between the EC donor (young female) and PBL 

donors (young and older males) in the studies outlined in this thesis likely influenced 

the experimental outcome. It has been well-established that sex influences EC function 

through the actions of sex steroids (Stanhewicz, Wenner and Stachenfeld, 2018; Patel 

and Arora, 2008). In men, testosterone binds androgen receptors on EC and promotes 

NO production and vasodilation (Stanhewicz, Wenner and Stachenfeld, 2018). 

However, in women, testosterone engagement with the androgen receptors on EC 

propagates an alternative intracellular signalling cascade that results in suppressed 

NO production and impaired vasodilation (Stanhewicz, Wenner and Stachenfeld, 

2018). EC function is also modulated by the ageing processes (Ting et al., 2021; 

Donato et al., 2015). The establishment of cellular senescence in EC drives modulated 
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EC functions, including increased expression of adhesion molecules on EC, reduced 

vascular integrity, and increased thrombosis (Ting et al., 2021). Therefore, the sex- 

and age-mismatch of the cell donors remains a major limitation of the in vitro studies 

presented in this thesis and needs to be addressed.  

4.3.2 EFFECT OF AGEING ON LYMPHOCYTE TRAFFICKING IN VIVO 

Various models of peritonitis have been used to study neutrophil and monocyte 

trafficking in young and aged mice (Arnardottir et al., 2014; Hornigold et al., 2022), with 

some studies focusing on sex-specific responses in young mice (Scotland et al., 2011; 

Kay et al., 2015; Bain et al., 2020). We sought to investigate whether the ZIP model 

could be used to study T-cell trafficking in mice whilst assessing age-dependent and 

sex-specific responses within the model. We found that the 48-hour ZIP model was 

sufficient to investigate T-cell trafficking in young and aged mice. Furthermore, we 

found that ageing exacerbated T-cell recruitment to the peritoneal cavity in response 

to zymosan-challenge. This observation was reminiscent of published studies that 

investigated age-related changes to neutrophil recruitment to the cavity of aged male 

mice (Arnardottir et al., 2014; Hornigold et al., 2022). Indeed, Arnardottir et al. reported 

increased neutrophil trafficking to the peritoneal cavity of aged (20 months) male 

BALBc mice 4 hours post-zymosan challenge compared to young (<2 months) mice 

(Arnardottir et al., 2014). Similarly, Hornigold et al. reported increased leukocyte 

trafficking, including neutrophil trafficking, to the peritoneal cavity of aged (24 months) 

C57Bl6 male mice compared to young (<3 months) mice following 3-hour septic, 

thioglycolate- and LPS-induced peritonitis (Hornigold et al., 2022). Importantly, 

increased neutrophil recruitment to the peritoneal cavity was associated with 

diminished anti-bacterial immunity in aged mice (Hornigold et al., 2022). Interestingly, 
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Hornigold et al. also reported increased macrophage numbers in the peritoneum of old 

mice following the thioglycolate- and LPS-induced peritonitis models (Hornigold et al., 

2022) suggesting that ageing affects the trafficking of various leukocyte types in the 

context of acute peritoneal inflammation.  

We observed sexual dimorphism within the 48-hour ZIP model, including 

increased leukocyte trafficking to the peritoneal cavity of young male mice compared 

to young female mice. This observation is in line with previous studies denoting sex-

specific differences in neutrophil recruitment to the peritoneal cavity following various 

models of peritonitis (Scotland et al., 2011; Kay et al., 2015; Bain et al., 2020). Scotland 

et al. reported increased numbers of neutrophils in the peritoneal cavity of young (<5 

months) male C7Bl6 mice compared to females following a 3-hour zymosan-induced 

and group B streptococcus-induced peritonitis model (Scotland et al., 2011). Similarly, 

Kay et al. reported increased neutrophil recruitment to the peritoneal cavity of young 

(<3 months) male mice following a 3-hour ZIP compared to females (Kay et al., 2015), 

and Bain et al. reported increased neutrophil recruitment to the peritoneal cavity of 

young (<4 months) male mice during a 20-hour S. pneumoniae-induced peritonitis 

model compared to females (Bain et al., 2020). Again, increased neutrophil recruitment 

to the peritoneal cavity during these models of peritonitis was associated with poorer 

control of the bacterial burden (Scotland et al., 2011; Bain et al., 2020), suggesting that 

young female mice are more effective at clearing peritoneal infections by restricting 

neutrophil recruitment to the cavity and limiting peritoneal inflammation. As we 

observed increased leukocyte trafficking to the peritoneal cavity of aged female mice 

compared to aged male mice in response to zymosan-challenge, it suggests that 

ageing is associated with the loss of the protective responses offered by the female 
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sex in the control of peritoneal inflammation. It would be of interest to determine 

whether this is due to age-related changes to sex steroid levels in the females, or a 

knock-on effect of the cumulative biological changes that occur within females during 

ageing. 

4.4 CONCLUSIONS 

Several studies have found that ageing is associated with modulated leukocyte 

trafficking dynamics during inflammatory responses (reviewed by(Hopkin, Lord and 

Chimen, 2021), however, most of these studies neglected to consider the effect of 

biological sex in their observations and have largely utilised animal models. The first 

aim of this chapter was to determine whether we could observe age-related changes 

to human PBL transendothelial migration using an in vitro static adhesion assay. We 

found that, although ageing did not affect the ability of PBL to adhere to nor migrate 

across inflamed EC, it changed the composition of migrating T-cells (Figure 4-8). The 

next two aims of this chapter were to determine whether we could utilise a short ZIP 

model to investigate inflammatory T-cell trafficking, and to determine the effects of age 

and sex on this model. Indeed, by using a 48-hour ZIP, we observed increased T-cell 

trafficking into the peritoneal cavity of both young and aged mice following zymosan 

challenge (Figure 4-8). Importantly, both age and sex influenced inflammatory T-cell 

trafficking to the cavity, where aged female mice presented with the highest number of 

recruited T-cells following zymosan-challenge compared to all other cohorts of mice. 
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Figure 4-8 Ageing modulates lymphocyte trafficking during acute inflammation 

A schematic depicting the major findings of Chapter 4.  (A) Ageing did not affect the 

ability of peripheral blood lymphocytes (PBL) to adhere to nor migrate across cytokine-

activated endothelial cells in vitro. However, ageing did affect the composition of 

migrating PBL, including enhanced migration of effector memory (EM), central memory 

(CM), and senescent T-cell subsets. A remaining question is whether there is sexual 

dimorphism within this age-related phenotype of migrating PBL in vitro. (B) In a model 

of zymosan-induced peritonitis (ZIP), we found that zymosan-challenge affected 

different leukocyte populations in a sex-specific fashion. In young mice, zymosan-

challenge increased peritoneal T-cell numbers in male mice only. Ageing exacerbated 

the inflammatory response to zymosan challenge, with aged mice presenting with 

significantly more peritoneal leukocytes during ZIP. This age-related phenotype was 

more pronounced for female mice. Both in vitro and in vivo models of acute 

inflammation indicate that ageing influences lymphocyte trafficking kinetics. Created 

with BioRender.com 
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4.5 LIMITATIONS 

Whilst we observed an age-related exacerbation of lymphocyte trafficking to the site of 

inflammation in vivo, we did not observe this in the human in vitro study. This is largely 

due to the limitations of using in vitro models to replicate physiological processes. 

Firstly, the HDBEC used in this model were derived from young donors and so the lack 

of age-related changes to PBL migration across EC may be due to the age mismatch 

of the donor cells. Secondly, the transendothelial migration of PBL in vitro occurred in 

the absence of circulating mediators that may have influenced these interactions. 

Indeed, it is well documented that older individuals have higher levels of circulating 

pro-inflammatory mediators (Bruunsgaard et al., 1999; Wei et al., 1992; Mariani et al., 

2006; Miles et al., 2008), and so it is possible that their absence may have altered the 

migratory behaviour of the PBL derived from older individuals. Additional limitations of 

the in vitro static adhesion assay that would influence lymphocyte-EC dynamics 

include a lack of shear stress, the age- and sex-mismatch of the cell donors, and an 

isolated cellular environment (i.e. a lack of additional cell types that may have played 

a role in lymphocyte-EC interactions). Indeed, an in vitro assay can never replicate a 

systemic model of inflammation but can provide some insights into the process. 

