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Abstract 
	  

 
Neutrophil dysfunction has been described in various inflammatory and autoimmune 

rheumatic diseases (ARDs), including rheumatoid arthritis (RA), systemic lupus erythematosus 

(SLE) and antiphospholipid syndrome (APS). These ARDs are typically characterised by 

circulating autoantibodies, which contribute to immunopathology. Studies have also reported 

low oxygen levels, or hypoxia, in association with disease manifestations.  

One mechanism of neutrophil activation, results in the release of a meshwork of 

chromatin fibres decorated with antimicrobial proteins, called neutrophil extracellular traps 

(NETs), which promote pathogen killing. Whilst NETs are important in fighting infection, if 

unchecked severe damage to host organs can be caused. Aberrant NETosis has been described 

in ARDs. Integrin engagement modulates several aspects of neutrophil activation including 

NETosis, cytokine production and reactive oxygen species (ROS) generation, which are 

associated with pathology in certain ARDs. Therefore, my PhD aimed to examine the effects of 

hypoxia and purified ARD-IgG on integrin activation, ROS generation and NETosis.  

Isolated neutrophils were cultured under normoxia (21% oxygen) or hypoxia (1% 

oxygen) and integrin expression, adhesion, ROS generation and NETosis examined. Hypoxic 

neutrophils had higher αM and αX expression and increased adhesion to endothelial cells. Trans-

endothelial migration was also enhanced under hypoxia. Whilst hypoxia did not have an effect 

on ROS generation, NETosis was higher in hypoxic cells. IgG was purified from the serum of 

RA, SLE and APS patients. The effects of purified IgG upon neutrophil adhesion, ROS 

generation and NETosis were examined. ARD-IgG had a differential effect upon integrin 

activation, with RA- and SLE-IgG promoting αMβ2 (Mac-1)-mediated adhesion whilst APS-IgG 

enhanced β1-integrin mediated adhesion. Moreover, RA- and SLE-IgG increased rates of 

hydrogen peroxide generation and NETosis. 

The results obtained in this thesis demonstrate that hypoxia modulates neutrophil 

function. Purified ARD-IgG was also identified as having differential effects on neutrophil 

integrin activation, ROS generation and NETosis. 
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PECAM-1    platelet-endothelial cell adhesion molecule 1 

PER     period circadian protein  

PFA    paraformaldehyde 

PHA    phytohaemagglutinin  

PHD     prolyl hydroxylase 

PI3K    phosphatidylinositol-3-kinase 

PKB    protein kinase B  

PKC     protein kinase C  

PMA    phorbol 12-myristate 13-acetate 

PMN    polymorphonuclear leukocytes 

PR3     proteinase 3 

PSGL-1    P-selectin glycoprotein 1 

PSI    plexin/semaphoring/integrin  

PVDF     polyvinylidene difluoride 

pVHL     von Hippel-Lindau protein 

R3-IGF-1    recombinant insulin-like growth factor 1 

RA     rheumatoid arthritis  

RANK    receptor activator of NF-κB 

RANKL   receptor activator of NF-κB ligand 

RBC    red blood cell 

RhF    rheumatoid factor 

ROS     reactive oxygen species 

RPMI     Roswell Park Memorial Institute medium 

SD    standard deviation 

SDL     specificity-determining loop 

SF    synovial fluid  

SFK    Src family kinase 

SIM     single-minded protein  

SLE     systemic lupus erythematosus 

sLex      Lewis x blood group  

Syk    spleen tyrosine kinase 

TAD     transactivation domain 
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TBS     tris buffered saline 

TCA     tricarboxylic acid 

TCR    T cell receptor 

TF    tissue factor 	  

TFG-β    transforming growth factor β 

Th    T helper cell 

TLR     toll-like receptor 

TNF-α    tumour necrosis factor-α 

Treg    regulatory T cell 

TSC     tumor suppressor complex 

VCAM-1    vascular cell adhesion molecule 1 

VEGF     vascular endothelial growth factor 

VLA     very late antigen  

VNTR    variable number of tandem repeats 

β2GP1     β2-glycoprotein 1 
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1.1 Cells of the immune system 
 

The immune system is composed of an intricate network of cells, humoral factors, 

cytokines and lymphoid organs, all of which are important in maintaining host health and 

wellbeing. Immune defence can be divided into two categories: innate immunity, which is 

present and active at all times; and adaptive immunity, which provides long-lasting immune 

protection. All immune cells are derived from haematopoietic stem cells and can be referred to 

as leukocytes. As haematopoietic stem cells differentiate into specialised immune cells, they can 

be further categorised as either lymphocytes or myeloid cells (Figure 1.1).  

 
1.1.1 Lymphocytes 
 

Lymphocytes largely form part of the adaptive immune system and confer long-lasting 

immune protection. The common lymphoid progenitor cell is capable of differentiating into 

natural killer (NK) cells, dendritic cells (DCs) or small lymphocytes. Small lymphocytes further 

differentiate into either B lymphocytes (B cells) or T lymphocytes (T cells), depending on the 

compartmental microenvironment and cytokines present during development.  

 
1.1.1.1 B lymphocytes 
 

B cells are produced within the bone marrow, but mature in the Bursa of Fabricus 

(Ribatti et al., 2006). On leaving the bone marrow, each B cell expresses a unique antigen-

binding B cell receptor (BCR) on its cell membrane. This BCR is a membrane-bound antibody 

molecule. When a naïve B cell first recognises an antigen via its BCR, the binding of antigen 

induces rapid cell division. B cells can differentiate into memory B cells or plasma cells. 

Regulatory subsets of B cells (Bregs) are also produced, which can suppress and regulate B cell 

activity (Fillatreau et al., 2002). Memory B cells have a longer life span than naïve B cells and 

express the same BCR as their parent B cell. Plasma cells produce antibodies in a form that can 

be secreted and have little or no membrane-bound antibody (Delves and Roitt, 2000, Goldsby et 

al., 2003). 
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Antibodies are glycoproteins that consist of two identical heavy and light polypeptide 

chains. Each heavy chain is joined to a light chain by a disulphide bond, with additional 

disulphide bonds holding the two pairs together (Edelman, 1973) (Figure 1.2). The N-terminal 

variable ends of the heavy and light chains form a cleft that binds antigen. The C-terminal 

domains of the heavy and light chains form the constant region, which define the class and 

subclass of the antibody. There are five classes of immunoglobulin (Ig) (IgG, IgA, IgM, IgD 

and IgE), four subclasses of IgG (IgG1-4) and two subclasses of IgA (IgA1-2). These classes 

and subclasses have different functions (Janeway, 1993, Delves and Roitt, 2000, Goldsby et al., 

2003), which are outlined in Table 1.1. 

When a microorganism is coated with antibodies, or opsonised, it can be eliminated in 

several ways. For example, antibodies can cross-link several antigens to form clusters that are 

more readily ingested by phagocytic cells. Binding of antibody to antigen can also activate the 

complement system, resulting in lysis of the foreign organism. Antibodies can also neutralise 

toxins or viral particles by coating them, which prevents binding to host cells (Janeway, 1993). 

 
1.1.1.2 T lymphocytes 
 

T cells are also produced in the bone marrow but migrate to the thymus to mature 

(Kruisbeek, 1999). During maturation, T cells develop a unique antigen-binding molecule on 

their membrane: the T cell receptor (TCR). Unlike the BCR that can directly recognise antigen, 

TCRs can only recognise antigens that are presented by major histocompatibility complex 

(MHC) molecules on the surface of antigen presenting cells (APCs), such as macrophages, B 

cells and DCs, which are described in further detail in section 1.1.2.1. There are two types of 

MHC molecules: class I MHC molecules, which are expressed by nearly all nucleated cells and 

class II MHC molecules that are only expressed by APCs. When naïve T cells encounter antigen 

presented by MHC, they proliferate and differentiate into memory or effector T cells (Ellmeier 

et al., 1999, Delves and Roitt, 2000, Goldsby et al., 2003). 

There are two well-defined subpopulations of T cells: T helper (Th) cells and cytotoxic 

T lymphocytes (CTL), which are distinguished from one another by surface expression of either  
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Figure 1.2: Schematic of antibody structure. This diagram illustrates the basic structure of an 

antibody, highlighting the constant region, which determines the class and subclass of the antibody, 

and the variable domains, which bind antigen. 

Table 1.1: Immunoglobulin class, subclass and function. The above table details the different 

classes and subclasses of the five Ig produced by humans with an overview of their function. 
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cluster of differentiation (CD)4 or CD8. CD4+ T cells recognise antigens bound to class II MHC 

molecules, whereas CD8+ T cells recognise antigen bound to class I MHC molecules. The 

classification of CD4+ MHC class II restricted cells as Th cells and CD8+ MHC class I restricted 

cells as CTLs is not absolute and there is some overlap between functional activities (Goldsby 

et al., 2003, Delves and Roitt, 2000). 

Naïve CD4+ T cells can differentiate into several Th cell lineages, defined by their 

pattern of cytokine production and function, including Th1, Th2, Th17 and induced regulatory T 

cells (iTregs). Other types of CD4+ T cells have been described, such as natural killer T (NKT) 

cells and natural Tregs (nTregs), however, these cells are not derived from naïve CD4+ T cells, 

but develop in parallel from small lymphocytes within the thymus (Zhu et al., 2010).  

 
1.1.2 Myeloid cells 
 

Myeloid cells form part of the innate immune system and can directly recognise and kill 

pathogens. The common myeloid progenitor cell can differentiate into several immune cells, 

including DCs, erythrocytes, megakaryocytes, mast cells and myeloblasts. Myeloblasts can 

differentiate into basophils, eosinophils, neutrophils and monocytes, which can further 

differentiate into either macrophages or monocyte-derived DCs (Ma et al., 2012).  

Microbial killing is facilitated by phagocytosis, aided by opsonisation with Ig or the 

complement product iC3b. Most myeloid cells express Fc receptors (FcR) that bind the constant 

region of Ig, as well as complement receptor (CR)1, CR3 and CR4, which bind complement 

products. Successful phagocytosis is achieved by the synergistic activation of these receptors. 

When APCs phagocytose pathogens, they are able to degrade and present pathogen-derived 

antigens to lymphocytes (Delves and Roitt, 2000). 

 
1.1.2.1 Antigen presenting cells 
 

APCs are specialised cells, including macrophages, B cells and DCs, which express 

class II MHC molecules and are able to deliver the co-stimulatory signals required for CD4+ T 

cell activation. APCs internalise antigen, either by phagocytosis or endocytosis, and then 

display antigen-derived peptides in a complex with class II MHC molecules that are recognised 
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by CD4+ T cells. Additional co-stimulatory signals, provided by the APC, are then required for 

full CD4+ T cell activation (Goldsby et al., 2003). In the absence of these co-stimulatory signals, 

cells can undergo anergy.  

Most leukocytes can be found circulating within the vasculature. These leukocytes are 

endowed with the vital ability to migrate from the circulation into the underlying tissues, where 

they can mediate their immunological roles. The process whereby leukocytes migrate into 

tissues is referred to as leukocyte extravasation. 

 
1.2 Leukocyte adhesion and transmigration  
 

Leukocyte extravasation is achieved via an orchestrated series of reversible and 

transient adhesive events. The most extensively studied form of leukocyte extravasation is 

migration across the endothelium, which represents the first barrier for immune surveillance. 

Trans-endothelial migration can be divided into three stages: attachment and rolling, activation-

dependent firm adhesion and transmigration.  

 
1.2.1 Attachment and rolling 
 

Leukocytes can roll along activated endothelial cells (ECs), primarily mediated by 

selectins (Figure 1.3). Selectins are specialised receptors that recognise proteins modified with 

sialyated fucosylated carbohydrate residues belonging to the sialyl Lewis X family (sLeX). 

These interactions are known for their fast on/off rates, with cell contacts being rapidly formed 

and broken. To date, three members of the selectin family have been described: E-selectin 

(endothelial; CD62E) (Bevilacqua et al., 1989), L-selectin (leukocyte; CD62L) (Gallatin et al., 

1983) and P-selectin (platelet; CD62P) (Hsu-Lin et al., 1984), each named after the cell in 

which they were first described. Activated ECs also express P-selectin (Bonfanti et al., 1989).  

The most characterised selectin ligand is P-selectin glycoprotein ligand (PSGL)-1, 

which is expressed on leukocytes (McEver and Cummings, 1997). On activation, ECs 

upregulate E-selectin and externalise P-selectin within Weibel-Palade bodies, both of which 

bind PSGL-1. Leukocytes can facilitate cell rolling via the redistribution of PSGL-1 to 

protruding pseudopods (Bruehl et al., 1997). ECs can also enhance interactions by modifying  
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Figure 1.3: Leukocyte rolling is mediated by L-selectin, PSGL-1 and VLA-4. This 

schematic details some of the key adhesive molecules involved in initial tethering and rolling 

of leukocytes within the vasculature. Both E-selectin and P-selectin expressed on endothelial 

cells bind PSGL-1. L-selectin expressed by leukocytes can interact with modified CD34, 

GlyCAM-1 and MAdCAM-1 found on endothelial cells. VLA-4 and LPAM-1 can interact 

with VCAM-1 and MAdCAM-1 respectively. Abbreviations: GlyCAM-1, glycosylation-

dependent cell adhesion molecule-1; LPAM-1, lymphocyte Peyer patch adhesion molecule; 

MAdCAM-1, mucosal vascular addressin cell adhesion molecule-1; PSGL-1, P-selectin 

glycoprotein ligand-1; VCAM-1, vascular cell adhesion molecule-4; VLA-4, very late 

antigen-4. 



Chapter One: Introduction 

	  
26	  

surface CD34 with the sLex group, transforming CD34 into a L-selectin ligand (Hiraoka et al., 

1999). L-selectin has also been shown to bind glycosylation-dependent cell adhesion molecule 

(GlyCAM)-1 (Imai et al., 1991) and mucosal vascular addressin cell adhesion molecule 

(MAdCAM)-1 (Bargatze et al., 1995), which further promotes leukocyte rolling. 

There is also evidence that α4 integrins contribute to leukocyte rolling. Integrins are a 

family of adhesive molecules, which will be discussed in section 1.3. Studies using cultured T 

cells found very late antigen (VLA)-4 (CD49d/CD29, α4β1) and lymphocyte Peyer patch 

adhesion molecule (LPAM)-1 (α4β7) mediate rolling via interactions with vascular cell adhesion 

molecule (VCAM)-1 (CD106) and MAdCAM-1 respectively, independent of selectins (Berlin 

et al., 1995, Alon et al., 1995). Work using freshly isolated T cells however, found VLA-4 and 

P-selectin initiated rolling together. Furthermore, ex vivo transmigration assays found VLA-4 to 

initiate rolling in cooperation with L-selectin in both freshly isolated monocytes (Luscinskas et 

al., 1994) and eosinophils (Sriramarao et al., 1994).  

The discrepancy between freshly isolated and cultured cells suggests that selectin 

dependency may be linked to leukocyte activation, with resting cells having a higher degree of 

selectin-independent integrin-mediated tethering. Given that T cells are easily cultured over 

longer periods of time, whilst eosinophils and monocytes cannot be extensively cultured 

without cell death or differentiation, interpreting these observations is difficult. As VLA-4 has 

been implicated in both freshly isolated and cultured cells, it is reasonable to conclude that 

selectins and α4 integrins work cooperatively to mediate leukocyte attachment and rolling. 

	  
1.2.2 Activation-dependent firm adhesion 
 

Firm adhesion is predominantly mediated by endothelial intercellular adhesion 

molecule (ICAM)-1 (CD54) binding to lymphocyte function-associated antigen-1 (LFA-1; 

CD11a/CD18; αLβ2) and macrophage-1 antigen (Mac-1; CD11b/CD18; αMβ2) expressed on 

leukocytes. Following initial adhesion, ECs can redistribute ICAM-1, enriching the areas 

beneath leukocytes to further stabilise interactions with LFA-1 and Mac-1 (Shaw et al., 2004). 

This observation demonstrates the importance of ICAM-1 in leukocyte firm adhesion. 
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ICAM-2 (CD102) has also been implicated in extravasation, with inhibition of 

neutrophil transmigration being reported in both ICAM-2 knockout mice and wild-type mice 

administered ICAM-2 blockade (Huang et al., 2006, Woodfin et al., 2009). These results have 

not been replicated in vitro, which may suggest that whilst ICAM-2 may be important in murine 

leukocyte extravasation, it mediates a subtler role in human leukocyte transmigration. 

Interestingly, a similar pattern of adhesion molecule clustering has been documented 

with endothelial VCAM-1 around VLA-4 on adherent leukocytes (Barreiro et al., 2002, Carman 

and Springer, 2004). Taken together, these results indicate that firm adhesion is achieved by the 

collaborative action of the β1 and β2 integrins binding VCAM-1 and ICAM-1, and possibly 

ICAM-2, rich regions on ECs (Figure 1.4). These stronger interactions allow for the cessation of 

leukocyte rolling and enable cells to migrate out of the vasculature into the underlying tissues. 

	  

1.2.3 Transmigration 
 

Following firm adhesion, leukocytes initiate diapedesis and migrate across the 

endothelium. This process is mediated by junctional adhesion molecule (JAM)-A, JAM-B and 

JAM-C, all of which are highly expressed at EC borders. There is also evidence for the 

contribution of platelet-endothelial cell adhesion molecule (PECAM)-1 (CD31) and CD99. 

JAM proteins preserve the integrity of resting endothelial monolayers. JAM-A engages 

in homophilic interactions with other JAM-A molecules, whereas JAM-B and JAM-C partake 

in both homophilic and heterophilic binding. During inflammation, JAM proteins can bind 

leukocyte integrins and facilitate extravasation. LFA-1 can bind JAM-A (Ostermann et al., 

2002), however conflicting results arise from JAM-A inhibition. Whilst some groups report 

reduced transmigration (Martin-Padura et al., 1998, Woodfin et al., 2009), others found JAM-A 

blockade had no significant effect (Liu et al., 2000, Schenkel et al., 2004b). Schenkel et al. did 

describe a 10% decrease in transmigration on JAM-A inhibition, but suggested that this effect 

was insignificant. Taken together, the evidence suggests that JAM-A contributes to leukocyte 

transmigration. JAM-B has been shown to interact with VLA-4, promoting leukocyte rolling 

and adhesion in vitro (Ludwig et al., 2009), however the effects on migration were not explored. 
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Figure 1.4: Firm adhesion of leukocytes is mediated by LFA-1, Mac-1 and VLA-4. This 

schematic depicts the key adhesive molecules mediating activation-dependent firm 

adhesion. The key interactions mediating firm adhesion are those between endothelial 

ICAM-1 and LFA-1 and Mac-1 expressed on leukocytes. ICAM-2 also interacts with both 

LFA-1 and Mac-1, whilst VLA-4 binds to VCAM-1. Endothelial cells are able to 

redistribute cell surface ICAM-1 and VCAM-1 underneath adherent cells to further facilitate 

adhesion. Abbreviations: ICAM-1, intercellular adhesion molecule-1; LFA-1, lymphocyte 

function-associated antigen-1; Mac-1, macrophage-1 antigen; VCAM-1, vascular cell 

adhesion molecule-1; VLA-4, very late antigen-4. 
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Mac-1 has been shown to interact with JAM-C, allowing for transmigration both in vitro and in 

vivo (Johnson-Leger et al., 2002, Chavakis et al., 2004).  

 PECAM-1 is a member of the Ig superfamily (IgSF) and is expressed in a variety of cell 

types including platelets, monocytes, neutrophils and some T cell subsets. PECAM-1 is also 

found on EC borders, where it binds leukocyte-expressed PECAM-1 and mediates the 

beginnings of diapedesis. PECAM-1 blockade both in vitro and in vivo does not inhibit 

adhesion to the endothelium, however leukocytes are unable to transmigrate (Muller et al., 

1993, Bogen et al., 1994, Mamdouh et al., 2003, Schenkel et al., 2004a, Schenkel et al., 2004b). 

PECAM-1 stimulation has been reported to increase leukocyte adhesion via LFA-1 (Piali et al., 

1993, Berman et al., 1996), Mac-1 (Berman and Muller, 1995, Berman et al., 1996), VLA-4 

(Leavesley et al., 1994, Chiba et al., 1999) and αvβ3 (Chiba et al., 1999). These observations 

suggest that PECAM-1 engagement may enhance β1, β2 and β3 integrin affinity. In addition, 

studies in which PECAM-1 was transfected into cells that do not express it, found that 

transfected cells supported leukocyte transmigration, a phenomenon that has not been replicated 

with any other adhesion molecule (Dasgupta et al., 2009). 

CD99 is an evolutionary conserved protein, believed the earliest cell adhesion molecule 

(Suh et al., 2003). As well as being expressed by ECs, CD99 expression has also been found on 

monocytes (Schenkel et al., 2002) and neutrophils (Lou et al., 2007). Homophilic CD99 

interactions are essential for transmigration and mediate the final stages of diapedesis. In 

agreement with previous work, both studies found that with PECAM-1 blockade, monocytes 

and neutrophils could adhere to the endothelium but remained at the cell membrane. Following 

CD99 blockade, leukocytes could partially migrate across the endothelium, with cell protrusions 

visible between ECs, but were unable to achieve complete transmigration (Schenkel et al., 2002, 

Lou et al., 2007). A schematic of diapedesis can be seen in Figure 1.5. 

To conclude, leukocyte extravasation is a highly regulated process, mediated by the 

sequential activation of adhesion molecules and integrins. Moreover, experimental evidence 

highlights the importance of the β1 and β2 integrins in extravasation, given their roles throughout 

the stages of transmigration.  
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Figure 1.5: Leukocyte diapedesis is mediated by junctional adhesion molecules, 

PECAM-1 and leukocyte integrins. Depicted above are the key adhesion molecules that 

regulate the final step of extravasation. Homophilic PECAM-1 interactions are believed to 

be one of the first steps of leukocyte diapedesis across the endothelium. JAM-A interacts 

with LFA-1, JAM-B with VLA-4 and JAM-C with Mac-1, all of which allow the leukocyte 

to move between endothelial cells. CD99 mediates the final step of transmigration, which 

undergoes homophilic associations and enables the leukocyte to successfully cross the 

endothelial monolayer. Abbreviations: JAM, junctional adhesion molecule; LFA-1, 

lymphocyte function-associated antigen; Mac-1, macrophage-1 antigen; PECAM-1, platelet-

endothelial adhesion molecule; VLA-4, very late antigen-4. 
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1.3 Integrins 
 

The term ‘integrin’ was first used in 1986 to describe transmembrane protein complexes 

integral to leukocyte interactions with the extracellular matrix (ECM) (Tamkun et al., 1986). As 

homologous proteins were identified, the term integrin was adopted to describe the family of 

structurally related cell surface receptors. Integrins are expressed by all multicellular organisms, 

with differential integrin expression being observed between phyla (Hynes, 2002). The immune 

system is highly dependent on integrins for orchestrating leukocyte migration. Integrin function 

also facilitates immune synapse formation, phagocytosis and cell signalling transduction. It is 

therefore vital that leukocytes regulate integrin expression and activity. 

Integrin ligands can be divided into three major groups: basal ECM (e.g. laminins, 

collagens), provisional ECM (e.g. fibrinogen, fibronectin) and cell surface adhesion molecules. 

The majority of the cell surface adhesion molecules that function as integrin ligands are IgSF 

proteins, which are characterised by multiple Ig-like domains. Members of the IgSF, such as 

ICAM-1 and VCAM-1, are expressed by numerous cell types and are upregulated on cell 

activation (Marui et al., 1993, Lee et al., 2001, Chiu et al., 2004, Min et al., 2005, Hortelano et 

al., 2010), which promotes leukocyte extravasation. 

 
1.3.1 Leukocyte integrins 
 

Integrins are heterodimeric type I transmembrane glycoprotein receptors, composed of 

non-covalently associated α and β subunits. To date, 18 α subunits and 8 β subunits have been 

described within the human integrin family, which through combinational variation give rise to 

24 different heterodimeric αβ integrin molecules (Figure 1.6). Integrin expression varies 

between cell types and can be restricted to specific cell lineages or subsets. For example, β2 

integrins are only expressed by haematopoietic cells and the αEβ7 integrin is expressed by 

mucosal T cells (Kilshaw, 1999).  

Electron microscopy demonstrates that integrin subunits are composed of a globular N-

terminal ligand-binding ‘head’, representing a critical interface between the α and β subunits. 

The extracellular domain is attached to a ‘leg’ domain that connects the extracellular head to the  
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Figure 1.6: All 24 αβ integrins found in human cells. Depicted above are all of the integrin pairs 

found within human cell types. Integrin pairs connected with a red line are expressed on 

leukocytes. The α subunits boxed represent those subunits that contain the I-domain. 
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single spanning transmembrane domain. With the exception of the β4 subunit, integrin subunits 

possess a short cytoplasmic tail (Nermut et al., 1988). Debate arose when X-ray crystallography 

of the αVβ3 integrin found the ‘legs’ in a bent topology, with the extracellular ‘head’ juxtaposed 

to the cell membrane (Xiong et al., 2001, Xiong et al., 2002). Electron microscopy and Förster 

resonance energy transfer analysis confirmed the existence of two conformations (Takagi et al., 

2002b, Takagi et al., 2003, Kim et al., 2003), with the bent conformation representing a low-

affinity state and the extended conformation being a high-affinity state with the ligand-binding 

site exposed. 

X-ray crystallography of the α subunit found seven repeated domains, numbered I-VII, 

which forms a seven-bladed β-propeller motif (Xiong et al., 2001, Xiao et al., 2004). Of the 18 

α subunits, half contain an inserted (I)-domain, residing between the second and third β-sheets 

of the β-propeller motif. Multiple interactions are formed between extracellular ligands and the 

I-domain, functioning as either the exclusive or major ligand-binding site (Emsley et al., 2000, 

Shimaoka et al., 2003, Song et al., 2005). In vitro expression of the I-domain, independent of 

the parent integrin, found high retention of ligand-binding activity, emphasising the functional 

importance of the I-domain. This phenomenon has been demonstrated in I-domains of LFA-1 

(Randi and Hogg, 1994), Mac-1 (Ueda et al., 1994, Zhou et al., 1994) and VLA-2 

(CD49b/CD29, α2β1) (Kamata and Takada, 1994).  

Crystallography studies also highlighted a β subunit I-domain, similar in structure to the 

α subunit I-domain but containing two extra segments, termed the I-like domain. Mutations in 

the I-like domain result in defective binding of immobilised ligands (Bilsland et al., 1994, 

Huang et al., 2000). Microscopic analysis and functional adhesion assays found that one of the 

extra segments forms an interface with the β-propeller of the α subunit, whilst the other 

mediates ligand binding (Takagi et al., 2002a, Tsuruta et al., 2003). This observation suggests 

that whilst the I-domain may be directly involved in binding, the I-like domain may play an 

auxiliary role by ensuring the correct conformation is adopted to expose the ligand-binding site. 

Divalent cations are essential for integrin-mediated adhesion, demonstrated by the 

inhibition of adhesion following cation chelation by ethylenediaminetetraacetic acid (EDTA) 
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(Dransfield et al., 1992). Divalent cations act as coordination centres, which interact with and 

stabilise the I-domain. Due to the dependency of cations, the region surrounding the I-domain is 

termed the metal ion-dependent adhesion site (MIDAS), which contains several key Mg2+ and 

Ca2+ binding sites that aid molecular coordination and support integrin structure (Lee et al., 

1995). The MIDAS structure has also been identified in the I-like domain, which adopts a 

similar fold as the α subunit counterpart (Xiao et al., 2004). 

 The ‘leg’ domain connects the extracellular ‘head’ to the transmembrane domain and is 

composed of three β-sandwich motifs, referred to as the thigh, calf-1 and calf-2 domains. A Ca2+ 

binding site lies in between the thigh and calf-1 domains to form a flexible region, often called 

the ‘genu’, which is a key pivotal point. The β subunit ‘leg’ domain is organised differently, 

with the I-like domain inserted into a hybrid domain, forming part of the upper β subunit ‘leg’ 

domain. The hybrid domain is inserted within a plexin/semaphoring/integrin (PSI) domain, 

which completes the upper β subunit ‘leg’. The lower portion of the β subunit ‘leg’ is composed 

of four integrin epidermal growth factor-like (I-EGF) domains and a β-tail domain. Electron 

microscopy has found that the α subunit ‘genu’ and the β subunit ‘leg’ I-EGF-1 and I-EGF-2 

interface are within close geometric proximity of one another (Takagi et al., 2002b, Nishida et 

al., 2006). The conformational changes during integrin activation are achieved by rotations 

around the axis generated by the region formed by the α and β subunit ‘leg’ domains. A basic 

schematic of the primary structure of integrins can be seen in Figure 1.7. 

 
1.3.2 Integrin activation 
 

Integrin activation is vital in enabling leukocyte interactions and is achieved by either 

inside-out or outside-in signalling. Inside-out signalling induces a conformational change that 

exposes the ligand-binding site and adopts a high-affinity state (Anthis and Campbell, 2011, 

Springer and Dustin, 2012, Zhang and Chen, 2012, Zhu and Springer, 2013).  

When in a low-affinity state, the integrin extracellular ‘head’ sits in close proximity to 

the cell surface (Takagi et al., 2002b). On activation, cytoskeletal proteins talin and kindlin bind 

the cytoplasmic tail of the integrin β subunit cytoplasmic tail, causing the dissociation of the α  
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Figure 1.7: Schematic of the primary structure of leukocyte integrins. Structures for both 

non I-domain and I-domain containing α subunits are shown in this diagram. The α subunit is 

non-covalently linked to the β subunit on the cell membrane. 



Chapter One: Introduction 

	  
36	  

and β subunit cytoplasmic tails (Vinogradova et al., 2002). A cascade of molecular movements 

is subsequently initiated, dissociating the transmembrane helices. Extension of the ‘leg’ 

domains followed by the rotation of the ‘head’ domain, described as a ‘switchblade motion’, 

allows greater access to ligands. An intermediate state with extended ‘leg’ domains but closed 

‘head’ has also been described (Lefort et al., 2012, Cheng et al., 2013). This intermediate 

conformational state may represent a mechanism whereby surroundings are surveyed without 

full integrin activation and signalling induction. Inside-out signalling is a dynamic process, 

where integrins exist in equilibrium between low- and high-affinity states. This conformational 

equilibrium allows leukocytes to constantly survey their surroundings. A schematic overview of 

inside-out integrin activation can be seen in Figure 1.8. 

Outside-in signalling induces integrin clustering at the cell membrane and high-avidity 

interactions, typically occurring following intracellular signalling via the guanine nucleotide-

binding protein Gα13 (Gong et al., 2010). On activation, Gα13 phosphorylates Src family 

kinases (SFKs), initiating numerous downstream signalling events (Klinghoffer et al., 1999, 

Obergfell et al., 2002, Inoue et al., 2003, Gong et al., 2010). One of these events is the 

activation p115RhoGEF and phosphorylation of Rho (Gong et al., 2010). Rho can activate 

formin homology proteins, referred to as formins, which mediate actin polymerisation (Pruyne 

et al., 2002). Formin activation promotes stress fibre formation (Kitzing et al., 2010), resulting 

in cytoskeletal rearrangement and integrin clustering (Vega et al., 2011). Whilst p115RhoGEF 

activation is one mechanism induced by outside-in signalling, several other pathways are also 

involved (Shen et al., 2012). 

Divalent cations are essential for integrin function, stabilising structure and modulating 

integrin-ligand interactions in both enhancing and suppressive manners (Kunicki et al., 1981, 

Ginsberg et al., 1986, Staatz et al., 1989, Steiner et al., 1991, Dransfield et al., 1992). 

Leukocytes are typically exposed to 1mM Ca2+ and 1mM Mg2+ in the vasculature, with each 

cation conferring opposing effects. Whilst evidence suggests Ca2+ suppresses integrin activation 

(van Kooyk et al., 1993, Hu et al., 1995, Mandeville and Maxfield, 1997), Mg2+ has been shown 

to induce integrin-mediated binding (Staatz et al., 1989). Interestingly, these same studies found  
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Figure 1.8: Inside-out signalling is mediated by a series of conformational changes. 

Integrin activation involves a series of molecular movements and conformational changes that 

exposes the ligand-binding site. Schematics for these molecular movements can be seen for 

both (A) I-domain containing αβ integrins and (B) non-I-domain αβ integrins. 
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that micromolar ranges of Ca2+ could synergise with suboptimal levels of Mg2+to increase 

integrin affinity, suggesting dynamic interactions between integrins and divalent cations.  

 
1.3.3 Integrin ligands 
 

Integrin ligands can be divided into three major groups: basal ECM, provisional ECM 

and cell surface adhesion molecules. Many of these cell surface adhesion molecules are IgSF 

proteins, which are upregulated upon cellular activation. The most studied IgSF integrin ligands 

include ICAM-1, ICAM-2, ICAM-3 (CD50), VCAM-1 and MAdCAM-1.  

ICAM-1 is the most ubiquitously expressed ICAM isotype and is weakly expressed on 

both resting leukocytes and endothelium and is upregulated on cell activation (Chiu et al., 2004, 

Min et al., 2005). ICAM-1 has been shown to bind both LFA-1 and Mac-1 (Diamond et al., 

1991, Stanley et al., 1994). LFA-1 and Mac-1 also bind ICAM-2 (de Fougerolles et al., 1991, 

Xie et al., 1995). ICAM-2 has constitutively high expression on ECs, but has also been 

described in bronchial epithelial cells, eosinophils, monocytes, T cells, B cells and platelets (de 

Fougerolles et al., 1991, Diacovo et al., 1994, Porter and Hall, 2009). When initially 

characterised, ICAM-2 was not identified on neutrophils (de Fougerolles et al., 1991), however 

more recently ICAM-2 expression has been reported in bone marrow and peripheral blood 

neutrophils (Sundd et al., 2012). Initial ICAM-2 characterisation by de Fougerolles et al. used 

human cells, whilst Sundd and colleagues examined murine neutrophils, so differential ICAM-2 

expression between human and mouse leukocytes may explain this discrepancy.  

ICAM-3 is only expressed by leukocytes and is thought to mediate the early phases of 

antigen presentation via interactions with LFA-1 (de Fougerolles and Springer, 1992). ICAM-4 

expression is restricted to erythrocytes and erythroid precursors, where it interacts with αIIbβ3 on 

platelets (CD41/CD61, also referred to as glycoprotein IIb/IIIa) (Hermand et al., 2003), and 

p150,95 (CD11c/CD18, αXβ2) expressed on monocytes and macrophages (Ihanus et al., 2007). 

The final ICAM isotype, ICAM-5 is only found in the grey matter of the telencephalon. ICAM-

5 interacts with LFA-1 (Tian et al., 2000, Zhang et al., 2008) and VLA-5 (CD49e/CD29, α5β1) 

(Ning et al., 2013) expressed by T cells, implicating a role in T cell cerebral migration. 
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ECs also express VCAM-1, which rapidly increases on activation (Marui et al., 1993, 

Lee et al., 2001, Min et al., 2005, Hortelano et al., 2010). VCAM-1 is a ligand for the α4 

integrins VLA-4 and α4β7 expressed on circulating leukocytes (Elices et al., 1990, Chan et al., 

1992). VCAM-1 has also been described as a novel ligand for the β2 integrins Mac-1 and αDβ2 

(Yakubenko et al., 2006). MAdCAM-1 is a member of both the IgSF and the mucin family of 

proteins and is selectively expressed on the venules involved in lymphocyte trafficking to 

mucosal tissues. MAdCAM-1 is the physiological ligand for α4β7 and mediates recruitment of T 

cells to mucosal Peyer’s patches and the lamina propria (Berlin et al., 1993).  

In conclusion, cells express a multitude of adhesion molecules and integrin ligands to 

interact with circulating leukocytes. Integrins can either be highly specific for their ligand or 

display a degree of promiscuity in their binding partners. Common physiological integrin 

ligands are listed in Table 1.2. The expression of integrins and their ligands are influenced by 

inflammatory and infective signals. This regulation means that leukocytes can preferentially 

migrate into infected or inflamed tissue, where they mediate their immune function. One such 

leukocyte that relies on integrins to exert immune surveillance is the neutrophil. 

 
1.4 The role of neutrophils in the innate immune system 
 

Innate immunity is maintained through the combined function of multiple cell types 

including DCs, monocytes, mast cells, NK cells and granulocytes. Granulocytes, often referred 

to as polymorphonuclear leukocytes (PMNs), are immune cells that possess microscopic 

granules containing proteolytic enzymes. Basophils, eosinophils and neutrophils are all 

granulocytes. Basophils are the smallest population of granulocytes, which mediate 

hypersensitivity and allergic inflammation (Mukai et al., 2005, Obata et al., 2007, Tsujimura et 

al., 2008). Eosinophils were traditionally considered to be proinflammatory effector cells 

involved in parasitic defence, however emerging work implicate roles for eosinophils in innate 

and adaptive immune system regulation (Travers and Rothenberg, 2015). Neutrophils are the 

predominant granulocyte subset, which contribute to immune surveillance and microbial killing. 

 
 



Chapter One: Introduction 

	  
40	  

 
 
 
 

 
 
 

Table 1.2: Physiologically relevant integrin ligands. Listed in the above table are key 

physiological integrin ligands. Integrins expressed by leukocytes are indicated by red α subunits. 
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Neutrophils are crucial for the resolution and clearance of a multitude of pathogens. 

Circulating neutrophils have an estimated lifespan of 4-10 hours, however neutrophil survival 

can range between 1-2 days in response to cytokines and proinflammatory stimuli (Faurschou 

and Borregaard, 2003). Neutrophils fight infection via three main mechanisms: phagocytosis, 

degranulation and the release of neutrophil extracellular traps (NETs).  

 
1.4.1 Immunoglobulin- and complement-mediated phagocytosis 

	  
Microbial killing is a critical function mediated in part by neutrophils, which is 

facilitated by opsonisation with Ig and iC3b. Neutrophils express FcRs that recognise IgG 

(FcγRI, FcγRIIA, and FcγRIIIB), IgA (FcαRI) and in some circumstances IgE (FcεRI and 

FcεRII). The most important neutrophil FcγRs are considered to be FcγRIIA and FcγRIIIB 

(Bruhns, 2012). Engagement of both these low-affinity FcγRs is required for cellular activation 

(Walker et al., 1991, Brennan et al., 1991, Naziruddin et al., 1992, Strohmeier et al., 1995, Jakus 

et al., 2008). Studies show that FcγRIIIB makes initial contact and tethers the immune complex 

(IC) (Coxon et al., 2001), with activation being induced by the synergistic ligation of FcγRIIA 

and FcγRIIIB (Zhou et al., 1995). Activated neutrophils have also been shown to bind IgG via 

the high-affinity FcγRI (Guyre et al., 1990, Repp et al., 1991, McKenzie and Schreiber, 1998).  

The cytoplasmic domain of FcγRIIA contains an immunoreceptor tyrosine-based 

activating motif (ITAM) (Sanchez-Mejorada and Rosales, 1998), which enables intracellular 

signalling. FcγRI and FcγRIIIB lack this motif, however associate with a dimeric ITAM-

containing γ-subunit that allows for intracellular signalling (Sanchez-Mejorada and Rosales, 

1998). On binding IgG, FcγR-associated ITAMs are phosphorylated by SFK members (Fitzer-

Attas et al., 2000), which recruit spleen tyrosine kinase (Syk) (Agarwal et al., 1993, Ghazizadeh 

et al., 1995). Syk is subsequently phosphorylated and activated (Greenberg et al., 1994, Darby 

et al., 1994). Early reports found that macrophages lacking Syk were unable to phagocytose 

IgG-opsonised particles, demonstrating the importance of Syk (Matsuda et al., 1996, Crowley et 

al., 1997, Kiefer et al., 1998). Whilst Syk is critical for FcγR-mediated phagocytosis, the 

downstream signalling events are unclear. FcγR-mediated signalling induces actin remodelling 
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and the production of pseudopods that surround and engulf opsonised microbes, which are then 

taken up into a specialised structure, the phagosome, and degraded by proteolytic enzymes 

stored in cytosolic granules (Nordenfelt and Tapper, 2011).  

Alternatively, when opsonised with complement fragment iC3b, neutrophils can engage 

microbes via CRs. Neutrophils express CR1, CR3 (Mac-1) and CR4 (p150,95), all of which 

have been implicated in phagocytosis (Gordon et al., 1987, Myones et al., 1988, Brown, 1991, 

Ueda et al., 1994). CR1 is a transmembrane protein that binds opsonised pathogens (Brown, 

1991, Fallman et al., 1993). Mac-1 (CR3) and p150,95 (CR4) mediate phagocytosis of iC3b-

opsonised pathogens (Allen and Aderem, 1996a). Whilst FcγR-mediated phagocytosis requires 

generation of pseudopods, CR-mediated phagocytosis occurs via a ‘sinking’ of the iC3b-

opsonised particle that generates very little membrane protrusion (Roubey et al., 1991, Allen 

and Aderem, 1996b). Mac-1 mediated phagocytosis is dependent on serine phosphorylation of 

the β2 integrin subunit by protein kinase C (PKC) (Roubey et al., 1991, Allen and Aderem, 

1996b). Additional signalling differences between FcR- and CR-mediated phagocytosis have 

been highlighted. Rho guanosine triphosphatases, which act as a molecular switch and control 

cytoskeletal remodelling, are important in both forms of phagocytosis (Caron and Hall, 1998). 

Further molecular dissection found that Cdc42 and Rac mediate FcR-dependent phagocytosis, 

but CR-dependent phagocytosis is mediated by RhoA (Caron and Hall, 1998). As Mac-1 can 

form lateral associations with numerous membrane proteins, including FcγRs (Zhou et al., 1993, 

Huang et al., 2011b), the precise pathways that regulate CR-mediated phagocytosis remain 

unclear. 

 
1.4.2 Neutrophil degranulation 
 
 As well as phagocytosis, neutrophils can secrete antimicrobial proteins, reactive oxygen 

species (ROS) and cytokines to combat microorganisms and recruit other leukocytes to the site 

of infection. The secretion of cytotoxic mediators via exocytosis is referred to as degranulation. 

To date, five different types of neutrophil granules have been identified: primary granules; 

secondary granules; tertiary granules; phosphasomes; and secretory vesicles.  
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Primary granules, or azurophilic granules, contain a multitude of antimicrobial and 

highly toxic compounds including myeloperoxidase (MPO), neutrophil elastase (NE), defensins, 

lysozyme, cathepsin G, proteinase (PR)-3 and various proteoglycans (West et al., 1974, Garcia 

et al., 1985, Egesten et al., 1994). Primary granules can either be secreted via exocytosis or fuse 

with internalised phagosomes to kill engulfed microbes.  

Secondary granules, or specific granules, are comprised of lactoferrin, alkaline 

phosphatase, lysozyme and nicotinamide adenine dinucleotide phosphate (NADPH) oxidase. 

The cell adhesion molecules Mac-1, VLA-4 and VLA-5 have also been identified in secondary 

granules (O'Shea et al., 1985, Stevenson et al., 1987, Suchard et al., 1992). Secondary granules 

are rapidly released (Borregaard et al., 1992, Tapper and Grinstein, 1997), promoting pathogen 

killing and cell adhesion. 

Tertiary granules contain matrix metalloproteinase (MMP)-9 and heparanase 

(Mollinedo et al., 1991, Mollinedo et al., 1997). Adhesion molecules have also been reported 

within tertiary granules (Todd et al., 1984, Petrequin et al., 1987, Sengelov et al., 1993). 

Phosphasomes are similar in structure to secondary granules, but are not as dense and have been 

reported to only contain alkaline phosphatase (Smith et al., 1985, Sengelov et al., 1992).  

Secretory vesicles are rich in Mac-1 (Sengelov et al., 1993), CR1 (Sengelov et al., 

1994b), formyl-methionyl-leucyl-phenylalanine (fMLP) receptors (Sengelov et al., 1994a), the 

lipopolysaccharide (LPS) co-receptor CD14 and FcγRIIIB (Detmers et al., 1995). Exocytosis of 

secretory vesicles is also accompanied by shedding of L-selectin from the neutrophil cell 

surface (Borregaard et al., 1994). 

 
1.4.3 Neutrophil extracellular trap formation 

 
Early studies found that stimulation with the potent PKC activator, phorbol 12-

myristate 13-acetate (PMA), initiated a form of neutrophil cell death distinct from both 

apoptosis and necrosis that was dependent on ROS generation (Takei et al., 1996). PMA 

stimulation decreased chromatin compactness and induced nuclear membrane degeneration. 

Stimulation for 3 hours increased cell membrane permeability, with cell death peaking after 4 
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hours incubation. Agarose and pulsed field gel electrophoresis confirmed DNA had not been 

degraded (Takei et al., 1996), demonstrating that PMA induces the release of intact DNA. 

The term NET was first used in 2004 to describe the meshwork of chromatin fibres 

embellished with granule-derived antimicrobial peptides and proteases released by stimulated 

neutrophils (Brinkmann et al., 2004). Following this study, NETosis was recognised as an 

important neutrophil response to infection. In vitro stimulation of neutrophils with PMA or 

interleukin (IL)-8 induced NETosis via a PKC-dependent mechanism (Brinkmann et al., 2004). 

Further investigation from this group found that NETosis represents a form of cell death distinct 

from apoptosis and necrosis (Fuchs et al., 2007), supporting earlier work by Takei and 

colleagues. Live-cell imaging confirmed that PMA induced a succession of nuclear remodelling 

events prior to NETosis, with changes in nuclear shape and chromatin decondensation. The 

nuclear envelope and granule membranes dissolved, allowing for the mixing of NET 

components, before the cell membrane was disrupted and NETs released. This process required 

NADPH oxidase-dependent ROS generation (Fuchs et al., 2007). Human neutrophils release 

NETs in response to a wide range of stimuli (Urban et al., 2006, Clark et al., 2007). Exploration 

of the mechanisms underlying NETosis highlighted two forms of NETosis: vital NETosis and 

suicidal NETosis. 

 
1.4.3.1 Vital NETosis 

 
Vital NETosis describes a process whereby NETs are released without compromising 

cell viability, thus allowing neutrophils to mediate ‘conventional’ host defence functions. 

Whilst the concept of a cell functioning without a nucleus is controversial, examples of this 

phenomenon exist. Early investigations described anuclear granulocytes that retained degrees of 

cellular functionality. These anuclear and granular-free granulocytes were termed cytoplasts or 

cytokineplasts (Malawista and De Boisfleury Chevance, 1982, Dyett et al., 1985). Cytoplasts 

were found to migrate towards fMLP (Dyett et al., 1985, Huang et al., 1991), as well as 

adhering and transmigrating across endothelial monolayers (Huang et al., 1991). Cytoplasts 

have also been suggested to migrate to inflammatory sites in vivo (Malawista et al., 2006). As 
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the majority of this work was conducted before the recognition of NETs, these observations 

may represent neutrophils following vital NETosis. Whilst cytoplasts may be controversial, red 

blood cells (RBCs) and platelets are accepted examples of functional anucleate cells, 

demonstrating the capability of cells to function in the absence of a nucleus. 

More recent work also provides evidence to support vital NETosis. LPS-stimulated 

neutrophils have been shown to produce NETs but restrict intracellular access of SYTOX® 

Green (Clark et al., 2007). SYTOX® Green is a high-affinity nucleic acid stain that penetrates 

cells with compromised plasma membranes but cannot permeate live cells. This observation 

indicates that neutrophils cell membranes remain intact following LPS-induced NETosis.  

Similar observations were reported in granulocyte/macrophage colony-stimulating 

factor (GM-CSF) primed neutrophils stimulated with LPS or C5a (Yousefi et al., 2009). 

Interestingly, the authors found that NETs were composed of mitochondrial DNA and not 

nuclear chromatin. Moreover, stimulated neutrophil did not uptake ethidium bromide, indicating 

that the cells were not dead. These results suggest that GM-CSF primed neutrophils produce 

NETs with mitochondrial DNA, which does not compromise cell viability. In a further study, 

PMA primed neutrophils co-cultured with Staphylococcus aureus rapidly released NETs via 

vesicular exportation, which also maintained cell integrity (Pilsczek et al., 2010).  

 NETosis has been observed in vivo following culture with S. aureus and Streptococcus 

pyogenes (Yipp et al., 2012). Both toll-like receptor (TLR)-2 and complement C3 knockout 

mice were resistant to S. aureus- and S. pyogenes-induced NETosis, implicating a TLR-2 and 

complement C3-dependent mechanism. Following NETosis, the anuclear neutrophils displayed 

a novel crawling phenotype (Yipp et al., 2012), supporting vital NETosis. Candida albicans 

was also found to induce vital NETosis, which was independent of ROS generation, but 

required Mac-1 engagement and signalled via the mitogen-activated protein kinase/extracellular 

signal-regulated kinase (MAPK/ERK) pathway (Byrd et al., 2013).  
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1.4.3.2 Suicidal NETosis 
 

Suicidal NETosis is a form of neutrophil cell death, arising from the sequential 

progression of chromatin decondensation and cytoplasmic localisation of DNA to cell 

membrane perforation and externalisation of NETs. Early investigations provide evidence 

consistent with suicidal NETosis. PMA stimulation of neutrophils, but not lymphocytes, was 

found to induce ROS-dependent cell death (Tsan, 1980). PMA stimulation also decreases 

neutrophil size and granularity (Esaguy et al., 1991). Microscopic analysis also highlighted 

numerous empty vesicles, smoothing of cell surfaces, a decrease in cytoplasmic compactness 

and some cytological features of cell death (Esaguy et al., 1991), suggesting that PMA-induced 

NETosis results in neutrophil cell death. 

Pilsczek et al. noted that whilst NETs were released without compromising neutrophil 

viability in their model, at later time points there was disruption of the nuclear membrane 

(Pilsczek et al., 2010). Following stimulation for an hour, nuclear envelope rupture and 

cytoplasmic DNA were observed, which was hypothesised to be the beginnings of lytic cell 

death and suicidal NETosis, however this finding was not further explored. This observation 

may suggest that there is a signalling overlap in the pathways regulating both forms of NETosis.  

 
1.4.4 Mechanisms underlying neutrophil extracellular trap formation 
	  

Since the identification of NETs, substantial work has been conducted to determine the 

mechanisms underpinning their generation. This section will explore how neutrophil integrins 

contribute to NETosis, evaluate the cell signalling pathways implicated in NETosis and discuss 

the key molecular mechanisms involved during NET generation    

 
1.4.4.1 Integrin involvement in neutrophil extracellular trap formation 
 

Integrin engagement is thought to be crucial in initiating NETosis, however limited 

work has been conducted to further dissect their precise contribution. Several groups have 

shown that Mac-1 blockade suppresses NETosis (Neeli et al., 2009, Raftery et al., 2014, 

Rossaint et al., 2014, Yalavarthi et al., 2015). Inhibition of the β1 integrins, in particular VLA-3 

(CD49c/CD29; α3β1) and VLA-5, has been shown to suppress neutrophil ROS generation 
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(Lavigne et al., 2007). Another group found that pan-β1 integrin blockade suppressed NETosis 

(Gillenius and Urban, 2015), suggesting that the β1 integrins may also regulate NET production. 

 Interestingly, recent work has proposed a novel mechanism of NETosis that focuses on 

the contribution of L-selectin (Mohanty et al., 2015). Mohanty et al. found that NETosis could 

be induced by saliva and identified the presence of NETs within the oral cavity. Saliva-induced 

NETosis was rapid and did not require ROS generation and had reduced contributions of NE 

and NADPH compared to ‘conventional’ NETosis (Mohanty et al., 2015). Molecular dissection 

found that saliva-induced NETosis is mediated by L-selectin-dependent signalling, induced by 

interactions with mucins containing sLeX residues. The authors also found that saliva-induced 

NETosis was deficient in patients with Behçets disease, an inflammatory condition 

characterised by recurrent oral ulcers, suggesting that L-selectin-mediated signalling may 

represent a novel mechanism important to mucosal immunity. Moreover, blockade of PSGL-1 

in mice has also been shown to suppress NETosis (Etulain et al., 2015), suggesting that PSGL-1 

may also provide neutrophils with the stimulatory signals to induce NETosis. These recent 

observations demonstrate the complexity of the interactions and signalling involved in 

neutrophil biology and the induction of NETosis. 

 
1.4.4.2 Cell signalling transduction in neutrophil extracellular trap formation 
 

Limited work has addressed the signalling pathways involved in NETosis, which can be 

found summarised at the end of section in Figure 1.9. There are conflicting results regarding 

mammalian target of rapamycin (mTOR) involvement. McInturff et al. report that mTOR 

enhances NETosis through post-transcriptional regulation of hypoxia-inducible factor (HIF)-1α 

(McInturff et al., 2012). Inhibition of mTOR, HIF-1α, or both, reduced NETosis; thus 

demonstrating a role for mTOR and HIF-1α in the regulation of NETosis. In contrast, Itakura 

and McCarty propose that mTOR inhibits NETosis by suppressing autophagy (Itakura and 

McCarty, 2013). Autophagy is a process that mediates protein homeostasis by regulating 

intracellular protein turnover (Ravikumar et al., 2010). A feature of autophagy is the formation 

of autophagosomes that fuse with lysosomes to degrade proteins. Itakura and McCarty found 
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mTOR inhibition increased both autophagosome formation and NETosis (Itakura and McCarty, 

2013).  

Discrepant findings may be explained by the differing experimental stimuli, leading to 

activation of two different mTOR complexes (mTORC): mTORC1 and mTORC2. McInturff et 

al. stimulated neutrophils with LPS, binding TLR-4 and activating nuclear factor (NF)-κΒ, 

which is known to promote HIF-1α signalling. Hypoxia has been shown to activate tumor 

suppressor complex 1/2 (TSC1/2) (DeYoung et al., 2008). It is therefore possible that HIF-1α 

can activate TSC1/2, leading to the activation of mTORC2 whilst supressing mTORC1 (Huang 

et al., 2008). Activation of mTORC2 activates protein kinase B (PKB, also referred to as Akt), 

which subsequently activates NF-κΒ and HIF-1α. There is also evidence to suggest that LPS 

can bind TLR-2 (Yang et al., 1998b, Takeuchi et al., 1999, Sabroe et al., 2002, Good et al., 

2012). LPS could therefore activate phosphatidylinositol-3-kinase (PI3K) and Akt, which 

suppresses TSC1/2 and promotes mTORC1 activity. Inhibition of either HIF-1α or mTORC1 

would therefore inhibit NETosis, as observed by McInturff and colleagues. 

In contrast, Itakura and McCarty used fMLP, which stimulates the Ras-Raf pathway 

and activates ERK (Worthen et al., 1994). Stimulation of ERK leads to the activation of RSK, 

which suppresses TSC1/2 and enhances mTORC1 activity. Reports have found that fMLP 

increases intracellular calcium concentrations and stimulate PKC (Carter et al., 1989, O'Flaherty 

et al., 1990). PKC activation initiates ROS generation, a prerequisite for NETosis, which has 

also been linked to autophagy. Therefore, mTORC1 may reduce NETosis by suppressing 

autophagy signals induced by fMLP stimulation. 

Screening of small molecule inhibitors found a Raf inhibitor was a potent suppressor of 

NETosis (Hakkim et al., 2011), implicating the MAPK/ERK pathway. As mTORC1 is activated 

by ERK and Raf inhibition reduces NET release, observations by Hakkim et al. suggest that 

mTORC1 promotes NETosis. Recent reports found Akt inhibition reduced PMA-induced 

NETosis, implicating the PI3K-Akt pathway (Douda et al., 2014). Akt inhibition would also 

suppress mTORC1, suggesting mTORC1 promotes PMA-induced NETosis. 
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Autophagy-related signalling has been implicated in NETosis. PI3K signalling regulates 

autophagy in neutrophils, with PI3K inhibition disrupting autophagosome production (Mitroulis 

et al., 2010). Examination of neutrophils from patients with acute gout and healthy controls 

(HCs), found that PI3K inhibition reduced both autophagosome-lysosome fusion and NETosis 

(Mitroulis et al., 2011). Microtubule-associated protein light chain 3 (LC3), a marker for 

autophagy, has been reported in PMA-stimulated neutrophils (Remijsen et al., 2011b). This 

group also found that superoxide generation and autophagy were required to generate NETs, 

with inhibition of ROS production or autophagy reducing NETosis (Remijsen et al., 2011b). 

Inhibition of p38 MAPK has also been shown to reduce NETosis in PMA-stimulated 

neutrophils (Riyapa et al., 2012). Studies have found that PMA-induced NETosis is mediated by 

the ROS-dependent activation of p38 MAPK and ERK (Keshari et al., 2013). NETosis induced 

by ICs has been shown to require both FcγRIIIB and Mac-1, which activate SFK and Syk 

(Behnen et al., 2014). Activation of these tyrosine kinases is known to regulate the PI3K/Akt, 

MAPK/ERK and p38 MAPK pathways. Figure 1.9 illustrates how these cell signalling 

pathways may interact. 

 
1.4.4.3 Molecular mechanisms of neutrophil extracellular trap formation 

 
Regarding the molecular mechanisms of NETosis, peptidyl arginine deiminase (PAD)-4 

has been shown to translocate to the nucleus, where it citrullinates histones (Nakashima et al., 

2002, Wang et al., 2004). Neutrophils isolated from PAD-4 knockout mice fail to produce 

NETs, which supports a PAD-4-dependent mechanism (Li et al., 2010a). Defective bacterial 

killing and increased susceptibility to sepsis following Klebsiella pneumoniae or Escherichia 

coli infection were reported in NE knockout mice (Belaaouaj et al., 1998). Increased 

susceptibility to infection was also reported in NE and cathespin G knockout mice following 

infection with Aspergillus fumigatus spores (Tkalcevic et al., 2000). Following the 

establishment of NETosis as an antimicrobial response, Papayannaopoulos et al. demonstrated 

that NE knockout mice failed to produce NETs (Papayannopoulos et al., 2010). Defective C. 

albicans killing was also observed in neutrophils isolated from MPO-deficient mice compared  
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Figure 1.9: NETosis is regulated by PI3K/Akt, MAPK/ERK, mTOR and p38 MAPK 

signalling. Depicted are the signalling pathways implicated in NETosis. Green arrows represent 

activation signals, with solid lines being through known mechanism and dashed lines via unknown 

mechanisms. Red lines indicate suppressive signals. Abbreviations: Akt, protein kinase B; ERK, 

extracellular signal-related kinase; fMLP, N-formyl-methionine-leucyl-phenylalanine; HIF-1α, 

hypoxia inducible factor-1α; LPS, lipopolysaccharide; MAPK, mitogen-activated protein kinase; 

MEK, MAPK/ERK kinase; mTORC, mammalian target of rapamycin complex; NF-κB, nuclear 

factor κB; PI3K, phosphoinositide 3-kinase; PKC, protein kinase C; PMA, phorbol 12-myristate 13-

acetate; Rheb, Ras homolog enriched in brain; RSK, ribosomal S6 kinase; S6K, S6 kinase; TLR, 

toll-like receptor; TSC, tumor suppressor complex. 
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to control (Aratani et al., 1999). Similar findings have been reported in humans, with MPO-

deficient patients exhibiting delayed NETosis and neutrophils isolated from patients with a 

complete absence of MPO expression unable to produce NETs (Metzler et al., 2011).  

Given these observations, NE and MPO are believed to be important in NETosis. 

Neutrophil extracts can promote in vitro chromatin decondensation (Papayannopoulos et al., 

2010). NE was found to be both necessary and sufficient to degrade histones, whilst MPO could 

synergise with NE to enhance in vitro chromatin decondensation (Papayannopoulos et al., 

2010). Papayannopoulos and colleagues therefore proposed that NE translocates to the nucleus 

first and begins to digest histones, with MPO subsequently trafficking to the nucleus and 

synergising with NE to enhance chromatin decondensation. 

Papayannopoulos and colleagues subsequently examined NETosis in response to C. 

albicans, reporting impaired NETosis when hyphae morphology was disrupted (Branzk et al., 

2014). Whilst wild-type hyphae induced NETosis, fragmented hyphae induced lower levels of 

NET release and promoted phagocytosis, suggesting neutrophils could modulate responses 

based on pathogen size. Phagocytosis inhibited NETosis by sequestering NE to phagosomes 

(Branzk et al., 2014). Therefore, an intracellular balance of NE and MPO may regulate 

NETosis. In this molecular model, when neutrophils encounter smaller pathogens and undergo 

phagocytosis, NE and MPO are trafficked to the phagosome and not the nucleus. If neutrophils 

encounter larger microbes that cannot be engulfed, there is a shift to nuclear localisation of both 

NE and MPO, where they facilitate nuclear decondensation and the generation of NETs. 

 In conclusion, integrin engagement, in particular the β1 and β2 integrins are thought to 

promote NETosis, however the precise signalling pathways are unknown. More recent work has 

also implicated selectin-mediated signalling, which further complicates the signalling pathways 

regulating NET generation. Various groups have presented evidence to support MAPK/ERK, 

PI3K/Akt, mTOR and p38 MAPK signalling pathways as regulators of NETosis. There is likely 

to be a fine balance between these signalling pathways in vivo, which determine the degree of 

ROS-dependency and whether neutrophils undergo vital or suicidal NETosis.  
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1.5 Disorders of immune regulation in autoimmune rheumatic disease 
	  

Autoimmunity arises when the immune system fails to recognise constituents of the 

host organism as ‘self’, in a process referred to as ‘loss of tolerance’, resulting in an immune 

response against self-antigens. Autoimmune diseases can be divided into either organ-specific 

or systemic diseases. Organ-specific autoimmunity is directed against a single organ or cell 

type, examples of which include Addison’s disease, Hashimoto’s thyroiditis, insulin-dependent 

diabetes mellitus and myasthenia gravis. In contrast, systemic autoimmune diseases target a 

broad range of tissues and can affect multiple organs. Autoimmune rheumatic disease (ARD) is 

a term used to describe a group of systemic autoimmune disorders associated with substantial 

morbidity and mortality, generally characterised by dysregulation of the immune system and the 

presence of circulating autoantibodies Three ARDs will be explored in this thesis: rheumatoid 

arthritis (RA), systemic lupus erythematosus (SLE) and antiphospholipid syndrome (APS). 

Neutrophil dysfunction and aberrant NETosis have been described in all three of these ARDs, 

which will be discussed in section 1.6.	  

 
1.5.1 Rheumatoid arthritis  
	  	  

RA is a chronic inflammatory autoimmune disease, which affects more women than 

men, and is characterised by the progressive destruction of synovial joints. Patients typically 

have circulating autoantibodies, which contribute to disease pathology. Multiple immune cells 

also contribute to the immunopathology underpinning RA. 	  

 
1.5.1.1 Aetiology of rheumatoid arthritis  
 

Recent reports estimate RA to affect between 18-32 men per 100,000 and 44-65 women 

per 100,000 in the UK (Humphreys et al., 2013). Early studies identified a class of 

autoantibodies termed rheumatoid factor (RhF), which bound the Fc portion of IgG and forms 

ICs, in RA patients (Rose et al., 1948). RhF was found to be 75% sensitive and 74% specific for 

RA (Bas et al., 2002). In contrast, autoantibodies recognising citrullinated antigens, anti-

citrullinated protein antibodies (ACPA) (Schellekens et al., 1998), are highly specific for RA 
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(Schellekens et al., 2000, Vincent et al., 2002). Whilst ACPA are only 68% sensitive for RA, 

comparative analysis found ACPA to be 94% specific (Bas et al., 2002). ACPA can be detected 

many years prior to disease onset (van der Woude et al., 2010), making them a powerful 

diagnostic tool.  	  

There is a complex interplay between genetic and environmental risk factors in RA. The 

human leukocyte antigen (HLA)-DR, a class II MHC molecule, is the strongest genetic 

determinant of RA. A strong association between the presence of a particular ACPA and HLA-

DRB1*04 has been demonstrated, with HLA-DRB1*04 expressing the shared epitope motif 

found in 60-70% of patients (Gorman et al., 2004). Higher ACPA titres have been seen in 

patients with the non-shared epitope HLA-DRB1*15 allele, in particular among smokers with 

RA (Laki et al., 2012). An association with HLA-DR3 has been reported in ACPA negative RA 

patients (Verpoort et al., 2005). These reports highlight the complex relationship between HLA 

haplotype and RA. 	  

Genome-wide association studies have implicated polymorphisms in PADI4, the gene 

encoding PAD-4, with an increased risk of RA in several Asian populations (Kang et al., 2006, 

Cheng et al., 2012, Suzuki et al., 2013). Some studies show that this association exists in some 

Caucasian communities (Iwamoto et al., 2006, Hoppe et al., 2006), however other reports have 

failed to replicate this association (Barton et al., 2004, Martinez et al., 2005, Caponi et al., 2005, 

Burr et al., 2010). Polymorphisms in the PTPN22 gene, which regulates B and T cell activation 

thresholds, are also associated with RA pathology (Plenge et al., 2005, Hinks et al., 2005), with 

mutations rendering lymphocytes hyperactive. 	  

Environmental factors, such as smoking, are also linked to the initiation of RA, as 

demonstrated by the aforementioned association between the non-shared epitope HLA-

DRB1*15 allele and RA smokers. In addition, PAD-2 expression is significantly increased in 

cells derived from the bronchoalveolar lavage (BAL) of smokers compared to non-smokers 

(Makrygiannakis et al., 2008), which is thought to increase citrullinated autoantigens within the 

pulmonary vasculature. Further investigations have implicated mucosal inflammation and the 

microbiome as extra-articular triggers of RA (Farquharson et al., 2012, Brusca et al., 2014). 	  
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To conclude, the initiation and progression of RA is dependent on a complex interplay 

between genetic predisposition and environmental factors. Growing evidence suggests that 

mucosal inflammation may contribute to the initiation of RA, however the precise mechanism 

underlying loss of tolerance remains unclear.	  

 
1.5.1.2 Clinical features of rheumatoid arthritis  
	  

RA patients typically present with symmetrical peripheral polyarthropathy affecting 

synovial joints. Synovitis of the hands and feet are common early features of RA. With disease 

progression, additional joints including the knees, hips, shoulders, elbows and spine are 

affected. Joint involvement is progressive, with synovial inflammation leading to thinning of 

cartilage, erosion of bone, and formation of an abnormal layer of fibrovascular tissue called the 

pannus. 	  

To ensure consistency amongst international groups conducting research into RA, the 

American College of Rheumatology (ACR) and European League Against Rheumatism 

(EULAR) devised RA classification criteria. The most recent revision of these criteria was in 

2010 (Aletaha et al., 2010). Clinicians often refer to these research criteria to aid diagnosis of 

RA in clinical practice. These classification criteria can be grouped into 4 main categories: joint 

involvement, serology, acute-phase reactants and symptom duration. Joint involvement refers to 

the presence of tender or swollen joints on examination, taking into consideration the size and 

number of affected joints. Serologic tests determine the presence of RhF and ACPA. C-reactive 

protein (CRP) levels and erythrocyte sedimentation rate (ESR) are measured to assess levels of 

inflammation. The duration of symptoms is also considered, with symptoms lasting for more 

than 6 weeks being required for diagnosis As well as aiding diagnosis, several of these 

parameters are also included in the disease activity score (DAS)28, which is derived from 

examination of 28 joints for tenderness and swelling, measurement of ESR and global health 

score (Figure 1.10). This score is routinely used in clinical practice to evaluate disease activity 

and guide treatment. 
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Figure 1.10: Formula for calculation of DAS28. Clinical assessment of RA relies on the 

assessment of tenderness or swollenness of 28 joints. These joints are marked in green in the 

above diagram. DAS28 is then calculated by considering joint involvement, with ESR or 

CRP and a global assessment of health. Skeletal image was adapted from the Arthritis 

Research UK website. 

DAS28 Calculations 

0.56 ! + 0.28 ! + 0.7 ln !"# + 0.014! 

or 

0.56 ! + 0.28 ! + 0.36 ln !"# + 1 + 0.014! + 0.96   

Clinical Variable Value 

Tender Joint Count (0-28) x 

Swollen Joint Count (0-28) y 

ESR (mm/hr) 
or 

CRP (mg/L) 

ESR 
or 

CRP 

Global Assessment of Health Score z 
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Whilst RA is typically characterised by articular features, extra-articular manifestations 

are also important. UK cross-sectional studies report an increase in mortality associated with 

cardiovascular disease, pulmonary complications and solid tumours in RA patients (Young et 

al., 2007, Olson et al., 2011). RA patients are at increased risk of atherosclerosis and heart 

disease (Wallberg-Jonsson et al., 1999, Riise et al., 2001, Goodson and Symmons, 2002, Nicola 

et al., 2006, Cojocaru et al., 2010). Pulmonary manifestations are increasingly recognised, with 

estimates of both preclinical and clinical RA-associated interstitial lung disease (ILD) ranging 

between 10-30% (Cortet et al., 1995, Gabbay et al., 1997, Demir et al., 1999, Tanaka et al., 

2004, Ayhan-Ardic et al., 2006, Mori et al., 2008, Georgiadis et al., 2009, Kim et al., 2010). A 

study following 1429 RA patients across England for up to 18 years, reported similar findings to 

previous population-based studies, with 31% of deaths attributed to cardiovascular disease and 

22% of deaths due to respiratory complications (Young et al., 2007). In addition, further 

analysis of this study found 32% of patients presenting with rheumatoid nodules on the skin, 3% 

with vasculitis and 1% with neuromyopathy (Young and Koduri, 2007). 	  

 
1.5.1.3 Immunopathology of rheumatoid arthritis  
	  

B and T cell dysregulation, proinflammatory cytokine production and autoantibody 

generation are key features of RA immunopathology. RA was largely considered a lymphocyte-

mediated disorder, therefore extensive work has examined the contribution of adaptive 

immunity to RA pathology. The contribution of innate immune cells is being increasingly 

recognised in RA pathogenesis. Given the importance to this thesis, the relevance of neutrophils 

will be discussed in greater detail in section 1.6.1. 

The earliest event in RA pathology is believed to be activation of the innate immune 

response, in particular DCs (Smolen and Steiner, 2003, Smolen et al., 2007). Studies have found 

DCs to be elevated in the synovial fluid (SF) of RA patients compared to peripheral blood 

(Moret et al., 2013), suggesting DCs may migrate to the synovium and facilitate T cell 

activation. 
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Whilst substantial evidence supports T cell involvement in RA, direct targeting of T 

cells has limited efficacy in treatment (Panayi, 2006), suggesting a more complex pathological 

mechanism. Activated CD4+ T cells are a major cell type within the RA pannus (Panayi et al., 

1992). Phenotypic analysis of synovial T cells found a large subpopulation of CD45RO+ T cells, 

indicative of mature memory T cells, which can stimulate B cells to produce antibodies (Panayi 

et al., 1992).  

Th1 cells have conventionally been considered to drive RA pathology, however there is 

growing interest in the involvement of Th17 cells. Th17 cells secrete proinflammatory 

mediators that can suppress Treg generation (Chabaud et al., 1998, Miossec et al., 2009). 

Elevated Th17 and reduced Treg differentiation have been described in RA patients, which 

promote inflammatory cell phenotypes (Miao et al., 2014). Inflammatory monocyte-derived 

DCs enhance Th17 cell generation through the secretion of cytokines such as IL-1β, IL-6 and 

IL-23 (Estrada-Capetillo et al., 2013). In addition, Tregs isolated from RA patients have limited 

suppressive activity (Behrens et al., 2007, Cribbs et al., 2014), which is attributed to low 

expression of cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) (Cribbs et al., 2014). This 

reduced Treg population, with defective suppressive capability, fails to suppress autoreactive T 

cells (Rapetti et al., 2015). 

Other cells types have also been implicated in RA pathology. NKT cells have been 

identified in RA patients (Aggarwal et al., 2014), however their contribution to pathology is 

unclear, as evidence suggests a reduced proliferative capacity (Gutowska-Owsiak et al., 2014). 

CD4+CD8+ double positive T cells are more abundant in ACPA positive RA patients, which 

secrete IL-4, IL-21 and interferon (IFN)-γ in the synovium (Quandt et al., 2014), thus 

contributing to the proinflammatory cytokine milieu. 

B cells are also found in RA synovium, where they form aggregates with T cells. The 

efficacy of rituximab, which selectively depletes CD20+ B cells, supports B cell involvement in 

RA (Edwards et al., 2004). B cells contribute to RA pathology not only through antigen 

presentation, but also by producing autoantibodies (Smolen et al., 2007). Autoantibodies form 

ICs that stimulate the production of proinflammatory cytokines (Smolen et al., 2007), which 
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promote T cell, B cell and macrophage activation (Smolen and Steiner, 2003, Smolen et al., 

2007). There are reduced numbers of Bregs in RA patients, which inversely correlate with both 

DAS28 scores and levels of RhF and ACPA (Daien et al., 2014). Moreover, the number of 

Bregs positively correlates with Treg numbers in new-onset RA patients, leading to the 

hypothesis that Bregs support Treg differentiation via IL-10 secretion (Ma et al., 2014). 

Macrophages also contribute to synovitis through a combination of proinflammatory 

cytokine production, ROS generation, release of matrix-degrading enzymes, phagocytosis and 

antigen presentation (Haringman et al., 2005). Macrophages therefore contribute to the 

proinflammatory synovial environment, whilst supporting the differentiation and activation of B 

cells and T cells. Macrophage-derived cytokines also drive fibroblast-like synoviocyte (FLS) 

proliferation and activation, whilst the release of ROS induces chondrocyte apoptosis, both of 

which facilitate cartilage erosion. Proinflammatory cytokine secretion amplifies osteoclast 

differentiation and activation (Schett and Teitelbaum, 2009), which promotes bone destruction.  

The immunopathology of RA is complex with numerous cellular interactions crossing 

both innate and adaptive immunity. Abnormal cellular activation and the promotion of 

proinflammatory cell subsets results in the production and maintenance of a proinflammatory 

environment that supports the destruction of cartilage and bone. 

 
1.5.1.4 Current treatment for rheumatoid arthritis  
	  

Patients are regularly assessed to monitor disease activity and response to therapy. 

Assessment is comprised of two components: clinical assessment of disease activity and blood 

tests for inflammatory markers and evidence of toxicity. Clinical assessment of disease activity 

is made using the DAS28 (Figure 1.10) (Wells et al., 2009), which not only monitors disease 

activity but also defines eligibility for biological therapy. Laboratory tests normally include 

inflammatory markers such as CRP and ESR to gauge systemic inflammation, as well as full 

blood count, renal and liver function to assess for disease complications and toxicity of 

treatment. DAS28 scores of 2.6 or below indicate disease remission, a score between 2.6-3.2 
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implies low disease activity, whilst a value of 3.2-5.1 is classified as moderate disease activity 

and a DAS28 score of 5.1 or higher indicates high disease activity.  