Whilst we observed significant changes in the number of recruited leukocytes 

to the peritoneal cavity of aged mice following a 48-hour zymosan challenge, this is 

only a snapshot of the inflammatory response in these animals. The ZIP model has 

been well characterised in young mice, where the onset and resolution of inflammation 

have been studied (Rajakariar et al., 2008; Newson et al., 2014), but this has not been 

studied in aged mice. It is not yet known how the dynamics of this inflammatory 

response change with age, whether ageing is associated with delayed resolution of 
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inflammation, and whether these changes differ between the sexes. It is important to 

understand how the onset of inflammation, the inflammatory process itself, and the 

resolution of inflammation changes with age to design therapeutic intervention. 
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5.1 INTRODUCTION 

The trafficking of leukocytes to sites of inflammation is necessary to confer protective 

immunity and reinstate tissue homeostasis (reviewed by(Ley et al., 2007)and(Reglero-

Real, Rolas and Nourshargh, 2019), however, dysregulated leukocyte trafficking can 

contribute to chronic inflammation and tissue immunopathology (Trowbridge, 1990; 

Lawrence and Gilroy, 2007; Chakraborty and Lo, 2020). The PEPITEM pathway is a 

homeostatic immunoregulatory pathway that regulates T-cell trafficking into tissues 

during inflammatory events (Chimen et al., 2015; Matsubara et al., 2020). The ability 

of PEPITEM to regulate inflammatory T-cell trafficking in young mice has been reported 

(Chimen et al., 2015), however, whether PEPITEM is able to regulate inflammatory T-

cell trafficking in older hosts has not been investigated. Here, we assessed whether 

PEPITEM is able to regulate T-cell trafficking in older mice and humans through the 

use of in vivo and in vitro models of inflammation. As the PEPITEM pathway is 

suggested to be dysfunctional in older adults due to an age-related reduction in the 

expression of AdipoR on circulating B-cells (Chimen et al., 2015), we also assessed 

the impact of ageing on the functionality of the pathway. 

5.2 RESULTS 

5.2.1 PEPITEM CONTROLS INFLAMMATORY LEUKOCYTE 

TRAFFICKING IN AGED MICE 

To investigate whether PEPITEM is able to regulate inflammation-induced leukocyte 

trafficking in aged systems, we first tested whether the peptide could control leukocyte 

trafficking to the peritoneal cavity during ZIP in young and aged mice. As we have 

observed sexual dimorphism in the ZIP model (see Chapter 4), we investigated the 
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effect of PEPITEM treatment in male and female systems. Forty-eight hours after 

zymosan and PEPITEM treatments, leukocytes were quantified in multiple murine 

tissues by flow cytometry. The gating strategy to identify murine lymphocytes and 

myeloid cells was the same as the one used in Chapters 3 and 4 (Figure 3-1). It has 

previously been reported that PEPITEM can regulate leukocyte trafficking in young 

mice in the context of several inflammatory models including ZIP (Chimen et al., 2015). 

As we found that aged mice experienced exacerbated leukocyte recruitment to the 

peritoneal cavity during ZIP (see Chapter 4), it was hypothesised that PEPITEM would 

be able regulate leukocyte trafficking to the peritoneal cavity of both young and aged 

mice in this model. 

In response to zymosan challenge, we observed increased CD45+ recruitment 

to the peritoneal cavity of young and aged mice for both sexes (Figure 5-1). 

Importantly, PEPITEM treatment suppressed leukocyte recruitment to the peritoneal 

cavity during ZIP for all groups of mice, where peritoneal leukocyte numbers of 

zymosan+PEPITEM-treated mice were comparable to PBS-treated mice (Figure 

5-1). Furthermore, PEPITEM treatment specifically suppressed inflammatory T-cell 

recruitment to the peritoneal cavity of young and aged mice, and broadly affected the 

trafficking of multiple T-cell subsets, including suppressed trafficking of CD4+ CM T-

cells, CD8+ naïve T-cells, and Treg (Figure 5-2 and Table 5-2). However, as T-cell 

recruitment to the peritoneal cavity did not occur in zymosan-challenged young 

female mice, PEPITEM treatment did not affect the peritoneal T-cell populations in 

these mice (Figure 5-2 and Table 5-2). Interestingly, PEPITEM limited the trafficking 

of multiple innate immune cell types into the peritoneal cavity of young and aged 

mice during ZIP, including DC and macrophages (Table 5-1).  
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We also quantified different leukocyte populations in the blood, spleen, BM and 

inguinal LN of inflamed mice following PEPITEM treatment, although this data did not 

reach statistical significance (Table 5-3 and Table 5-4). In the blood, we observed 

reduced circulating numbers of neutrophils and T-cells in young male and aged female 

mice following zymosan-challenge and PEPITEM treatment (Table 5-3). We also 

observed a nonsignificant increase in B-cell numbers in the spleens of inflamed young 

female, aged female, and young male mice following PEPITEM treatment (Table 5-3). 

In the BM, PEPITEM treatment reduced the number of T-cells in zymosan-challenged 

young and aged female mice, whereas splenic T-cell numbers were unchanged for 

young and aged male mice (Table 5-4). Interestingly, PEPITEM treatment of inflamed 

mice reduced the number of B-cells in the inguinal LN of young and aged female mice, 

but increased T-cell numbers in the inguinal LN of young and aged male mice (Table 

5-4). Nonetheless, the peritoneal data suggest that PEPITEM is able to regulate the 

trafficking of multiple immune cell types, including T-cells, to sites of inflammation in 

young and aged systems. 
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Figure 5-1 PEPITEM reduced leukocyte recruitment to the peritoneal cavity of 

young and aged mice during zymosan-induced peritonitis 

Young (3 months) and aged (21 months) female (♀) and male (♂) C57Bl6 mice 

received intraperitoneal injection of 0.1mg zymosan (+) to induce peritonitis, control 

mice received PBS (-). Some mice received PEPITEM treatment (+), some did not (-). 

After 48 hours, exudate from the peritoneal cavity was collected and analysed using 

flow cytometry. The total number of CD45+ cells in the peritoneal cavity of (A+B) young 

and (C+D) aged (A+C) male and (B+D) female mice was quantified using CountBright 

beads. One-way ANOVA showed a significant effect of treatment (p<0.001) on 

peritoneal CD45+ cell numbers for all groups. Data are presented as mean±SEM for n 

= 13 independent experiments using n=7 for 3 month mice, n=5-8 for 21 month mice. 

Statistical analysis performed using Bonferroni multiple comparison post-test, 

***p<0.001, **p<0.01.
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Figure 5-2 PEPITEM reduced T-cell recruitment to the peritoneal cavity of young 

and aged mice during zymosan-induced peritonitis in a sex-specific manner 

Young (3 months) and aged (21 months) female (♀) and male (♂) C57Bl6 mice 

received intraperitoneal injection of 0.1mg zymosan (+) to induce peritonitis, control 

mice received PBS (-). Some mice received PEPITEM treatment (+), some did not (-).  