RA management is achieved through both medical and non-medical therapy. Prompt 

diagnosis is essential to reduce permanent joint damage and patients benefit from the	  specialist 

input of a team within a rheumatology unit (including doctors, nurses, physiotherapists, 

podiatrists and psychologists), as well as information from leaflets, websites and local patient 

groups. Drug therapy includes: analgesics; non-steroidal anti-inflammatory drugs (NSAIDs); 

glucocorticoids; disease-modifying anti-rheumatic drugs (DMARDs); and biologics. Analgesics 

do not alter disease progression nor reduce inflammation but are used to ease pain.   

NSAIDs are used to relieve inflammation, pain and stiffness but do not slow the 

progression of RA. This group of drugs can be categorised based upon their ability to inhibit 

cyclooxygenase (COX)-1 and/or -2 into traditional non-selective NSAIDs, such as ibuprofen, 

naproxen and diclofenac, and COX-2-selective inhibitors, including celecoxib and etoricoxib. 

NSAID treatment has been associated with an increased risk of cardiovascular and 

gastrointestinal complications (Ong et al., 2007), so patients are evaluated to determine the most 

appropriate NSAID treatment. For additional pain relief, paracetamol and co-codamol are 

commonly prescribed analgesics.  

Glucocorticoids are ideally given on a short-term basis to reduce pain, stiffness and 

swelling in patients who have yet to start, or are failing to respond to, DMARDs. Prednisolone 

is a commonly prescribed glucocorticoid. Pain relief varies between patients and often depends 

on disease severity. The mainstay however, of long-term therapy is the use of multiple 

DMARDs as combination therapy, started early in the disease, to	  reduce inflammation and help 

prevent further joint damage. Methotrexate, hydroxychloroquine (HCQ) and sulfasalazine are 

commonly prescribed DMARDs, which require regular monitoring for side effects and efficacy.  

Biological therapies are routinely used as second line agents to treat RA. In the UK, 

biologics are given to patients who have failed to respond to at least two different DMARDs, 

one of which should be methotrexate unless contraindication, and have a DAS28 score of 5.1 or 

higher on two separate occasions one month apart. Biological treatments are usually 
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monoclonal antibodies or fusion proteins, which modulate the immune system by targeting the 

cytokines or cells that contribute to RA pathology. Biologics prescribed in RA can deplete 

peripheral CD20+ B cells (rituximab), block IL-6 signalling (tocilizumab), suppress T cells 

activation (abatacept) or inhibit tumour necrosis factor (TNF)-α signalling (infliximab, 

etanercept, adalimumab, certolizumab pegol and golimumab). First line biological treatment is 

anti-TNF-α therapy, however if unsuccessful other therapies may be prescribed. Biological 

therapy is commonly given in combination with DMARDs, such as methotrexate, with the goal 

to treat-to-target to induce remission and suppress disease activity. 

	  
1.5.2 Systemic lupus erythematosus 
	  

SLE is an ARD with a wide range of clinical features and a predilection for women and 

certain ethnic groups (Rahman and Isenberg, 2008). SLE patients commonly have circulating 

autoantibodies that contribute to SLE pathology, which can affect several organ systems. In 

addition, multiple immune cells have been shown to be important to the immunopathology 

underlying SLE.  

 
1.5.2.1 Aetiology of systemic lupus erythematosus    
 

The prevalence of SLE in the UK varies by ethnicity and is estimated to be 134 cases 

per 100,000 amongst Caucasian women, rising to 516 cases per 100,000 amongst Afro-

Caribbean women (Rees et al., 2016). SLE is characterised by the dysregulation of both innate 

and adaptive immunity, with immune manifestations including defects in apoptotic cell 

clearance, disturbances in cytokine production, B cell immunity and T cell signalling. SLE is a 

multifactorial disease, arising from various genetic, environmental and hormonal factors. 

The first genetic associations with SLE were made with HLA haplotypes (Grumet et al., 

1971). Genetic studies have estimated that the HLA-DRB1*1501 and HLA-DRB1*0301 alleles 

confer a 2-3 fold increased risk of developing SLE in Caucasian populations (Fernando et al., 

2007, Graham et al., 2007). Deficiencies in components of the complement cascade are also 

associated with SLE (Agnello et al., 1972, Nishino et al., 1981), implicating defects in 

complement activation and opsonisation. Polymorphisms in FcγRI, FcγRIIA and FcγRIIIB have 
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been associated with both increased susceptibility to SLE and disease severity (Brown et al., 

2007). These polymorphisms alter FcγR affinity, modulating how immune cells engage with 

ICs (Salmon et al., 1996, Wu et al., 1997, Kyogoku et al., 2002, Karassa et al., 2002, Karassa et 

al., 2003, Lee et al., 2009), suggesting that defective immune recognition may contribute to 

pathology. Mutations in ITGAM, the gene encoding the αM integrin subunit, have been strongly 

associated with SLE. This mutation will be discussed in greater detail in section 1.7.2. Whilst 

these genes are examples of some genetic factors underlying SLE pathology, many other genes 

have been implicated, including those involved in lymphocyte signalling (BANK1, CD80, CSK, 

IL10, SLK, STAT4), innate immune signalling (IRAK1, IRF5, IRF7, IRF8, TLR7, TLR9, TYK2) 

and IC clearance (ATG5, DNASE1, TREX1) (Ramos et al., 2010, Mohan and Putterman, 2015). 

A common environmental factor for SLE is ultraviolet light, which can provoke a 

photosensitive rash. This effect is dose dependent and is thought to act by inducing apoptosis 

and cytokine production (Caricchio et al., 2003). Additional environmental factors that are 

implicated include cigarette smoke, infection, vitamin D deficiency, exogenous oestrogen 

uptake, conventional drugs, biological agents, and pesticides (Zandman-Goddard et al., 2012).  

Given the gender bias towards women, female sex hormones are thought to contribute 

to SLE aetiology and pathophysiology (Straub et al., 2013). In humans, oestrogen metabolites 

are thought to enhance humoral immune responses (Cutolo et al., 2010). Early studies found 

abnormal oestrogen metabolism in SLE patients of both sexes (Lahita et al., 1983, Sequeira et 

al., 1993, Mok and Lau, 2000). Furthermore, antibodies targeting oestrogen receptor (ER)-α 

were identified in 45% of an Italian SLE cohort but not in HCs (Colasanti et al., 2012), which 

induced T cell activation and subsequently apoptosis. In addition, anti-ER-α antibodies were 

shown to drive proliferation of CD3-stimulated T cells (Colasanti et al., 2012), which was 

proposed as a mechanism that promotes autoreactive T cell expansion.  

 
1.5.2.2 Clinical features of systemic lupus erythematosus    
	  

Given the multi-systemic nature of SLE, patients can present with a broad range of 

clinical symptoms. The largest prospective lupus cohort, the Euro-Lupus cohort, consists of 
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1000 patients followed since 1991 (Cervera et al., 2009c) and has documented the following 

disease manifestations in patients: arthritis in 48.1%; malar rash in 31.1%; nephropathy in 

27.9%; photosensitivity in 22.9%; neurologic involvement in 19.4% (including acute 

confusional state, aseptic meningitis, cerebrovascular disease, cognitive dysfunction, cranial 

neuropathy, demyelinating syndrome, headache, myelopathy, polyneuropathy and seizure); 

thrombocytopenia in 13.4%; oral ulcers in 12.5%; discoid lesions in 7.8%; and haemolytic 

anaemia in 4.8%. 

Frequencies of clinical manifestations vary between published cohorts, most likely due 

to ethnic differences. For example, Asian SLE patients have higher frequencies of skin and 

renal involvement, with 76.1% of patients having malar rash and 74% diagnosed with 

nephropathy (Wang et al., 1997). A greater prevalence of arthritis (88.1%), photosensitivity 

(60.2%) and oral ulcers (52.8%) have also been reported in an American SLE cohort (Alarcon et 

al., 2002). 

Several indices exist to measure disease activity in SLE, each of which assigns scores 

based on the extent of organ involvement and clinical manifestations, alongside laboratory-

based investigations. The disease activity index used will depend on the country in which 

patients are diagnosed and managed (Nuttall and Isenberg, 2013).	  

	  
1.5.2.3 Immunopathology of systemic lupus erythematosus    
	  

Immune cell dysregulation is central to SLE pathology, affecting both innate and 

adaptive immune cells, culminating in the activation of polyclonal B cells, increased number of 

plasma cells, hypergammaglobulinaemia and IC formation. Given the relevance to this thesis, 

neutrophil involvement in SLE will be discussed in section 1.6.2. 

SLE patients have greater populations of activated polyclonal peripheral B cells 

compared to controls (Klinman et al., 1991). Studies have found a shift towards an immature B 

cell phenotype that is independent of disease activity (Dorner et al., 2011). Moreover, raised 

levels of CD27+IgD- peripheral memory B cells have been identified in SLE patients and these 

cells are less susceptible to immunosuppression (Dorner et al., 2011). This increase in 
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CD27+IgD- peripheral memory B cells is also associated with higher disease activity and lupus 

nephritis (Dorner et al., 2011). Reports also suggest that SLE B cells are more sensitive to 

cytokine stimulation (Linker-Israeli et al., 1991), display abnormal receptor-mediated signalling 

(Liossis et al., 1996) and have a greater propensity to undergo epitope spreading (Monneaux 

and Muller, 2002). Defective Breg activity has also been reported in SLE, with a population of 

IL-10 secreting Bregs identified that lack suppressive functionality within in vitro assays (Blair 

et al., 2010). 

Aberrant T cell activation has also been linked to SLE pathology, with reports 

documenting abnormal TCR signalling and T cell hyper-responsiveness. Decreased expression 

of the TCRζ chain has been observed in SLE patients (Takeuchi et al., 2012), however studies 

have found that SLE T cells can replace TCRζ with the more potent FcγR (Kyttaris and Tsokos, 

2011). Studies also report impaired CTLA-4 function in SLE patients (Jury et al., 2010). 

Normally, CTLA-4 activates the tyrosine phosphatase SHP-2, which inactivates TCRζ and 

disrupts TCR signalling (Lee et al., 1998). Due to the combination of decreased TCRζ 

expression and impaired CTLA-4 function, this pathway is impaired in SLE patients.  

Impaired TCRζ signalling has been suggested to interfere with thymic T cell selection 

and promote the release of autoreactive T cells into the periphery (Tanaka et al., 2010). 

Abnormalities in other signalling molecules have been reported, including Ras, Syk and ERK 

(Cedeno et al., 2003, Krishnan et al., 2008, Tanaka et al., 2010), which contribute to T cell 

anergy (Yi et al., 2000). SLE CD4+ T cells overexpress the αL integrin subunit, perforin 1 and 

CD70 (Balada et al., 2014), however the significance of this overexpression is unclear, but may 

contribute to pathogenesis through increased cellular interactions and co-stimulatory signals. It 

is important to note that other signalling molecules and pathways, including PKC and mTOR, 

are abnormal in SLE T cells (Moulton and Tsokos, 2011). 

Th17 cells also contribute to SLE pathology, with high levels of Th17 cells and IL-17 

found in both mouse models and patients (Wong et al., 2000, Hsu et al., 2008). For example, in 

the BXD2 mouse, which displays a lupus-like phenotype, Th17 cells contribute to the formation 

of germinal centres and autoantibody production (Hsu et al., 2008). Elevated Th17 cells and IL-
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17 have also been reported in other mouse models, where they promote renal inflammation 

(Moisan et al., 2007). Expression of signal transducer and activator of transcription 3 (STAT3), 

a transcription factor mediating Th17 development, is increased in human SLE T cells (Harada 

et al., 2007). Moreover, STAT3 inhibition in lupus prone mice has been shown to delay disease 

onset (Edwards et al., 2015), implicating Th17 cells in pathophysiology. 

The contribution of Tregs to SLE pathology remains controversial. Some groups report 

decreased Treg populations in SLE patients (Miyara et al., 2005, Bonelli et al., 2008), whilst 

others find no difference (Alvarado-Sanchez et al., 2006, Vargas-Rojas et al., 2008). Discrepant 

results may be due to differences in cell isolation techniques and Treg characterisation. Some 

studies suggest that Treg-mediated suppression is impaired in SLE patients (Alvarado-Sanchez 

et al., 2006, Valencia et al., 2007, Bonelli et al., 2008). In contrast, others studies found that 

SLE Treg function is unaffected but that autoreactive SLE T cells are less susceptible to 

suppression (Vargas-Rojas et al., 2008). Moreover, HC Tregs have been shown to suppress SLE 

effector T cells (Valencia et al., 2007), which may suggests that defective SLE Treg-mediated 

suppression contributes to SLE pathology. 

Monocytes and macrophages are also important in SLE pathology. Monocytes isolated 

from SLE patients have elevated expression of activation markers and adhesion molecules 

(Funauchi et al., 1993, Nockher et al., 1994, Egerer et al., 2000, Jin et al., 2005). Some groups 

have documented elevated CD14+CD11+ and CD14+CD16+ monocytes populations in SLE 

patients (Figueroa-Vega et al., 2006, Sullivan et al., 2007), which have increased expression of 

tissue factor (TF) (Nojima et al., 2008). There is also evidence for deregulated cytokine 

production, with SLE monocytes secreting greater levels of IL-6 and IL-10 compared to control 

(Linker-Israeli et al., 1991, Llorente et al., 1993, Llorente et al., 1994). Increased IL-6 and IL-10 

section promotes the production of anti-dsDNA autoantibodies by B cells (Llorente et al., 1995, 

Kanda et al., 1999). SLE monocytes differentiating into macrophages also exhibit elevated 

expression of genes involved in immune processes and signal transduction (Korman et al., 

2014). Elevated macrophage activation marker expression has also been identified in renal 

tissue from lupus nephritis patients (Yang et al., 1998a, Tomasoni et al., 1998, Frosch et al., 



Chapter One: Introduction 

	  
65	  

2004, Ikezumi et al., 2005). Macrophage infiltration also correlates with renal disease (Yang et 

al., 1998a). SLE macrophages display reduced phagocytosis of apoptotic cells and elevated 

production of proinflammatory cytokines (Lovgren et al., 2006, Sestak et al., 2011). Aberrant 

autophagy has been reported in splenic and renal macrophages isolated from an activated 

lymphocytes-derived DNA-induced murine lupus model, which is believed to promote the 

production of proinflammatory cytokines (Li et al., 2014). 

The precise function of NK cells in SLE is unclear. Several groups have reported 

reduced NK cell populations in SLE patients (Erkeller-Yuksel et al., 1997, Park et al., 2009, 

Huang et al., 2011a), which are associated with elevated IFN-α secretion (Huang et al., 2011a). 

Several groups have reported lower levels of NK cell inhibitory receptors in SLE patients 

(Schepis et al., 2009, Hervier et al., 2011, Puxeddu et al., 2012, Ye et al., 2014). Discrepancies 

arise when examining activating NK receptors, with some groups finding increased expression 

compared to controls (Hervier et al., 2011), whilst others report lower expression (Li et al., 

2010b, Puxeddu et al., 2012, Ye et al., 2014) and some finding no difference (Schepis et al., 

2009). Discrepant results may be attributed to variations in patient demographics, treatment 

regimens, cell characterisation and the specific receptors studied. A new class of autoantibodies 

have been identified, which target lectin-like NK cell receptors and interfere with their 

regulation (Hagberg et al., 2015), further implicating NK cell involvement in SLE. 

DCs are important to SLE pathology, with DC depletion in lupus prone mice 

ameliorating disease, reducing B and T cell expansion and suppressing autoantibody titres 

(Teichmann et al., 2010, Rowland et al., 2014). Peripheral DCs are reduced in SLE patients 

(Migita et al., 2005, Fiore et al., 2008, Tucci et al., 2008), however this reduction may be due to 

greater migration into the tissues. In support of this hypothesis, plasmacytoid DCs (pDC), a DC 

subset, have been found to be elevated in skin and renal tissues taken from SLE patients (Farkas 

et al., 2001, Blomberg et al., 2001, Fiore et al., 2008, Tucci et al., 2008). SLE pDCs have a 

reduced response to in vitro TLR-9 stimulation compared to control (Kwok et al., 2008). 

Studies have found greater expression of CD40 and CD86 in SLE pDCs, which potently induce 

T cell proliferation (Jin et al., 2010, Nie et al., 2010). Interestingly, whilst promoting effector T 
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cell expansion, SLE pDCs fail to induce Treg differentiation (Jin et al., 2010). Recent work has 

found that SLE pDCs also fail to induce Breg differentiation, but promote plasmablast 

expansion and autoantibody production (Menon et al., 2016). Circulating ICs lead to the chronic 

activation of pDCs (Barrat et al., 2005), inducing the secretion of type I IFNs (Obermoser and 

Pascual, 2010). Secreted IFN can subsequently activate other cells and drive SLE pathology.  

	  
1.5.2.4 Current treatment for systemic lupus erythematosus   
	  

SLE patients are regularly monitored, by clinical assessment of disease activity and 

measurement of laboratory tests. Laboratory tests normally include inflammatory markers, 

similar to those assessed for RA, to evaluate levels of systemic inflammation. Current 

pharmacological treatments for SLE can be divided into 4 broad groups: NSAIDs; 

glucocorticoids; immunosuppressive drugs; and biologics. Treatment strategies depend upon the 

degree of disease activity and organ involvement with NSAIDs and HCQ given to treat mild 

disease with the addition of glucocorticoids and immunosuppressive therapy, such as 

azathioprine, to treat moderate and severe disease. Increasingly, biologic drugs are considered in 

patients who fail to respond to these conventional therapies (Lisnevskaia et al., 2014). 

Patients prescribed NSAIDs are monitored for adverse effects on bowel, gastrointestinal 

and renal function (Bertsias and Boumpas, 2008). Glucocorticoids, commonly prednisolone, 

may be used to treat all features of SLE. HCQ is the most commonly prescribed 

immunomodulatory drug in SLE patients, particularly to treat arthritis, rash and fatigue. Its 

precise mechanism of action however, is unclear with HCQ being shown to block inflammatory 

pathways (Willis et al., 2012), as well as disrupting TLR-3, TLR-7 and TLR-9 signalling 

(Kuznik et al., 2011).	  

Those patients who fail to respond to conventional immunosuppressive drugs may be 

considered for biological therapy. Rituximab is the most common biologic prescribed to SLE 

patients. It is a chimeric monoclonal antibody originally developed for the treatment of B cell 

lymphomas (Grillo-Lopez et al., 1999), which targets CD20 and induces apoptosis (Eisenberg, 

2005). The National Institute for Health and Care Excellence (NICE) has also recently approved 
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belimumab, which inhibits B cells survival, for the treatment of SLE. Additional biologics are 

currently in development and subject to pre-clinical studies. These include drugs that modulate 

B cell function (epratuzumab), inhibit B cell survival (atacicept) and target plasma cells 

(bortezomib). In addition, biologic therapy can also target T cells (abatacept, ruplizumab, 

toralizumab), IFN (rontalizumab, sifalimumab), IL-6 (tocilizumab) and TNF-α (infliximab, 

etanercept) (Lisnevskaia et al., 2014). These therapies however, require further clinical studies 

to evaluate any potential benefits to patients. 

 
1.5.3 Antiphospholipid syndrome 
	  

The hallmarks of APS are recurrent thrombosis and/or pregnancy morbidity, such as 

recurrent pregnancy loss (Hughes, 1993, Cervera et al., 2002, Levine et al., 2002). The full 

clinical description of this unique form of autoantibody-induced thrombophilia was made in the 

early 1980s, reporting an association between recurrent thrombosis and pregnancy morbidity 

with the persistent presence of circulating antiphospholipid antibodies (aPL) (Hughes, 1983). 

In contrast to their name, aPL do not directly bind phospholipids but target serum 

cofactors, which in turn bind anionic phospholipids. The most important of these serum 

cofactors is β2-glycoprotein I (β2GPI) (Matsuura et al., 1990, McNeil et al., 1990). Lupus 

anticoagulants (LA) are a heterogeneous class of Ig that can develop spontaneously or in 

association with ARDs. LA bind serum cofactor-phospholipid complexes, such that 

phospholipid-dependent coagulation is prolonged (Arnout, 2001). Anti-cardiolipin antibodies 

(aCL), which are closely related to LA, have been shown to bind cardiolipin associated with 

serum cofactors (Galli et al., 1990). Persistent aCL positivity has been associated with an 

increased risk of arterial or venous thrombosis (Ginsburg et al., 1992). Therefore, the three 

standard (known as criteria) tests for detection of aPL are LA, aCL and anti-β2GPI antibodies. 

The persistent presence of one or more of these criteria aPL tests in the presence of vascular 

thrombosis and/or pregnancy morbidity defines APS. APS can be further characterised as either 

primary APS, which occurs in the absence of another ARD, or ARD-associated APS when 

diagnosed in the presence of other ARD, most commonly being SLE (Miyakis et al., 2006). 
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1.5.3.1 Aetiology of antiphospholipid syndrome     
 

Early family-based studies reported higher incidences of aCL in first-degree relatives of 

APS patients (Mackworth-Young et al., 1987, Goldberg et al., 1995), suggesting a genetic 

component to APS. Several reports have associated HLA alleles with aCL and anti-β2GPI 

antibodies. HLA-DR4 and -DR7 were increased in European aCL positive patients (Hartung et 

al., 1992). HLA-DR7 was also increased in Mexican aCL positive patients (Granados et al., 

1997). Studies in European cohorts found positive associations between aCL and HLA-

DRB1*04, -DRB1*0402|3, -DRB1*07, -DRB3*0301, -DQA1*0201, -DQA1*0301 and -

DQB1*0302 (Galeazzi et al., 2000). The authors also reported positive associations between 

anti-β2GPI antibodies and HLA-DRB1*0402|3 and -DQB1*0302. An association between 

HLA-DQB1*0302 and anti-β2GPI antibodies was also observed in a Mexican population 

(Arnett et al., 1999). More recently, positive correlations between HLA-DQB1*0604|5|6|7|9, -

DQA1*0102 and -DRB1*1303 with the presence of anti-β2GPI antibodies were reported, which 

associated with an increased thrombotic risk (Caliz et al., 2001). These studies demonstrate that 

contribution of HLA is complex and varies between ethnic groups. The expression of certain 

HLA haplotypes may increase the presentation of peptides derived from β2GPI or its associated 

proteins, making patients prone to generating aPL and drive pathology. 

Chromosome mapping has highlighted four major β2GPI polymorphisms: S85N, 

L247V, C306G and W316S. The functional effects of these polymorphisms are not fully 

defined. The L247V polymorphism has been located to domain V, which is thought to be a 

potential epitope for anti-β2GP1 antibodies (Ichikawa et al., 1994). The L247V polymorphism 

was more frequently detected in an Asian APS cohort compared to control, which is associated 

with the presence of anti-β2GPI antibodies, but did not associate with increased thrombotic risk 

(Hirose et al., 1999). A similar distribution of the L247V polymorphism was observed in APS 

patients and controls in Caucasian populations (Pardos-Gea et al., 2012). This group did report 

an enrichment of the W316S polymorphism amongst patients, however this finding did not 

associate with aPL or clinical manifestations. Overall, these results do not provide strong 
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evidence that β2GPI polymorphisms contribute to APS pathology, although they may promote 

the generation of anti-β2GPI antibodies. 

PSGL-1 polymorphisms have been implicated in the predisposition to thrombosis in 

APS patients. Examination of the variable number of tandem repeats (VNTR) polymorphisms 

in PSGL-1 highlighted three alleles, encoding 14, 15 or 16 tandem repeats within the mucin-like 

regions of PSGL-1 (Afshar-Kharghan et al., 2001). Enrichment of the allele encoding 15 VNTR 

was observed in thrombotic APS patients compared to patients without thrombosis and HCs 

(Diz-Kucukkaya et al., 2007). This observation suggests that PSGL-1 polymorphisms may 

predispose patients to thrombotic events, most likely by promoting aberrant leukocyte 

interactions with ECs and platelets. 

TLR-4 polymorphisms D299G and T399I have been implicated in hypo-responsiveness 

to inhaled LPS in humans (Arbour et al., 2000, Fageras Bottcher et al., 2004). Significantly 

reduced frequencies of both polymorphisms have been found in APS patients (Pierangeli et al., 

2007). The reduced prevalence of hypo-responsive TLR-4 polymorphisms may indicate that 

APS patients are more susceptible to TLR-4 mediated signalling, which is important in aPL-

induced cellular activation (Raschi et al., 2003, Mulla et al., 2009). Other groups however, have 

been unable to replicate these results in other cohorts (Erridge et al., 2003), which make the 

significance of these results unclear. 

Limited studies examine the environmental factors that trigger clinical events in APS 

patients, however infection is generally considered to be the most influential environmental 

factor (Blank et al., 2002, Cervera et al., 2004, Shoenfeld et al., 2006). To conclude, aPL induce 

a pro-thrombogenic state through cellular activation. Combined with a genetic predisposition 

arising through polymorphisms in numerous genes, the vasculature of APS patients is primed 

such that when challenged, thrombosis is rapidly induced. 

	  
1.5.3.2 Clinical features of antiphospholipid syndrome     

 
To diagnose patients with APS, physicians often refer to APS classification criteria, 

which require patients to present with at least one clinical manifestation consistent with APS, as 
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well as two positive tests for aPL at least 12 weeks apart (Wilson et al., 1999, Miyakis et al., 

2006). This timing of aPL tests was chosen to ensure the detection of persistent aPL and avoid 

misdiagnosis through identification of aPL that are only transiently positive, such as may occur 

in certain infections. Data obtained from the Euro-Phospholipid project, comprising 1000 APS 

patients, found that peripheral thrombosis was the most common clinical feature, affecting 

63.7% of patients (Cervera et al., 2009a). The most common manifestation was deep vein 

thrombosis in the leg (38.9%), but venous thrombosis was also observed in the arms (3.4%). 

Arterial thrombosis in both arms and legs were seen in smaller numbers of patients (2.7% and 

4.3% respectively). Obstetric and foetal manifestations were also common in female patients, 

with 9.5% of the 590 pregnant patients developing pre-eclampsia. Moreover, in the 1580 

pregnancies, 52.3% miscarried and 67.7% of these miscarriages occurred within the first 10 

weeks of pregnancy (Cervera et al., 2009a).  

Neurological manifestations were also common amongst the Euro-Phospholipid cohort, 

affecting 65.8% of patients. Migraine was the most frequent symptom, which was reported in 

20.2% of patients. Thrombosis also contributed to neurological complications, with 19.8% of 

patients having suffered from a stroke and 11.1% diagnosed as having a transient ischaemic 

attack (Cervera et al., 2009a). Other clinical features include thrombocytopenia (29.6%), cardiac 

involvement (26.9%), livedo reticularis (24.1%), pulmonary embolism (14.1%), haemolytic 

anaemia (9.7%) and retinal thrombosis (2.4%) (Cervera et al., 2009a).  

Catastrophic APS (CAPS) is the most severe presentation of APS, but only occurs in 

0.8% of patients (Cervera et al., 2009a). CAPS is classified by widespread small-vessel 

thromboses affecting at least three different organs within one week, micro-thrombosis in at 

least one organ and persistent aPL positivity (Asherson et al., 2003, Cervera et al., 2005). CAPS 

is associated with multiple organ failure and a high mortality rate (Asherson et al., 2003). 

	  
1.5.3.3 Immunopathology of antiphospholipid syndrome    

 
Studies have shown that aPL targeting β2GPI can activate ECs and monocytes 

(Pierangeli et al., 2008). β2GPI is formed of 5 domains, with domain V mediating phospholipid 
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binding (Wurm, 1984, Sheng et al., 1996). Multiple groups suggest that pathogenic anti-β2GPI 

antibodies target domain I (Iverson et al., 1998, de Laat et al., 2006, Ioannou et al., 2007), 

although anti-β2GPI antibodies targeting other domains have also been described (George et al., 

1998), which may be clinically relevant (Andreoli et al., 2015).  

Multiple studies have shown that aPL activate ECs, monocytes and platelets (Pierangeli 

et al., 1999, Shoenfeld et al., 2006, de Laat et al., 2008). Anti-β2GPI antibodies have been 

shown to activate cells by cross-linking membrane bound β2GPI with TLR-4 (Raschi et al., 

2003, Mulla et al., 2009). Evidence exists implicating other receptors, including apolipoprotein 

E receptor 2 (Romay-Penabad et al., 2011, Ramesh et al., 2011, Ulrich et al., 2016) and TLR-2 

(Satta et al., 2007, Satta et al., 2011) in aPL-mediated cellular activation. 

Treatment with aPL upregulates endothelial ICAM-1, VCAM-1, E-selectin and P-

selectin, as well as inducing TF expression in ECs and monocytes (Pierangeli et al., 2001, 

Lopez-Pedrera et al., 2008). ICAM-1 deficient mice, ICAM-1/P-selectin deficient mice and 

mice injected with VCAM-1 blocking antibodies are all resistant to aPL-induced leukocyte 

adhesion and thrombosis in a pinch-injury mouse model (Pierangeli et al., 2000), suggesting 

that cell adhesion molecule upregulation is important to APS pathogenesis. Moreover, thrombus 

formation is either reduced or completely abrogated in mice lacking ICAM-1, E-selectin or P-

selectin (Pierangeli et al., 2001, Espinola et al., 2003). Endothelial activation contributes to 

thrombosis in mice (Meroni et al., 2004), which is mediated by NF-κB and p38 MAPK (Vega-

Ostertag et al., 2005, Montiel-Manzano et al., 2007). These studies demonstrate the importance 

of EC adhesion molecules, which contribute to pathology through increased interactions with 

circulating leukocytes and platelets. 

Infections, inflammation and other pro-coagulant stimuli can initiate thrombosis (de 

Groot and Derksen, 2005), leading to the ‘two-hit hypothesis’ underpinning APS. The basis of 

this hypothesis stems from the observations that aPL are necessary but not sufficient to trigger 

the coagulation cascade. According to this hypothesis, circulating aPL provide the first hit by 

activating the cells within the vasculature, inducing a pro-thrombotic state. A second hit is then 

required, such as mechanical, physical, inflammatory and/or infectious stimuli (Blank et al., 
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2002, Cervera et al., 2004, Fischetti et al., 2005, Shoenfeld et al., 2006), which promotes β2GPI 

deposition on ECs and initiates thrombus formation (Meroni and Riboldi, 2001, Agostinis et al., 

2011). 

Autoantibodies can disrupt mitochondrial function in monocytes and neutrophils, 

leading to ROS generation and TF expression (Perez-Sanchez et al., 2012). Anti-β2GPI 

antibody-induced TF expression has been shown to increase TNF-α secretion in monocytes 

(Sorice et al., 2007). Studies have shown aPL can directly activate complement and interact 

with various complement-regulatory proteins including Factor X, plasmin, prothrombin and 

protein C, all of which inhibit fibrinolysis (de Groot and Derksen, 2005, Pierangeli et al., 2008). 

In addition, aPL can activate platelets, increasing expression of thromboxane A2 and the platelet 

integrin αIIbβ3, enhancing binding to von Willebrand factor and fibrinogen (Robbins et al., 

1998). Interactions between activated cells promote thrombus formation. Furthermore, through 

the inhibition of fibrinolysis, aPL can delay the breakdown of clots and drive thrombosis.  

Complement activation has also been implicated in the mechanisms underlying APS 

immunopathology. Reports have shown that anti-β2GPI antibody-mediated complement 

activation contributes to thrombogenesis, as demonstrated by the efficacy of C5 inhibition in 

preventing blood clots in mice and rats administered intravascular infusions of purified anti-

β2GPI antibodies (Fischetti et al., 2005, Agostinis et al., 2014, Romay-Penabad et al., 2014). 

Moreover, C3-/- and C5-/- mice subjected to a pinch-injury thrombosis model were found to have 

reduced thrombus size compared to C3+/+ and C5+/+ littermate controls (Pierangeli et al., 2005). 

These findings suggest that complement activation may contribute to the pathology of aPL-

induced thrombosis. 

Whilst the precise mechanisms underlying obstetric APS are poorly understood, there is 

evidence implicating complement activation in aPL-induced pregnancy morbidity. 

Administration of aPL-IgG has been shown to localise to the placenta (Ikematsu et al., 1998), 

where it can restrict intrauterine growth and induce foetal loss in pregnant mice (Holers et al., 

2002). Studies have found that mice deficient in C3, C4 or C5 were protected from aPL-induced 

pregnancy morbidity (Salmon et al., 2002, Girardi et al., 2003). In addition, administration of 
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monoclonal antibodies targeting C3 or C5 also prevented foetal loss (Xu et al., 2000, Girardi et 

al., 2003). These observations indicate that complement activation may be required in the 

pathogenesis of aPL-induced pregnancy morbidity. Other studies have associated placental 

thrombosis and abnormalities of annexin V with aPL-mediated pregnancy morbidity in animal 

models and patients (Rand et al., 1994, Rand et al., 1997). Reports also suggest that aPL reduce 

trophoblast invasion, induce extravillous and syncytiotrophoblast activation, disrupt syncytium 

formation and promote thromboembolism within the decidual vessels that lead to pre-eclampsia 

(Abrahams, 2009, Kwak-Kim et al., 2013). 

 
1.5.3.4 Current treatment for antiphospholipid syndrome  
	  

Pharmacological management of thrombotic APS centres on reducing the risk of clot 

development (Giannakopoulos and Krilis, 2009). Patients with a history of either arterial or 

venous thrombosis are normally treated with an anticoagulant, most commonly warfarin. 

Duration and intensity of anticoagulation are dependent on the site (arterial vs. venous) and 

recurrence of clot. In the event of thrombosis or sudden deterioration, heparin may be 

administered as it has a faster mode of action. Treatment regimens are complex in ARD-

associated APS, where patients are treated for both APS and the associated ARD.  

Obstetric APS is treated by a combination of aspirin and heparin, however 

recommendations vary depending on disease history (Bates et al., 2008). Due to possible 

beneficial effects during the early stages of implantation, aspirin is recommended prior to 

conception (Carmona et al., 2001). APS patients without previous thrombosis but recurrent 

early miscarriage during the pre-embryonic or embryonic stages are typically prescribed low-

dose aspirin with low molecular weight heparin (LMWH) (de Jesus et al., 2014). If patients 

have had previous foetal death after 10 weeks gestation or early delivery due to severe pre-

eclampsia, low-dose aspirin is prescribed combined with LMWH. In both cases, women are 

treated with aspirin or LMWH for up to 6 weeks postpartum.  

Given the rarity of CAPS, randomised controlled trials evaluating the efficacy of drugs 

do not exist. There is however a CAPS registry, which documents 280 reports of CAPS patients, 
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so treatment recommendations are based on these case studies (Bucciarelli et al., 2009, Cervera 

et al., 2009b). Initial treatment involves intravenous heparin and oral anticoagulants 

administration to prevent further thrombosis. Corticosteroids are given to suppress 

inflammation. Plasma exchange and intravenous Ig may also be administered. If patients 

continue to deteriorate then cyclophosphamide or rituximab may also be prescribed (Asherson 

et al., 2003). 

 
1.6 Neutrophil involvement in autoimmune rheumatic diseases 
 

Neutrophils are emerging as important regulators of both innate and adaptive immune 

responses. Abnormalities in neutrophil phenotype and function have been described in various 

ARDs and suggest that neutrophils may contribute to immunopathology. This section evaluates 

the current evidence implicating neutrophil involvement in the pathology of RA, SLE and APS. 

	  
1.6.1 Neutrophils in rheumatoid arthritis 
	  

RA is a complex disorder affecting both cellular and humoral immunity. A key feature 

of RA is the erosion of cartilage and destruction of the underlying bone. Hyaluronic acid, a 

macromolecule endowing the SF with lubricant properties (Ogston and Stanier, 1953), protects 

the joint from erosion. ROS and granular enzymes secreted by neutrophils have been shown to 

depolymerise long chain hyaluronic acid in vitro (Grootveld et al., 1991, Parkes et al., 1991). 

Therefore, activated neutrophils within the synovium may reduce the lubricant properties of the 

SF and promote joint destruction. Exposure to ICs, Ig and cytokines within the SF activate 

neutrophils and contributed to cartilage destruction via the externalisation of neutrophil granule 

contents (Emery et al., 1988, Chatham et al., 1990). 

Early studies identified neutrophils in the SF of RA patients, implicating neutrophils in 

joint destruction (Dularay et al., 1988, Dularay et al., 1990, den Broeder et al., 2003). Activated 

neutrophils have been reported in the SF and synovial tissue (Barnhart et al., 1967, Hughes et 

al., 1995, Belcher et al., 2002). Neutrophils have also been shown to contribute to pathology in 

three RA mouse models: the collagen-induced arthritis (CIA) model (Griffiths et al., 1995), 

K/BxN serum transfer model (Wipke and Allen, 2001) and proteoglycan-induced arthritis 
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model (Gal et al., 2005). Interestingly, disease remission in RA patients has been linked with 

reduced neutrophil synovial migration (Dominical et al., 2011). 