After 48 hours, exudate from the peritoneal cavity was collected and analysed using 

flow cytometry. The total number of CD3+ cells in the peritoneal cavity of (A+B) young 

and (C+D) aged (A+C) male and (B+D) female mice was quantified using CountBright 

beads. One-way ANOVA showed a significant effect of treatment (p<0.05) on 

peritoneal CD3+ cell numbers for young male, aged male and aged female mice. Data 

are presented as mean±SEM for n = 13 independent experiments using n=7 for 3 

month mice, n=5-8 for 21 month mice. Statistical analysis performed using Bonferroni 

multiple comparison post-test, ***p<0.001, *p<0.05.
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Table 5-1 Innate immune cell populations in the peritoneum of young and aged inflamed mice treated with PEPITEM 

The number of innate immune cell subsets in the peritoneum of young female (YF), young male (YM), aged female (AF) and aged 
male (AM) mice treated with PBS, zymosan alone (Zym+PBS) or zymosan in combination with PEPITEM (Zym+PEPITEM) for 48 
hours. Data are shown as mean ± standard error of the mean (SEM) for innate leukocyte subsets. Statistical analysis performed using 
one-way ANOVA to determine the effect of treatment on the number of peritoneal leukocytes within a cohort of mice of the same age 
and sex. DC, dendritic cells. DC, dendritic cells.
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Table 5-2 Adaptive immune cell populations in the peritoneum of young and aged inflamed mice treated with PEPITEM 

The number of adaptive immune cell subsets in the peritoneum of young female (YF), young male (YM), aged female (AF) and aged 

male (AM) mice treated with PBS, zymosan alone (Zym+PBS) or zymosan in combination with PEPITEM (Zym+PEPITEM) for 48 

hours. Data are shown as mean ± standard error of the mean (SEM) for adaptive leukocyte subsets. Statistical analysis performed 

using one-way ANOVA to determine the effect of treatment on the number of peritoneal leukocytes within a cohort of mice of the 

same age and sex. ABCs, age-associated B-cells; N, naïve; EM, effector memory; CM, central memory; Tregs, regulatory T-cells.
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Table 5-3 Leukocyte subsets in the blood and spleens of young and aged inflamed mice treated with PEPITEM 

The number of leukocyte subsets in the peritoneum of young female (YF), young male (YM), aged female (AF) and aged male (AM) 

mice treated with PBS, zymosan alone (Zym+PBS) or zymosan in combination with PEPITEM (Zym+PEPITEM) for 48 hours. Data 

are shown as mean ± standard error of the mean (SEM) for leukocyte subsets. Statistical analysis performed using one-way ANOVA 

to determine the effect of treatment on the number of peritoneal leukocytes within a cohort of mice of the same age and sex. DC, 

dendritic cells; ABCs, age-associated B-cells.



CHAPTER 5                       AGEING ADVERSELY AFFECTS PEPITEM-MEDIATED CONTROL OF LEUKOCYTE TRAFFICKING  

207 
 

Table 5-4 Leukocyte subsets in the bone marrow and inguinal lymph nodes of young and aged inflamed mice treated with PEPITEM 

The number of leukocyte subsets in the peritoneum of young female (YF), young male (YM), aged female (AF) and aged male (AM) 

mice treated with PBS, zymosan alone (Zym+PBS) or zymosan in combination with PEPITEM (Zym+PEPITEM) for 48 hours. Data 

are shown as mean ± standard error of the mean (SEM) for leukocyte subsets. Statistical analysis performed using one-way ANOVA 

to determine the effect of treatment on the number of peritoneal leukocytes within a cohort of mice of the same age and sex. DC, 

dendritic cells; ABCs, age-associated B-cells.
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5.2.2 PEPITEM CONTROLS INFLAMMATORY LYMPHOCYTE TRAFFICKING 

IN HUMANS, BUT THE PATHWAY IS EVIDENTLY IMPAIRED WITH AGE 

To investigate whether PEPITEM is able to regulate inflammatory T-cell trafficking in 

humans, we isolated PBL from the blood of young (23-37 years) and older (60-78 

years) men and utilised a well-characterised in vitro static adhesion assay to assess 

the effects of PEPITEM pathway-derived mediators on PBL transendothelial migration 

(Apta, Chimen and McGettrick, 2017; Rainger and McGettrick, 2017). Work previously 

generated by our lab suggested that the PEPITEM pathway is functional in older 

women but dysfunctional in older men compared to younger counterparts 

(unpublished). To that end, to study the impact of ageing on PEPITEM pathway 

dysfunction, we only utilised male donors in the following studies. As the expression of 

AdipoR1/2 on circulating B-cells declines with age (Chimen et al., 2015), it was 

hypothesised that this would be the driving force behind PEPITEM pathway 

dysfunction in older men. 

Under control conditions, PBL derived from older donors displayed equivalent 

levels of adhesion to and migration across cytokine-activated HDBEC compared to 

PBL derived from young donors in vitro (Figure 5-3A+B), reminiscent of the data in 

Chapter 4. The treatment of young PBL with AQ and PEPITEM did not affect their 

ability to adhere to HDBEC, as compared to the untreated controls, but these 

treatments significantly reduced the adhesion of older PBL to the EC (Figure 5-3A). 

Interestingly, AQ treatment significantly reduced the transendothelial migration of 

young PBL but not older PBL (Figure 5-3B). However, PEPITEM treatment 

significantly suppressed the transendothelial migration of both young and older PBL 

(Figure 5-3B). As AQ treatment failed to suppress the transendothelial migration of 
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older PBL, yet PEPITEM treatment could suppress migration, these data suggest that 

the PEPITEM pathway is indeed dysregulated in older men and that this is occurring 

at the initiation phase of the pathway. 

To determine whether age-related changes to AdipoR1/2 expression on 

circulating B-cells could explain the dysregulated AQ responses of older PBL, we 

measured AdipoR1/2 expression on B-cells isolated from the blood of young and older 

donors using flow cytometry. We observed a significant but modest reduction in the 

frequency of B-cells expressing AdipoR1 in older donors compared to young; however, 

the frequency of AdipoR2-expressing B-cells was unchanged (Figure 5-4A-C). 

Concomitantly, the MFI of AdipoR1, but not AdipoR2, was significantly reduced on 

older B-cells compared to young (Figure 5-4D+E). When assessing AdipoR1/2 

expression on specific B-cell subsets within the circulating B-cell pool, we observed a 

significant reduction (~10%) in the frequency of AdipoR1+ naïve mature B-cells in older 

donors compared to young (Table 5-5). A high frequency of circulating AdipoR1+ B-

cells, but not AdipoR2+ B-cells, positively correlated with the percentage inhibition of 

PBL transendothelial migration in response to AQ treatment, regardless of donor age 

(Figure 5-5A+B). Although this correlation reached statistical significance, the r2 value 

indicated a low level of correlation (r2=0.0241). However, the frequency of AdipoR1/2+ 

B-cells did not correlate with the percentage inhibition of PBL transendothelial 

migration induced by PEPITEM treatment (Figure 5-5C+D). These data indicate an 

age-related reduction in the expression of AdipoR1, but not AdipoR2, by circulating B-

cells which may affect the initiation of the PEPITEM pathway. However, as these 

changes were only modest, we sought to investigate age-related changes to 

intracellular signalling events downstream of the AdipoR in B-cells. 
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We next measured the abundance of APPL1, the adaptor protein immediately 

downstream of the AdipoR, in the lysates of peripheral blood B-cells derived from 

young and older donors by western blot. The number of B-cells isolated from young 

and older donors can be found in Table 5-6, whilst the flow cytometry data depicting 

the purity of the B-cell samples can be found in Figure 5-6. On the whole, the 

abundance of APPL1 appeared reduced in the lysates of older B-cells compared to 

younger B-cells (Figure 5-7A). To quantify the data, the area under the peak of the 

protein bands was measured in ImageJ and APPL1 abundance was normalised to 

actin abundance. The abundance of APPL1 within B-cells did not significantly change 

upon AQ treatment, regardless of the age of the donor (Figure 5-7B+C). However, 

under control conditions, APPL1 abundance in B-cells was significantly reduced with 

age (Figure 5-7D). We then utilised LC/MS to quantify the fold-change in 14-3-3ζ 

abundance, the PEPITEM parent protein, in B-cells derived from young and older 

donors following AQ treatment (Figure 5-7E). Interestingly, we observed a significant 

reduction in the fold-change of 14-3-3ζ in older B-cells compared to young B-cells 

following AQ-treatment (Figure 5-7E). An unbiased list of the top 30 upregulated 

proteins in young and old B-cells following AQ treatment can be found in Table 5-7. 

Following AQ treatment, we observed increased expression of proteins involved in fatty 

acid oxidation (e.g. alcohol dehydrogenase class 3, trifunctional enzyme subunit alpha) 

in B-cells derived from young donors, and increased expression of proteins involved in 

actin cytoskeleton rearrangement (e.g. actin, myosin light chain kinase) in B-cells 

derived from older donors (Table 5-7). Collectively, these data suggest that older B-

cells have a diminished capacity to signal downstream of the AdipoR following AQ 
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stimulation and that this leads to reduced generation of 14-3-3ζ; leading to PEPITEM 

pathway dysfunction.
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Figure 5-3 Older PBL exhibit dysregulated responses to adiponectin 

HDBEC seeded onto a collagen matrix were stimulated with TNFα (100U/ml) and IFNγ 

(10ng/ml) for 24 hours. PBL were isolated from young (black, n=9) and older (red, n=9) 

donors and were either left untreated (control), pre-treated with adiponectin (AQ; 

10µg/ml), or treated with PEPITEM (20ng/ml) prior to addition to HDBEC for 20 minutes 

at 37°C. (A) The number of PBL adhered to HDBEC expressed as the number of 

cells/mm2/number of cells added. (B) Proportion of PBL transmigration expressed as 

the percentage of adhered cells that had transmigrated. The percentage inhibition of 

PBL transendothelial migration in response to (C) AQ and (D) PEPITEM treatments, is 

also shown. In A & B, ANOVA analysis showed a significant effect of treatment, but 

not age, on PBL adhesion (p<0.05) and transmigration (p<0.001). Data are shown as 

mean ± SEM for n=9 independent experiments using 1 HDBEC donor and 18 different 

PBL donors. *p<0.05 and ***p≤0.001 by Dunnett’s multiple comparison post-test for A 

& B, and an unpaired t-test in C & D.
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Figure 5-4 Ageing is associated with reduced AdipoR1 expression on circulating 

B-cells 

B-cells were isolated from the blood of young (black, n=9) and older (red, n=9) donors 

and AdipoR1/2 expression was measured by flow cytometry. (A) Representative 

histograms depicting AdipoR1/2 expression on circulating young and older B-cells and 

secondary antibody-only control. The (B+C) frequency of and (D+E) median 

fluorescent intensity (MFI) values of B-cells expressing (B+D) AdipoR1 and (C+E) 

AdipoR2 were determined using flow cytometry. Linear regression analysis of age and 

expression of AdipoR1 (F) and AdipoR2 (G) on circulating B-cells. The goodness of fit 

(r2) and p-values are indicated for each linear regression. Data are shown as (B-E) 

mean ± SEM and (F+G) line graphs for n = 9 independent experiments using 18 

different PBL donors. **p≤0.01 by unpaired t-test.
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Table 5-5 Adiponectin receptor 1 and 2 expression on B-cell subsets in the blood of young and older men 

Expression of adiponectin receptor 1 and 2 (AdipoR1/2) on different B-cell subsets in the blood of young (Y) and older (O) donors. 

Data are shown as mean ± standard error of the mean (SEM) for the percentage of B-cells positive for the expression of AdipoR1/2, 

as well as median fluorescence intensity (MFI) of both receptors for each B-cell subset per donor cohort. Statistical analysis performed 

using an unpaired t-test to determine the effect of age on AdipoR1/2 expression by B-cells.
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Figure 5-5 A high frequency of AdipoR1+ B-cells was essential for AQ-mediated 

inhibition of PBL transmigration 

PBL were isolated from the blood of young (black dots, n=9) and older (red dots, n=9) 

donors and AdipoR1/2 expression was measured by flow cytometry. Linear regression 

analysis of the frequency of (A+C) AdipoR1+ and (B+D) AdipoR2+ B-cells (from Figure 

6-4) and the percentage inhibition of PBL transendothelial migration in response to 

(A+B) AQ and (C+D) PEPITEM treatment (from Figure 6-3). The goodness of fit (r2) 

and p-values are indicated for each linear regression.  
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Table 5-6 Number of B-cells isolated from the blood of young and older donors for western blot 
and LC/MS analysis 

Donor Age (years) Number of PBMC 

(x106) 

Number of B-cells 

(x106) 

Y1 37 127 8.25 

Y2 23 98 6.31 

Y3 29 81 3.10 

Y4 30 79 5.66 

Y5 28 128 4.36 

A1 74 175 1.13 

A2 78 128 1.35 

A3 76 121 1.09 

A4 65 96 2.24 

A5 67 155 0.43 

The number of peripheral blood mononuclear cells (PBMC) and subsequent number 

of B-cells isolated from the blood of young (Y) and older (A) men.  
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Figure 5-6 Purity of B-cells isolated from the peripheral blood mononuclear cells 

of young and older donors 

Peripheral blood mononuclear cells (PBMC) were isolated from the blood of young and 

older donors using a histopaque gradient, and B-cells were subsequently isolated from 

PBMC using an enrichment kit. Flow cytometry data depicting the purity of B-cell 

samples is shown. (A) Gating strategy to identify single, live cells based on forward 

(FSC) and side scatter (SSC) profiles, cell circularity, and positive zombie aqua 

staining, respectively. Plots depict frequency of (B) CD3+ T-cells, CD19+ B-cells, (C) 

CD56+ natural killer (NK) cells, (D) CD14+ monocytes, and (E) CD41+ platelets present 

within the B-cell samples.
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Figure 5-7 Diminished signalling downstream of the AdipoR led to reduced 14-

3-3ζ generation by older B-cells 

B-cells were isolated from the blood of young (black, n=3) and older (red, n=3) donors 

and were either left untreated (C) or treated for 15 minutes with adiponectin (AQ). B-

cells were then lysed and intracellular proteins were subjected to (A-D) western blot 

and (E) LC/MS analysis. (A) Representative blots of APPL1 and actin abundance in B-

cell lysates. The area under the peak values were calculated for each protein band 

using Image J and the APPL1 values were normalised to actin values to provide APPL1 

abundance for C and AQ-treated B-cell lysates of (B) young and (C) older donors. (D) 

The abundance of APPL1 normalised to actin for the untreated B-cell lysates of young 

and older donors. (E) The fold-change in 14-3-3ζ abundance in the B-cell lysates of 

young and older donors in response to AQ-treatment determined by LC/MS. Data are 

shown as mean ± SEM for n = 3 independent experiments using 6 different B-cell 

donors. Statistical analysis performed using a paired t-test for B+C, and an unpaired t-

test for D+E. *p<0.05 
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Table 5-7 List of the top 30 upregulated proteins in young and old B-cell following adiponectin 
treatment 

A list of the top 30 upregulated proteins in B-cells derived from young and older donors, 

as determined by unbiased LC/MS analysis. Relative changes in protein abundance 

between untreated and adiponectin-treated B-cell samples of the same donor were 

determined using LC/MS and were expressed as relative fold-change. These values 

were then averaged across donors of the same age group, and the top 30 upregulated 

proteins determined by unbiased analysis of the LC/MS data are shown (n = 3 donors 

per age group).
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5.3 DISCUSSION 

PEPITEM is a regulator of lymphocyte trafficking during inflammation in young hosts 

(Chimen et al., 2015; Matsubara et al., 2020; Pezhman et al., 2023), but whether 

PEPITEM regulates lymphocyte trafficking in older hosts had not been explored. Here 

we showed that PEPITEM limits T-cell trafficking to the peritoneal cavity of young and 

aged mice during ZIP. We also show that PEPITEM is able to regulate the 

transmigration of PBL derived from older individuals across cytokine-activated EC in 

vitro to similar levels as PBL derived from young adults.  