Neutrophils migrate into the RA joint, attracted by IL-8 (Brennan et al., 1990), TNF-α 

(den Broeder et al., 2003) and granulocyte colony-stimulating factor (G-CSF) (Eyles et al., 

2008). Evidence suggests that neutrophils can orchestrate their own recruitment via C5a 

receptor and FcγRIIIB signaling (Sadik et al., 2012). Neutrophils can also contribute to the 

proinflammatory environment within the synovium. Following activation by GM-CSF, IL-1, 

LPS or TNF-α, neutrophils can initiate de novo cytokine synthesis and secretion, including IFN-

α (Shirafuji et al., 1990), IL-1β (Marucha et al., 1990, Lord et al., 1991, Malyak et al., 1994, 

Quayle et al., 1995), IL-6 (Cicco et al., 1990, Palma et al., 1992, Melani et al., 1993, 

Zimmermann et al., 2016), IL-8 (Strieter et al., 1992, Takahashi et al., 1993, Fujishima et al., 

1993), transforming growth factor (TGF)-β (Grotendorst et al., 1989) and TNF-α (Dubravec et 

al., 1990, Djeu et al., 1990).  

Neutrophils have also been implicated in bone resorption. Studies examining receptor 

activator of NF-κB (RANK) and RANK ligand (RANKL) expression reported higher levels in 

RA SF-derived neutrophils compared to osteoarthritis (OA) controls (Poubelle et al., 2007). 

LPS can induce neutrophil RANKL expression, which activates osteoclasts and stimulates bone 

resorption (Chakravarti et al., 2009). Moreover, neutrophils cultured in cell-free RA SF, but not 

OA SF, have been shown to induce RANKL-dependent osteoclastogenesis and bone resorption.  

Neutrophils engulf opsonised pathogens via phagocytosis, which are then destroyed by 

the granular proteases and ROS released into the phagosome. When neutrophils encounter Ig-

opsonised cartilage, they are unable to phagocytose the cartilage and underlying bone, therefore 

undergo ‘frustrated phagocytosis’. As a result of frustrated phagocytosis, neutrophils release 

their granular contents into the extracellular space, a process with parallels to NETosis (Dularay 

et al., 1988, Edwards et al., 1988, Nurcombe et al., 1991a, Nurcombe et al., 1991b, Robinson et 

al., 1992, Robinson et al., 1993), which contributes to joint destruction. 

Peripheral blood- and SF-derived RA neutrophils are both prone to spontaneous 

NETosis. Elevated NETs have been reported in RA serum and SF compared to OA and HCs, 
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with levels of NETs correlating with ACPA titres and markers of inflammation (Sur 

Chowdhury et al., 2014). Serum, purified IgG and SF of ACPA high patients enhance NETosis 

of control neutrophils (Khandpur et al., 2013), which expose citrullinated autoantigens that are 

targeted by autoantibodies (Khandpur et al., 2013, Pratesi et al., 2013). NETs can activate 

synovial fibroblasts, inducing the synthesis of proinflammatory cytokines, chemokines and 

adhesion molecules (Khandpur et al., 2013). The importance of NETs has also been 

demonstrated in mice, with PAD-4 inhibition preventing NETosis and reducing disease severity 

in the CIA mouse model (Willis et al., 2011). 

Analysis of mRNA and protein expression in models of acute and chronic arthritis, 

using the streptococcal cell wall-induced arthritis and CIA models respectively, found PAD-4 

mRNA and protein were only detected in neutrophils of arthritic mice (Vossenaar et al., 2003). 

Neutrophils have also been shown to release functionally active PAD-2 and PAD-4 during 

NETosis, which can be detected in RA SF, but not in OA or psoriatic arthritis controls 

(Spengler et al., 2015). Therefore, synovial neutrophils may contribute to RA pathology, not 

only through the generation of NETs, but also by releasing active PAD isoforms that can 

citrullinate extracellular synovial autoantigens. 

To conclude, there is increasing evidence that neutrophils contribute to RA pathology. 

Through the secretion of proinflammatory and chemotactic cytokines, ROS and NETs, 

neutrophils can facilitate cartilage erosion and bone destruction. 

 
1.6.2 Neutrophils in systemic lupus erythematosus 
 

Adaptive immunity has an established role in SLE pathology, however in more recent 

years, neutrophils are being increasingly studied. Early studies noted that SLE sera induced 

neutrophil aggregation and interfered with phagocytosis and degranulation (Abramson et al., 

1983). Defective phagocytosis, reduced responsiveness to cytokines and increased senescence 

are reported in SLE neutrophils (Brandt and Hedberg, 1969, Wu et al., 2007, Hsieh et al., 2008). 

Uptake of circulating nucleosomes activates neutrophils (Ronnefarth et al., 2006), which leads 

to the section of antibacterial proteins. Elevated bactericidal proteins have been documented in 
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SLE sera, which correlate with autoantibody titres (Bakkaloglu et al., 1998) and disease activity 

(Sthoeger et al., 2009, Vordenbaumen et al., 2010, Ma et al., 2012). 

 Increased neutrophil apoptosis has also been reported in SLE, correlating with disease 

activity and anti-dsDNA antibody titres. Anti-dsDNA and anti-La antibodies are thought to 

modulate neutrophil cell death and function respectively (Armstrong et al., 2006). In SLE, 

apoptotic neutrophils are not recognized by C1q-calreticulin and CD91 mediated clearance 

pathways (Donnelly et al., 2006). In addition, scavenger receptors display reduced binding to 

NETs (Schorn et al., 2012), which prevents their clearance. 

 Aberrant NETosis and impaired clearance contribute to SLE pathology (Hakkim et al., 

2010, Villanueva et al., 2011, Garcia-Romo et al., 2011, Lande et al., 2011). NETosis releases 

dsDNA and inflammatory cytokines, which correlates with anti-dsDNA antibodies titres 

(Villanueva et al., 2011). ICs bind NETs and prevent their degradation and promote uptake by 

pDCs, which stimulates IFN-α secretion (Lande et al., 2011), and primes neutrophils for further 

NETosis (Garcia-Romo et al., 2011). Impaired DNase I-mediated NET degradation promotes 

complement activation and exacerbates disease (Hakkim et al., 2010, Leffler et al., 2012). NETs 

have been shown to stimulate the inflammasome in macrophages, which also drives 

proinflammatory responses (Kahlenberg et al., 2013). 

 Animal models also implicate NETosis in SLE pathology. Antibodies targeting NETs 

have been identified in NZM2328 lupus prone mice, which induce NETosis in vitro (Knight et 

al., 2013). Neutrophils infiltrate the kidneys of NZM2328 mice, where NETs directly impair 

endothelial function. Administration of Cl-amidine, an irreversible pan-PAD inhibitor, 

significantly reduced NETosis, complement activation and renal IC deposition in NZM2328 

mice. This group noted that whilst serum autoantibodies increased, most likely due to reduced 

renal deposition, endothelial function improved (Knight et al., 2013). 

When examining SLE peripheral blood mononuclear cells (PBMCs), Bennett et al. 

found a significant upregulation of granulocyte-specific gene expression (Bennett et al., 2003). 

Several studies have described an abnormal neutrophil subset in SLE patients (Hacbarth and 

Kajdacsy-Balla, 1986, Bennett et al., 2003, Denny et al., 2010, Leffler et al., 2012). Lower in 
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density than ‘conventional’ neutrophils, the subset was called low-density granulocytes (LDGs). 

LDGs express the same cell surface markers as mature neutrophils, however their nuclear 

morphology is more consistent with immature neutrophils. LDGs are therefore thought to have 

an immature neutrophil phenotype, instead of being activated neutrophils. This hypothesis is 

supported by increased expression of early granulopoiesis genes (Nakou et al., 2008). LDGs 

may represent an aberrant immature neutrophil subset that persists within the vasculature and 

tissues of SLE patients (Carmona-Rivera and Kaplan, 2013). 

LDGs are highly proinflammatory and secrete greater levels of TNF-α, type I and type 

II IFNs than conventional neutrophils (Denny et al., 2010, Carmona-Rivera and Kaplan, 2013). 

LDGs more readily undergo spontaneous NETosis (Denny et al., 2010) and express greater 

levels of various bactericidal proteins (Villanueva et al., 2011). Furthermore, LDGs have an 

increased capacity to kill ECs on contact and produce NETs on stimulation (Denny et al., 2010, 

Villanueva et al., 2011). NETosis in both SLE neutrophils and LDGs can be induced by SLE-

IgG (Carmona-Rivera et al., 2015). The combination of increased cytokine production, elevated 

NETosis and induction of EC death is central to the pathogenic contribution of LDGs.  

To conclude, there is a growing understanding of how neutrophils contribute to the 

pathogenesis of SLE. Through the aberrant activation of neutrophils, NETs are produced and 

cause endothelial damage. LDGs also contribute to the level of NETosis, whilst inducing EC 

death and dysfunction. Defective clearance of NETs facilitates immune activation, deposition of 

ICs and endothelial damage, all of which enhance pathology. 

 
1.6.3 Neutrophils in antiphospholipid syndrome 
	  

Relatively less work has explored neutrophils in APS pathology. A C5a receptor-TF 

crosstalk has been described in neutrophils, whereby the in vitro aPL-mediated complement 

activation led to neutrophil C5a receptor engagement. This interaction subsequently induced TF 

expression and enhanced procoagulant activity (Ritis et al., 2006). 

This observation was replicated in vivo, with C5a generated by aPL inducing neutrophil 

TF expression in an aPL-induced pregnancy loss mouse model (Redecha et al., 2007). 
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Inflammation and pregnancy loss was reduced in TF knockout mice and wild-type mice 

administered TF blockade. Further immunohistochemical analysis found that TF expressed in 

neutrophils, but not trophoblasts, associated with foetal injury. Generation of myeloid-specific 

TF knockout mice found a significant reduction in ROS production following aPL treatment. 

Redecha et al. therefore proposed that aPL activated trophoblasts and initiated the complement 

cascade. C5a then bound neutrophils, which induced TF expression and oxidative burst, causing 

trophoblast injury, inflammation and foetal death (Redecha et al., 2007). 

 Redecha and colleagues subsequently explored the mechanisms by which TF 

contributed to neutrophil activation and trophoblast injury. Greater expression of protease-

activated receptor (PAR)-2 was observed in neutrophils of aPL-treated mice (Redecha et al., 

2008). ROS generation, phagocytosis and foetal loss were reduced in aPL-treated PAR-2 

knockout mice. Wild-type and Par2-/- neutrophils had similar respiratory burst and phagocytic 

responses following PMA stimulation in vitro (Redecha et al., 2008), suggesting that PAR-2 

signalling may modulate aPL-induced neutrophil activation. The authors also found that aPL-

induced activation was dependent on TF/Factor VIIa interactions (Redecha et al., 2008). These 

results could not be replicated by PAR-1 blockade, suggesting that TF/Factor VIIa/PAR-2 

signalling mediate neutrophil activation and foetal death in the aPL-induced pregnancy loss 

mouse model. 

A caveat of this model is the amount of purified IgG administered to mice. 10mg of 

human whole IgG was injected intraperitoneally at days 8 and 12 of pregnancy. For 

experimental procedures, 6-8 week old female C57BL/6 mice were used, weighing 15-20g. 

Given that C57BL/6 mice have approximately 58.5ml/kg of blood, 10mg of human IgG was 

injected into 0.87-1.17ml of blood at each administration. Whilst 10mg/ml roughly represents 

normal serum IgG levels in humans (Gonzalez-Quintela et al., 2008), serum IgG levels are 10-

fold lower in mice at 1.22mg/ml (Klein-Schneegans et al., 1989). As mice were administered at 

least 20mg of IgG over a 5-day period, it is possible that neutrophils are responding to the vast 

amount of human IgG. Experiments using physiologically representative IgG levels for mice 

would be interesting, but may give rise to more subtle differences that are harder to interpret. 
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Recent work has explored the effects of APS sera and IgG upon NETosis (Yalavarthi et 

al., 2015). APS-IgG induced significantly higher levels of NETs compared to HC-IgG, which 

was abrogated following depletion of β2GPI-specific IgG (Yalavarthi et al., 2015). In addition, 

ex vivo APS neutrophils were predisposed to produce NETs spontaneously. This group also 

found elevated NETs in the sera and plasma of primary APS patients compared to healthy 

volunteers. NETs have been shown to induce thrombosis in the absence of aPL both in vitro 

(Fuchs et al., 2010), and also promote deep vein thrombosis in mice (Brill et al., 2012), which 

may contribute to APS pathology. Therefore, APS-IgG, in particular anti-β2GPI antibodies, may 

prime neutrophils such that they more readily activate and release NETs to promote thrombosis.  

In summary, there is increasing interest in the contribution of neutrophils in APS 

pathology. Due to their ability to produce large quantities of ROS and NETs, both of which are 

known to cause cellular damage and are associated with increased thrombosis, neutrophils may 

promote APS pathogenesis. Table 1.3 summarises key publications that support the role of 

neutrophils in RA, SLE and APS. 

	  
1.7 Integrins in autoimmune rheumatic disease 
	  

Defects in integrin regulation have been implicated in the immunopathology of several 

ARDs, with aberrant cellular interactions being reported in RA, SLE and APS. This section will 

explore the literature to evaluate the evidence for integrin involvement in RA, SLE and APS. 

	  
1.7.1 Integrins in rheumatoid arthritis 

 
The β1 integrins can regulate T cell cytokine production. ECM components have been 

shown to modulate IL-2 production in 2B4 T cells following stimulation with suboptimal doses 

of an anti-CD3 antibody (Takahashi et al., 1991). Cells stimulated in fibrinogen-, laminin- or 

collagen-coated or uncoated wells produced low levels of IL-2. In contrast, cells stimulated in 

fibronectin- or vitronectin-coated wells produced significantly higher IL-2 levels, which was 

reduced by β1 integrin blockade (Takahashi et al., 1991), implicating a β1 integrin-dependent 

mechanism of IL-2 production in 2B4 T cells. 
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Early studies found that SF T cell proliferation and IFN-γ production could be 

modulated through interactions with both native and denatured collagen (Ofosu-Appiah et al., 

1989a, Ofosu-Appiah et al., 1989b). Early work also reported elevated VLA-1 (CD49a/CD29, 

α1β1) expression in RA SF lymphocytes compared to peripheral blood lymphocytes (Hemler et 

al., 1986). The authors suggested that following recruitment to the synovium, T cells upregulate 

VLA-1 expression, which may contribute to disease. A limitation to this study is the lack of 

healthy or disease controls, meaning that whether this upregulation is RA-specific or a result of 

transmigration is unclear. Similar observations were made with VLA-4 expression on CD3+ T 

cells. Whilst there were no significant differences between RA and control peripheral blood T 

cells, matched peripheral blood and SF RA T cells highlighted that SF-derived T cells expressed 

significantly higher levels of VLA-4 (Laffon et al., 1991). 

Additional work observed upregulation of IL-1α, IL-1β, IFN-γ and TNF-α mRNA when 

RA PBMCs were cultured on fibronectin, laminin or collagen, but not bovine serum albumin 

(BSA), which was mitigated by β1 but not β2 integrin blockade (Miyake et al., 1993). The use of 

only 3 patients is a limitation to this study, however the data supports previous work by Ofosu-

Appiah and colleagues showing modulation of cytokine production by the presence of β1 

integrin ligands. Characterisation of larger RA and control cohorts are required, however these 

observations suggest that synovial T cells upregulate β1 integrins, which contributes to RA 

pathology through increased proinflammatory cytokine production. 

VLA-2 has also been implicated in both the antigen-induced arthritis (AIA) and human 

TNF-α transgenic mouse models (Peters et al., 2012). Itga2-/- mice do not express the α2 integrin 

subunit, therefore lack VLA-2 (α2β1), but still express the other β1 integrins. In both models, 

Itga2-/- mice had significantly reduced pannus formation, cartilage erosion and joint 

inflammation. VLA-2 deficient mice also had reduced MMP-3 expression and suppressed FLS 

proliferation and attachment to cartilage (Peters et al., 2012). This group therefore concluded 

that VLA-2 contributed to RA pathology by inducing MMP-3 expression and promoting FLS 

proliferation and attachment to ECM. Early work in keratinocytes found that VLA-2 ligation 
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upregulated MMP-1 expression (Pilcher et al., 1997), which may suggest that in RA, VLA-2 is 

able to upregulate expression of several MMPs. 

Integrin expression between RA FLS and control FLS has also been compared. 

Significantly higher expression of the α1-6, β1 and β4 integrin subunits was reported in RA FLS 

compared to controls (Rinaldi et al., 1997a), suggesting an upregulation of VLA-1 to -6 and 

α6β4. RA FLS also displayed increased adhesion to collagen, fibronectin, laminin and tenascin, 

all of which were inhibited by integrin-specific blockade. Further work found differential αVβ3 

regulation in FLS derived from OA patients and RA patients (Rinaldi et al., 1997b). Whilst 

similar basal αVβ3 expression was observed in RA and OA FLS, stimulation with IL-1β or TNF-

α increased expression in OA FLS but decreased expression in RA FLS, however the basis of 

this differential regulation remains unclear. 

RA synovial cells have been shown to express significantly higher levels of VLA-2, 

VLA-5 and αVβ3 compared to OA controls (Nakayamada et al., 2003). Moreover, crosslinking 

of β1 integrins induced ICAM-1 and Fas expression in RA synoviocytes but not in OA cells. 

Given the wealth of evidence, obtained from independent groups using various methodologies, 

the β1 integrins appear to contribute to the pathology of RA, by promoting cell adhesion, MMP 

production and proinflammatory cytokine secretion. 

 Early work found that β2 integrin blockade reduced acute arthritis and promoted the 

amelioration of chronic inflammation in an AIA rabbit model (Jasin et al., 1992). Early signs of 

inflammation were reduced in rabbits treated with an anti-β2 integrin antibody compared to 

saline control. The authors also noted a striking decease in infiltrating PMNs, suggesting that β2 

integrin blockade reduced the number of infiltrating neutrophils in the acute inflammatory phase 

of arthritis (Jasin et al., 1992).  

Immunohistochemical analysis of human RA synovial tissue sections found prominent 

ICAM-1 expression in the cells lining the synovium, believed to macrophages and fibroblasts 

(Lindsley et al., 1993). Given that ICAM-1 is a ligand for LFA-1 and the beneficial effects of β2 

integrin blockade, the rabbit AIA model was proposed to be LFA-1-dependent. This hypothesis 

was supported by studies using LFA-1 blockade and LFA-1 knockout mice, which highlighted 
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the importance of LFA-1 in the migration and recruitment of T cells, monocytes and neutrophils 

to sites of inflammation (Berlin-Rufenach et al., 1999, Ding et al., 1999, Mine et al., 2002). 

Moreover, LFA-1 blockade was also shown to reduce disease severity in the CIA and K/BxN 

serum transfer mouse models of arthritis (Kakimoto et al., 1992, Watts et al., 2005). 

Interestingly, β2 integrin deficient mice have been found to be resistant to the development of 

arthritis (Watts et al., 2005). 

These observations led to the development of a LFA-1 small molecule antagonist, 

BMS-587101, which was efficacious in in vitro and in vivo preclinical disease models (Suchard 

et al., 2010). BMS-587101 treatment in vitro inhibited human T cell proliferation, cytokine 

production and adhesion to ECs. In vivo administration of BMS-587101, in both AIA and CIA 

mouse models, significantly reduced disease severity either comparable to, or better than, 

treatment with an anti-LFA-1 antibody. AIA mice treated with BMS-587101 had lower levels of 

cytokine mRNA within the joints, whilst BMS-587101 treatment in the CIA model conferred a 

marked protection against inflammation and bone destruction (Suchard et al., 2010). LFA-1 

blockade in humans was trialled, using the monoclonal antibody efalizumab, but was withdrawn 

after some patients developed central nervous system infections including progressive 

multifocal leukoencephalopathy, caused by reactivation of latent JC virus (Major, 2010). 

Several reasons could account for the differences observed between mice and humans. 

A key difference is that experimental animals are immunologically naïve, whilst patients have 

been exposed to numerous pathogens. Therefore, it would have been impossible for mice to 

present with reactivation of JC virus, as reported in clinical studies. It is also worth 

consideration that LFA-1 also binds ICAM-3, an important interaction during antigen 

presentation (de Fougerolles and Springer, 1992). Efalizumab would therefore prevent LFA-1 

interactions with not only ICAM-1, but also ICAM-3, which may suppress the early stages of 

antigen presentation. Reports have found that efalizumab also inhibits VLA-4 (Guttman-Yassky 

et al., 2008). This integrin crosstalk may contribute to the T cell hypo-responsiveness observed 

in clinical trials (Major, 2010). Mac-1 has also been implicated in animal models. Interestingly, 
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administration of the small molecule Mac-1 agonist leukadherin-1 (LA-1) reduced inflammation 

and leukocyte extravasation in animal models, despite Mac-1 activation (Maiguel et al., 2011). 

In conclusion, increased β1 integrin expression in T cells and FLS enhances 

proinflammatory cytokines production within the RA joint. LFA-1 has also been implicated, 

however blockade was not beneficial in patients. Due to the importance of LFA-1 in immune 

homeostasis and the documented integrin crosstalk, LFA-1 may not be a suitable target in RA. 

Further investigation of other integrins and signalling pathways may highlight novel therapeutic 

targets. 

 
1.7.2 Integrins in systemic lupus erythematosus 

 
One of the strongest susceptibility risk loci for SLE is ITGAM, the gene encoding the 

αM subunit of Mac-1 (Nath et al., 2008, Hom et al., 2008, Harley et al., 2008, Yang et al., 2009, 

Han et al., 2009, Kim-Howard et al., 2010, Warchol et al., 2011). Multiple ITGAM gene 

variants have been identified, encoding point mutations in various domains of the αM subunit, 

the most studied being the rs1143679 variant. Examination of the rs1143679, rs1143638 and 

rs1143678 Mac-1 variants, encoding the amino acid changes R77H, A858V and P1146S 

respectively, found that Mac-1 function was altered (Zhou et al., 2013). Whilst there was no 

difference in surface expression between mutated and wild-type Mac-1, R77H neutrophils had 

reduced phagocytosis of IgG-opsonised sheep erythrocytes and adhesion to ICAM-1, P-selectin 

and TNF-α stimulated ECs (Zhou et al., 2013). These results support earlier work that found 

that the R77H mutation compromised phagocytosis of iC3b-opsonised sheep erythrocytes and 

adhesion to iC3b and ICAM-1 (MacPherson et al., 2011). 

Similar observations were made in monocytes and macrophages derived from SLE 

patients with the R77H mutation (Rhodes et al., 2012). In agreement with previous work, there 

was no difference in Mac-1 expression between wild-type and R77H cells. R77H variant 

monocytes and macrophages displayed reduced adhesion to immobilised fibrinogen, human 

serum albumin, ICAM-1, iC3b and an anti-Mac-1 antibody, as well as displaying defective 

phagocytosis of IgM-opsonised sheep erythrocytes (Rhodes et al., 2012). The R77H Mac-1 
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mutation has also been studied in SLE DCs, monocytes, macrophages and neutrophils. In this 

study, the group only found phagocytosis of iC3b-opsonised guinea pig erythrocytes to be 

defective in R77H cells, whilst Mac-1 expression, adhesion and transmigration were all 

unaffected (Fossati-Jimack et al., 2013).  

All groups agree that the R77H Mac-1 variant does not affect Mac-1 expression but 

leads to defective phagocytosis. There is disagreement over the effects on adhesion and 

transmigration. As integrin engagement of opsonised pathogens precedes phagocytosis, it is 

reasonable to suggest that adhesion and transmigration may also be defective in R77H cells.  

To better understand these observations, Rosetti and colleagues conducted various 

assays to interrogate Mac-1 function, including evaluating the kinetics of ligand binding, 

adhesion assays and neutrophil spreading and crawling experiments (Rosetti et al., 2015). The 

authors reported that the R77H Mac-1 variant had impaired affinity for ligands. This 

impairment was not due to a reduced ability to engage with ligands, but due to reduced bond 

stability. The group found that the wild-type variant allows the ‘force-induced’ allosteric bond 

stabilisation required for integrin binding, which was lost in the R77H Mac-1 variant. 

Taken together, substantial evidence indicates that point mutations in the αM chain 

contribute to the susceptibility of developing SLE. Several studies demonstrate an association 

between the rs1143679 Mac-1 variant and SLE in several populations (Nath et al., 2008, Hom 

et al., 2008, Harley et al., 2008, Yang et al., 2009, Han et al., 2009, Kim-Howard et al., 2010, 

Warchol et al., 2011). Recent work found that the R77H Mac-1 variant affects ligand affinity by 

reducing bond stability, thus conferring defective Mac-1 function to leukocytes.  

The αEβ7 integrin has also been implicated in SLE pathology. Expression of αEβ7 is 

largely restricted to mucosal CD8+ T cells (Cerf-Bensussan et al., 1987). Less than 2% of 

peripheral T cells express αEβ7 (Cerf-Bensussan et al., 1987), however expression can be 

induced following stimulation with antigens, cytokines, mitogens or phorbol esters 

(Schieferdecker et al., 1990, Parker et al., 1992). This observation suggests that the αEβ7 integrin 

may act as an activation marker. Examination of αEβ7 expression in healthy volunteers, SLE 

patients, Sjögren’s syndrome patients and polymyositis/dermatomyositis patients found similar 
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basal expression. Following phytohaemagglutinin (PHA) stimulation, αEβ7 expression was 

significantly higher in SLE lymphocytes compared to healthy and disease controls (Pang et al., 

1998). Within the SLE cohort, αEβ7 expression associated with oral ulcers and serositis, 

implicating αEβ7 in epithelial inflammation. 

Stimulation of β1 integrins induces ICAM-1 expression and Fas-mediated apoptosis in 

RA synovial cells (Nakayamada et al., 2003), as well as promoting T cell proliferation and IL-2 

production (Ennis et al., 1993, Kamiguchi et al., 1999). Given these observations, Nakayamada 

et al. explored β1 integrins in SLE. Peripheral CD3+ T cells from SLE patients had significantly 

higher levels of the common β1 integrin chain (CD29) compared to RA patients and healthy 

volunteers (Nakayamada et al., 2007). CD29 stimulation induced proliferation and CD40L 

expression in SLE T cells but not controls, which required crosslinking of CD29 and CD3. 

These results suggest that β1 integrin stimulation is sufficient to induce SLE T cell activation 

and proliferation, which may promote autoreactive T cell expansion. 

To conclude, both meta-analyses and experimental evidence associate defective Mac-1 

activity with SLE. There is also evidence for increased β1 integrin and αEβ7 expression and 

activity on T cells from patients with SLE, albeit in smaller studies that would require further 

work to validate findings. 

 
1.7.3 Integrins in antiphospholipid syndrome 

 
Increased arterial thrombotic risk in a cohort of Spanish APS patients was found to be 

associated with heterozygous polymorphisms in both platelet VLA-2 (glycoprotein Ia/IIa) and 

αIIbβ3 (glycoprotein IIb/IIIa) (Jimenez et al., 2008). The functional implications of these 

polymorphisms were not explored, however alterations in platelet integrin activity may 

contribution to thrombotic risk.  

Integrin expression was also examined in the cardiac endothelium of heart valves 

obtained from APS patients or controls (Afek et al., 1999). Immunohistochemical staining 

found VLA-3 expression in diseased APS valves, but not in the unaffected APS or control 

valves. Greater expression of collagen, fibronectin and laminin was observed in the endothelial 
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basement membrane of diseased APS valves. These observations suggest that altered integrin 

and ECM expression may contribute to cardiac disease in APS. 

Adhesion molecules are important in regulating trophoblast migration and invasion. 

Fibronectin, a constituent of the endometrial stroma, increases in concentration with 

decidualization during pregnancy (Aplin et al., 1988, Aplin et al., 1999). Attachment to 

fibronectin has been shown to induce differentiation of trophoblasts in vitro (Kao et al., 1988), 

with some evidence suggesting that adhesion to fibronectin inhibits trophoblast invasion 

(Damsky et al., 1994, Bischof et al., 1995). VLA-5 is an important trophoblast integrin, which is 

thought to be the main integrin mediating in vitro adhesion to fibronectin (Burrows et al., 1995) 

and regulating in vivo trophoblast invasion (Damsky et al., 1994, Bischof et al., 1995, Zeng et 

al., 2007). In normal placental development, trophoblasts orchestrate integrin expression to 

ensure successful invasion, by first upregulating VLA-5 (Coutifaris et al., 2005) but then 

switching to VLA-1 (Damsky et al., 1994, Zhao et al., 2012). 

APS-IgG has been shown to significantly reduce both gonadotropin secretion and 

trophoblast invasion compared to HC-IgG (Di Simone et al., 2000). Further investigation found 

that APS-IgG significantly increased mRNA and protein of the α5 subunit, whilst decreasing the 

α1 subunit compared to HC-IgG (Di Simone et al., 2002). These results suggest that APS-IgG 

upregulates VLA-5 and supresses VLA-1, such that trophoblast invasion is impaired. Integrin 

dysregulation may contribute to the pathogenesis underpinning pregnancy loss in APS patients, 

which is supported a study demonstrating that APS-IgG reduces trophoblast invasion compared 

to HC-IgG (Poulton et al., 2015).  

ICAM-1 expression is required for aPL-induced pregnancy loss in mice (Mo and 

Salmon, 2001). In this report, the authors examined foetal loss in a mouse model of pregnancy 

morbidity, in both wild-type and ICAM-1 knockout mice. Foetal loss was only observed in 

wild-type mice, suggesting that pregnancy morbidity is ICAM-1-dependent. Additional work is 

required to explore these observations, but given the restricted binding of ICAM-1, these results 

implicate β2 integrins in APS pathology. 
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In conclusion, there is evidence to suggest that dysregulated integrin expression, in 

particular the β1 integrins, contribute to APS pathology. Polymorphisms in VLA-2 have been 

reported in platelets, dysregulated expression of endothelial VLA-3 was observed in APS 

patients with cardiac valvulopathy, and there is differential regulation of VLA-1 and VLA-5 in 

trophoblasts exposed to APS-IgG. These observations suggest that β1 integrins may contribute 

to APS pathophysiology.  

 
1.8 Hypoxia and neutrophil biology 
	  

Neutrophils circulate within the vasculature before migrating into infected and inflamed 

tissue, so are exposed to a wide range of oxygen levels. Atmospheric air contains 20.3% oxygen 

(154 mmHg), which is similar to the oxygen concentrations within the pulmonary vasculature, 

normally at 19.7% oxygen (150 mmHg) (Volkholz et al., 1984, Caldwell et al., 2001). Within 

the circulation, normal oxygen levels can range between 5.0-13.2% (38-100 mmHg) (Vaupel et 

al., 1973, Caldwell et al., 2001). Normal oxygen levels within tissues are even lower, ranging 

from 0.5-2.7% oxygen (4-20 mmHg) (Braun et al., 2001). Given that normal oxygen levels 

within circulation and tissues can be described as hypoxic, the effects of hypoxia are important 

and relevant to neutrophil function under physiological conditions and in disease states. 

  
1.8.1 Hypoxia and hypoxia-inducible factors 
 
 Hypoxia can be defined as a state where the oxygen supply to a tissue does not meet its 

demand. Hypoxia modulates gene expression in both unicellular and multicellular organisms 

(Bunn and Poyton, 1996). Studies of the haematopoietic growth factor, erythropoietin, 

highlighted the existence of a hypoxia-regulated transcription factor that upregulated 

erythropoietin expression (Semenza and Wang, 1992). Further analysis found that the oxygen-

sensing system regulating erythropoietin was widespread in mammalian cells and mediated 

other adaptive responses to hypoxia (Maxwell et al., 1993). This hypoxia-regulated transcription 

factor was demonstrated to be HIF-1 (Wang et al., 1995), founding the HIF family of 

transcription factors. To date, 3 HIF family members have been described, composed of one of 

the three α subunits (HIF-1α, HIF-2α or HIF-3α) and the common HIF-1β subunit, sometimes 



Chapter One: Introduction 

	  
90	  

referred to as aryl hydrocarbon receptor nuclear translocator protein (ARNT). HIF transcription 

factors bind conserved 5'-[A/G]CGTG-3' DNA sequences, referred to as hypoxia responsive 

elements (HREs) within the genome to modulate gene expression (Mole et al., 2009). 

HIF-1α was first described in 1995 as a transcription factor expressed in Hep3B human 

hepatoma cells when cultured at 1% oxygen, but not 20% oxygen, or by treatment with hypoxia 

mimetics (Wang et al., 1995). These observations implicated HIF-1α in the regulation of gene 

expression under hypoxia. Characterisation of HIF-1α structure highlighted four key regions: 

period circadian protein (PER), ARNT, and single-minded protein (SIM), which form a PER-

ARNT-SIM (PAS) domain, and a basic helix-loop-helix (bHLH) domain (Wang et al., 1995) 

(Figure 1.11). The bHLH-PAS motif is functionally important as it enables α subunit 

dimerisation with HIF-1β, which allows for transcriptional regulation (Kallio et al., 1997). 

Endothelial PAS domain protein-1 (EPAS-1) was described shortly after the discovery 

of HIF-1 (Tian et al., 1997). EPAS-1 was expressed by cells cultured under hypoxia or treated 

with the hypoxia mimetics cobalt chloride or desferrioxamine (Tian et al., 1997, Wiesener et al., 

1998). Due to high expression in ECs, EPAS-1 was hypothesised to regulate vascularisation by 

modulating endothelial gene expression under hypoxia. EPAS-1 exhibited high degrees of 

homology to HIF-1α, containing the same bHLH and PAS domains (Figure 1.11). Moreover, 

HIF-1α and EPAS-1 also displayed similar patterns of mRNA and protein expression in 

response to hypoxia and both facilitate transactivation of erythropoietin and vascular endothelial 

growth factor (VEGF) (Tian et al., 1997, Wiesener et al., 1998). EPAS-1 was independently 

identified by three other groups, reported as HIF-like factor (Ema et al., 1997), member of PAS 

superfamily 2 (Hogenesch et al., 1997) and HIF-related factor (Flamme et al., 1997). EPAS-1 

was therefore considered to belong to the HIF transcription factor family and was subsequently 

referred to as HIF-2α.  
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HIF-2α was initially believed to modulate EC function in response to hypoxia, due to a 

perceived restricted expression to blood vessels (Tian et al., 1997, Wiesener et al., 1998), 

however HIF-2α was subsequently found to be expressed by multiple cell types (Wiesener et al., 

2003). There is a general consensus that HIF-1α mediates responses to acute hypoxia (under 24 

hours) and HIF-2α regulates expression under chronic hypoxic exposure (beyond 24 hours).  

The final member of the HIF superfamily, HIF-3α, was characterised in 1998 (Gu et al., 

1998). The precise function of HIF-3α is unclear and remains controversial. HIF-3α expresses 

both bHLH and PAS domains and can dimerise with HIF-1β (Gu et al., 1998). Whilst HIF-1α 

and HIF-2α both contain N-terminal and C-terminal transactivation domains (N-TAD and C-

TAD respectively), HIF-3α only possesses a N-TAD. HIF-3α has also contains evolutionary 

conserved motifs and domains not found in either HIF-1α or HIF-2α (Zhang et al., 2012). Due 

to alternative mRNA splicing, ten different human HIF-3α isoforms have been identified to 

date: HIF-3α1-10 (Maynard et al., 2003, Pasanen et al., 2010).  

Murine HIF-3α, inhibitory PAS domain protein (IPAS), enhances HRE-driven 

transcription in COS-7 cells co-transfected with both IPAS and HIF-1β (Gu et al., 1998). 

Studies in transfected COS-7 cells found that when HIF-3α and HIF-1β were co-transfected, 

HRE-driven transcription was enhanced (Hara et al., 2001). Interestingly when HIF-3α was co-

transfected with HIF-1α or HIF-2α, transactivation was suppressed (Hara et al., 2001). Similar 

observations were made in the hepatoma cell line, Hepa 1c1c7, whereby HIF-1α and HIF-2α 

driven transcription was suppressed when co-transfected with IPAS (Makino et al., 2001). IPAS 

also suppresses hypoxia-induced VEGF expression in primary mouse corneal epithelial cells 

(Makino et al., 2001). Mice implanted with IPAS-expressing hepatoma cells had significantly 

reduced tumour growth compared to control, suggesting IPAS could suppress hypoxia-driven 

tumour growth (Makino et al., 2001). An additional murine HIF-3α variant, neonatal and 

embryonic PAS protein (NEPAS) has been implicated in embryonic growth. Abnormal heart 

development and impaired lung remodelling was observed in NEPAS knockout mice, as well as 

increased expression of endothelin-1 and platelet-derived growth factor (PDGF)-β in pulmonary 

endothelium (Yamashita et al., 2008).  
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 Similar observations have been reported in human cells, with human HIF-3α4 shown to 

be a dominant negative regulator of HIF-1 signalling (Maynard et al., 2005). HIF-3α4 prevents 

HIF-1 binding to HREs, thus preventing HRE-driven transcription. Interestingly, hypoxia 

suppresses HIF-3α4 expression in both HepG2 hepatoma and HEK293A cells, suggesting that 

HIF-3α4 itself may be under hypoxic regulation (Maynard et al., 2005). Other groups also 

provide evidence that HIF-3α splice variants are regulated by HIF-1α (Pasanen et al., 2010). 

HIF-3α4 has also been shown to impair angiogenesis and proliferation in human hypervascular 

meningioma cell lines (Ando et al., 2013). Recent reports found that HIF-3α9 activates gene 

expression distinct from HIF-1α in zebrafish embryos, which was replicated in vitro using 

human U2 osteosarcoma and HEK293T cells transfected with HIF-3α9 (Zhang et al., 2014).  

HIF activity is regulated by the post-translational modification of the α subunit. Under 

normoxia the α subunit is targeted for degradation, whilst in hypoxia there is rapid cytosolic 

stabilisation of the α subunit (Kaelin and Ratcliffe, 2008, Majmundar et al., 2010). This 

regulation is achieved by the combined activity of prolyl-hydroxylases (PHDs) and factor 

inhibiting HIF-1α (FIH1). Under normoxia, PHDs hydroxylate conserved proline residues, 

Pro402 and Pro564, within the α subunit N-TAD (Ivan et al., 2001, Jaakkola et al., 2001, 

Masson et al., 2001, Yu et al., 2001). PHD-mediated hydroxylation is achieved via the coupling 

with the oxidative carboxylation of the tricarboxylic acid (TCA) cycle intermediate, 2-

oxoglutarate, into succinate and carbon dioxide in the presence of oxygen. The modified subunit 

is then recognised by the E3 ubiquitin ligase, von-Hippel-Lindau tumour suppressor, which is 

ubiquitinated and targeted for proteasomal degradation (Figure 1.12).  

In hypoxic environments, low levels of oxygen result in the accumulation of TCA cycle 

intermediates, other than 2-oxoglutarate, which inhibit the catalytic activity of PHDs (Selak et 

al., 2005). Studies suggest that when subjected to 1.5% oxygen (11.4 mmHg) or lower, 

mitochondria produce ROS that further suppress PHD activity (Klimova and Chandel, 2008). 

PHD inactivation prevents the ubiquitination and degradation of the HIF α subunit, enabling its 

stabilisation within the cytosol. The HIF α subunits are then trafficked to the nucleus and 

dimerise with HIF-1β. HIF transcription factors can then bind HREs and recruit transcriptional  
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co-activators, including p300-CREB-binding protein (CBP) to modulate gene expression.  

FIH1 is also dependent on 2-oxoglutarate and hydroxylates Asn803 on HIF-1α or 

Asn851 on HIF-2α, located within their C-TADs (Lando et al., 2002, McNeill et al., 2002) 

(Figure 1.12). Asparagine hydroxylation introduces a steric clash that prevents p300-CBP 

recruitment and suppresses transactivation (Hewitson et al., 2002). Reports found FIH1 remains 

active at higher oxygen levels than PHD, so may prevent HIF activity during milder levels of 

hypoxia (Dayan et al., 2006). HIF-1α is readily suppressed by FIH1, however HIF-2α displays a 

degree of resistance to FIH1-mediated inactivation (Bracken et al., 2006). 

It is important to consider the physiological oxygen gradient from the lungs to tissues. 

Jiang et al. examined HIF-1α and HIF-1β in nuclear extracts, as well as HIF-1 DNA-binding 

activity in HeLa S3 cells exposed to 0-20% oxygen (0-152 mmHg) (Jiang et al., 1996). 

Significant increases in HIF-1α protein and DNA-binding activity, thus HRE-driven 

transcription, in nuclear extracts were only observed when oxygen levels reached 5% (38 

mmHg) or lower. As oxygen levels can fall to 5% within the circulation and even lower in 

tissues, HIF signalling is an important factor in many cellular interactions. Furthermore, as 

hypoxia is a feature of several inflammatory diseases, the effects of hypoxia upon cell functions 

may contribute to pathophysiology. 

 
1.8.2 Neutrophil function and hypoxia 
	  

A fine balance exists in the regulation of neutrophil survival. If neutrophil survival is 

prolonged, resolution of inflammation is delayed and there can be damage to surrounding cells 

and tissues, whilst if neutrophils undergo apoptosis too soon, they cannot mediate their 

antimicrobial functions (Savill, 1997, Rossi et al., 2006). As neutrophils migrate into tissues 

with hypoxic environments, it is important to consider the effects of hypoxia on neutrophil 

function. Hypoxia inhibits neutrophil apoptosis and promotes survival via HIF-1α-dependent 

NF-κB activation (Walmsley et al., 2005, Cross et al., 2006). As hypoxia drives neutrophil 

survival, the modulatory role of hypoxia upon other neutrophil functions is physiologically 

relevant and important in understanding disease pathology.  
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 The precise effect of hypoxia upon neutrophil function is not fully understood. 

Comparisons between published reports is made difficult by the fact these studies have 

employed different oxygen levels, experimental conditions and methods of neutrophil isolation. 

In neutrophil isolation, choice of anticoagulant affects both neutrophil yields and ex vivo 

function. For example, the highest yields of neutrophil isolation are achieved with EDTA-

treated blood, however responses to PMA are reduced in neutrophils isolated from EDTA-

treated blood compared to citrate- and heparin-treated blood (Haslett et al., 1985, Freitas et al., 

2008). Therefore, variations in the anticoagulant used between studies may influence functional 

readouts.  

Overall, reports suggest neutrophil function is generally enhanced under hypoxia. A 

study subjecting healthy volunteers to systemic hypoxaemia, defined by an arterial oxygen 

saturation of 68%, found that neutrophils from hypoxaemic volunteers had enhanced NE release 

on fMLP stimulation compared to normoxic volunteers (Tamura et al., 2002). In a similar study, 

healthy volunteers were exposed to oxygen concentrations ranging from 12-20% oxygen (91.2-

152 mmHg) for 2 hours and neutrophil function examined. Neutrophils isolated from the 

volunteers subjected to 12% oxygen had significantly enhanced chemotaxis, respiratory burst 

and phagocytosis compared to volunteers exposed to 20% oxygen (Wang and Liu, 2009).  

Evidence suggests that phagocytosis is elevated in hypoxia. Neutrophils isolated from 

hypoxaemic blood (5.0% oxygen, 38 mmHg) has significantly higher levels of phagocytosis 

compared to normoxic controls (Simms and D'Amico, 1994). Moreover, isolated neutrophils 

cultured under hypoxia (2.9% oxygen, 22 mmHg) display enhanced phagocytosis compared to 

normoxic controls (18.8% oxygen, 142.5 mmHg) (Walmsley et al., 2006).  

 Early reports found neutrophil migration was inhibited under hypoxia (3.9% oxygen, 30 

mmHg) compared to normoxia (20.0% oxygen, 152 mmHg) (Rotstein et al., 1988). More 

recently, Wang and Lui provided evidence that chemotaxis was enhanced by hypoxia (12.0% 

oxygen, 91.2 mmHg) (Wang and Liu, 2009). McGovern et al. however, found hypoxia (3.0% 

oxygen, 22.5 mmHg) had no effect on neutrophil transmigration (McGovern et al., 2011). These 
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discrepancies are likely to be due to a combination of differing isolation techniques, 

experimental oxygen levels and chemoattractants used.  

 Other studies have shown that hypoxia causes defective respiratory burst in neutrophils. 

McGovern et al. found that superoxide generation by both fMLP- and PMA-stimulated 

neutrophils was reduced under hypoxia (3% oxygen, 22.5 mmHg) compared to normoxia (20% 

oxygen, 152 mmHg), whilst NADPH oxidase expression, a key enzyme for respiratory burst, 

was not affected (McGovern et al., 2011). This observation may indicate that whilst expression 

of NADPH may not be oxygen sensitive, its activity may be regulated by hypoxia.  

 Conflicting evidence may arise due to the broad use of the term ‘hypoxia’ to describe 

oxygen levels below 20% oxygen. There are differences between cells cultured in 1% oxygen 

and those cultured in 12% oxygen, emphasised by work demonstrating that HRE-mediated 

binding is only detected at 5% oxygen and lower (Jiang et al., 1996). Variations in 

anticoagulation and isolation techniques also contribute to differences. Careful consideration 

should be taken when drawing conclusions of the effects of hypoxia upon neutrophil function. 

	  
1.8.3 Hypoxia and neutrophil extracellular trap formation 
 
 Relatively little work has examined the effects of hypoxia upon NETosis. McInturff et 

al. implicate HIF-1α as a regulator of NETosis (McInturff et al., 2012). This group found that 

both LPS and platelet-activating factor (PAF) activated mTOR, which induced HIF-1α 

stabilisation under normoxia and mediated NETosis. Inhibition of either HIF-1α, with 2-

methoxyestradiol, or mTORC1, with either rapamycin or the mTORC1 selective inhibitor torin-

1, reduced NETosis. These findings suggest that HIF-1α regulates NET production. 

Increased bactericidal capacity was also reported in phagocytes treated with the HIF-1α 

agonist mimosine (Zinkernagel et al., 2008). This group measured killing of Staphylococcus 

aureus by all phagocytes, isolated neutrophils and the human monocytic U937 cell line in the 

presence of varying concentrations of mimosine. Greater mimosine concentrations induced 

higher levels of HIF-1α and fewer surviving S. aureus, suggesting HIF-1 signalling may 

influence bacterial killing. Whilst the authors were unable to demonstrate differences in the 
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levels of NETs between untreated and mimosine-treated neutrophils, increased bactericidal 

activity was mitigated by DNase I treatment, implicating a NET-dependent mechanism.  

	  
1.9 Hypoxia in autoimmune rheumatic disease 
 

Hypoxia is a potent cell stimulus that induces transcriptional change and modulates 

protein expression. Hypoxia has been implicated to varying degrees in RA, SLE and APS 

pathogenesis. This section will evaluate the evidence relating to hypoxia in each disease. 

 
1.9.1 Hypoxia and rheumatoid arthritis 
  

Various methodologies have independently demonstrated that the RA synovial joint is 

hypoxic. Early investigations using microelectrodes found lower oxygen tensions in RA SF (3.5 

±2.5% oxygen, 26.5 ±19.3 mmHg) compared to control (8.3 ±2.5% oxygen, 63.0 ±19.2 mmHg) 

(Lund-Olesen, 1970). Additional groups have independently published results demonstrating 

the hypoxic nature of the RA synovial joint, finding increased carbon dioxide tensions 

(Richman et al., 1981, James et al., 1990), raised lactate (Goetzl et al., 1971, James et al., 1990), 

reduced glucose values (Richman et al., 1981) and acidosis (Geborek et al., 1989, James et al., 

1990) in RA joints compared to control. 

More recently, Sivakumar et al. replicated these findings by directly measuring the 

partial pressure of oxygen using microelectrodes in the joints of RA patients and non-RA 

controls undergoing hand surgery (Sivakumar et al., 2008). Intra-operative matched in vivo 

synovial measurements were made for both affected and unaffected joints. RA joints were 

significantly more hypoxic than controls, with an average reading of 26 mmHg (3.4% oxygen) 

and 74 mmHg (9.7% oxygen) respectively (Sivakumar et al., 2008). This group also suggested 

that disease activity affects oxygen tension. The mean oxygen tension for unaffected RA joint 

synovia was 46 mmHg (6.1% oxygen), however the oxygen tension of joints with evidence of 

synovitis was significantly lower, with a mean of 40 mmHg (5.3% oxygen) (Sivakumar et al., 

2008). Interestingly RA joints with severe synovitis, as determined by direct visualisation at 

surgery, were even more hypoxic, with a mean oxygen tension of 26 mmHg (3.4% oxygen) 
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(Sivakumar et al., 2008). Synovial hypoxia has been shown to promote VEGF expression, 

angiogenesis and cell migration (Sivakumar et al., 2008, Akhavani et al., 2009). 

Under the hypoxic environment of the synovial joint, mitochondria generate ROS 

(Klimova and Chandel, 2008). Early studies found that ROS activated osteoclasts and 

stimulated bone resorption both in vitro and in vivo (Garrett et al., 1990). Hydroxyl radicals are 

able to target and degrade hyaluronic acid (Grootveld et al., 1991), which decreases synovial 

lubrication and contributes to synovitis. Therefore, ROS generated under hypoxia drive 

hyaluronic acid degradation, which is supported by early reports demonstrating lower 

hyaluronic acid content in RA SF (1.15 ±0.37mg/ml) compared to controls (3.21 ±0.38mg/ml) 

(Decker et al., 1959). Hydroxyl radicals also modify amino acids, so may facilitate generation 

of autoantibodies targeting modified proteins (Bodamyali et al., 1998, Chandel et al., 2000).  

T cell function is affected by oxidative stress. Early work found that antioxidant 

depletion suppresses T cell proliferation, IL-2 secretion and IL-2 receptor expression (Chaudhri 

et al., 1988). Hypoxia also upregulates IL-1 and TNF-α, whilst suppressing IL-2 expression 

(Ghezzi et al., 1991), suggesting that hypoxia may modulate T cell function.  

Hypoxia and cellular stress have been shown to increase expression and activity of 

PAD-2 in astrocytes (Sambandam et al., 2004, Algeciras et al., 2008). A significant increase in 

PAD-2 mRNA was seen within 2 hours of hypoxic exposure (2% oxygen, 15.2 mmHg), 

translating to elevated PAD-2 protein by 8 hours of hypoxia (Sambandam et al., 2004). 

Increased glial fibrillary acidic protein citrullination was also reported, demonstrating increased 

PAD-2 activity (Sambandam et al., 2004). Given the importance of PAD-2 and PAD-4 in 

generating citrullinated proteins, pattern of expression and hypoxic regulation of PAD-2 in 

astrocytes, the hypoxic RA joint may favour the generation of citrullinated autoantigens through 

the activation of PAD-4.  

Hypoxia has also been found to increase the production of various inflammatory 

cytokines, MMPs and VEGF by synovial fibroblasts, which promoted recruitment of 

monocytes, B cells and T cells to the RA synovium (Hu et al., 2014). Interestingly, HIF-1α 

stabilisation was found to enhance synovial fibroblast-mediated expansion of Th1 and Th17 
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cells that lead to elevated levels of both IFN-γ and IL-17 (Hu et al., 2014), which contribute to 

the proinflammatory environment of the RA synovium. 

Taken together, hypoxia may contribute to RA pathology in a number of ways. Low 

oxygen levels promote the recruitment of inflammatory cells, skew T cell polarisation to favour 

TNF-α secretion, promote ROS generation that can induce post-translational modifications, 

which may facilitate the generation autoantigens. 

 
1.9.2 Hypoxia and systemic lupus erythematosus 
 

The role of hypoxia in SLE pathophysiology is not as well studied as in RA. HIF-1α 

signalling has been implicated in mesangial cell proliferation in patients with lupus nephritis. 

Using a renal pathology activity index defined to help refine prognosis for SLE patients with 

diffuse proliferative or membranoproliferative glomerulonephritis (Austin et al., 1984), greater 

levels of HIF-1α were found to associate with increased mesangial cell proliferation, more 

severe degrees of renal pathology and clinical manifestations (Deng et al., 2014). The enhanced 

mesangial cell proliferation observed in patient samples could be replicated in murine mesangial 

cells by treatment by the PHD inhibitor dimethyloxaloylglycine (DMOG) (Deng et al., 2014), 

implicating HIF-1α signalling in the pathology of lupus nephritis. 

 
1.9.3 Hypoxia and antiphospholipid syndrome 
 

APS is characterised by the persistent presence of aPL that induce a pro-thrombogenic 

state. These aPL exist within the circulation at 5.0-13.2% oxygen (38-100 mmHg) (Vaupel et 

al., 1973, Caldwell et al., 2001), without inducing any clinical thrombotic events, but require a 

second hit to elicit an effect. Therefore hypoxia in venous stasis or tissue surrounding an 

unstable plaque may enhance aPL-mediated effects.  

Hypoxia and HIF-mediated signalling regulate placental morphogenesis, angiogenesis 

and cell fate decisions (Adelman et al., 2000). Placental development is initiated when the 

blastocyst makes contact with the epithelial lining of the uterus following implantation. 

Placental villi subsequently develop, which consist of a mesenchymal core surrounded by a 

mononuclear villous cytotrophoblast stem cell monolayer. These stem cells either fuse to form 
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the overlying multinucleated syncytiotrophoblast or differentiate into extravillous trophoblasts, 

which grow out from the villous and spread laterally around the placenta (Irving et al., 1995). 

As extravillous trophoblasts migrate away from the placenta, they differentiate into an invasive 

phenotype in a process that is essential for successful placental development and pregnancy.  

Extravillous trophoblast invasion into the walls of the uterine spiral arteries is essential 

in adapting these vessels to become capable of delivering the increased blood supply required 

during the second and third trimesters of pregnancy (Brosens et al., 1967, Zhou et al., 1997). As 

these extravillous trophoblasts invade the spiral arteries in early pregnancy, they occlude the 

arteries and prevent maternal blood from entering the intervillious space, thereby creating an 

environment of physiological hypoxia (Jaffe et al., 1997, Burton et al., 1999). Direct 

measurements of oxygen tension also demonstrate the hypoxic nature of the early placenta. 

From 8-10 weeks of gestation, the partial pressure of oxygen within the placenta (17.9 mmHg, 

2.4% oxygen) was significantly lower than that of the endometrium (39.6 mmHg, 5.2% oxygen) 

(Rodesch et al., 1992).  

Studies examining murine placental cell fates found that HIF-1α and HIF-2α regulate 

trophoblast differentiation (Cowden Dahl et al., 2005). In this study, placentas from mice 

deficient of HIF-1α and HIF-2α or HIF-1β exhibited defective placental vascularisation and 

aberrant cell fate adaption. This group also showed that in the absence of either HIF-1α or HIF-

1β, trophoblast stem cell differentiation is also disrupted. Therefore, as trophoblast invasion and 

differentiation within the first trimester of pregnancy occur under physiological hypoxia, HIF 

signalling may contribute to obstetric complications associated with APS in early pregnancy. 

Clinical observations also implicate hypoxia in the pathogenesis of certain obstetric 

manifestations of APS (Branch, 1994, Galli and Barbui, 2003).  

Hypoxia is a feature in animal models of APS, in particular in vivo ischemia/reperfusion 

(I/R) experiments to model myocardial infarction or stroke. In a mouse model of mesenteric 

I/R-induced injury, CR2 deficiency conferred resistance to tissue damage, as reported in Cr2-/- 

mice (Fleming et al., 2004). In this experiment infusion of purified mouse or human aPL-IgG 

before I/R injury was administered, reconstituted I/R-induced intestinal and lung tissue damage 
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in Cr2-/- mice compared with control IgG, which lacked this effect. Similar observations were 

made in a rat model of I/R stroke injury, in which aPL-IgG exacerbated stroke severity post I/R 

injury and caused larger infarct compared to control IgG (Pericleous et al., 2014). These results 

demonstrate that circulating aPL may enhance cellular and tissue damage following the hypoxic 

insult caused by I/R injury. 

 
1.10 Introduction summary 
	  

There is a growing awareness of the importance of neutrophils in ARD pathology, 

including RA, SLE and APS. Neutrophil integrin activation initiates numerous signalling 

cascades and mediates cell functions including transmigration, cytokine production, ROS 

generation and NETosis. Hypoxia is known to modulate several aspects of neutrophil biology 

and may also contribute to the pathology of RA, SLE and APS. The effects however, of hypoxia 

on neutrophil integrin activation and NETosis in these ARDs are not fully understood. In 

particular, although purified IgG from RA, SLE and APS patients have been shown to modulate 

aspects of neutrophil activation, their effects upon integrin activation, ROS generation and 

NETosis in hypoxia remains poorly characterised. 

 
1.11 Hypothesis and aims of this thesis 
	  

My hypothesis is that hypoxia and purified IgG, from patients with ARDs, promote 

neutrophil integrin activation, ROS generation and NETosis. I have tested this hypothesis, with 

the following aims to examine: 

 
• The effects of hypoxia on integrin activation and neutrophil adhesion 

• The effects of hypoxia on ROS generation and NETosis 

• The effects of purified IgG upon neutrophil adhesion and activation 
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2.1 Materials 
	  
2.1.1 General materials, equipment and buffers 
	  

The general equipment and materials used for experimental procedures throughout this 

thesis are listed in appendix I. In addition, the formations of all experimental buffers are 

detailed in appendix II. 

 
2.1.2 Antibodies for ELISAs  
	  

Optimised enzyme-linked immunosorbent assay (ELISA) antibodies dilutions can be 

found in Table 2.1. Capture antibodies were diluted in phosphate-buffered saline (PBS) and 

coated overnight at 4oC.  

 
	  
2.1.3 Antibodies for flow cytometry 
	  

Fluorochrome-conjugated antibodies were used at optimal dilutions in sodium HEPES 

buffer. Antibodies used for all flow cytometry experiments can be found in Table 2.2. 

Appropriate isotype controls were used from the same company for each antibody to determine 

background fluorescence. 

Table 2.1: Optimised antibody concentrations used for ELISA experiments. Detailed 

above are the immunogenic targets, host species and optimised working concentrations of all 

antibodies used for ELISA experiments throughout this thesis. 
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2.1.4 Antibodies for functional blocking 
	  

Details of the integrin-specific functional blocking antibodies used in this thesis can be 

found in Table 2.3. Antibodies were titrated and used at optimal concentrations. 

	  

	  
	  
	  
	  

Table 2.2: Fluorochrome-conjugated antibodies used for flow cytometry. Detailed above 

are the immunogenic targets, antibody isotypes, clones and conjugated fluorochromes of all 

antibodies used for flow cytometry throughout this thesis. 

Table 2.3: Functional blocking antibodies. Detailed above are the immunogenic targets, 

antibody isotypes and clones of all functional blocking antibodies used throughout this thesis. 
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2.1.5 Antibodies for immunoblot  
	  

All antibodies were diluted in 5% w/v skim milk/tris-buffered saline (TBS)/0.1% 

Tween-20 for immunoblot, using the dilutions stated in Table 2.4. Horseradish peroxidase 

(HRP)-conjugated secondary antibodies were also diluted in 5% w/v skim milk/TBS/0.1% 

Tween-20 using matched dilutions to respective primary antibodies. 

 

2.1.6 Primary human cells 
	  

Human umbilical cord endothelial cells (HUVEC) from pooled donors were purchased 

from Lonza (Lonza Group Ltd., Switzerland). Cells were purchased at passage 2 (P-2) and 

Table 2.4: Optimised immunoblot antibody concentrations. Detailed above are the 

immunogenic targets, host species and optimised concentrations or dilutions of all antibodies 

used for immunoblot throughout this thesis. 
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cultured in endothelial basal media (EBM)-2 supplemented with 10% foetal calf serum (FCS) 

(Gibco, UK), 2mM L-glutamine (Gibco, UK) and growth factors provided in the endothelial 

growth media (EGM)-2 SingleQuot kit (Lonza Group Ltd., Switzerland). Cells were cultured in 

plastic 80cm2 nunclon-treated flasks (VWR International, UK) at a cell density of 2500-5000 

cells/cm2 and allowed to grow to confluency at 37oC in a humidified atmosphere of 5% CO2 in 

air. Once 70-80% confluent, the media was aspirated and the cells were washed twice with PBS 

(Thermo Scientific, UK). Warmed 0.05% trypsin/EDTA (Life Technologies, UK) was added to 

flasks and incubated for 3 minutes at 37oC, before addition of 10ml EGM-2 growth media to 

inactivate trypsin. A cell pellet was obtained by centrifugation at 170g for 5 minutes, which was 

resuspended in 10ml EGM-2 growth media. HUVEC were then seeded into either 80cm2 tissue 

culture flasks for further subculture or multi-dishes for experimentation. All HUVEC were used 

by P-5 for all experimental procedures. 

Human neutrophils were isolated from citrated venous blood obtained by informed 

consent from patients or healthy volunteers (UCL project ID: 13/LO/0900). Isolated neutrophils 

were resuspended in phenol-free Roswell Park Memorial Institute (RPMI) 1640 supplemented 

with 10% FCS (heat inactivated to 80oC) and 2mM L-glutamine and cultured at 37oC in a 

humidified atmosphere of 5% CO2 in air. All neutrophils were used within 24 hours of isolation. 

Human T cells were isolated from citrated venous blood obtained by informed consent 

from patients or healthy volunteers. T cells were resuspended in RPMI 1640 supplemented with 

10% FCS, 2mM L-glutamine and 20ng/ml IL-2 (Gibco, UK), which were cultured at 37oC in a 

humidified atmosphere of 5% CO2 in air. 

For all experiments exploring the effects of hypoxia, normoxia was defined as 21% 

oxygen (equivalent to 159.6 mmHg) and hypoxia as 1% oxygen (equivalent to 7.6 mmHg).  

 
2.1.7 Recombinant proteins 
	  

Fibrinogen (1mg/ml; Sigma, UK), IL-2 (20µg/ml, Gibco, UK) LPS (1mg/ml; Sigma, 

UK) and TNF-α (10µg/ml; R&D Systems, UK) were purchased as lyophilised powders and 

reconstituted as suggested by the manufacturer to the concentrations stated. Proteins were 
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aliquoted and stored at -20oC until required. ICAM-1-Fc (3mg/ml) was given as a generous gift 

from Nancy Hogg (The Francis Crick Institute, London). Fibronectin (1mg/ml; Sigma, UK) was 

purchased as a 0.1% solution and stored at 4oC until required. 

 
2.1.8 Inhibitors, stimuli and other reagents 
 

2’, 7’-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein acetoxymethyl ester (BCECF-

AM) (1mM; Life Technologies, UK), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) (5mg/ml; Sigma, UK) and PMA (2mM; Sigma, UK) were purchased as 

lyophilised powders and reconstituted to the concentrations stated. BCECF-AM and PMA were 

reconstituted using DMSO, whilst MTT was dissolved in distilled water and filter-sterilised. All 

compounds were aliquoted and stored at -20oC until required. Dextran (Sigma, UK) was 

purchased and dissolved as a 6% dextran solution in 0.9% sterile saline, which was filter-

sterilised and stored at 4oC.  

 
2.2 Methods 
 
2.2.1 Isolation of human peripheral blood cells 
	  

Peripheral blood neutrophils and T cells were isolated from venous blood via density 

centrifugation. 50ml conical centrifuge tubes were layered with 10ml of 6% dextran/0.9% saline 

solution (at room temperature), to which 20ml PBS and 20ml citrated whole blood were then 

layered on top and the RBCs allowed to sediment for 45 minutes. The cell-rich plasma layer 

was transferred to a fresh centrifuge tube and PBS added to a total volume of 50ml. Following 

centrifugation at 300g for 5 minutes, supernatants were discarded and cells isolated by Percoll 

density separation, which separates neutrophils from PBMCs based upon their cellular density. 

To achieve the required Percoll gradient, 27ml of Percoll PLUS (Sigma, UK) was mixed with 

3ml of 10xPBS to obtain a 100% Percoll PLUS stock solution. This stock solution was used to 

prepare 55%, 67% and 81% Percoll PLUS in PBS solutions.  

A 4ml aliquot of the 67% Percoll PLUS solution was then carefully layered on top of 

4ml 81% Percoll PLUS solution in a 15ml conical centrifuge tube. The previous cell pellet was 
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resuspended in 4ml of the 55% Percoll PLUS solution. This cell suspension was then carefully 

layered on top of the Percoll gradient and allowed to separate by centrifugation at 700g for 30 

minutes without the break (Figure 2.1). Cells were then isolated as described below. 

 
2.2.1.1 Neutrophils 
 

After separation, the PBMC layer between the 55% Percoll PLUS/67% Percoll PLUS 

interface was transferred to a fresh 50ml centrifuge tube and processed as described in 2.2.1.2. 

The neutrophil-enriched layer between the 67% Percoll/81% Percoll PLUS interface was 

transferred to a fresh 50ml centrifuge tube. The isolated cells were then washed with PBS.  If 

there was a visible RBC contamination, the pellet was resuspended in water for 30 seconds to 

allow for isotonic RBC lysis. Neutrophils were subjected to centrifugation at 300g for 5 minutes 

and resuspended for experimental procedures. All cells were used within 24 hours of isolation.  

	  
2.2.1.2 T cells 
 

Once transferred into a fresh 50ml centrifuge tube, PBMCs were washed twice with 

RPMI. PBMCs were resuspended in RPMI/10% FCS at 2.5x105 cells/ml. T cells were expanded 

by addition of PHA (Gibco, UK) to 1% v/v in RMPI/10% FCS for 72 hours. T cells were then 

washed and resuspended in RPMI/10% FCS supplemented with 20ng/ml IL-2 at 2.5x105 

cells/ml. Cells were allowed to grow until 1x106 cells/ml, at which point they were considered 

confluent and expanded. T cells were maintained for 1-2 weeks and used between days 10-14. 

	  
2.2.2 Determination of cell viability – MTT assay 
 

Cell viability was assessed via the colorimetric reaction of MTT, which is cleaved by 

mitochondrial succinate dehydrogenase to give a water-insoluble blue precipitate. The colour 

produced is dependent on cell number and metabolic activity, so only accounts for viable cells.  

For HUVEC, 1.5x105 cells were seeded into 96-well tissue culture plates. Stock MTT 

reagent was diluted to 1mg/ml in culture media and filter-sterilised. Following incubation, 

media was removed and 50µl of the 1mg/ml MTT working solution was added to wells. 

Following incubation for 1 hour at 37oC, MTT was removed and 100µl isopropanol was added  
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Figure 2.1: Percoll density separation of whole blood. Citrated whole blood was layered 

upon PBS and 6% dextran/0.9% saline, with red blood cells allowed to sediment for 45 

minutes. Cells were obtained by centrifugation of the cell-rich plasma and resuspended in 55% 

Percoll. This cell suspension was layered upon a Percoll gradient and subjected to 

centrifugation to allow for density separation. Cells were isolated and processed further. 

Abbreviations: PBMC, peripheral blood mononuclear cell; RBC, red blood cells. 
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to wells. The plate was incubated for 10 minutes at room temperature with gentle shaking to 

solubilise the blue precipitate. Absorbance was measured at 560nm using a Tecan GENios 

Spectra FLUOR plate reader (Tecan UK Ltd., UK).  

 For neutrophils, 3.5x105 cells were added to round-bottomed 96-well tissue culture 

plates. Following incubation, cells were subjected to centrifugation at 350g for 5 minutes. 

Media was removed and 50µl of the 1mg/ml MTT working solution added and incubated for a 

further hour at 37oC. After incubation, neutrophils were subjected to centrifugation at 350g for 5 

minutes, MTT was removed and 100µl isopropanol added to each well. Precipitates were 

allowed to solubilise for 10 minutes with gentle shaking and absorbance was read at 560nm. 

 
2.2.3 Neutrophil static adhesion assay 
	  

Neutrophil adhesion to immobilised ligands and endothelial monolayers was assessed. 

To evaluate adhesion to immobilised integrin ligands, 96-well black MaxiSorp microplates 

(Thermo Scientific, UK) were coated overnight with either 4.5µg/ml ICAM-1-Fc, 200ng/ml 

fibrinogen or 20µg/ml fibronectin diluted in PBS. After coating, plates were washed three times 

with TBS/0.1% Tween-20 and blocked with 2% fish skin gelatin/TBS/0.1% Tween-20 for 1 

hour at 37oC. For adhesion to endothelial monolayers, HUVEC were grown to confluence in 96-

well black polystyrene TC-treated microplates (Corning, UK) that had been coated with 

attachment factor (Gibco, UK). To evaluate the effects of endothelial hypoxia on adhesion, 

HUVEC monolayers were incubated overnight in either normoxia or hypoxia. 

Neutrophils were isolated from whole blood, washed with a sodium HEPES buffer and 

resuspended at 1x106 neutrophils/ml. Cells were fluorescently labelled with 2.5µM BCECF-AM 

(Life Technologies, UK) for 30 minutes at 37oC in the dark, then washed with Hank’s balanced 

salt solution (HBSS) and resuspended to a cell density of 1x107 cells/ml. 

Assay plates were washed twice with HBSS and 50µl HBSS containing 100ng/ml LPS, 

10ng/ml TNF-α or 20nM PMA in the absence or presence of 200µg/ml purified IgG or 10µg/ml 

blocking antibodies was added to relevant wells. 50µl of the BCECF-AM labelled neutrophils 

were added, giving a final concentration of 5x105 neutrophils/well. Plates were centrifuged at 



Chapter Two: Materials and Methods 

	  
112	  

170g for 2 minutes and incubated at 37oC for 30 minutes. Following incubation, fluorescence 

was measured using a Tecan GENios Spectra FLUOR plate reader (Tecan UK Ltd., UK) with 

an emission wavelength of 535nm and an excitation wavelength of 490nm to determine total 

cell fluorescence. Plates were washed three times with HBSS and the fluorescence read again. 

The percentage of adherent neutrophils was calculated by comparing the fluorescence of 

washed wells to the initial total fluorescence. 

	  
2.2.4 Neutrophil trans-endothelial migration assay 
	  

Neutrophil trans-endothelial migration was also measured. HUVEC were grown to 

confluence on 12mm trans-well inserts with 5µm pores (Millipore, UK). Once confluent, EC 

monolayers were cultured overnight under normoxia or hypoxia in the absence or presence of 

10ng/ml TNF-α. Neutrophils were isolated and resuspended to 1x106 cells/ml in serum-free 

medium-199 (M-199) and stained with 0.5µM CellTracker (Invitrogen, UK) for 20 minutes on 

ice. An unstained aliquot of neutrophils was kept aside. Following incubation, neutrophils were 

resuspended in M-199 supplemented with 1% FCS to a cell density of 5.5x106 neutrophils/ml.  

Wells were washed and 900µl of untreated M-199 or 150ng/ml IL-8 diluted in M-199 

was added to the lower chamber and 200µl of the neutrophil suspension added to the upper 

chamber and incubated for 90 minutes at 37oC. After incubation, the media from each of the 

lower chambers was collected and subjected to centrifugation at 300g for 5 minutes, which was 

then resuspended in 400µl 1% paraformaldehyde (PFA)/PBS. To this cell suspension, 50µl of 

CountBright™ absolute counting beads (Invitrogen, UK) was added and samples assessed on a 

FACSVerse (BD Biosciences, UK). Unlabelled cells were used to define experimental settings 

and cell gating strategies, based on the forward and side scatter properties of neutrophils. The 

CountBright™ absolute counting beads enabled the calculation of cell numbers in samples. 

Data was analysed using FlowJo (TreeStar Inc., UK).  

	  
2.2.5 Neutrophil integrin expression analysis 
	  

Flow cytometry was used to quantify the expression of neutrophil β1 and β2 integrins. 

Neutrophils were isolated and incubated under normoxia or hypoxia. Cells were resuspended in 
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sodium HEPES buffer and 2x105 neutrophils incubated with fluorochrome-conjugated integrin-

specific or isotype control antibodies for 30 minutes at room temperature in the dark. A cell 

pellet was obtained by centrifugation at 350g for 5 minutes and washed twice in sodium HEPES 

buffer. After the final wash, cells were fixed with 200µl 1% PFA/PBS. Unstained cells were 

used to define gating strategies to analyse neutrophils. Stained cells were analysed, with 20,000 

gated events being assessed using a FACSVerse (BD Biosciences, UK). Data was analysed 

using FlowJo (TreeStar Inc., UK). 

 
2.2.6 Neutrophil nitrite generation analysis 
 

To measure nitrite generation the Griess test was performed on neutrophil supernatants. 

This assay depends on the production of diazonium salts by organic nitrites, facilitated by the 

sulphanilamide in the Griess reagent. The subsequent diazonium salt then interacts with the azo-

dye N-(1-napthyl)ethylenediamine, also in the Griess reagent,  to form a pink aqueous solution 

that can be measured by absorbance of light. 

Isolated neutrophils were stimulated for set time points, after which cell supernatants 

were obtained by centrifugation at 300g for 5 minutes. 100µl of either a nitrite standard (Sigma, 

UK) or cell supernatant was added in triplicate to a 96-well flat-bottomed plate. Following 

addition of 100µl Griess reagent (1% sulphanilamide, 0.1% N-(1-napthyl)ethylenediamine, 

2.1% phosphoric acid, made in ddH2O), plates were incubated for 10 minutes at room 

temperature and absorbance read at 560nm using a Tecan GENios Spectra FLUOR plate reader 

(Tecan UK Ltd., UK). Nitrite concentrations were calculated using the standard curve generated 

by the nitrite standards. 

	  
2.2.7 Neutrophil hydrogen peroxide generation analysis 
	  

The effects of hypoxia and purified IgG upon hydrogen peroxide generation were 

evaluated using the Amplex UltraRed® assay. The assay reagent (10-acetyle-3,7-

dihydroxyphenoxazine) is a colourless HRP substrate, which in the presence of hydrogen 

peroxide, is rapidly converted into the fluorescent Amplex UltraRed® compound in a 1:1 

stoichiometry, thus allowing for the measurement of hydrogen peroxide production.  
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Neutrophils were isolated and resuspended to 2x106 cells/ml. Neutrophil FcγRs were 

blocked by incubation with FcR block (Miltenyi Biotec, UK) for 20 minutes to exclude a non-

specific FcγR-mediated effects. Cells were preconditioned with either purified IgG or inhibitors 

for one hour at 37oC. Next, HRP (0.5U/ml) (Sigma, UK) was added to cell suspensions and then 

60nM Amplex® UltraRed (Invitrogen, UK). 200µl per well of the cell suspension was added in 

triplicate to a 96-well black microplate (Thermo Scientific, UK) and placed into a FLUOstar 

Omega microplate reader (BMG Labetech, Germany). Fluorescence was measured using an 

excitation wavelength of 544nm and emission wavelength of 590nm, with a gain of 1004. Basal 

levels of hydrogen peroxide generation were assessed between the 1st and 3rd cycles. 50nM 

PMA was added on the 4th cycle and fluorescence followed over time. Rates were determined 

using the Omega Mars Analysis software (BMG Labtech, Germany).  