Previously published work by our lab suggested that the PEPITEM pathway 

may be dysfunctional in older adults due to an age-related decline in the expression of 

AdipoR on circulating B-cells (Chimen et al., 2015). Concomitant with those 

observations, we found that AQ was able to regulate the transendothelial migration of 

PBL derived from young adults, but not older adults, in vitro. Upon further investigation, 

we found a significant reduction in the frequency of AdipoR1+ B-cells in the blood of 

older adults compared to young. We also found an age-related reduction in the 

abundance of the adaptor protein immediately downstream of the AdipoR, APPL1, in 

peripheral blood B-cells. Finally, by using LC/MS techniques, we found older B-cell 

produced less of the PEPITEM parent protein, 14-3-3ζ, in response to AQ treatment 

compared to young B-cells. Together, these data indicate that PEPITEM is able to 

regulate inflammation-driven lymphocyte trafficking in older hosts, but that the pathway 

becomes dysfunctional with age.  
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5.3.1 PEPITEM-MEDIATED CONTROL OF LYMPHOCYTE TRAFFICKING 

DURING INFLAMMATION 

PEPITEM has been reported to be a regulator of T-cell trafficking to sites of 

inflammation in several in vivo models, including endotoxin-induced uveitis, a virally 

induced model of Sjӧgren’s syndrome, a MRL/lpr mouse model of SLE, and obesity 

(Chimen et al., 2015; Matsubara et al., 2020; Pezhman et al., 2023). Using a model of 

ZIP, we found that PEPITEM treatment reduced T-cell recruitment to the peritoneal 

cavity of young mice. This agrees with previously published work by this lab, where 

Chimen et al. reported that PEPITEM treatment reduced T-cell numbers within the 

peritoneal cavity of young (6-8 weeks) B-cell deficient BALB/c mice during a 48-hour 

ZIP model (Chimen et al., 2015). However, unlike the data presented in this thesis, 

Chimen et al. reported that PEPITEM treatment did not affect peritoneal CD19+ B-cell, 

F4/80hi macrophage or CD11c+ DC numbers during the ZIP model (Chimen et al., 

2015). These differences could be explained by the different experimental set-up used 

by Chimen et al., such as the use of a different mouse strain, a higher dose of zymosan 

(1mg), and an alternative method to quantifying leukocyte populations by flow 

cytometric analysis (Chimen et al., 2015). Indeed, Matsubara et al. reported that 

PEPITEM-treated young (18 week) MRL/lpr mice presented with fewer numbers of 

CD3+ T-cells and F4/80hi macrophages in the kidneys compared to control mice, which 

improved SLE-associated nephritis (Matsubara et al., 2020). Furthermore, Pezhman 

et al. reported that a 6-week PEPITEM treatment resulted in reduced macrophage 

numbers in the peritoneal cavity of obese C57Bl6 mice compared to untreated mice 

(Pezhman et al., 2023). Nonetheless, it is clear that PEPITEM can regulate T-cell 

trafficking in vivo in the context of several models of inflammation. However, no studies 
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have investigated whether PEPITEM is a regulator of T-cell trafficking in ageing. For 

the first time, we report in this thesis that the PEPITEM-mediated control of T-cell 

trafficking extends to older hosts in the context of in vivo and in vitro models of 

inflammation. 

5.3.2 PEPITEM PATHWAY DYSFUCNTION IN AGEING 

Studies investigating the effect of ageing on PEPITEM pathway functionality are limited 

(Chimen et al., 2015). We observed modulated responses of older PBL to AQ 

treatment in vitro compared to younger PBL, where AQ failed to control the 

transendothelial migration of PBL derived from older individuals. When the expression 

of AdipoR on circulating B-cells of young and older donors was assessed using flow 

cytometry, we found an age-related reduction in the frequency of AdipoR1+ B-cells. 

This is in agreement with previously published data by this lab, where Chimen et al. 

reported an age-related reduction in the frequency of AdipoR1+ B-cells in healthy 

adults (Chimen et al., 2015). However, unlike the data reported in this thesis, Chimen 

et al. also reported an age-related reduction in the frequency of AdipoR2-expressing 

peripheral blood B-cells (Chimen et al., 2015). It is possible that these differences could 

be explained by a larger sample size (n=40) comprised of male and female donors 

utilised by Chimen et al. compared to the smaller sample size (n=18) and assessment 

of a single sex in this thesis. Nonetheless, the r2 values, which measures the strength 

of the relationship between ageing and AdipoR1 expression on circulating B-cells, was 

not particularly strong in this thesis (r2<0.234, Figure 5-4), nor within the previously 

published work (r2<0.311) (Chimen et al., 2015). To that end, we investigated age-

related changes downstream of the AdipoR in B-cells which may have driven 

modulated responses to AQ. 
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APPL1 is the intracellular signalling component immediately downstream of the 

AdipoR (Mao et al., 2006; Cheng et al., 2007), but its expression in B-cells has not 

been investigated. We therefore assessed the relative protein abundance of APPL1 in 

B-cells derived from young and older donors by western blotting. We found that B-cells 

did indeed express the APPL1 protein, and that AQ treatment of the B-cells did not 

significantly change APPL1 abundance regardless of the age of the B-cell donor. This 

is in line with the work of Mao et al. who found that the abundance of APPL1 in C2C12 

myotubes did not change following AQ treatment (Mao et al., 2006). Although it did not 

reach statistical significance, we observed an age-related decline in the abundance of 

APPL1 in untreated peripheral blood B-cells. This agrees with the recently published 

single-cell RNA sequencing data of PBMC, where Zheng et al. reported a significant 

reduction in the gene expression of APPL1 in the circulating B-cells of older (>60 years) 

adults compared to young (<45 years) adults (Zheng et al., 2020). An age-related 

reduction in APPL1 abundance would suggest that the signalling downstream of the 

AdipoR following AQ stimulation would be diminished in older B-cells. 

Several of the signalling components downstream of the AdipoR are evidently 

downregulated with age in terms of expression and/or signalling capacity across 

multiple cell types (Iemitsu et al., 2002; Poynter and Daynes, 1998; Shin et al., 2016; 

Salminen, Kaarniranta and Kauppinen, 2016). Piao et al. reported reduced protein 

expression of AdipoR1, AMPK and PPARα in HUVEC that had undergone 18-20 

doublings compared to cells that had undergone 5-8 doublings, which led to an age-

related inactivation of AQ/AdipoR1 signalling cascade (Piao et al., 2018). The 

messenger RNA levels of PPARα in upper-inner arm skin samples derived from older 

(>70 years) men were significantly reduced compared to skin samples of younger (<29 
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years) men, measured by real-time polymerase chain reaction (Shin et al., 2016). 

Furthermore, the activity and phosphorylation rates of AMPK were reportedly reduced 

in the vatus lateralis muscle of older (>64 years) healthy men compared to young (<40 

years) men, although the physiological relevance of this was not established (Li et al., 

2012). Although these studies did not investigate leukocytes specifically, the age-

related reduction in the expression and signalling of these components across different 

cell types suggest a diminished capacity of older cells to signal downstream of the 

AdipoR. Further investigation is needed to assess the impact of ageing on the 

abundance and signalling of these signalling components in B-cells in the context of 

the PEPITEM pathway. 

AQ-AdipoR signalling results in the transcription and translation of YWHAZ to 

produce 14-3-3ζ, the parent protein of PEPITEM (see Section 1.4.2). Using an LC/MS 

approach, we found that older B-cells produced significantly less 14-3-3ζ compared to 

young B-cells following AQ treatment. Whilst we believe these differences are due to 

subdued signalling events within older B-cells following AQ-AdipoR engagement, it 

must be noted that the LC/MS data only provides relative data (i.e. comparing protein 

abundance between samples from the same donor) and so levels of 14-3-3ζ 

expression could not be compared between donors. This is of interest as mining the 

AgeAnno gene knowledgebase (AgeAnno, 2022) revealed that YWHAZ gene 

expression was significantly reduced in naïve B-cells derived from the blood of older 

(>60 years) adults compared to younger (<59 years) adults in the steady state (Huang 

et al., 2022). It is therefore possible that the peripheral blood B-cells of older adults 

generate less 14-3-3ζ prior to and post AQ engagement of the AdipoR. Collectively, 

these data describe the age-related decline in AQ-AdipoR signalling in B-cells that 
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leads to reduced 14-3-3ζ production. Reduced levels of the parent protein would 

indicate reduced production of PEPITEM itself by older B-cells, although it will be 

necessary to measure PEPITEM production by young and older B-cells to confirm 

these observations. The data presented in this thesis ultimately describe the 

dysfunction of the PEPITEM pathway in ageing. 