	  
2.2.8 Immunofluorescence visualisation of neutrophil extracellular traps 
	  

NETs were qualitatively evaluated by immunofluorescence microscopy. Assessment of 

co-localisation between DNA and proteins associated with NET structure was possible by 4’-6-

diamidino-2-phenylindole (DAPI) and indirect staining of histone H3.  

13mm glass coverslips (Fischer, UK) were sterilised with ethanol and air-dried in a 24-

well tissue culture plate. Once dry, coverslips were coated with 200µg/ml fibrinogen (Sigma, 

UK) in PBS overnight (400µl/well) at 4oC. Coverslips were washed for 5 minutes first with PBS 

and then RPMI. 5x105 neutrophils were added to coverslips and allowed to settle for 30 

minutes. Cells were then stimulated for 4 hours. Following incubation, coverslips were washed 

with ice-cold HBSS (Life Technologies, UK) and fixed for 15 minutes with 4% PFA/PBS at 

room temperature.  

Coverslips were blocked in 10% goat serum/1% BSA/2mM EDTA/HBSS/0.1% Tween-

2 (blocking buffer) overnight at 4oC with gentle agitation on an orbital shaker. Coverslips were 

washed once with HBSS and incubated with an anti-histone H3 antibody (Abcam, UK) diluted 

in blocking buffer for one hour at room temperature on an orbital shaker. Coverslips were 

washed twice with HBSS and incubated with an AlexaFluor® 488-conjugated secondary 
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antibody (Life Technologies, UK) diluted 1:1000 in blocking buffer for a further hour at room 

temperature on an orbital shaker. After incubation, coverslips were washed twice for 5 minutes 

with HBSS and once with ddH2O before being mounted and sealed on microscope slides with a 

DAPI mounting medium. Slides were subsequently visualised using a Zeiss Axio Imager.A1 

inverted fluorescence microscope (Zeiss, Germany) and images analysed using Image J. 

	  
2.2.9 Neutrophil extracellular trap quantification – extracellular DNA quantification 
	  

Measurement of cell-free dsDNA was conducted to provide a quantitative readout of 

NETosis. The Quanti-iT™ PicoGreen® dsDNA kit is widely used for this purpose and works 

by the PicoGreen® reagent integrating into extracellular dsDNA, but not single stranded DNA 

and extracellular RNA, allowing for specific and sensitive measurement of cell-free dsDNA. 

For assessment of NETosis, neutrophil supernatants were obtained by centrifugation at 350g for 

5 minutes following stimulation. Supernatants were stained using the Quanti-iT™ PicoGreen® 

dsDNA kit (Invitrogen, UK), and measured using a fluorescence plate reader. 

500µl of cell supernatants were added to microcentrifuge tubes and 500µl of Quanti-

iT™ PicoGreen® dsDNA reagent added (diluted 1:200 in 1xDNase-free TE buffer), mixed and 

incubated at room temperature for 3 minutes. To quantify NETs, a standard curve was generated 

using known concentrations of λ dsDNA ranging from 1µg/ml to 1ng/ml. Following incubation, 

300µl of dsDNA standard or sample was added in triplicate to the wells of a 96-well 

polystyrene TC-treated microplate. Fluorescence was read with an excitation wavelength of 

490nm and an emission wavelength of 535nm. Cell-free dsDNA concentrations were calculated 

using the dsDNA standard curve. 

	  
2.2.10 Neutrophil extracellular trap quantification – capture ELISA 
	  

A capture ELISA was developed to quantify NETs, rather than extracellular dsDNA, by 

targeting two components of NET structure. Streptavidin-coated plates (Fisher Scientific, UK) 

were coated with 1µg/ml of a biotin-conjugated anti-MPO capture antibody (Abcam, UK) 

overnight at 4oC. Plates were washed three times with PBS/0.1% Tween-20 and blocked with 

0.5% BSA/PBS/0.1% Tween-20 for 1 hour at 37oC. Plates were then washed and incubated with 
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100µl of neutrophil supernatants for 2 hours at 37oC. Following incubation, wells were washed 

and 100µl of an anti-citrullinated histone H3 detection antibody (Abcam, UK), diluted to 

1µg/ml in 0.5% BSA/PBS/0.1% Tween-20, added and incubated for 1 hour at 37oC. Plates were 

washed and incubated with an HRP-conjugated secondary antibody (Dako, UK) for 1 hour at 

37oC. 100µl/well of room temperature SureBlue TMB Microwell Peroxidase Substrate (KPL, 

UK) was added and incubated in the dark at 37oC for 20 minutes. The reaction was then stopped 

by the addition of 100µl/well of TMB stop solution (KPL, UK). Absorbance was read at 450nm 

using a Tecan GENios Spectra FLUOR plate reader (Tecan UK Ltd., UK).  

 
2.2.11 Endothelial adhesion molecule expression analysis 
	  

Endothelial adhesion molecules expression was evaluated, as they represent 

physiological integrin ligands. Levels of E-selectin, ICAM-1, ICAM-2 and VCAM-1 expression 

were assessed on HUVEC by flow cytometry. 5x105 HUVEC were seeded in 6-well tissue 

culture plates and allowed to grow to confluence. Cells were treated with 100ng/ml LPS, 

10ng/ml TNF-α or media alone under normoxia or hypoxia. After incubation, media was 

aspirated and cells washed twice with PBS. 0.5ml warmed cell dissociation buffer was added 

and incubated for 5 minutes at 37oC. HUVEC were transferred to polystyrene round-bottomed 

tubes (BD Falcon, UK) and subjected to centrifugation at 350g for 5 minutes. Cells were 

washed twice with sodium HEPES buffer and incubated with fluorophore-conjugated antibodies 

targeting endothelial adhesion molecules for 30 minutes at room temperature in the dark. 

Following incubation, cells were centrifuged at 350g for 5 minutes, washed twice with sodium 

HEPES buffer and fixed with 200µl 1% PFA/PBS. HUVEC were selected based on their 

forward and side scatter properties, with a gate being placed around cells of the correct size and 

granular properties. Stained HUVEC were analysed, with 20,000 gated events being assessed 

using a FACSVerse (BD Biosciences, UK). Data was analysed using FlowJo (TreeStar Inc.) 

 
2.2.12 Whole IgG purification  
	  

Whole IgG fractions were purified from human sera using protein G agarose spin 

columns (Thermo Scientific, USA). Protein G selectively binds the Fc portion of IgG, thus 
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allowing the separation from other Ig isotypes (IgA, IgM, IgD and IgE). Patient or healthy 

volunteer serum was selected and IgG purified by passing through a protein G column. Separate 

protein G spin columns were allocated for each group to prevent cross-contamination between 

IgG populations. Columns were allowed to reach room temperature before removal of the base 

and lid and allowing the storage solution (0.01% sodium azide/PBS) to run through. The 

column was then washed with 5ml binding buffer (0.1M phosphate buffer, pH 7.2) by gravity 

flow. Serum was diluted 1:1 with binding buffer and allowed to run through the protein G 

column. IgG-depleted serum was collected in conical centrifuge tubes and stored at -20oC. The 

column was washed three times with 5ml binding buffer. Bound IgG was eluted by 5ml elution 

buffer (0.1M glycine, pH 3.0) into conical centrifuge tubes containing 500µl of neutralisation 

buffer (1M Tris, pH 9.0).  

 
2.2.13 IgG concentration  
	  

Eluted IgG was concentrated into PBS using 100kDa centrifugal filter units (Merck 

Millipore, Ireland). A 4ml aliquot of purified IgG was added to the filter unit and filtered by 

centrifugation at 2050g for 20 minutes. Then 2ml of the filtration waste was discarded and the 

remaining 1ml of the eluted purified IgG sample added to the filtration unit before repeating the 

centrifugation step. The sample was washed twice and dialysed by adding 2ml endotoxin-free 

PBS (Thermo, Scientific, USA) and subjecting to centrifugation for a further 20 minutes at 

2050g. Endotoxin-free PBS was used to make up the final concentrated sample to 1ml, which 

was then transferred to a sterile microcentrifuge tube. Protein concentration was then 

determined using a NanoDrop 1000 Spectrophotometer (Thermo Scientific, USA). 

 
2.2.14 Endotoxin removal  
	  
 Endotoxin was removed from purified and concentrated IgG by passage through a 

Detoxi-Gel endotoxin removal column (Thermo Scientific, USA) under laminar airflow. The 

column matrix contains immobilised polymyxin B beads that binds and removes LPS from 

samples. Columns were equilibrated at room temperature and the storage solution (25% 

ethanol) was removed by gravity flow. Columns were then washed sequentially with: 5ml of 
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1% sodium deoxycholate/endotoxin-free water (0.22µm filter-sterilised); 4ml endotoxin-free 

water; and 4ml sterile PBS. Purified IgG was then added and allowed to enter the column 

matrix. IgG was eluted by addition of 1.2ml sterile PBS, which was collected in a 

microcentrifuge tube. The protein concentration was re-tested using a NanoDrop 1000 

Spectrophotometer (Thermo Scientific, USA) to confirm the presence of purified IgG. The 

concentration of purified IgG was then determined using the IgG ELISA detailed in section 

2.2.16. All further use of purified IgG was always under laminar airflow to prevent endotoxin 

contamination. 

	  
2.2.15 Endotoxin quantification– Limulus Amoebocyte Lysate assay 
	  

Once purified, IgG endotoxin content was determined using the Limulus Amoebocyte 

Lysate (LAL) test. For this assay, aqueous extracts from the horseshoe crab (Limulus 

polyphemus) was mixed with the purified IgG. When endotoxin is present, the LAL reacts to 

form a solid gel, which can be quantified by comparison with endotoxin standards run in 

tandem with the unknown samples. 

Endotoxin standards were made using LPS of known endotoxin units (EU). Stock LPS 

(Sigma, UK) containing 3,000,000 EU/ml of endotoxin was diluted to prepare 4, 2, 1, 0.5, 0.25, 

0.125, 0.06 and 0.03 EU/ml standards. All samples were prepared under laminar airflow, using 

sterile capped polystyrene 14ml sterile cell culture tubes and endotoxin-free water. Endotoxin 

standards were mixed by vortex (Scientific Industries Inc., USA) and used at the time of 

preparation. E-toxate test vial (Sigma, UK) was reconstituted in sterile endotoxin-free water, 

gently mixed and allowed to chill at 4oC immediately until required to test samples. Remaining 

E-toxate reagent was aliquoted and kept at -20oC. 

200µg IgG was diluted in endotoxin-free water to a final volume of 100µl in 10x75mm 

glass tubes. Endotoxin standards were added to separate 10x75mm glass tubes, with 100µl of 

endotoxin-free water as a negative control. Next, 100µl E-toxate was added to each tube and 

gently mixed. Tube mouths were covered with parafilm and then allowed to incubate 

undisturbed for 1 hour at 37oC. Samples positive for endotoxin formed a solid gel, whilst those 
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negative remain in the liquid phase. Samples testing positive at more than 0.25 EU/ml were re-

passed through the Detoxi-Gel endotoxin removal column as detailed in the previous section 

until sufficient endotoxin had been removed. 

	  
2.2.16 Purified IgG quantification  
	  

Following endotoxin removal, concentrations of purified IgG were determined using an 

IgG capture ELISA. The test half of a MaxiSorp plate was coated with 400ng/ml of goat anti-

human IgG Fc antibody (I8885; Sigma, UK) in PBS overnight at 4oC, whilst the control half 

was coated with PBS alone to determine the relative backgrounds for each sample. Coated 

plates were washed twice with PBS/0.1% Tween-20 and blocked with 100µl of 2% BSA/PBS 

for 1 hour at 37oC. After blocking, plates were washed three times with PBS/0.1% Tween-20 

and serially diluted purified samples loaded (50µl/well) onto the plate alongside prepared IgG 

standards using IgG from human serum of known concentrations (I2511; Sigma, UK), which 

were allowed to incubate for 1 hour at room temperature. After incubation, plates were washed 

three times and a HRP-conjugated anti-human IgG (A6029; Sigma, UK) was added and 

incubated for a further hour at room temperature. Following three washes, 100µl of a HRP 

substrate was added and incubated for 15 minutes in the dark at room temperature before the 

reaction was stopped by addition of 100µl of stop solution. Absorbance was then read at 450nm 

using a Tecan GENios Spectra FLUOR plate reader (Tecan, UK Ltd., UK). The concentration 

of purified IgG samples was determined by comparison with the standard curve generated by 

the known concentrations of human IgG. 

 
2.2.17 Anti-citrullinated protein antibody ELISA 
	  

To quantify the ACPA activity of purified IgG, samples were tested using the EDIA™ 

anti-CCP-2 kit (Euro Diagnostica, Sweden) as per instruction. In brief, 100µl of anti-CCP 

calibrators (human plasma of known CCP-2 activity) ranging from 0 U/ml to 300 U/ml and 

purified IgG diluted 1:101 in sample diluent (phosphate buffer/0.5% sodium azide) were added 

to 96-well plate strips in duplicate and incubated for 1 hour at room temperature. Wells were 

washed three times with diluted wash buffer (borate buffer/0.4% sodium azide) and 100µl of an 
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alkaline phosphatase-conjugated goat polyclonal anti-human IgG antibody was added to each 

well and then incubated for a further 30 minutes at room temperature. After washing, 100µl 

substrate solution (phenolphthalein monophosphate, Mg2+ buffer solution) was added to each 

well for 30 minutes at room temperature and the reaction was then stopped with 100µl of stop 

solution (sodium hydroxide in an EDTA/carbonate buffer, pH>10). Absorbance was read at 

560nm using a Tecan GENios Spectra FLUOR plate reader (Tecan, UK Ltd., UK) and the 

activity determined using a standard curve derived from the calibrators. 

	  
2.2.18 Anti-neutrophil cytoplasmic antibody ELISA 
 

To determine the ANCA positivity of purified IgG, samples were tested for PR3- and 

MPO-ANCA using the WIESLAB® ANCA screen kit (Euro Diagnostica, Sweden) as per 

instruction. In brief, purified IgG samples and human serum known to be positive or negative 

for PR3- and MPO-ANCA were diluted 1:4 in a dilution buffer and 100µl pipetted into either 

PR3- or MPO-coated wells. Samples were incubated at room temperature for 10 minutes on an 

orbital shaker. Wells were washed 4 times with diluted wash buffer then incubated with 100µl 

of an alkaline phosphatase-conjugated goat anti-human IgG antibody for a further 10 minutes at 

room temperature. Following incubation, wells were washed 4 times and 100µl of alkaline 

phosphatase substrate (para-Nitrophenylphophate) was added and allowed to incubate for 20 

minutes on an orbital shaker at room temperature. Absorbance was subsequently read at 405nm 

using a Tecan GENios Spectra FLUOR plate reader (Tecan, UK Ltd., UK) and ANCA 

positivity determined as an absorbance OD ratio relative to negative control. 

 
2.2.19 Protein extraction 
	  

Both endothelial and neutrophil proteins were extracted using a T-SDS lysis buffer 

(0.66mM Tris-HCl pH 7.4, 2% SDS and complete mini protease and phosphatase inhibitor 

cocktail tablets [Roche]). HUVEC were grown in 6-well tissue culture plates (Thermo Fisher, 

UK) and treated following experimental protocol. Wells were washed with 1ml ice cold PBS 

and 50µl of T-SDS lysis buffer was added. Cells were immediately removed by scraping and 

transferred to microcentrifuge tubes by passage through a 25G needle. Neutrophils were 
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transferred to ice cold 1.5ml microcentrifuge tubes and centrifuged at 350g for 5 minutes at 4oC. 

Neutrophils were washed with 1ml ice cold PBS and then resuspended in 50µl of T-SDS lysis 

buffer, transferred to a fresh microcentrifuge tube by passage through a 25G needle and heated 

for 5 minutes at 95oC. Lysates were centrifuged at 16,100g for 5 minutes at 4oC to pellet cell 

debris. For some studies, fractional lysis was performed to obtain subcellular cell fractions 

using the ProteoExtract® subcellular proteome extraction kit (Millipore, Ireland). Gently and 

sequential cell lysis steps gave cytosolic, membrane and organelle, nuclear and cytoskeletal 

fractions. Lysate supernatants were then transferred to fresh microcentrifuge tubes and stored at 

-20oC for future analysis. 

	  
2.2.20 Estimation of protein concentration 
	  

Protein concentrations of cell lysates were determined by bicinchoninic acid (BCA) 

protein assay (Thermo Scientific, UK). This assay relies on the reduction of copper ions by the 

peptide bonds in the lysates and the subsequent chelation of reduced copper ions by 

bicinchoninic acid, which induces a colorimetric change. Protein standards were made from 

dilutions of a 2mg/ml albumin solution to concentrations ranging from 2mg/ml to 25µg/ml. A 

working reagent was then prepared by mixing 50 parts of BCA reagent A (sodium carbonate, 

sodium bicarbonate, bicinchoninic acid and sodium tartrate in 0.1M sodium hydroxide) with 1 

part BCA reagent B (4% cupric acid). To each well the following agents were added in 

duplicate: 10µl of the albumin standard; 10µl of cell lysate supernatants; 10µl of T-SDS lysis 

buffer; and 10µl of PBS. Next 200µl of working reagent was added to each well and gently 

mixed. The plate was covered and incubated for 30 minutes at 37oC. Following incubation, 

absorbance was read at 560nm on a Tecan GENios microplate reader. Protein concentrations 

were then determined using the standard curve obtained by the albumin standards. 

 
2.2.21 Protein detection via immunoblot 
	  

Cell lysates were diluted in lithium dodecyl sulphate (LDS) sample buffer (Life 

Technologies, UK) and heated to 70oC for 10 minutes, before being loaded into pre-cast bis-tris 

gels (Life Technologies, UK). MES [2-(N-morpholino)-ethanesulfonic acid] running buffer 
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(Life Technologies, UK) was added to the electrophoresis unit to cover the gel. A pre-stained 

full range protein marker ladder (New England BioLabs, UK) was added to the first lane and the 

prepared samples added to subsequent lanes. Proteins were resolved for 45 minutes at 165 volts.  

Resolved proteins were transferred to a polyvinylidene fluoride (PVDF) membrane (GE 

Healthcare, UK), by placing the gel against the methanol-activated PVDF membrane between 

filter paper and sponges pre-soaked in transfer buffer. Gels were allowed to transfer for 1 hour 

at 10 volts in an electrophoresis rig containing transfer buffer (Life Technologies, UK).  

Membranes were then blocked for 1 hour in 5% skim milk/TBS/0.1% Tween-20 on an 

orbital shaker before overnight incubation with primary antibodies at 4oC. After overnight 

incubation, membranes were washed twice with TBS/0.1% Tween-20 for 15 minutes following 

which membranes were incubated with HRP-conjugated secondary antibodies for 1 hour at 

room temperature in blocking buffer. Membranes were then washed twice for 15 minutes and 

protein bands visualised using the Luminata Western HRP substrate system (Millipore, Ireland), 

allowing for the chemiluminescent detection of the HRP-conjugated secondary antibodies.  

	  
2.2.22 Statistical analysis 

	  
Data	  were	  evaluated	  using	  GraphPad	  Prism	  software. Experimental data was tested 

for normality using the Kolmogorov-Smirnov test. Data identified as normally distributed was 

assessed for statistical significance by means of a one-way analysis of variance (ANOVA) with 

a Bonferroni multiple comparison post-test analysis, or an unpaired t test depending on the 

nature of the experiment. If data was non-parametrically distributed, statistical significance was 

either tested using a Kruskal-Wallis test with a Dunn’s comparison post-test analysis or a Mann-

Whitney t test. For data comparing multiple parameters, a two-way ANOVA with a Bonferroni 

post-test analysis was conducted. If data represented matched observations, the appropriate 

paired statistical test was performed depending on the nature of data distribution. Experiments 

were conducted on three separate occasions, unless otherwise stated, with data being presented 

as the mean ±standard deviation (SD) of these independent experiments.  
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3.1 Introduction and aims 
 

Early studies demonstrated enhanced neutrophil adhesion to ECs under hypoxia (Palluy 

et al., 1992, Rainger et al., 1995). Hypoxia has also been shown to increase neutrophil adhesion 

to epithelial cells (Beck-Schimmer et al., 2001), and promote trans-epithelial migration (Colgan 

et al., 1996). Increased mRNA and protein of the β2 integrin subunit (CD18) has been observed 

in murine and human leukocytes subjected to hypoxia, which promoted adhesion to ECs (Kong 

et al., 2004). Upregulation of β1 integrins has also been described under hypoxia (Blaschke et 

al., 2002, Keely et al., 2009, Lee et al., 2011). There are no reports however, on the effects of 

hypoxia on β1 integrins in neutrophils. Therefore, in this chapter, I determined the effects of 

hypoxia upon neutrophil β1 and β2 integrin expression, adhesion to immobilised integrin ligands 

and ECs, and trans-endothelial migration. 

  
3.2 Neutrophils express both β1 and β2 integrins 
 

Prior to examining the effects of hypoxia upon neutrophil integrins, I measured baseline 

integrin expression in unstimulated neutrophils from 5 healthy donors. All isolated neutrophils 

stained positive for CD15, which is expressed by mature neutrophils (Figure 3.1A).  

Integrin subunits α1 (CD49a), α4 (CD49d), α5 (CD49e), αL, (CD11a), αM (CD11b), αX 

(CD11c), β1 (CD29), and β2 (CD18) were assessed by flow cytometry. Neutrophils expressed 

varying levels of each of these integrin subunits (Figure 3.1B). Mean fluorescence intensity 

(MFI) data showed variable expression of all integrin subunits between donors. 

In addition, the number of neutrophils that expressed each integrin subunit was also 

examined (Table 3.1). Expression of αL, αM, αX and β2 was seen in 94%, 80%, 26% and 95% of 

neutrophils respectively. In contrast, α1, α4, α5 and, β1 expression was only observed on 1%, 5%, 

9% and 8% of neutrophils respectively. These results show that unstimulated neutrophils have 

high expression of β2 integrins and low levels of β1 integrins. 
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Figure 3.1: Freshly isolated neutrophils express varying levels of β1 and β2 integrins. 

Neutrophils were isolated and fluorescently stained for CD15 and various integrin subunits. 

(A) A representative flow cytometry plot of isolated neutrophils with the cell gate applied for 

further neutrophil analysis, based upon neutrophil side and forward scatter properties. Isolated 

cells were stained for CD15 (blue) or an isotype control (red). Gated cells were all found to be 

CD15+ neutrophils. (B) Baseline neutrophil integrin expression was assessed in 5 healthy 

donors. Neutrophils were found to express varying levels of all integrin subunits analysed. 

Data is presented as mean fluorescence intensity (MFI) ±SD of data obtained from all 5 

donors.  
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3.3 Expression of neutrophil β2 integrins, but not β1 integrins, is enhanced by 

hypoxia  
 

Having shown that neutrophils express β1 and β2 integrins, I then studied the effects of 

hypoxia upon integrin expression. To begin with, cell viability in response to hypoxia was 

assessed with MTT. Isolated neutrophils were cultured under hypoxia, which was confirmed by 

HIF-1α and HIF-2α expression by immunoblot (Figure 3.2A). Neutrophil viability was assessed 

at 4, 8 and 24 hours of culture under normoxia and hypoxia. Hypoxia did not significantly affect 

cell viability at 4 and 8 hours culture (Figure 3.2B). Optical density (OD) values decreased 

following 24 hours culture, indicating neutrophils were undergoing cell death, although these 

values were not significantly different between normoxia and hypoxia. 

 To determine the optimal time point to analyse integrin expression, a preliminary time 

course experiment was conducted with neutrophils isolated from one donor. Surface αL, αM and 

β2 expression was evaluated after 4, 6, 8 and 24 hours of culture under normoxia or hypoxia. 

Expression of αL did not vary between cells cultured up to 8 hours (Figure 3.3A). In contrast, 

culture under hypoxia for up to 8 hours enhanced αM expression, which decreased under 

normoxia (Figure 3.3B). Expression levels of β2 were also higher in neutrophils cultured under 

hypoxia compared to normoxia (Figure 3.3C). Integrin expression decreased following 24 hours 

culture under normoxia and hypoxia, probably as a result of cell death. For subsequent 

experiments, an 8-hour time point was chosen as neutrophil viability was not significantly 

affected and differences in αM and β2 expression were seen.   
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Figure 3.2: Hypoxia does not affect neutrophil viability. MTT assays were performed to 

assess neutrophil viability in response to hypoxia. (A) Hypoxia was confirmed by expression 

by HIF-1α and HIF-2α by immunoblot. Neutrophils were cultured for 1, 2, 3, 4, 6 or 24 hours 

under normoxia or hypoxia before lysis with a T-SDS lysis buffer. Resolved cell lysates were 

transferred to a PVDF membrane and probed for HIF-1α, HIF-2α and GAPDH. (B) 3.5x105 

neutrophils were cultured for 4, 8 or 24 hours under normoxia or hypoxia before cell viability 

was assessed. Hypoxia did not significantly affect neutrophil viability at 4 and 8 hours culture. 

Following 24 hours culture, OD values were 50-60% of earlier time points, indicative of cell 

death. Statistical analysis was tested by means of a two-way ANOVA with a Bonferroni’s post-

test. Data is presented as mean OD ±SD of two independent experiments. 
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Figure 3.3: Surface expression of αM increases with culture under hypoxia. A preliminary time 

course experiment was conducted to evaluate surface integrin expression. Neutrophils were isolated 

from one donor and cultured under normoxia or hypoxia for 4, 6, 8 or 24 hours and stained for αL 

(CD11a), αM (CD11b) and β2 (CD18). (A) Expression of αL did not vary between cells cultured 

under normoxia or hypoxia up until 8 hours culture. (B) Hypoxia increased αM expression up to 8 

hours culture. (C) Surface β2 expression was higher in cells cultured under hypoxia. Following 24 

hours culture under normoxia and hypoxia, decreased expression of all three integrin subunits was 

observed, most likely due to cell death. Data is presented as the mean fluorescence intensity (MFI) 

of 20,000 neutrophils 
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Neutrophils were isolated from 7 healthy donors and cultured for 8 hours under 

normoxia or hypoxia. Surface expression of the integrin subunits α1, α4, α5, αL, αM, αX, β1 and β2 

were assessed by flow cytometry. 

Surface expression of β1 integrins was not modulated by hypoxia (Figure 3.4A-D). 

Paired statistical tests did not find any differences in MFI of α1 (p=0.8750), α4 (p=0.2188), α5 

(p=0.1489) or β1 (p=0.1546). In addition, the number of neutrophils expressing each integrin 

subunit was not affected by hypoxia (Figure 3.4E-H). These results show that surface 

expression of VLA-1 (α1β1), VLA-4 (α4β1) and VLA-5 (α5β1) is not modulated by 8 hours 

hypoxic exposure. 

In contrast, β2 integrin expression was enhanced by hypoxia. Whilst there were no 

significant differences in MFI of αL (p=0.7645) and β2 (p=0.4688) between cells cultured under 

normoxia or hypoxia (Figure 3.5A, D), MFI for αM and αX significantly increased under hypoxia 

(p<0.001 and p=0.0038 respectively) (Figure 3.5B, C). Further analysis found that hypoxia 

significantly increased the number of neutrophils expressing αL (p=0.0156), αM (p=0.0001), αX 

(p=0.0179) and β2 (p=0.0313) (Figure 3.5E-H). Taken together, these results indicate that 

hypoxia induces greater numbers of neutrophils to express the β2 integrins LFA-1 (αLβ2), Mac-1 

(αMβ2) and p150,95 (αXβ2) following 8 hours hypoxic exposure. 
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3.4 Optimisation of neutrophil static adhesion assays  
 

Having found that hypoxia modulates neutrophil integrin expression, I then evaluated 

the effects of hypoxia upon neutrophil binding to immobilised integrin ligands. In this thesis, I 

assessed adhesion to three ligands: fibrinogen, fibronectin and ICAM-1. 

	  
3.4.1 Immobilised fibrinogen adhesion assay optimisation 
 

To examine Mac-1 activation, I optimised fibrinogen adhesion assays. Three fibrinogen 

concentrations were tested for optimal coating concentrations. Adhesion of PMA-stimulated 

neutrophils was comparable across all fibrinogen concentrations (Figure 3.6A). Given these 

results, 200µg/ml fibrinogen was chosen as the coating concentration for all further fibrinogen 

adhesion assays.  

Titration of the Mac-1-specific antibody, 2LPM19c, was performed (Figure 3.6B). 

Inhibition of neutrophil binding to immobilised fibrinogen was observed from 2.5µg/ml. To 

ensure saturation of the blocking antibody, 10µg/ml was selected for further experiments. 

Blockade using mAb44, an alternative Mac-1 blocking antibody, was also examined but mAb44 

was not found to block neutrophil adhesion to fibrinogen (data not shown). Adhesion to 

uncoated plastic wells was not blocked by treatment with 10µg/ml 2LPM19c (Figure 3.6C). 

Fibrinogen immobilisation was also tested using 50mM and 100mM 

bicarbonate/carbonate buffers, however no significant differences were observed between 

buffers (data not shown). Therefore, fibrinogen was diluted in PBS for all further experiments.  

 
3.4.2 Immobilised fibronectin adhesion assay optimisation 
  

To study the effects of hypoxia upon β1 integrin activation, I evaluated neutrophil 

adhesion to immobilised fibronectin. To optimise the coating concentration of fibronectin, T 

cells were used to remove potential Mac-1-mediated interactions. T cells were isolated from 

healthy donors and phenotypically characterised by flow cytometry to confirmed the isolation of 

CD3+ T cells (Figure 3.7A). T cells also expressed α4, αL, β1 and β2, but not αM, indicating the 

expression of LFA-1(αLβ2) and VLA-4 (α4β1), but not Mac-1 (αMβ2) (Figure 3.7B). 
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Figure 3.6: Optimisation of fibrinogen adhesion assay. Adhesion to immobilised 

fibrinogen was used to assess Mac-1 (αMβ2) activation. 5x105 fluorescently labelled 

neutrophils were added to fibrinogen-coated wells in the absence or presence of 20nM PMA 

for 30 minutes. (A) Fibrinogen was immobilised at concentrations of 20µg/ml, 200µg/ml and 

2mg/ml. PMA-stimulated neutrophil adhesion did not significantly vary between 

concentrations. (B) Neutrophil adhesion to fibrinogen was evaluated in the presence of the 

Mac-1 (αMβ2)-specific blocking antibody 2LPM19c. Adhesion was blocked from 2.5µg/ml 

2LPM19c. (C) Neutrophil binding to uncoated plastic well was assessed in the absence and 

presence of 10µg/ml 2LPM19c. PMA-stimulated neutrophil adhesion was not blocked by 

Mac-1 (αMβ2) blockade by 2LPM19c. Data presented as mean adhesion ±SD of three 

independent experiments. 

A 
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Figure 3.7: CD3+ T cells express LFA-1 and VLA-4, but do not express Mac-1. Isolated T cells 

were phenotypically characterised by flow cytometry. (A) Cultured lymphocytes were stained with 

the T cell markers CD3, CD4 and CD8. 90.4% of cells stained positive for CD3, which represents 

20,000 cells. Further characterisation of these gated CD3+ T cells found that the most were CD8+ T 

cells. (B) CD3+ T cells were found to express α4 (CD49d), αL (CD11a), β1 (CD29) and β2 (CD18), 

but not αM (CD11b). T cell characterisation was performed on three independent occasions, with 

representative plots and histograms shown above. 
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Fibronectin was immobilised at concentrations ranging between 10-100µg/ml and T cell 

adhesion evaluated. 5x105 fluorescently labelled T cells were added to wells in the absence or 

presence of PMA. PMA-stimulated T cell adhesion was observed with all coating 

concentrations of fibronectin (Figure 3.8A). For further experiments, 20µg/ml fibronectin was 

used to coat plates. Immobilisation using 50mM and 100mM bicarbonate/carbonate buffers was 

also tested, however no significant differences were observed (data not shown), and therefore 

PBS was used for subsequent experiments to dilute fibronectin. 

 Neutrophil adhesion to immobilised fibronectin was assessed in the presence of 1, 2, 5 

or 10µg/ml of the blocking antibody P5D2, which inhibits CD29 and therefore blocks adhesion 

mediated by all β1 integrins. A dose response was observed, with maximal inhibition of PMA-

induced neutrophil adhesion achieved with 10µg/ml P5D2 (Figure 3.8B).  

 
3.4.3 Immobilised ICAM-1 adhesion assay optimisation 
 

Finally, I optimised the coating concentration of Fc-conjugated recombinant ICAM-1 

(ICAM-1-Fc). T cells were used to remove potential Mac-1-mediated interactions. ICAM-1-Fc 

was titrated at concentrations ranging from 0.1-5µg/ml and T cell adhesion assessed in the 

absence or presence of PMA (Figure 3.9A). Increasing adhesion was observed between 3-

4µg/ml, which reached a plateau by 5µg/ml. Therefore, 4.5µg/ml ICAM-1-Fc was used to coat 

wells for further ICAM-1 adhesion assays. 

PMA-stimulated T cell adhesion to ICAM-1-Fc was shown to be LFA-1-dependent 

using: TS1/18, an anti-β2 antibody that blocks all β2 integrin adhesion (Figure 3.9B); and 

mAb38, an anti-αL antibody that specifically blocks LFA-1 (Figure 3.9C). A dose-dependent 

inhibitory effect was observed with TS1/18, whilst mAb38 potently inhibited PMA-stimulated 

T cell adhesion to ICAM-1-Fc.  
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Figure 3.8: Optimisation of fibronectin adhesion assay. Adhesion to immobilised fibronectin 

was used to evaluate β1 integrin activation. (A) 5x105 fluorescently labelled T cells were 

cultured in the absence or presence of 20nM PMA for 30 minutes. Adhesion was observed at all 

coating concentrations tested. 20µg/ml fibronectin was used for further experiments. (B) The 

pan-β1 integrin blocking antibody, P5D2, was titrated to determine β1 integrin specific adhesion. 

5x105 fluorescently labelled neutrophils were added to fibronectin-coated wells in the absence 

or presence of 20nM PMA and 1, 2, 5 or 10µg/ml P5D2. A dose-dependent inhibition of 

neutrophil adhesion was observed. Data is shown as mean adhesion ±SD of three independent 

experiments. 

A 
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Figure 3.9: Optimisation of ICAM-1 adhesion assay. Adhesion to immobilised ICAM-1-Fc was 

used to evaluate β2 integrin activation (A) 5x105 fluorescently labelled T cells were added to wells 

coated with ICAM-1-Fc ranging from 0.1-5µg/ml, in the absence or presence of 20nM PMA. 

Adhesion was observed in wells coated with at least 3µg/ml ICAM-1-Fc. Increasing adhesion 

reached a plateau by 4µg/ml ICAM-1-Fc. 4.5µg/ml ICAM-1-Fc was used for further experiments. 

(B) 5x105 fluorescently labelled T cells were added to wells in the absence or presence of 20nM 

PMA and 1-10µg/ml TS1/18, an anti-β2 (CD18) blocking antibody. A dose-dependent inhibition of 

T cell adhesion was observed. (C) PMA-stimulated T cell adhesion was also assessed in the 

presence of 1-10µg/ml mAb38, an anti-αL (CD11a) antibody. PMA-stimulated adhesion was 

inhibited from 1µg/ml mAb38. Data is presented as mean adhesion ±SD from three independent 

experiments. 
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3.5 Hypoxia reduces neutrophil adhesion to immobilised integrin ligands 
 

Having optimised coating concentrations, I subsequently evaluated the effects of 

hypoxia upon neutrophil adhesion to immobilised fibrinogen, fibronectin and ICAM-1-Fc 

following 30 minutes and 8 hours exposure to normoxia or hypoxia. 5x105 fluorescently 

labelled neutrophils were added to coated wells in the absence or presence of PMA and allowed 

to adhere for 30 minutes under normoxia or hypoxia. 30 minutes hypoxic exposure did not 

significantly affect neutrophil adhesion to immobilised fibrinogen, fibronectin or ICAM-1-Fc 

(Figure 3.10A-C). 

Neutrophil adhesion was also assessed following 8 hours culture under normoxia or 

hypoxia. Adhesion of 5x105 fluorescently labelled neutrophils in the absence or presence of 

PMA was evaluated. PMA-stimulated neutrophil adhesion following 8 hours culture under 

hypoxia was significantly reduced to immobilised fibrinogen (p<0.01), fibronectin (p<0.05) and 

ICAM-1-Fc (p<0.01) compared to normoxic controls (Figure 3.11A-C). 

	  
3.6 Hypoxia modulates endothelial adhesion molecule expression in response to 

LPS and TNF-α 
 

Having found reduced adhesion to immobilised fibrinogen, fibronectin and ICAM-1-Fc 

following 8 hours culture under hypoxia, I then studied neutrophil adhesion to HUVEC. 