5.4 CONCLUSIONS 

The PEPITEM pathway regulates lymphocyte trafficking in the context of inflammation 

in young hosts (Chimen et al., 2015; Matsubara et al., 2020), however, whether 

PEPITEM regulates inflammation-mediated lymphocyte trafficking in older hosts had 

not been investigated. The main aims of this section were to determine whether 

PEPITEM is able to regulate T-cell trafficking in older mice and humans through the 

use of in vivo and in vitro models of inflammation, and to determine whether the ageing 

process was associated with PEPITEM pathway dysfunction. A schematic summary of 

Chapter 5 can be found in Figure 5-8. Overall, we found that PEPITEM was able to 

regulate inflammatory T-cell trafficking in young and older hosts. However, ageing was 

associated with dysregulated responses of PBL to AQ, which resulted in the loss of 

PEPITEM-mediated control of lymphocyte trafficking. Through various analytical 

techniques, we found that the circulating B-cells of older adults expressed less of the 

AdipoR (AdipoR1), less of the AdipoR adaptor protein (APPL1), and generated less of 

the PEPITEM parent protein (14-3-3ζ) in response to AQ stimulation compared to the 

B-cells of young adults. Collectively these data indicate that although PEPITEM can 

control inflammation-driven lymphocyte trafficking in older hosts, its generation is 

reduced due to the intrinsic changes that occur within ageing B-cells that affect AQ-

AdipoR signalling. PEPITEM pathway dysfunction could contribute to dysregulated 
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lymphocyte trafficking in older individuals, ultimately aiding to the development of age-

related inflammatory diseases.  
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Figure 5-8 Age-related dysfunction of the PEPITEM pathway 

A schematic depicting the major findings of Chapter 5. Using the in vivo zymosan-

induced peritonitis model and in vitro static adhesion assay, we found that PEPITEM 

could regulate lymphocyte trafficking during acute inflammation in older mice and 

humans. However, the PEPITEM pathway appeared dysfunctional in older adults. 

Adiponectin could not regulate the transendothelial migration of peripheral blood 

lymphocytes derived from older donors in vitro. We found that B-cells from older donors 

expressed less adiponectin receptor 1 on the cell surface and less of the intracellular 

adaptor protein immediately downstream of the adiponectin receptors, APPL1. These 

age-related changes to B-cells had functional consequences for the PEPITEM 

pathway, with B-cells derived from older donors generating less of the PEPITEM 

parent protein, 14-3-3ζ, in response to adiponectin. Collectively these data suggest 

that the PEPITEM pathway is dysfunctional in older individuals, specifically at the 

initiation phase, which may contribute to dysregulated lymphocyte trafficking in ageing. 

Remaining questions (depicted by ?) include whether ageing modulates: adiponectin-

adiponectin receptor binding/signal transduction, signalling downstream of APPL1 in 

B-cells, the transcription of 14-3-3ζ (YWHAZ) in B-cells, PEPITEM production by B-

cells, cadherin-15 expression by endothelium, sphingosine-1-phosphate (S1P) 

generation by endothelium, S1P receptor expression by T-cells, and whether there is 

sexual dimorphism within the age-related changes to the PEPITEM pathway. Created 

with BioRender.com  
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5.5 LIMITAITIONS 

Whilst these studies provide a first look at PEPITEM-mediated control of leukocyte 

trafficking in ageing, they do have limitations. Firstly, the ZIP studies lacked a control 

peptide group. A control peptide, such as a scrambled version of the PEPITEM amino 

acid sequence, would have demonstrated that the leukocyte trafficking-suppressing 

effects of PEPITEM were specific to the peptide and not a consequence of exogenous 

peptide administration. Secondly, basic measurements of PEPITEM in human and 

murine samples could not be made due to a lack of sensitivity of current detection 

methods. The small size (14 amino acids) and low concentration of PEPITEM 

(approximately 1.5ng/ml in human serum) in biological samples render quantitative 

methods such as indirect ELISAs and western blotting ineffective, and so the current 

approach to detect the peptide is LC/MS. However, issues with the sample preparation 

protocol and instrument set-up have meant that no measurements could be made for 

the duration of this project. Consequently, we could not gauge age-related changes to 

circulating levels of PEPITEM in humans/mice, nor age-related changes to PEPITEM 

production by B-cells.  

For the B-cell studies, one limitation was the purity of the B-cell samples. 

Despite several attempts to optimise kit-based cell isolation protocols, B-cell samples 

always contained some level of platelet contamination, and this contamination varied 

between donors (approx. 10-40% contamination). This must be considered when 

interpreting the data.
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6.1 SUMMARY OF FINDINGS 

The first part of this thesis aimed to explore the effects of age and sex on leukocyte 

trafficking using in vitro and in vivo models of homeostasis and inflammation. We were 

amongst the first to explore the sexually dimorphic immunological changes that occur 

within the peritoneal cavity of ageing mice, which suggested age-related and sex-

specific changes to homeostatic leukocyte trafficking through this tissue. By using in 

vivo and in vitro models of acute inflammation, we next investigated age-related 

changes to lymphocyte trafficking and found that ageing modulated this process in a 

sex-specific manner. The second part of this thesis aimed to explore PEPITEM-

mediated control of inflammatory leukocyte trafficking in ageing, and whether the 

PEPITEM pathway was affected by the ageing process. We investigated PEPITEM-

mediated control of leukocyte trafficking in aged hosts using in vivo and in vitro models 

of inflammation, and found an age-related dysregulation of the PEPITEM pathway. To 

explore the mechanisms driving this dysfunction, we investigated age-related changes 

to signalling components downstream of the AdipoR in B-cells. The main findings from 

this thesis are as follows: 

• Aged mice had a modulated leukocyte composition within the peritoneal 

cavity, which was associated with low-grade inflammation. Importantly, this 

was more prominent in female mice. 

• The vasculature within the peritoneal membrane of aged mice displayed 

increased permeability and had a modulated structure, potentially facilitating 

increased leukocyte trafficking to the peritoneal cavity of aged mice in the 

steady state by allowing pro-inflammatory mediators within the cavity to 

escape. 
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• Aged mice presented with an exacerbated inflammatory response to 

zymosan challenge that resulted in increased leukocyte recruitment to the 

peritoneal cavity. Again, this was more prominent in female mice. 

• Ageing did not affect the ability of PBL to adhere to nor migrate across 

inflamed EC in an in vitro static adhesion assay but changed the composition 

of migrating PBL. 

• PEPITEM treatment suppressed lymphocyte trafficking in vivo and in vitro 

models of acute inflammation. 

• AQ failed to control the transendothelial migration of older PBL in vitro, 

suggesting that ageing is associated with PEPITEM pathway dysfunction.   

• Older B-cells had a diminished capacity to signal downstream of the AdipoR, 

due to reduced expression of AdipoR1 and APPL1, which led to an inability 

of older B-cells to produce the PEPITEM parent protein, 14-3-3ζ, post-AQ 

stimulation. 

6.2 SIGNIFICANCE OF FINDINGS 

Chronic inflammation is one of the major drivers of inflammatory disease (reviewed 

by(Furman et al., 2019). With the establishment of low-grade chronic inflammation in 

ageing individuals (inflammageing), the risk of developing inflammatory disease 

increases (Yang et al., 2016; Syed et al., 2022). As of such, several inflammatory 

diseases affect the older population (Chung et al., 2019). These include T-

cell−mediated inflammatory diseases such as RA, inflammatory bowel diseases (IBD), 

and T1DM (Safiri et al., 2019; Collaborators, 2020; King, Aubert and Herman, 1998; 

Gregory et al., 2022). Although the etiology of these diseases is not completely 

understood, inappropriate T-cell activation and aberrant T-cell trafficking into tissue is 
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thought to play a central role (Barbera Betancourt et al., 2017; Giuffrida and Di 

Sabatino, 2020). Importantly, some of these diseases display age- and sex-bias. 