HUVEC viability was first assessed in response to hypoxia, to ensure that any modulation of 

endothelial adhesion molecule expression was not a result of cell death. HUVEC were cultured 

under normoxia or hypoxia for up to 24 hours and HIF-1α or HIF-2α expression confirmed by 

immunoblot (Figure 3.12A). HUVEC viability was not significantly different at 4 and 8 hours 

culture under normoxia or hypoxia. Following 24 hours culture however, OD values were 

significantly higher in HUVEC cultured under normoxia, indicating cell proliferation that was 

not observed in cells cultured under hypoxia (p<0.05) (Figure 3.12B).  
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Figure 3.10: Neutrophil adhesion to immobilised integrin ligands is not affected by 30 

minutes hypoxia. The effects of 30 minutes hypoxia upon neutrophil adhesion to immobilised 

(A) fibrinogen (B) fibronectin and (C) ICAM-1-Fc were studied. 5x105 fluorescently labelled 

neutrophils were added to coated wells in the absence or presence of 20nM PMA and allowed 

to adhere for 30 minutes under normoxia or hypoxia. Hypoxia did not have a significant effect 

on neutrophil adhesion to immobilised integrin ligands, as determined by two-way ANOVA 

with Bonferroni’s post-test. Data is presented as mean adhesion ±SD of three independent 

experiments. 
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Figure 3.11: Neutrophils cultured under hypoxia for 8 hours have reduced adhesion to 

immobilised integrin ligands. The effects of hypoxia upon neutrophil firm adhesion to 

immobilised (A) fibrinogen (B) fibronectin and (C) ICAM-1-Fc following 8 hours culture were 

studied. Isolated neutrophils were cultured for 8 hours under normoxia or hypoxia. 5x105 

fluorescently labelled neutrophils were added to coated wells in the absence or presence of 

20nM PMA and adhesion assessed. Neutrophils cultured under hypoxia for 8 hours had 

significantly reduced PMA-stimulated adhesion to immobilised integrin ligands, as determined 

by a two-way ANOVA analysis with a Bonferroni’s post-test. Data is presented as mean 

adhesion ±SD of three independent experiments. *=p<0.05, **=p<0.01 
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Figure 3.12: Hypoxia suppresses endothelial proliferation. MTT assays were performed to 

assess endothelial viability in response to hypoxia. 1.5x104 HUVEC were cultured under 

normoxia or hypoxia for 4, 8 or 24 hours before being assessed for cell viability. OD values 

were not significantly different at 4 and 8 hours culture under normoxia or hypoxia. 

Following 24 hours, OD values obtained from HUVEC cultured under normoxia were 

significantly higher than cells cultured under hypoxia. Statistical analysis was determined by 

means of a two-way ANOVA with a Bonferroni’s post-test. Data is presented as mean OD 

±SD from three independent experiments. *=p<0.05 
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Prior to accessing neutrophil adhesion to HUVECs under hypoxia, I first examined the 

effects of hypoxia upon adhesion molecule expression in response to external stimuli. HUVEC 

were cultured in the absence or presence of LPS or TNF-α for 4, 8 and 24 hours under normoxia 

or hypoxia and accessed for surface expression of E-selectin, ICAM-1, ICAM-2 and VCAM-1 

by flow cytometry.  

 In untreated cells, only ICAM-1 varied over time (Figure 3.13A-D). Minimal E-selectin 

expression was seen under both normoxia and hypoxia at all time points studied (Figure 3.13A). 

Induction of ICAM-1 expression was observed in untreated cells under normoxia, which peaked 

at 8 hours (Figure 3.13B). ICAM-1 expression was significantly higher under normoxia at all 

time points studied (p<0.05 at 4 hours, p<0.001 at 8 hours and p<0.001 at 24 hours). Untreated 

HUVEC had high basal expression of ICAM-2 and low VCAM-1 expression. Neither ICAM-2 

nor VCAM-1 expression varied over time (Figure 3.13C, D). 

 LPS treatment induced E-selectin expression in HUVEC, which peaked at 4 hours 

stimulation (Figure 3.14A). E-selectin expression following 4 hours LPS stimulation was 

significantly lower in hypoxic cells (p<0.001). ICAM-1 and VCAM-1 expression was also 

induced by LPS, but there were no differences between HUVEC stimulated under normoxia and 

hypoxia (Figure 3.14B, D). LPS suppressed ICAM-2 expression under normoxia at all time 

points examined compared to baseline (Figure 3.14C). ICAM-2 expression was significantly 

higher in hypoxic HUVEC following 8 hours LPS stimulation (p<0.05) (Figure 3.14C). 

TNF-α treatment induced E-selectin expression under normoxia, which peaked at 8 

hours stimulation (Figure 3.15A). E-selectin expression was significantly lower in hypoxic 

HUVEC at all time points (p<0.05 at 4 hours, p<0.001 at 8 hours and p<0.05 at 24 hours). 

ICAM-1 expression was induced by TNF-α stimulation, which peaked at 8 hours under 

normoxia. Significantly higher levels of ICAM-1 expression however, were observed in 

HUVEC following 24 hours TNF-α stimulation under hypoxia compared to normoxia (p<0.001) 

(Figure 3.15B). ICAM-2 expression did not significantly vary between cells stimulated under 

normoxia and hypoxia (Figure 3.15C). There were no significant differences in TNF-α induced 

VCAM-1 expression between cells stimulated under normoxia and hypoxia (Figure 3.15D). 
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Figure 3.13: Hypoxia modulates ICAM-1 expression in untreated endothelial cells. To 

examine unstimulated endothelial responses to hypoxia, HUVEC were cultured under normoxia 

or hypoxia for 4, 8 or 24 hours and then examined for expression for E-selectin, ICAM-1, ICAM-

2 and VCAM-1. (A) Low baseline expression E-selectin expression was observed. Expression 

did not vary over time and there were no significant differences between normoxic and hypoxic 

HUCEC. (B) Induction of ICAM-1 expression was observed under normoxia. ICAM-1 induction 

was significantly lower in hypoxic HUVEC. (C) ICAM-2 expression did not significantly change 

over time and was not affected by hypoxia. (D) VCAM-1 expression did not vary over time and 

was not modulated by hypoxia. Data is presented as mean fluorescence intensity (MFI) ±SD of 

three independent experiments. Statistical significance was determined by two-way ANOVA 

with a Bonferroni’s post-test. *= p<0.05, ***= p<0.001 



Chapter Three: The Effects of Hypoxia on Neutrophil Integrin Activation 

	  
145	  

	  

Figure 3.14: Hypoxia modulates E-selectin induction and ICAM-2 down regulation in LPS-

stimulated HUVEC. Endothelial responses to LPS were studied under normoxia and hypoxia. 

HUVEC were cultured for 4, 8 or 24 hours in the presence of 100ng/ml LPS under normoxia or 

hypoxia and then examined for expression of E-selectin, ICAM-1, ICAM-2 and VCAM-1. (A) LPS 

induced E-selectin expression in normoxic HUVEC, which was significantly lower under hypoxia. 

(B) LPS upregulated ICAM-1 expression under both normoxia and hypoxia. Hypoxia did not 

significantly modulate ICAM-1 expression. (C) LPS stimulation reduced ICAM-2 expression in 

normoxic cells. There was a trend to increased ICAM-2 expression under hypoxia, with expression 

levels being significantly higher under hypoxia following 8 hours LPS stimulation. (D) VCAM-1 

expression was observed in both normoxic and hypoxic cells treated with LPS. There were no 

significant differences between normoxia and hypoxia. Data is presented as mean fluorescence 

intensity (MFI) ±SD of three independent experiments. Statistical significance was determined by 

two-way ANOVA with a Bonferroni’s post-test. *= p<0.05, ***= p<0.001 



Chapter Three: The Effects of Hypoxia on Neutrophil Integrin Activation 

	  
146	  

 

Figure 3.15: Hypoxia reduces E-selectin expression but increases ICAM-1 expression in 

TNF-α treated endothelial cells. Endothelial responses to TNF-α under normoxia and hypoxia 

were studied. ECs were treated with 10ng/ml TNF-α for 4, 8 or 24 hours under normoxia or 

hypoxia and examined for expression of E-selectin, ICAM-1, ICAM-2 and VCAM-1. (A) TNF-α 

stimulation induced expression of E-selectin under normoxia. This upregulation was significantly 

suppressed by hypoxia. (B) TNF-α induced ICAM-1 expression in normoxic ECs. ICAM-1 

expression was modulated by hypoxia, with significantly higher expression at 24 hours 

stimulation. Moreover, whilst expression in normoxic HUVEC had begun to decrease at 24 hours, 

ICAM-1 expression in hypoxic cells was highest at 24 hours, suggesting a change in ICAM-1 

expression dynamics. (C) ICAM-2 expression was not significantly different between normoxia 

and hypoxia. (D) VCAM-1 upregulation was observed in both normoxic and hypoxic HUVEC, 

but differences were not significant. Data is presented as mean fluorescence intensity (MFI) ±SD 

of three independent experiments. Statistical significance was determined by two-way ANOVA 

with a Bonferroni’s post-test. *= p<0.05, ***= p<0.001 
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3.7 Hypoxia promotes neutrophil adhesion to endothelial monolayers 
 

Having found a modulatory effect of hypoxia upon endothelial adhesion molecule 

expression in response to LPS and TNF-α, I then examined the effects of hypoxia upon 

neutrophil adhesion to ECs. HUVEC monolayers were cultured overnight under normoxia or 

hypoxia in the absence or presence of LPS or TNF-α. Neutrophils were isolated and also 

cultured under normoxia or hypoxia overnight. Following overnight cultures, neutrophils were 

fluorescently labelled and adhesion of 5x105 neutrophils to HUVEC was evaluated in response 

to PMA, LPS or TNF-α. Adhesion was assessed with normoxic neutrophils to normoxic 

HUVEC and hypoxic neutrophils to hypoxic HUVEC. 

Neutrophil adhesion to untreated HUVEC, in the absence of any stimuli, was 

significantly higher when both cells were cultured under hypoxia (p<0.01) (Figure 3.16). 

Hypoxia also significantly increased LPS-stimulated neutrophil adhesion to untreated HUVEC 

(p<0.001) (Figure 3.16). There were trends for increased neutrophil adhesion to HUVEC in 

response to PMA and TNF-α under hypoxia, however these differences did not reach 

significance (Figure 3.16).  

 Overnight culture of HUVEC and neutrophils under hypoxia did not have a significant 

effect upon unstimulated, LPS- or TNF-α-stimulated neutrophil adhesion to LPS-activated 

HUVEC (Figure 3.17). In contrast, PMA-stimulated neutrophil adhesion to endothelial 

monolayers stimulated with LPS overnight was significantly higher under hypoxia compared to 

normoxia (p<0.01) (Figure 3.17). 

 Hypoxia significantly increased both unstimulated and PMA-stimulated neutrophil 

adhesion to TNF-α-activated endothelial monolayers (p<0.05 and p<0.001 respectively) (Figure 

3.18). There were trends to higher LPS- and TNF-α-stimulated neutrophil adhesion under 

hypoxia, however these differences did not reach statistical significance (Figure 3.18). 
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Figure 3.16: Hypoxia enhances unstimulated and LPS-stimulated neutrophil adhesion to 

untreated endothelial monolayers. The effects of hypoxia upon neutrophil adhesion to resting 

HUVEC were examined. Endothelial monolayers were cultured under normoxia or hypoxia 

overnight. Neutrophils were isolated from whole blood and cultured overnight under normoxia 

or hypoxia. 5x105 fluorescently labelled neutrophils were added to endothelial monolayers in 

the absence or presence of 20nM PMA, 100ng/ml LPS or 10ng/ml TNF-α. Hypoxia 

significantly increased both unstimulated and LPS-stimulated neutrophil adhesion to resting 

HUVEC. Statistical significance was determined by means of a two-way ANOVA with a 

Bonferroni’s post-test. Data is presented as mean adhesion ±SD of four independent 

experiments. **=p<0.01, ***=p<0.001 
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Figure 3.17: Hypoxia increases PMA-stimulated neutrophil adhesion to LPS-activated 

endothelial monolayers. The effects of hypoxia upon neutrophil adhesion to LPS-stimulated 

HUVEC were also studied. Endothelial monolayers were treated with 100ng/ml LPS overnight 

under normoxia or hypoxia. Neutrophils were isolated from whole blood and cultured 

overnight. 5x105 fluorescently labelled neutrophils were added to endothelial monolayers in 

the absence or presence of 20nM PMA, 100ng/ml LPS or 10ng/ml TNF-α. Hypoxia 

significantly increased PMA-stimulated neutrophil adhesion to LPS-activated HUVEC. 

Statistical significance was determined by means of a two-way ANOVA with a Bonferroni’s 

post-test. Data is presented as mean adhesion ±SD of four independent experiments. 

**=p<0.01 
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Figure 3.18: Hypoxia enhances unstimulated and PMA-stimulated neutrophil adhesion to 

TNF-α activated endothelial monolayers. The effects of hypoxia upon neutrophil adhesion to 

TNF-α activated ECs were examined. HUVEC were treated overnight with 10ng/ml TNF-α 

under normoxia or hypoxia. Neutrophils were isolated from whole blood and cultured overnight 

under normoxia or hypoxia. 5x105 fluorescently labelled neutrophils were added to endothelial 

monolayers in the absence or presence of 20nM PMA, 100ng/ml LPS or 10ng/ml TNF-α. 

Unstimulated and PMA-stimulated neutrophil adhesion was significantly higher under hypoxia. 

Statistical significance was determined by means of a two-way ANOVA with a Bonferroni’s 

post-test. Data is presented as mean adhesion ±SD of four independent experiments. *=p<0.05, 

***=p<0.001 
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3.8 Hypoxia increases neutrophil trans-endothelial migration 
 

Having studied the effects of hypoxia on integrin expression and integrin-mediated 

adhesion, I subsequently examined trans-endothelial migration under hypoxia. Low levels of 

neutrophil transmigration were observed in the absence of a chemoattractant. Neutrophil 

transmigration across HUVEC monolayers was promoted by the presence of IL-8 (Figure 3.19). 

In addition, hypoxia significantly increased IL-8-induced neutrophil transmigration across 

resting endothelial monolayers (p<0.05) (Figure 3.19A).  

I also studied the effects of hypoxia upon neutrophil transmigration across activated 

ECs. HUVEC were cultured for 24 hours with TNF-α prior to transmigration. There was a trend 

to increased transmigration in the absence of a chemoattractant, however this difference did not 

reach statistical significance. Hypoxia significantly increased IL-8-induced neutrophil migration 

across TNF-α activated HUVEC (p<0.05) (Figure 3.19B). 
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Figure 3.19: Hypoxia increases IL-8-induced neutrophil trans-endothelial migration. To 

examine the effects of hypoxia on trans-endothelial migration, neutrophil migration in response 

to IL-8 was studied. HUVEC were cultured overnight under normoxia or hypoxia in the absence 

or presence of 10ng/ml TNF-α. 1.1x106 fluorescently labelled neutrophils were added to the 

apical side of HUVEC in the upper chamber and allowed to transmigrate for 90 minutes under 

normoxia or hypoxia. (A) Neutrophil migration towards IL-8 across resting HUVEC was 

significantly higher under hypoxia. (B) Greater migration was observed across TNF-α activated 

HUVEC. Hypoxia significantly increased neutrophil trans-endothelial migration towards IL-8 

across TNF-α activated HUVEC. Statistical significance was determined by means of a two-way 

ANOVA with a Bonferroni’s post-test. Data is presented as mean transmigration ±SD of three 

independent experiments. *=p<0.05 
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3.9 Discussion 
 

In this chapter, I have shown that neutrophils express β1 and β2 integrins. Moreover, 

whilst β1 integrin expression was not modulated by hypoxia, surface expression of LFA-1 

(αLβ2), Mac-1 (αMβ2) and p150,95 (αXβ2) increased under hypoxia. Hypoxia modulated adhesion 

molecule expression in stimulated HUVEC by reducing E-selectin and enhancing ICAM-1 

expression. Neutrophil adhesion to immobilised integrin ligands was reduced under hypoxia, 

but adhesion to HUVEC was increased by hypoxia. In addition, neutrophil trans-endothelial 

migration was enhanced under hypoxia. This section will discuss my results in context of 

published studies and highlight possible avenues for future work. 

 
3.9.1 Effects of hypoxia upon neutrophil integrin expression 
 
 Published reports have documented the upregulation of β1 integrins under hypoxia 

(Blaschke et al., 2002, Keely et al., 2009, Lee et al., 2011), however this effect was not 

replicated in my experimental data. Published studies demonstrated upregulation of β1 integrins 

in embryonic stem cells, fibroblasts and smooth muscles cells cultured in hypoxia. In contrast, 

my work examined β1 integrin expression in isolated neutrophils, which may not be subject to 

the same hypoxic regulation. 

 Studies have also shown increased β2 expression under hypoxia (Kong et al., 2004). 

Whilst I did not find increased MFI, more neutrophils expressed the β2 subunit under hypoxia. 

Key experimental differences may account for these discrepant results. Elevated β2 expression 

was found in whole blood leukocytes cultured at 5% oxygen for 24 hours (Kong et al., 2004). 

Given that data was obtained from all leukocytes, the relative contribution from individual cell 

types cannot be determined. In contrast, my work examined integrin expression in isolated 

neutrophils cultured in 1% oxygen for 8 hours. Kong and colleagues also found that β2 subunits 

associated with CD11 (Kong et al., 2004), however the precise α subunit was not determined. 

My experimental data show that the MFI for αM and αX, but not αL, increased following 8 hours 

culture under hypoxia, which may indicate that hypoxia increases expression of Mac-1 (αMβ2) 

and p150,95 (αXβ2). Therefore, differences in cells studied, oxygen levels utilised and duration 
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of incubation, render comparisons between my own and published studies difficult and may 

account for discrepant results.  

 
3.9.2 Effects of hypoxia upon neutrophil adhesion 
 

There is conflicting evidence regarding the effects of hypoxia upon EC adhesion 

molecule expression. An early report found that LPS- and TNF-α-stimulated ECs under hypoxia 

had higher E-selectin expression (Zund et al., 1996). A more recent study found reduced E-

selectin expression in ECs stimulated under hypoxia (Maurus et al., 2003). Several differences 

however, exist between these studies including origin of ECs, oxygen levels and assay to 

measure adhesion molecule expression. Zund and colleagues used bovine aortic ECs, whilst 

Maurus et al. examined human aortic ECs. Different oxygen levels were used between studies, 

with Zund et al. culturing cells at 2% oxygen whilst Maurus and colleagues subjected cells to 

1% oxygen. In addition, Maurus et al. evaluated adhesion molecule expression by flow 

cytometry, whilst Zund et al. quantified E-selectin expression by cell ELISA. Therefore, a 

combination of species variation, differences in oxygen levels and techniques may explain the 

contrasting conclusions.  

My observations are consistent with work published by Maurus and colleagues. I 

cultured human umbilical cord vein ECs at 1% oxygen and evaluated E-selectin expression by 

flow cytometry, which found reduced E-selectin expression in ECs stimulated under hypoxia. 

Whilst Maurus et al. examined arterial-derived ECs and I used venous-derived ECs, results are 

consistent between studies. Taken together, the evidence suggests that human ECs express 

lower levels of E-selectin on stimulation at 1% oxygen. 

Published data show increased adhesion under hypoxia (Palluy et al., 1992, Rainger et 

al., 1995). Consistent with these reports, I found that hypoxia promoted neutrophil adhesion to 

HUVEC. Given my results from neutrophil integrin and endothelial adhesion molecule 

expression studies, increased neutrophil adhesion HUVEC under hypoxia may be attributed to 

enhanced interactions between Mac-1 and ICAM-1.  
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Interestingly, whilst neutrophil adhesion to HUVEC was enhanced under hypoxia, I 

found adhesion to immobilised fibrinogen, fibronectin and ICAM-1 was reduced. This 

observation may indicate that cellular crosstalk is required to promote adhesion under hypoxia. 

Alternatively, several integrin-ligand interactions may simultaneously be required for firm 

adhesion under hypoxia, which cannot be replicated when studying adhesion to single 

immobilised ligands. 

 
3.9.3 Effects of hypoxia upon neutrophil transmigration 
 

Early reports found that hypoxia promoted neutrophil trans-epithelial migration (Colgan 

et al., 1996). More recent evidence found neutrophil trans-endothelial migration was unaffected 

by hypoxia (McGovern et al., 2011), whilst other reports found increased chemotaxis under 

hypoxia (Wang and Liu, 2009). These differences arose due to differences in methodologies and 

chemoattractants used between studies. I found IL-8-induced neutrophil trans-endothelial 

migration across both resting and TNF-α-activated HUVEC was enhanced under hypoxia. 

Taken together, my data suggest that increased neutrophil integrin and EC adhesion molecule 

expression under hypoxia not only facilitate adhesion, but also promote transmigration.  

 
3.9.4 Future work 
 

With regards to integrin expression, examining integrin subunit mRNA levels in 

response to hypoxia would complement my cell surface expression data. Neutrophil adhesion 

studies could be expanded to include additional immobilised ligands, including ICAM-2 and 

VCAM-1. Adhesion to a combination of immobilised ligands could be examined to determine 

whether integrin crosstalk promotes adhesion under hypoxia. Endothelial adhesion assays could 

also be expanded to include functional blocking antibodies, targeting both neutrophil integrins 

and endothelial adhesion molecules, to dissect the molecular interactions mediating neutrophil 

adhesion. A similar approach would be beneficial in transmigration experiments, which would 

determine the cellular interactions promoting neutrophil trans-endothelial migration under 

hypoxia. Finally, having conducted static adhesion assays, it would be interesting to examine 

the effect of hypoxia upon neutrophil adhesion and transmigration under flow. 
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In this chapter, I observed differences in neutrophil integrin expression, adhesion and 

transmigration under hypoxia. Given that integrin activation not only mediates adhesion, but 

also promotes numerous cellular functions, in the next chapter, I examined the effects of 

hypoxia upon neutrophil activation. 

 



	  

	  

 
 
 
 
 
 
 
 
 
 
 
 
 
	  

Chapter Four: 

The Effects of Hypoxia on Neutrophil Function 
 

 

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  



Chapter Four: The Effects of Hypoxia on Neutrophil Function 

	  
158	  

4.1 Introduction and aims 
	   	  

Investigations of the effects of hypoxia on ROS generation in neutrophils are limited 

and conflicting. Whilst one report has shown hypoxia increases ROS (Wang and Liu, 2009), 

another study found that GM-CSF primed neutrophils stimulated with fMLP or PMA produced 

lower levels of superoxide anions under hypoxia (McGovern et al., 2011). Similarly, limited 

studies have examined the effects of hypoxia upon NETosis. Increased bactericidal killing was 

reported in neutrophils treated with a HIF-1α agonist, which was mitigated by DNase treatment 

(Zinkernagel et al., 2008). Pharmacological stabilisation of HIF-1α has also been shown to 

promote NETosis (McInturff et al., 2012). Neither study however, examined NETosis cultured 

neutrophils under hypoxia. Therefore, I explored the effects of hypoxia upon neutrophil reactive 

nitrogen species generation, ROS production and NETosis.  

	  
4.2 Neutrophils do not produce detectable levels of reactive nitrogen species 
 

Neutrophils were cultured for either 8 or 12 hours in the absence or presence of IFN-γ, a 

cytokine known to induce nitrite generation. Monocytes treated with IFN-γ for 12 hours were 

used as a positive control for nitrite production. Following incubation, cell supernatants were 

assessed for the presence of nitrites. 

IFN-γ stimulation of 2x106, 5x106 and 1x107 neutrophils did not produce detectable 

levels of nitrites (Figure 4.1A-C). 2x107 neutrophils secreted nanomolar concentrations of 

nitrites following IFN-γ stimulation (Figure 4.1D). These results show that either the Griess 

assay is not sensitive enough to accurately measure nitrites produced by neutrophils or that 

neutrophils do not secrete nitrites on IFN-γ stimulation. Given these results, I did not explore 

the effects of hypoxia upon reactive nitrogen species further. 
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4.3 Neutrophils produce reactive oxygen species on PMA stimulation 
 
 Given the impractically large number of neutrophils required to study reactive nitrogen 

species, I examined ROS generation. A preliminary titration was performed with neutrophils 

isolated from two donors, which were stimulated with PMA concentrations ranging from 0-

400nM. Hydrogen peroxide generation was assessed using the Amplex® UltraRed assay. A 

dose-dependent response was observed in both donors (Figure 4.2). Further experiments 

examining ROS generation were performed using 50nM PMA to ensure that both increased and 

decreased hydrogen peroxide production could be detected. 

  
4.4 Hypoxia does not modulate hydrogen peroxide production by neutrophils 
	  
 To examine the effects of hypoxia upon ROS generation, neutrophils were isolated from 

8 healthy donors and cultured for 1 hour under normoxia or hypoxia. HRP and Amplex® 

UltraRed were added and rates of hydrogen peroxide generation measured in the absence or 

presence of PMA. 

 Unstimulated neutrophils produced minimal rates of hydrogen peroxide (Figure 4.3A). 

Unstimulated ROS generation was not altered under hypoxia (p=0.5781). Stimulation with 

PMA induced rapid hydrogen peroxide production. PMA-induced hydrogen peroxide 

generation was not affected by hypoxia (p=0.2136) (Figure 4.3B). 
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Figure 4.2: PMA-stimulated neutrophils produce hydrogen peroxide in a dose-

dependent manner. Isolated neutrophils were cultured for 1 hour under normoxia before the 

addition of 0.5U/ml HRP and 60nM Amplex® UltraRed. 4x105 neutrophils were treated with 

PMA at concentrations varying from 0-400nM and hydrogen peroxide generation assessed. 

(A) Individual rates of hydrogen peroxide from two donors. (B) Average rates obtained from 

both donors. Both donors show a dose-dependent response to PMA.  Data is shown as mean 

rate ±SD of three independent experiments. 
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Figure 4.3: Hypoxia does not modulate neutrophil hydrogen peroxide generation. Neutrophils 

were isolated from whole blood donated from 8 different donors. Cells were cultured for 1 hour 

under either normoxia or hypoxia before the addition of 0.5U/ml HRP and 60nM Amplex® 

UltraRed. 4x105 neutrophils were then treated with 50nM PMA and hydrogen peroxide generation 

evaluated. Rates of hydrogen peroxide production were determined using the Omega software 

package. (A) Minimal hydrogen peroxide was produced by unstimulated neutrophils. There were 

no significant differences between cells cultured under normoxia and those under hypoxia 

(p=0.5781, Wilcoxon matched pairs test). (B) Stimulation with 50nM PMA induced hydrogen 

peroxide production. Statistical analysis did not find a significant difference between normoxic and 

hypoxic neutrophils (p=0.2136, paired t test). Data presented as box plots of all eight matched 

observations. 
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4.5 Integrin blockade does not significantly affect rates of hydrogen peroxide 

generation under normoxia and hypoxia 
	  

Next, I assessed hydrogen peroxide generation in the presence of integrin blockade to 

determine whether integrins regulate ROS production. Neutrophils were isolated from 4 healthy 

individuals. Neutrophils were incubated for 1 hour in the absence or presence of 2LPM19c 

(Mac-1-specific blockade), mAb38 (LFA-1-specific blockade), P5D2 (β1 integrin blockade) or 

mAb1976 (αVβ3-specific blockade). HRP and Amplex® UltraRed were added and hydrogen 

peroxide generation measured in response to PMA. Unstimulated neutrophils produced low 

rates of hydrogen peroxide production, whilst PMA-stimulated neutrophils in the absence of 

integrin blockade rapidly produced hydrogen peroxide (Figure 4.4). There was a trend for 

decreased hydrogen peroxide generation following Mac-1 blockade with 2LPM19c, but this 

difference was not significant (p=0.0542). 

In addition, I examined the effects of hypoxia upon hydrogen peroxide generation 

following integrin blockade in 3 healthy donors. Neutrophils were cultured for 1 hour in the 

absence or presence of 2LPM19c, mAb38, P5D2 or mAb1976 under normoxia or hypoxia. HRP 

and Amplex UltraRed® were subsequently added and rates of hydrogen peroxide generation 

measured in response to PMA. There was a trend for decreased rates of hydrogen peroxide 

generation under hypoxia in the absence of integrin blockade (Figure 4.5A). This trend was 

more apparent in neutrophils subjected to integrin blockade (Figure 4.5B-E), however given the 

small number of donors tested, significance was not reached for any of the experimental 

conditions (p=0.2500). 
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Figure 4.4: Integrin blockade does not significantly affect hydrogen peroxide generation. 

Neutrophils were isolated from 4 healthy donors. 2x106 cells were cultured in the absence or 

presence of 10µg/ml 2LPM19c (Mac-1/αMβ2-specific blockade), mAb38 (LFA-1/αLβ2-specific 

blockade), P5D2 (β1 integrin blockade) or mAb1976 (αVβ3-specific blockade) for 1 hour under 

normoxia. Following incubation, 0.5U/ml HRP and 60nM Amplex® UltraRed were added. 

4x105 neutrophils treated with 50nM PMA and hydrogen peroxide generation was assessed. 

Unstimulated neutrophils produced minimal hydrogen peroxide, whilst neutrophils treated with 

50nM PMA rapidly produced hydrogen peroxide. Integrin blockade did not significantly affect 

rates of hydrogen peroxide generation (p=0.0542, Friedman test). Data is presented as the mean 

rate of hydrogen peroxide generation ±SD of all 4 donors. 
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Figure 4.5: Hypoxia does not significantly affect integrin-mediated hydrogen peroxide generation. 

Neutrophils were isolated from 3 healthy donors. 2x106 cells were cultured under normoxia or hypoxia 

for 1 hour in presence of (A) no blockade, (B) 2LPM19c (Mac-1/αMβ2-specific blockade), (C) mAb38 

(LFA-1/αLβ2-specific blockade), (D) P5D2 (β1 integrin blockade) or (E) mAb1976 (αVβ3-specific 

blockade). Following incubation, 0.5U/ml HRP and 60nM Amplex® UltraRed were added. 4x105 

neutrophils were then treated with 50nM PMA and hydrogen peroxide generation was assessed. None 

of the results were statistically significant (p=0.2500, Wilcoxon matched pairs test). Data is presented as 

the mean rate of hydrogen peroxide generation ±SD of all 3 different donors. 
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4.6 PMA stimulation induces neutrophil extracellular trap release 
 
 Having found no effect on hydrogen peroxide production, I examined the effects of 

hypoxia upon NETosis. Immunofluorescence microscopy was used to verify whether 4 hours 

stimulation with PMA was sufficient to induce NETosis. Immunofluorescence imaging using 

uncoated coverslips was unsuccessful as neutrophils failed to adhere to the glass coverslips 

(data not shown). Similarly, coating coverslips with poly-l-lysine produced high background 

and in some cases induced NETosis in unstimulated neutrophils (data not shown).  

Fibrinogen-coated coverslips allowed neutrophils to adhere without inducing NETosis. 

Neutrophils were added to coverslips in the absence or presence of PMA for 4 hours. Cells were 

fixed and stained for histone H3 and mounted onto microscope slides with a DAPI mounting 

medium to stain DNA. Unstimulated cells had a punctate staining pattern, indicating nuclear 

localisation of both DNA and histone H3 (Figure 4.6). PMA stimulation induced the 

externalisation of both DNA and histone H3 (Figure 4.6), indicative of NETosis. 

Having qualitatively demonstrated PMA-induced NETosis, quantitative measurement 

of NETosis was performed. The PicoGreen® dsDNA quantification kit is widely used to 

quantify NETs, as the PicoGreen® reagent fluorescently stains dsDNA. I also developed and 

optimised a capture ELISA to specifically measure NETs. Streptavidin-coated wells were 

coated with a biotin-conjugated anti-MPO capture antibody before incubation with PMA-

stimulated neutrophil supernatants. NETs were detected by an anti-citrullinated histone H3 

antibody followed by a HRP-conjugated secondary antibody. Titrations of all antibodies were 

conducted for optimal concentrations for the detection of NETs (data not shown). 

Following optimisation of the NET capture ELISA, I compared the optimised capture 

ELISA with the PicoGreen® dsDNA quantification kit. Neutrophils were cultured in the 

absence or presence of PMA for 4 or 24 hours. Cell supernatants tested for the presence of 

NETs in both the NET capture ELISA and PicoGreen® dsDNA quantification kit. 
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Figure 4.6: Neutrophils release NETs following PMA stimulation. 5x105 neutrophils were 

added to fibrinogen-coated coverslips and cultured in the absence or presence of 40nM PMA for 4 

hours. Cells were fixed and stained for histone H3 (green) and sealed with a DAPI mounting 

medium (blue). This was repeated with three different donors. Representative images can be seen 

for (A) donor 1 and (B) donor 2. PMA stimulation induced the externalisation of histone H3 and 

DNA, indicative of NETosis and was not seen in untreated cells. Images were taken at 20x 

magnification. 
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Neutrophil supernatants following PMA stimulation for 4 or 24 hours had significantly 

higher OD values compared to untreated neutrophils in the NET capture ELISA (p<0.05 and 

p<0.01 respectively) (Figure 4.7A). Supernatants assessed using the PicoGreen® dsDNA 

quantification kit displayed a similar pattern, however only 24 hours PMA stimulation produced 

significantly higher RFU values (p<0.05) (Figure 4.7B). 

 
4.7 Hypoxia enhances PMA-stimulated NETosis 
	  
 Having determined a quantitative method to evaluate NETs, I then studied the effects of 

hypoxia upon NETosis. Neutrophils were isolated and cultured overnight under normoxia or 

hypoxia. Following overnight incubation, cells were cultured in the absence or presence of 

PMA for 4 hours, after which supernatants were assessed for NETs.  

Cell supernatants from PMA-stimulated neutrophils had significantly higher OD values 

compared to untreated cells. OD values from both untreated and PMA-stimulated neutrophil 

supernatants were significantly increased in hypoxia compared to normoxia (p<0.05 and 

p<0.001 respectively) (Figure 4.8).  

 
4.8 NETosis is a cation-dependent process 
 

Next, I conducted a preliminary study to determine whether NETosis is integrin-

dependent. Immunofluorescence staining was performed in the absence or presence of EDTA, 

which chelates divalent cations that are essential for integrin function. 

Untreated neutrophils had a punctate DAPI and histone H3 staining pattern (Figure 

4.9A), whilst PMA stimulation externalised nuclear stains (Figure 4.9B). Neutrophils treated 

with PMA and EDTA also had a punctate staining pattern (Figure 4.9C), demonstrating a 

requirement for cations in NETosis. Manganese cations are able to activate cellular integrins. 

Neutrophils treated with manganese chloride had extracellular DAPI and histone H3 staining 

(Figure 4.9D), which was not observed in neutrophils treated with manganese chloride and 

EDTA (Figure 4.9E). 
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Figure 4.7: Similar results are obtained from a NET capture ELISA and PicoGreen® dsDNA 

quantification kit. 2x106 neutrophils were cultured in the absence or presence of 40nM PMA for 4 

or 24 hours. Cell supernatants were tested for presence of NETs using the (A) NET capture ELISA or 

(B) PicoGreen® dsDNA quantification kit. Readouts were significantly higher in the supernatant of 

neutrophils stimulated with 40nM PMA. Similar patterns were observed between assays. Statistics 

significance was tested using a 2-way ANOVA with a Bonferroni post-test analysis. Data is 

presented as mean ±SD of 3 independent experiments. ns = no significance, * = p<0.05, ** = p<0.01 
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Figure 4.8: Hypoxia enhances NETosis of PMA-stimulated neutrophils. Neutrophils were 

isolated and incubated overnight under either normoxia or hypoxia. Cells were cultured for a 

further 4 hours in the absence or presence of 40nM PMA. Neutrophil supernatants were tested 

for the presence of NETs by capture ELISA.  OD values were significantly higher in untreated 

and PMA-stimulated neutrophils supernatants under hypoxia. Statistical significance was 

tested by two-way ANOVA with a Bonferroni post-test analysis. Data is presented as the mean 

OD ±SD of three independent experiments *=p<0.05, *** = p<0.001 
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Figure 4.9: NETosis is inhibited by EDTA treatment and stimulated by manganese cations. 5x105 

neutrophils were added to fibrinogen-coated coverslips and incubated for 4 hours with (A) untreated 

media, (B) 40nM PMA, (C) 40nM PMA and 5mM EDTA, (D) 0.5mM manganese chloride or (E) 0.5mM 

manganese chloride and 5mM EDTA. Cells were fixed and stained for histone H3 (green) and sealed with 

a DAPI mounting medium (blue). Externalisation of nuclear stains was observed in PMA and manganese 

chloride treated cells, but not those treated with 5mM EDTA. Representative images from each slide are 

shown above. Images were taken at 20x magnification. 
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4.9 Mac-1 activation induces NETosis 
	  
 Having shown NETosis is cation-dependent and can be induced with manganese 

cations, thus implicating integrin involvement, I subsequently studied the effects of Mac-1 

activation on NETosis. Leukadherin-1 (LA-1) is a small molecule agonist, which specifically 

activates Mac-1 (Celik et al., 2013). Titrations of LA-1 induced neutrophil adhesion to 

immobilised fibrinogen in a dose-dependent manner (Figure 4.10).  