Indeed, RA and IBD primarily affect older women (Safiri et al., 2019; Collaborators, 

2020), although the prevalence of RA becomes comparable between men and women 

with ageing (Goemaere et al., 1990). Interestingly, a study by Kato et al. found that the 

age of RA onset has gradually increased between 2002 and 2013 in Japan and is 

thought to be a consequence of changes in environmental factors (Kato et al., 2017). 

With the burden of inflammatory diseases growing amongst older adults worldwide 

(Safiri et al., 2019; Collaborators, 2020; Gregory et al., 2022), efforts are needed to 

improve our understanding of basic ageing immunology to maximise the success of 

therapeutic intervention (reviewed by (Ermogenous et al., 2020). For example, 

understanding how the ageing process affects the trafficking patterns of leukocytes 

under homeostatic conditions is a prerequisite to understanding how these patterns 

change upon the induction of inflammation and the establishment of disease. The 

observations outlined in this thesis not only add to the knowledge of age-related 

changes to leukocyte trafficking dynamics, but emphasise how sex can also influence 

these processes. To that end, both age-related and sex-specific changes to immune 

system function should be considered when prescribing therapeutics for inflammatory 

diseases to older adults to improve the success of treatment.   

Antibodies have long been used in the fight against T-cell−mediated 

inflammatory diseases, where their therapeutic effects range from interfering with T-

cell trafficking patterns (e.g. natalizumab), to inhibiting T-cell activation (e.g. 

abatacept), to T-cell depletion (e.g. teplizumab) (Kim, Choe and Lee, 2022; Park and 

Jeen, 2018; Sherry et al., 2011). However, the success of these treatments varies in 
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terms of efficacy and off-target effects. For example, natalizumab is a humanised 

monoclonal antibody that binds the α4 integrin subunit, and is an approved treatment 

for Crohn’s disease (Armuzzi and Felice, 2013). Through binding VLA-4 and LPAM-1 

on lymphocytes and blocking their interactions with endothelial-expressed ligands, 

natalizumab suppresses B- and T-cell entry into the disease site and alleviates disease 

symptoms (Gordon et al., 2001). However, this biologic has a profound adverse effect. 

Long-term use of natalizumab can result in the development of a demyelinating 

disease, namely natalizumab-related progressive multifocal leukoencephalopathy 

(nrPML), caused by John Cunningham virus (JCV) infiltration of the central nervous 

system (Tan and Koralnik, 2010). Interestingly the development of nrPML exhibits sex 

and age bias, with older men more likely to develop the disease due to accelerated 

JCV seroconversion (Dwyer et al., 2021; Prosperini et al., 2017). The use of this 

antibody-based therapy is therefore not appropriate for older patients, particularly older 

male patients.  

One of the most successful biologics used in the treatment of RA is abatacept, 

a modified antibody with a CTLA4 extracellular domain (Malmstrom, Trollmo and 

Klareskog, 2005). Abatacept blocks the co-stimulation of T-cells by binding CD80/86 

on APC, thus inhibiting T-cell activation and subsequently suppressing the generation 

of autoantibodies that drive disease pathology (Malmstrom, Trollmo and Klareskog, 

2005). Importantly, the efficacy of abatacept in patients with RA (~54% response rate) 

does not differ between men and women (Nourisson et al., 2017). However, despite 

moderate efficacy, pro-longed abatacept treatment (>12 months) is associated with an 

increased risk of serious infection (Maxwell and Singh, 2009). Given that older 

individuals already have an increased risk of infection due to the age-related 
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senescence of the immune system (Derhovanessian et al., 2008), therapeutics that 

increase the risk of serious infection are not appropriate for older patients.  

Although much progress has been made in the treatment of inflammatory 

diseases, expanding the arsenal of therapeutics is still necessary to overcome the 

limitations of available treatments. Antibody-based therapies aid in the treatment of 

inflammatory disease, but are expensive to produce, have undesirable off-target 

effects/adverse reactions, and have limited success as a long-term treatment 

(Samaranayake et al., 2009; Lu et al., 2020). In this thesis we highlight a role for 

PEPITEM, an immunoregulatory peptide, in the control of inflammatory T-cell 

trafficking in young and older hosts. Whilst other components of the PEPITEM 

pathway, such as AQ and S1P, could also offer therapeutic potential in the control of 

inflammatory T-cell trafficking, they are likely to have several off-target effects due to 

their broad biological functions (described in Section 1.4). Indeed, AQ plays a central 

role in metabolic processes, including glucose metabolism and insulin sensitivity 

(Straub and Scherer, 2019), whilst S1P regulates T-cell trafficking through SLOs 

(Baeyens et al., 2015). On the other hand, by using an acute in vivo model of 

inflammation, we have shown a high efficacy of PEPITEM in regulating T-cell trafficking 

in the absence of any obvious undesirable off-target effects or toxicity. This was also 

shown by others using various models of inflammation and disease (Chimen et al., 

2015; Matsubara et al., 2020; Pezhman et al., 2023), however the long-term off-target 

effects of PEPITEM are not currently known and should be investigated. Whilst 

considerable research is still needed to explore the therapeutic potential of PEPITEM, 

we believe that PEPITEM-based therapeutics would be highly desirable. The high 

potency of PEPITEM and cheaper production costs associated with peptides means 
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that PEPITEM-based therapeutics would be more cost effective compared to current 

antibody-based therapies. Importantly, PEPITEM would not operate through the 

traditional therapeutic paradigm of inhibiting pathological processes, but would re-

establish the endogenous homeostatic pathways that control leukocyte trafficking.    

PEPITEM-mediated control of leukocyte trafficking was initially described to be 

specific to T-cells, however, we and others (Matsubara et al., 2020; Pezhman et al., 

2023) have shown that the effects of the peptide extend to other leukocyte types. Using 

a mouse model of SLE, Matsubara et al. reported that PEPITEM-treatment reduced 

the number of T-cells and macrophages in the kidneys of young (18 week) MRL/lpr 

mice (Matsubara et al., 2020). Furthermore, Pezhman et al. reported reduced numbers 

of macrophages in the peritoneal cavity of obese 8 week-old male C57Bl6 mice 

following a 6-week treatment with PEPITEM (Pezhman et al., 2023). Indeed, we found 

that intraperitoneal delivery of PEPITEM reduced the number of T-cells, DC, 

eosinophils, and macrophages in the peritoneal cavity of mice following acute 

inflammation. Therefore, PEPITEM evidently affects leukocytes of the myeloid lineage 

at the site of administration, in an inflammatory context. Part of the basic research into 

the therapeutic potential of PEPITEM should include investigating how different 

leukocyte types interact with the peptide under homeostatic and inflammatory 

conditions, and whether PEPITEM modulates the immune functions of these 

leukocytes.  

We have demonstrated the ability of PEPITEM to regulate the trafficking of older 

leukocytes in vivo an in vitro, however, these were just two models of inflammation. 

Multiple models of acute inflammation, chronic inflammation, and inflammatory disease 

in older systems are required to scrutinise the ability of PEPITEM to regulate leukocyte 
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trafficking in older hosts. Importantly, as we have observed sex-specific changes in 

leukocyte trafficking dynamics, these models should consider biological sex and 

should assess whether the effects of PEPITEM display sex-specific bias depending on 

the inflammatory model. Crucially, we cannot yet conclude the effects of ageing on 

endogenous PEPITEM production. Whilst the data presented in this thesis suggest 

older B-cells produce less PEPITEM, one of the major limitations of the experimental 

set-up is the lack of endogenous PEPITEM quantification. Although this limitation was 

due to technical issues with the PEPITEM detection and quantification methods, this 

is a fundamental limitation that needs to be addressed to assess the age-related 

changes to circulating levels of endogenous PEPITEM, and the production of 

PEPITEM by older B-cells in the context of homeostasis and inflammation.  

In vivo data previously generated by our lab revealed that PEPITEM is rapidly 

cleared by the kidneys (within minutes) upon administration into the circulation (Apta, 

2015). Indeed, due to their simple structures, small peptides are vulnerable to 

proteolytic degradation in the blood, kidneys and liver (Werle and Bernkop-Schnurch, 

2006). For PEPITEM to be a viable therapeutic agent, its in vivo half-life would need 

to be dramatically extended to maximise the time it has to exert its effects. This is 

possible through modifications to its chemical structure, such as pegylation to protect 

the peptide from enzymatic degradation (Veronese and Pasut, 2005). For this reason, 

a pegylated version of PEPITEM with similar efficacy to the native peptide (data 

unpublished) was synthesised and used in the in vivo studies outlined in this thesis. 

We used a fixed amount of pegylated-PEPITEM in these experiments (300µg/dose) to 

mirror the previously published studies (Chimen et al., 2015), however, a dose-

response for the pegylated peptide was not performed and remains a limitation of the 
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experimental design. Data previously generated by this lab demonstrated that a dose 

as low as 10µg pegylated-PEPITEM can control neutrophil trafficking during a 4-hour 

ZIP (unpublished), but the minimal amount of pegylated-PEPITEM needed to control 

T-cell trafficking during a 48-hour ZIP is currently unknown. Additional pharmacokinetic 

data is needed for the pegylated version of PEPITEM including the long-term off-target 

effects/adverse reactions and toxicology.  

Finally, to harness the effects of PEPITEM, the active components of the 

sequence were identified by our lab through amino acid substitution studies, alanine 

sweeps and peptide truncations (unpublished). Two pharmacophores were identified 

in the PEPITEM sequence, namely the amino acids SVT and QGA, which displayed 

greater stability and efficacy compared to the parent peptide (unpublished). Research 

is currently ongoing to develop these tripeptides as therapeutics. Chemical 

modifications to peptide sequences, such as substituting amino acids with unnatural 

analogues (Qvit et al., 2017), forming disulphide bonds within the structure (Furman, 

Chiu and Hunter, 2015; Hagihara and Saerens, 2014), and acylation (Aicart-Ramos, 

Valero and Rodriguez-Crespo, 2011), have long been used by drug companies to 

improve the efficacy and stability of peptide therapeutics. For example, substitution of 

L-arginine with D-arginine greatly improved the efficacy of desmopressin, a synthetic 

small peptide derivative of the anti-diuretic hormone vasopressin, compared to the 

parent peptide by 10-fold (Ozgonenel, Rajpurkar and Lusher, 2007). Therefore, studies 

investigating how chemical modifications to the tripeptide structures influence their 

potency, solubility and stability are currently being undertaken. Concomitantly, in vitro 

and in vivo models of lymphocyte trafficking are being used to assess the potency, 
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specificity, and efficacy of these modulated tripeptides compared to the parent protein, 

PEPITEM.  

6.3 SUMMARY OF THE THESIS 

In this thesis we explored age-related and sex-specific changes to leukocyte trafficking 

patterns in vivo and in vitro. We found that ageing increased leukocyte trafficking 

through the peritoneal cavity of mice in the steady state, particularly in aged female 

mice, and is associated with the increased permeability of the peritoneal membrane 

vasculature. Using ZIP as a model of acute inflammation, we observed an exacerbated 

inflammatory response to zymosan challenge in aged mice, particularly in aged female 

mice, where increased numbers of leukocytes were recruited to the inflamed peritoneal 

cavity. Under inflammatory conditions, we found that PEPITEM could control the 

trafficking of leukocytes derived from older hosts in vivo and in vitro. However, the 

PEPITEM pathway was evidently dysfunctional in older individuals. This was driven by 

diminished signalling downstream of the AdipoR in older B-cells, leading to reduced 

production of the PEPITEM parent protein. A graphical summary of this thesis can be 

found in Figure 6-1. In conclusion, we report that the age-related changes to leukocyte 

trafficking dynamics in vivo are sexually dimorphic. We have demonstrated a role for 

PEPITEM in controlling the trafficking of leukocytes in older mice and humans in the 

context of inflammation. Finally, we have identified age-related changes to signalling 

components within the PEPITEM pathway paradigm which may be exploited for 

therapeutic intervention of inflammatory processes in older adults, such as the 

treatment of age-related inflammatory diseases.  
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Figure 6-1 Graphical summary of this thesis 

Under homeostatic conditions, there are increased numbers of leukocytes and 

increased levels of inflammatory mediators within the peritoneal cavity of aged 

mice, particularly aged female mice, compared to young. This was associated 

with increased permeability of the peritoneal membrane vasculature in aged 

mice. During acute inflammation (zymosan-induced peritonitis), more leukocytes 

are recruited the peritoneal cavity of aged mice, particularly aged female mice, 

compared to young. This could be in part due to the age-related dysregulation of 

the PEPITEM pathway. B-cells derived from older donors express less 

adiponectin receptor 1 on the surface and less APPL1 intracellularly compared 

to young B-cells. Consequently, adiponectin stimulation of the adiponectin 

receptors leads to reduced production of the PEPITEM parent protein, 14-3-3ζ. 

Ultimately, the intrinsic age-related changes that occur in B-cells drive PEPITEM 

pathway dysfunction in ageing. Targeting the PEPITEM pathway may therefore 

offer a potential therapeutic avenue to treat inflammatory diseases in older adults 

by restoring regulated leukocyte trafficking. Created with BioRender.com
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6.4 FUTURE WORK 

Whilst the studies in this thesis were designed to shed light on PEPITEM-mediated 

control of leukocyte trafficking processes in ageing, additional work is needed to 

expand upon these findings. We must: 

• Validate the cytokine array data by quantifying some of the pro-inflammatory 

mediators in the peritoneal cavity of young and aged naïve mice. 

• Investigate the permeability and structure of the peritoneal membrane 

vasculature in young and aged male mice. 

• Confirm that ageing is associated with increased leukocyte trafficking into the 

peritoneal cavity in the steady state. This could be visualised in real-time using 

IVM.  

• Determine whether age-related changes to lymphocyte trafficking across 

activated endothelium can be observed in vitro when: 

o The EC are pre-treated with the autologous serum of the donor, given 

that older individuals have increased circulating levels of pro-

inflammatory mediators 

o The EC are derived from an older donor, to age match the PBL and EC 

donors 

o The EC are senescent, given that there are more senescent cells in 

older individuals 

• Establish whether the kinetics of the ZIP model are different in old mice i.e. 

assess leukocyte recruitment to the cavity at different time points. 
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• Validate the effects of PEPITEM on leukocyte trafficking in vivo by using a 

scrambled or control peptide for comparison. 

• Investigate whether PEPITEM can modulate homeostatic leukocyte trafficking 

processes in young and old mice under steady state. 

• Perform additional work for the B-cell studies. This includes: 

o Further optimisation to improve the purity of the B-cell samples. 

o Assessing age-related changes to the abundance of signalling of 

components downstream of APPL1 in B-cells to determine if there are 

more intrinsic changes that drive PEPITEM pathway dysfunction in 

ageing. 

o Quantifying PEPITEM production by young and older B-cells following 

AQ-treatment. 

• Investigate whether B-cells derived from older women retain expression of 

AdipoR1 and APPL1, therefore providing a potential mechanism for the sexual 

dimorphism in age-related changes to PEPITEM pathway function that we 

have observed.  

• Assess whether circulating levels of PEPITEM are modulated with age in mice 

and humans. 
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9. APPENDIX I 

Percentage of T-cell subsets in the PBMC of young and aged donors, determined by 

flow cytometry. The percentage of circulating T-cells are shown as mean ± standard 

error of the mean (SEM) of the parent gate population i.e. PBMC, T-cells or CD4+/CD8+ 

T-cells. Statistical analysis performed using an unpaired t-test to determine the effects 

of age on circulating T-cell populations. EM, effector memory; CM, central memory; 

TEMRA, terminally differentiated effector memory T-cells re-expressing CD45RA; 

Treg, regulatory T-cell. 
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