 Immunofluorescence studies were then conducted to study the effects of LA-1 treatment 

on NETosis. Neutrophils were treated with 10, 25, 100 or 200µM LA-1 for 4 hours and stained 

for NETs. Untreated and 10µM LA-1-treated cells displayed punctate staining (Figure 4.11A, 

B), however neutrophils treated with 25, 100 or 200µM LA-1 demonstrated evidence of 

NETosis (Figure 4.11C-E) similar to that of cells stimulated with 40nM PMA (Figure 4.11F). 
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Figure 4.10: Leukadherin-1 promotes neutrophil adhesion to immobilised fibrinogen. 

Neutrophils were isolated from whole blood and fluorescently labelled with BCECF-AM. 

Neutrophil adhesion to immobilised fibrinogen was then measured in response to several 

concentrations of the small molecule Mac-1 agonist leukadherin-1 (LA-1). Increased adhesion 

compared to DMSO vehicle controls was observed from 15µM, which increased with greater 

LA-1 concentrations. Data is presented as mean adhesion ±SD of three independent 

experiments. 
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Figure 4.11: Mac-1 activation induces NETosis. 5x105 neutrophils were added to fibrinogen-coated 

coverslips and incubated for 4 hours with (A) untreated media, (B) 10µM leukadherin-1 (LA-1), (C) 

25µM LA-1, (D) 100µM LA-1, (E) 200µM LA-1, or (F) 40nM PMA. Cells were fixed and stained for 

histone H3 (green) and sealed with a DAPI mounting medium (blue). Externalisation of nuclear stains 

was observed in neutrophils cultured with LA-1 concentrations of 25µM and greater. PMA stimulation 

also induced extracellular histone H3 and DAPI staining. Representative images from each slide are 

shown above of 2 independent experiments. Images were taken at 20x magnification. 
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4.10 Endothelial co-culture may modulate neutrophil responses to PMA 
 

As integrin activation induced NETosis, I next examined neutrophil responses during 

endothelial co-culture. A preliminary experiment was conducted to explore the effects of 

neutrophil-endothelial interactions upon ROS generation under normoxia. HUVEC were seeded 

into 96-well plates and grown to confluence. Prior to experimentation, cells were cultured 

overnight in the absence or presence of TNF-α. Neutrophils were isolated and treated with HRP 

and Amplex® UltraRed before addition of neutrophils to empty wells or wells containing 

resting or TNF-α-activated endothelial monolayers.  

PMA-induced hydrogen peroxide production was reduced in neutrophils stimulated in 

the presence of resting HUVEC monolayers compared to empty wells (Figure 4.12). 

Interestingly, rates of hydrogen peroxide generation were higher in neutrophils stimulated in the 

presence of TNF-α-activated endothelial monolayers compared to resting HUVEC, similar to 

rates obtained from empty wells (Figure 4.12). Integrin blockade also had greater effects in 

wells containing HUVEC. Whilst each condition was tested in triplicate, the experiment was 

only conducted once so statistical significance cannot be determined. 

 I also studied the contribution of endothelial monolayers to NETosis. Neutrophils were 

added to empty wells or wells containing endothelial monolayers. Neutrophils were cultured in 

the absence or presence of PMA for 4 hours, following which, cell supernatants were assessed 

for NETs by capture ELISA. NETs were detected in the supernatants of PMA-stimulated 

neutrophils, but not HUVEC (Figure 4.13). Neutrophils stimulated in the presence of HUVEC 

had significantly higher levels of NETs compared to neutrophils stimulated in the absence of 

endothelial monolayers (p<0.01) (Figure 4.13). 
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Figure 4.12: The effects of endothelial co-culture on neutrophil ROS generation. HUVEC 

were grown to confluence. Prior to experimentation, EC monolayers were cultured for 24 hours 

in the absence or presence of 10ng/ml TNF-α. Neutrophils were isolated and cultured in the 

absence or presence of 10µg/ml 2LPM19c (Mac-1/αMβ2-specific blockade), mAb38 (LFA-

1/αLβ2-specific blockade), P5D2 (β1 integrin blockade) or mAb1976 (αVβ3-specific blockade) for 

1 hour under normoxia, after which 0.5U/ml HRP and 60nM Amplex® UltraRed were added. 

4x105 neutrophils were added to empty wells, resting HUVEC monolayers or activated HUVEC 

monolayers. Cells were treated with 50nM PMA and hydrogen peroxide generation was then 

assessed. Neutrophils stimulated in the presence of resting ECs had lower rates of hydrogen 

peroxide generation, compared to empty wells and wells containing TNF-α-activated ECs. 

Integrin blockade had greater effects in the presence of EC monolayers. Statistical significance 

could not be determined as this preliminary experiment was only conducted once. Data is 

presented as the mean rate of hydrogen peroxide generation ±SD of triplicate wells. 
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Figure 4.13: Endothelial co-culture enhances NETosis. HUVEC were grown to confluence 

into endothelial monolayers. Neutrophils were isolated and 2x106 cells were added to either 

empty wells or wells containing EC monolayers. Cells were then cultured for 4 hours in the 

absence or presence of 40nM PMA. Following incubation, cell supernatants were tested for the 

presence of NETs by capture ELISA. Only PMA-stimulated neutrophil supernatants tested 

positive for NETs. Neutrophils stimulated in the presence of endothelial monolayers had 

significantly higher levels of NETs compared to neutrophils stimulated alone. Statistical 

significance was determined by two-way ANOVA with a Bonferroni post-test analysis. Data is 

presented as the mean OD ±SD of three independent experiments. ns= no significance, 

**=p<0.01, *** = p<0.001 
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4.11 Hypoxia alters protein expression in neutrophils 
 
 Having found functional effects of hypoxia upon neutrophil activation, I began to 

explore the mechanisms underpinning neutrophil activation. Given the importance of MPO and 

PAD-4 in NETosis, preliminary experiments were conducted to determine the expression and 

intracellular localisation of both proteins in response to hypoxia and PMA stimulation.  

Neutrophils were cultured under normoxia or hypoxia for 4 hours in the absence or 

presence of PMA. Following incubation, cells were lysed using a ProteoExtract® subcellular 

proteome extraction kit (Millipore, Ireland), to obtain cytosolic, membrane, nuclear and 

cytoskeletal cell lysate fractions. Cell lysates from each fraction were resolved by gel 

electrophoresis and transferred to a PVDF membrane, which was probed for MPO, PAD-4 and 

GAPDH by immunoblot (Figure 4.14A).  

MPO was predominately found in nuclear cell fractions. Unstimulated neutrophils 

cultured under normoxia had greater MPO expression than unstimulated hypoxic cells (Figure 

4.14B). In contrast, greater MPO expression in PMA-stimulated neutrophils was seen under 

hypoxia compared to normoxia (Figure 4.14C).  

PAD-4 expression was only seen in cytosolic cell fractions. Unstimulated hypoxic 

neutrophils had twice as much PAD-4 expression compared to normoxic cells (Figure 4.14D). 

PMA stimulation increased expression in normoxic cells, however expression was still higher in 

hypoxic cells (Figure 4.14E). 
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Figure 4.14: Hypoxia alters intracellular expression of PAD-4 and MPO in neutrophils. 

Neutrophils cultured under normoxia or hypoxia in the absence or presence of 40nM PMA for 4 hours, 

after which cells were subjected to fractional lysis. (A) Resolved proteins were transferred to a PVDF 

membrane, which were probed for MPO and PAD-4, which were normalised to GAPDH. (B) 

Unstimulated hypoxic neutrophils had lower MPO levels. (C) Greater MPO levels were observed in 

PMA-stimulated neutrophils under hypoxia. (D) PAD-4 levels were higher in unstimulated hypoxic 

neutrophils. (E) Hypoxic stimulated neutrophils had lower levels than unstimulated cells, but had 

higher levels than normoxic counterparts. Cy= cytosolic, M= membrane, N= nuclear, CSk=cytoskeletal 
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4.12 Inhibition of p38 MAPK, but not mTOR, reduces PMA-induced NETosis 
	  

Before determining whether hypoxia modulates signalling pathways regulating 

NETosis, I conducted preliminary experiments to highlight the key pathways involved in PMA-

induced NETosis. Given that p38 MAPK signalling has been implicated in PMA-induced 

NETosis (Riyapa et al., 2012) as well as the importance of mTOR and HIF-1α in the regulation 

of NET release (McInturff et al., 2012), I studied the effects of mTOR and p38 MAPK 

inhibition on NETosis. 

Neutrophils were incubated with varying concentrations of rapamycin or SB203580, 

which inhibit mTOR and p38 MAPK signalling respectively, for 2 hours and then treated with 

PMA for a further 4 hours. Following incubation, supernatants were assessed for the presence of 

NETs. There was a trend for decreased NETosis with increasing concentrations of rapamycin, 

but these differences did not reach significance (Figure 4.15A). In contrast, a significant dose-

dependent reduction in NETosis was observed in neutrophils treated with 10µM and 20µM 

SB203580 (Figure 4.15B). 

 
4.13 Hypoxia induces transient endothelial PAD-4 expression and activity 
	  

In addition to studying the effects of hypoxia upon neutrophil protein expression, I also 

examined the endothelial PAD-4 and citrullinated histone H3 expression. A preliminary time 

course experiment was conducted in which HUVEC were exposed to hypoxia for up to 24 

hours, before cells were lysed and proteins resolved by gel electrophoresis. Resolved proteins 

were transferred to a membrane and probed for HIF-1α, PAD-4, citrullinated histone H3 and β-

tubulin (Figure 4.16A). HIF-1 α protein levels increased by 3.1 fold compared to baseline 

following 4 hours in hypoxia, before declining back to baseline (Figure 4.16B). PAD-4 

expression increased by 1.2 fold following 4 hours of hypoxic culture (Figure 4.16C). Levels of 

citrullinated histone H3 also rapidly increased by 15 fold above baseline after 4 hours 

incubation in hypoxia (Figure 4.16D). As this experiment was only conducted once, statistical 

significance could not be determined. 
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Figure 4.15: Inhibition of p38 MAPK, but not mTOR signalling significantly reduces 

NETosis. Neutrophils were isolated and treated with varying concentrations of rapamycin or 

SB203580 for 2 hours and then stimulated with 40nM PMA for 4 hours and supernatants assessed 

for NETs by capture ELISA. (A) A marginal decrease was observed with increasing rapamycin 

concentrations, however this difference was not significant. (B) PMA-stimulated NETosis 

significantly decreased with increasing concentrations of SB203580. Statistical significance was 

tested by one-way ANOVA with a Bonferroni multiple comparison test. Data is presented as the 

mean OD ±SD of two independent experiments. ns= no significance, *=p<0.05, ** = p<0.01 
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4.14 Discussion 
 
 In this chapter, I have shown that PMA induces neutrophil hydrogen peroxide 

production, which is neither modulated by hypoxia nor integrin blockade. PMA stimulation 

induces NETosis, which is enhanced under hypoxia and is cation-dependent. Preliminary work 

has implicated Mac-1 activation in the generation of NETs. Co-culture of neutrophils with ECs 

appears to modulate neutrophil responses, however further work is required to validate 

preliminary findings. Hypoxia increases PAD-4 expression in neutrophils, with increased PAD-

4 and citrullinated histone H3 also being observed in HUVEC. In this section I will discuss my 

findings within the context of published reports, evaluate limitations of my work and explore 

avenues of future work. 

	  
4.14.1 Effects of hypoxia upon ROS generation 
	  

There is conflicting evidence regarding the effects of hypoxia on neutrophil ROS 

generation. Whilst Wang and Lui reported increased ROS production when neutrophils were 

exposed to 12% oxygen (Wang and Liu, 2009), McGovern et al. found defective ROS 

production when neutrophils primed with GM-CSF were stimulated under 3% oxygen 

(McGovern et al., 2011). The latter study is most similar to my work, but I cultured neutrophils 

at 1% oxygen and did not prime cells prior to treatment. I did not find a significant difference in 

hydrogen peroxide production by neutrophils stimulated under normoxia and hypoxia.  

Conflicting evidence may be explained by considering the cellular effects of the varying 

oxygen levels. Jiang and colleagues had previously demonstrated that HIF-1α protein 

expression and DNA-binding activity was only seen in HeLa S3 nuclear extracts when exposed 

to 5% oxygen or lower (Jiang et al., 1996). It is therefore possible that the neutrophils exposed 

to 12% oxygen by Wang and Lui lacked HIF-mediated signalling. In contrast, as both my own 

work and that of McGovern et al. had cultured neutrophils below 5% oxygen, responses are 

likely to be mediated by HRE-mediated transcription. Given the discrepant findings and 

variations in experimental conditions, further work is required to determine the precise effects 

of hypoxia upon ROS generation in neutrophils.  
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4.14.2 Effects of hypoxia upon NETosis 
 
Two studies have examined the role of HIF-1α in NETosis, both of which implicate 

HIF-1α signalling with enhanced NETosis. Neither study subjected neutrophils to hypoxia, but 

instead treated cells with hypoxia mimetics. Neutrophils treated with the HIF-1α agonist 

mimosine displayed increased bactericidal killing, which was mitigated by the degradation of 

extracellular DNA via DNase treatment (Zinkernagel et al., 2008). In addition, mTOR-

dependent HIF-1α stabilisation promoted NETosis, whilst inhibition of either mTOR or HIF-1α 

reduced NETosis (McInturff et al., 2012). My work conducted under low oxygen levels is 

consistent with these published reports using hypoxia mimetics. Whilst these studies show that 

pharmacological stabilisation of HIF-1α enhances NET release, my results demonstrate that 

culture under hypoxia, which stabilises HIF-1α expression, promotes NETosis in human 

neutrophils. Therefore, an important factor in NETosis is the stabilisation of HIF-1α. 

	  
4.14.3 Molecular mechanisms and cell signalling underlying neutrophil activation 
 
 Conflicting evidence exists regarding the molecular and signalling events regulating 

neutrophil activation under hypoxia. Several studies have shown Mac-1 blockade reduces 

NETosis (Neeli et al., 2009, Raftery et al., 2014, Rossaint et al., 2014, Yalavarthi et al., 2015), 

but did not dissect integrin involvement further. Similar observations have been reported with β1 

integrin blockade (Lavigne et al., 2007, Gillenius and Urban, 2015). My preliminary data shows 

that NETosis is cation-dependent, which indirectly supports these published reports. Moreover, 

my data showing LA-1, which specifically activates Mac-1 via allosteric conformational 

changes (Celik et al., 2013), induces NETosis complements the findings of published reports 

showing reduced NETosis following Mac-1 inhibition.	  

 My preliminary data show that endothelial co-culture, particularly with activated ECs, 

may modulate neutrophil hydrogen peroxide generation. NETosis was also elevated in 

neutrophils cultured with resting ECs. Published reports demonstrate that activated ECs can 

induce NETosis (Gupta et al., 2010), therefore cellular interactions with ECs may promote NET 
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production and release. Further work evaluating NETosis in the presence of activated ECs may 

provide data more consistent with published reports.  

I found increased PAD-4 expression in neutrophils following 4 hours culture under 

hypoxia. There was also an increase in PAD-4 expression in HUVEC exposed to hypoxia, 

however as there were no EC normoxic comparisons, it is impossible to say whether this finding 

represents increased expression in response to hypoxia. A published report has documented 

increased PAD-2 expression and activity in astrocytes exposed to hypoxia (Sambandam et al., 

2004), however the effects of hypoxia upon PAD-4 expression have not been studied. My novel 

finding demonstrates that PAD-4 expression is also under hypoxic regulation. Increased 

citrullinated histone H3 under hypoxia was noted in ECs, which indicates enhanced PAD-4 

activity, however due to the lack of normoxic controls, this observation cannot be conclusively 

attributed to the effects of hypoxia. 

There is conflicting evidence regarding the contribution of mTOR in NETosis. In one 

report, mTOR signalling promotes NETosis via HIF-1α stabilisation (McInturff et al., 2012), 

whilst in another publication, mTOR inhibited NETosis through suppression of autophagy 

(Itakura and McCarty, 2013). My preliminary data found that mTOR inhibition with rapamycin 

did not significantly affect PMA-induced NETosis. In these published reports, neutrophils were 

stimulated with either LPS or fMLP, whilst in my work neutrophils were stimulated with PMA. 

Therefore, it is possible that mTOR does not regulate NETosis in response to PMA stimulation. 

In contrast, treatment with the p38 MAPK inhibitor SB203580 significantly reduced NET 

release in PMA-stimulated neutrophils. This observation is consistent with published reports, 

which have also found that PMA-induced NETosis was reduced following p38 MAPK 

inhibition (Riyapa et al., 2012). 

	  
4.14.4 Future work 
	  
 There are many avenues in which my work could be expanded. With regards to 

hydrogen peroxide generation, as my work only examined the effects of hypoxia after 1 hour 

exposure, additional time points up until 8 hours could be studied to explore the effects of 



Chapter Four: The Effects of Hypoxia on Neutrophil Function 

	  
186	  

longer culture under hypoxia upon ROS generation. Additional experiments could also be 

conducted to examine the effects of integrin blockade on hydrogen peroxide generation by 

neutrophils in the presence of immobilised ligands. Further investigation is required to expand 

on my preliminary data exploring the effects of endothelial co-culture upon neutrophil ROS 

generation. In addition, whilst the Amplex® UltraRed assay is a robust assay, it may be useful 

to assess ROS generation using flow cytometry-based assays that allow for the identification of 

several species of both reactive oxygen and nitrogen species, which would provide a better 

understanding of how hypoxia affects neutrophil activation. 

 I would have also liked to conduct further endothelial co-culture experiments. Studying 

NETosis in co-culture with resting and activated endothelium would validate and expand upon 

my preliminary data. Inclusion of functional blocking antibodies against both neutrophil 

integrins and endothelial adhesion molecules would build upon published studies and identify 

the cellular interactions that promote NETosis in co-culture. Examining the effects of hypoxia 

on cellular interactions and how they modulate NETosis would provide further insight into 

neutrophil biology. 

 Further work is also required to complete studies examining the effects of hypoxia upon 

protein expression and subcellular localisation in both neutrophil and ECs. Earlier time points 

would highlight the dynamics of protein expression and subcellular localisation, which may 

indicate how hypoxia affects protein trafficking. Given that the proteins examined are integral 

to NET structure and function, assessing cell supernatants for MPO, citrullinated histone H3, 

and even PAD-4 (Spengler et al., 2015), would contribute to our understanding of the kinetics 

and dynamics of NETosis under hypoxia, from protein synthesis to release within NETs. 

 Finally, further dissection of the signalling pathways involved may highlight important 

signalling molecules important to NETosis during hypoxia. For example, as p38 MAPK 

inhibition exhibited a dose-dependent inhibitory effect in NETosis, it would be interesting to 

examine the effects of hypoxia upon p38 MAPK expression and activity. Having explored the 

effects of hypoxia upon neutrophil activation, in the next chapter, I will evaluate the modulatory 

role of IgG upon neutrophil function. 
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5.1 Introduction and aims 
	  
 Neutrophil dysfunction has been implicated in the pathology of RA, SLE and APS, but 

few studies have examined the effects of purified IgG upon neutrophil adhesion and activation. 

SLE- and APS-IgG enhance monocyte adhesion to ECs (Simantov et al., 1995, Del Papa et al., 

1999), but the effects upon adhesion of other leukocytes have not been explored. RA-IgG has 

been found to modulate in vitro NETosis (Khandpur et al., 2013), with a similar effect being 

observed with SLE-IgG in mouse models (Knight et al., 2013). Recent studies have also shown 

that APS-IgG enhances NETosis (Yalavarthi et al., 2015). Therefore, I carried out work in this 

chapter to examine how purified IgG affects neutrophil adhesion, ROS generation and NETosis. 

 
5.2 IgG purification from the serum of patients with RA, SLE and APS  
 
 To examine the effects of IgG upon neutrophil activation, I first purified whole IgG 

fractions from the sera of HCs and patients with RA, SLE or APS. Demographic details of these 

IgG samples are listed in Table 5.1. 

 The RA cohort had a mean age of 51 ±13.4 years, which was significantly older than 

SLE, APS and HC cohorts (p<0.05). All 9 RA patients had inflammatory arthritis, 1 patient was 

hypertensive, 1 had ILD and 1 had rheumatoid nodules. There was a range of 

immunomodulatory medications within the RA cohort: 5 patients were prescribed HCQ; 3 

patients received methotrexate; 1 patient was prescribed prednisolone; and 1 patient was 

prescribed sulfasalazine. In addition, 2 patients had been administered rituximab and 1 patient 

had stopped humira between 3-6 months before the time of serum preparation. 

 The SLE cohort had a mean age of 32 ±7.4 years. Within the cohort, 2 patients had 

arthralgia, 4 had nephritis and 2 had a lupus-associated rash. SLE patients were also prescribed 

a range of immunomodulatory treatments: 5 patients were prescribed mycophenolate mofetil; 5 

patients were prescribed prednisolone; 4 patients were taking HCQ; and 1 patient was 

prescribed tacrolimus. Three patients were also prescribed aspirin. 
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 The APS cohort had a mean age of 39 ±10.1 years. 7 patients had venous thrombotic 

clinical events, whilst the remaining 2 had pregnancy morbidity. 1 patient was prescribed 

prednisolone. All 9 patients were taking warfarin and 1 was prescribed aspirin as 

thromboprophylaxis. 

 The HC cohort had a mean age of 39 ±4.5 years. None of these subjects had any clinical 

complications and were not taking any prescribed medications. 

ACPA and ANCA titres were determined by ELISA, with positivity defined as ACPA 

titres of 5 U/ml or greater and ANCA ratios greater than 4.0, as determined by manufacturer 

protocol. 8 of 9 RA-IgG samples were ACPA positive (20.46-299.3 U/ml) and one was ACPA 

negative (1.57 U/ml). All other IgG samples were ACPA negative: SLE-IgG (2.04-2.99 U/ml); 

APS-IgG (2.03-2.40 U/ml); and HC-IgG (2.00-2.32 U/ml). All IgG samples were negative for 

both PR3- and MPO-ANCA: RA-IgG (PR3-ANCA: 0.66-0.90; MPO-ANCA: 0.67-0.90); SLE-

IgG (PR3-ANCA: 0.69-0.79; MPO-ANCA: 0.70-0.76); APS-IgG (PR3-ANCA: 0.69-0.83; 

MPO-ANCA: 0.72-0.81); and HC-IgG (PR3-ANCA: 0.69-1.18; MPO-ANCA: 0.70-0.82). 

	  
5.3 APS-IgG enhances PMA-induced neutrophil adhesion to fibronectin 
 
 To examine the effects of IgG upon integrin activation, I assessed neutrophil adhesion 

to immobilised integrin ligands in the presence of purified IgG. First the effects of IgG upon β1 

integrin activation were investigated by examining neutrophil adhesion to immobilised 

fibronectin. Neutrophils were allowed to adhere to immobilised fibronectin in the absence or 

presence of PMA and purified IgG.  

Unstimulated neutrophils displayed a 1.5 to 2.5 fold increase in adhesion to fibronectin 

in the presence of IgG, however increased adhesion was not significant compared to no IgG 

controls (Figure 5.1A). Stimulation with PMA increased neutrophil adhesion in the presence 

and absence of IgG. Neutrophils treated with HC-IgG had similar binding to no IgG controls 

(Figure 5.B). APS-IgG significantly increased PMA-stimulated adhesion to immobilised 

fibronectin compared to HC-IgG (p<0.05). Although there was a trend for increased adhesion in  
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Figure 5.1: APS-IgG significantly enhances PMA-stimulated neutrophil adhesion to immobilised 

fibronectin. To examine the modulatory effects of IgG upon β1 integrin activation, neutrophil 

adhesion to immobilised fibronectin in the presence of IgG was studied. 5x105 fluorescently labelled 

neutrophils were added to fibronectin-coated wells in the absence or presence of 20nM PMA and 

200µg/ml of purified RA-IgG (n=7), SLE-IgG (n=4), APS-IgG (n=6) or HC-IgG (n=6). (A) The 

presence of purified IgG increased adhesion, however this increase was not significant compared to no 

IgG (B) APS-IgG significantly increased PMA-induced adhesion to fibronectin compared to HC-IgG. 

Statistical significance was determined by a Kruskal-Wallis test with a Dunn’s multiple comparison 

test. Data is presented as box plots, with averaged results for each IgG samples from three independent 

experiments. Abbreviations: HC, healthy control; RA, rheumatoid arthritis; SLE, systemic lupus 

erythematosus; APS, antiphospholipid syndrome. ns= no significance *=p<0.05 
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PMA-stimulated neutrophils treated with RA- and SLE-IgG, these differences failed to reach 

statistical significance. 

To determine whether the increased PMA-stimulated adhesion to fibronectin was β1 

integrin-dependent, adhesion assays were conducted in the absence or presence of P5D2, which 

specifically inhibits β1 integrin-mediated adhesion. For all IgG groups, incubation with P5D2 

significantly reduced adhesion, demonstrating that the adhesion observed in the presence of IgG 

was mediated by β1 integrin activation (Figure 5.2A-D). 

 
5.4 RA- and SLE-IgG enhance Mac-1-mediated neutrophil adhesion  
	  
 Having found differential β1 integrin activation by APS-IgG, I then studied the effects 

of purified IgG upon β2 integrin-mediated adhesion. To interrogate activation of Mac-1, rather 

than LFA-1, neutrophil adhesion to immobilised fibrinogen was examined. Neutrophils were 

added to fibrinogen-coated wells and adhesion assessed in the absence or presence of PMA and 

HC-, RA-, SLE- or APS-IgG. 

Low binding to fibrinogen was observed by unstimulated neutrophils. Adhesion was 

increased by the presence of purified IgG, however these differences were not significant 

(Figure 5.3A). In contrast, PMA stimulation significantly increased neutrophil adhesion to 

fibrinogen, which was further modulated by the presence of certain ARD-IgG (Figure 5.3B). 

HC-IgG did not significantly alter adhesion compared to no IgG controls. Significant increases 

in neutrophil adhesion to immobilised fibrinogen were observed in the presence of RA-IgG 

(p<0.05) and SLE-IgG (p<0.01) but not APS-IgG (p>0.05) compared to HC-IgG. 

To determine whether the increased PMA-stimulated adhesion observed was Mac-1-

dependent, neutrophil adhesion was also examined in the absence or presence of the Mac-1-

specific blocking antibody 2LPM19c. For all IgG groups, PMA-induced neutrophil adhesion 

was significantly reduced by the presence of 2LPM19c (Figure 5.4A-D). Therefore, RA- and 

SLE-IgG modulate PMA-stimulated neutrophil adhesion to fibrinogen by promoting Mac-1 

activation. 
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Figure 5.2: Increased PMA-stimulated neutrophil adhesion to fibronectin is inhibited by β1 

integrin blockade. To assess whether increased adhesion to fibronectin was integrin mediated, 

adhesion assays were performed in the absence or presence of 10µg/ml of the pan-β1 integrin 

inhibitor P5D2. 5x105 fluorescently labelled neutrophils were allowed to adhere to immobilised 

fibronectin with 20nM PMA and 200µg/ml of (A) HC-IgG (n=6) (B) RA-IgG (n=7) (C) SLE-IgG 

(n=4) or (D) APS-IgG (n=6). P5D2 significantly reduced adhesion for all groups by Wilcoxon 

matched pairs tests. Data is presented as matched observations with averaged results from three 

independent experiments. Abbreviations: HC, healthy control; RA, rheumatoid arthritis; SLE, 

systemic lupus erythematosus; APS, antiphospholipid syndrome. 
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Figure 5.3: RA- and SLE-IgG enhance PMA-stimulated neutrophil adhesion to immobilised 

fibrinogen. To examine the effects of IgG upon β2 integrin activation, neutrophil adhesion to 

immobilised fibrinogen in the presence of IgG was assessed. 5x105 fluorescently labelled neutrophils 

were added to fibrinogen-coated wells in the absence or presence of 20nM PMA and 200µg/ml of 

purified RA-IgG (n=7), SLE-IgG (n=4), APS-IgG (n=6) or HC-IgG (n=6). (A) The presence of IgG 

did not significantly increase neutrophil adhesion in the absence of PMA (B) Significant increases in 

adhesion in the presence of PMA was observed in the presence of RA-IgG and SLE-IgG. Statistical 

significance was determined by a Kruskal-Wallis test with a Dunn’s multiple comparison test. Data is 

presented as box plots, with averaged results for each IgG samples from three independent 

experiments. Abbreviations: HC, healthy control; RA, rheumatoid arthritis; SLE, systemic lupus 

erythematosus; APS, antiphospholipid syndrome. ns= no significance *=p<0.05, ***=p<0.001 
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Figure 5.4: Enhanced PMA-induced neutrophil adhesion to fibrinogen is inhibited by Mac-

1 blockade. To determine whether adhesion to fibrinogen was integrin mediated, assays were 

performed in the absence or presence of 10µg/ml of the Mac-1 (αMβ2) inhibitor 2LPM19C. 

5x105 fluorescently labelled neutrophils were allowed to adhere to immobilised fibrinogen with 

20nM PMA and 200µg/ml of (A) HC-IgG (n=6) (B) RA-IgG (n=7) (C) SLE-IgG (n=4) or (D) 

APS-IgG (n=6). Paired t tests found significant decreases in adhesion with 2LPM19C treatment 

in panels A and B. Wilcoxon matched pairs tests found 2LPM19C significantly reduced 

adhesion in panels C and D. Data is presented as matched observations with averaged results 

from three independent experiments. Abbreviations: HC, healthy control; RA, rheumatoid 

arthritis; SLE, systemic lupus erythematosus; APS, antiphospholipid syndrome.  
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5.5 RA-, SLE- and APS-IgG bind neutrophils  
	  

Having found an effect of purified IgG upon neutrophil adhesion to immobilised 

integrin ligands, I examined whether purified IgG bound neutrophils. To exclude non-specific 

effects of FcR binding, neutrophils were cultured in the absence or presence of a FcR blocking 

reagent (Miltenyi, UK) with IgG pooled from either healthy volunteers or patients with RA, 

SLE or APS characterised in Table 5.1. Following incubation, neutrophils were fixed and 

stained for CD15 and human IgG, to determine the extent to which purified IgG bound 

neutrophils. 

CD15+ neutrophils incubated with either no IgG or HC-IgG had low positivity for 

human IgG (Figure 5.5A), demonstrating low binding to neutrophils. Significantly higher levels 

of CD15+IgG+ neutrophils were observed when cells were incubated with RA-, SLE or APS-

IgG (Figure 5.5A), indicating increased binding of ARD-IgG to neutrophils. Furthermore, 

neutrophils incubated with RA-, SLE- or APS-IgG in the absence of FcγR blockade had 

significantly higher binding compared to cells treated with HC-IgG (p<0.01) (Figure 5.5B). 

Interestingly in the presence of FcγR blockade, significantly more neutrophils bound RA-IgG 

(p<0.001) and APS-IgG (p<0.05) compared to HC-IgG (Figure 5.5C). Incubation with SLE-IgG 

however, failed to produce significantly higher numbers of IgG+ neutrophils compared to HC-

IgG (Figure 5.5C). 

Binding of pooled IgG was also compared in the absence or presence of FcγR blockade 

(Figure 5.6). Binding of HC-, RA- and APS-IgG was not significantly affected by FcγR 

blockade (Figure 5.6A, B, D), however significantly lower numbers of neutrophils were positive 

for human IgG when cultured with SLE-IgG in the presence of FcγR blockade (Figure 5.6C). 

Having shown that purified IgG can directly bind neutrophils and modulate neutrophil adhesion 

to fibronectin and fibrinogen, I then examined the effects of purified IgG upon other aspects of 

neutrophil activation.  
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Figure 5.6: Binding of SLE-, but not HC-, RA- or APS-IgG to neutrophils is reduced by FcγR 

blockade. IgG binding was compared in the absence or presence of FcγR blockade. 2x105 neutrophils 

from 9 donors were cultured for 2 hours with 200µg/ml pooled HC-, RA-, SLE- or APS-IgG (IgG 

pools were comprised of 5 IgG samples previously characterised in Table 5.1). After incubation, cells 

were stained for CD15 and human IgG and then analysed by flow cytometry. (A) Binding of HC-IgG 

was not significantly affected by FcγR blockade (Wilcoxon matched pairs test). (B) RA-IgG binding 

was not affected by the presence of FcγR blockade (paired t test). (C) Binding of SLE-IgG was 

significantly lower in the presence of FcγR blockade (paired t test). (D) APS-IgG was not significantly 

affected by FcγR blockade (Wilcoxon matched pairs test). Abbreviations: HC, healthy control; RA, 

rheumatoid arthritis; SLE, systemic lupus erythematosus; APS, antiphospholipid syndrome 
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5.6 SLE patient-derived neutrophils have lower rates of hydrogen peroxide 

generation  
 

To explore the effects of purified IgG upon neutrophil activation, I began by examining 

the effects of IgG upon neutrophil hydrogen peroxide generation. First, to determine whether 

there were intrinsic differences in ROS production between control and patient populations, I 

compared hydrogen peroxide generation in neutrophils isolated from separate cohorts of HC 

and patients with RA, SLE or APS, demographics shown in Table 5.2.  

 RA patients had a mean age of 62 ±4.1 years, which was significantly older than SLE 

(p<0.05), APS (p<0.05) and HC cohorts (p<0.001). All 7 RA patients had inflammatory 

arthritis, 1 patient was hypertensive, 3 had ILD and 1 had rheumatoid nodules. There was a 

range of immunomodulatory medications within the RA cohort: 5 patients were prescribed 

HCQ; 1 patient received methotrexate; and, 1 patient was prescribed prednisolone. In addition, 

1 patient had received rituximab 6 months prior to blood donation. 

 The SLE cohort had a mean age of 40 ±4.5 years. Within the cohort, 3 patients had 

arthralgia, 6 had nephritis, 2 had ILD and 2 had a lupus-associated rash. SLE patients were also 

prescribed a range of immunomodulatory treatments: 12 patients were prescribed 

mycophenolate mofetil; 12 patients were prescribed prednisolone; 8 patients were taking HCQ; 

and 2 patients were prescribed tacrolimus. Five patients with SLE were also prescribed aspirin.  

 APS patients had a mean age of 44 ±13.7 years. 5 patients had venous thrombotic 

clinical events, 2 patients had pregnancy morbidity and 3 had both thrombotic and pregnancy 

manifestations. At the time of blood donation, 3 patients were prescribed prednisolone. Five 

patients were taking warfarin and 8 were taking aspirin as thromboprophylaxis. 

The HC cohort had a mean age of 36 ±8.2 years. None of the subjects had any clinical 

complications and were not taking any prescribed medications at the time of blood donation. 
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Neutrophils were isolated from patients with RA (n=7), SLE (n=12) or APS (n=10) and 

HC (n=12). Rates of hydrogen peroxide were assessed in the absence or presence of PMA. Low 

levels of hydrogen peroxide were seen in unstimulated neutrophils, which were not significantly 

different between patient and control populations (Figure 5.7A). PMA stimulation induced 

hydrogen peroxide generation in all groups, however rates of production were significantly 

lower in SLE-derived neutrophils compared to neutrophils isolated from patients with RA 

(p<0.05), APS (p<0.001) and HC (p<0.05) (Figure 5.7B). There was a trend to faster rates of 

hydrogen peroxide production by neutrophils derived from APS patients compared to HC, 

however this difference did not reach statistical significance. 
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Figure 5.7: Neutrophils isolated from SLE patients display slower rates of hydrogen 

peroxide generation. To examine whether there were differences in reactive oxygen species 

generation between patient and control populations, neutrophils were isolated patients with RA 

(n=7), SLE (n=12) or APS (n=10) and healthy volunteers (n=12) and rates of hydrogen 

peroxide production from 4x105 neutrophils were assessed in the absence or presence of 50nM 

PMA. (A) Neutrophils produce low rates of hydrogen peroxide production in the absence of 

PMA. Rates were similar across all groups. (B) SLE-derived neutrophils has slower rates of 

PMA-stimulated hydrogen peroxide generation compared to RA, APS and HC. Statistical 

significance was determined by one-way ANOVA with a Bonferroni’s multiple comparison 

test. Data is presented as box and whisker plots from averaged observations from each patient. 

Abbreviations: HC, healthy control; RA, rheumatoid arthritis; SLE, systemic lupus 

erythematosus; APS, antiphospholipid syndrome. *=p<0.05, ***=p<0.001 



Chapter Five: The Effects of Purified Immunoglobulin G on Neutrophil Function 

	  
203	  

5.7 RA- and SLE-IgG elevate rates of hydrogen peroxide generation 
 

Having found reduced rates of hydrogen peroxide in neutrophils of patients with SLE, I 

then examined the effects of purified IgG upon ROS production by HC neutrophils. A 

preliminary experiment was conducted to determine whether incubation of neutrophils with IgG 

induced FcR-mediated modulation of neutrophil activation. HC neutrophils were isolated and 

incubated with HC-IgG (n=6) or RA-IgG (n=9) in the absence or presence of a FcR blocking 

reagent (Miltenyi, UK). Rates of hydrogen peroxide generation were then measured in response 

to PMA (Figure 5.8A). In the absence of FcγR blockade, rates of hydrogen peroxide generation 

were not significantly different between neutrophils incubated with HC- and RA-IgG 

(p=0.0813). In contrast, RA-IgG significantly increased hydrogen peroxide generation 

compared to HC-IgG in the presence of FcγR blockade (p=0.0008). FcγR blockade significantly 

reduced hydrogen peroxide production rates in neutrophils incubated with HC-IgG (p=0.0169) 

(Figure 5.8B). In contrast, no significance difference was observed in RA-IgG treated cells in 

the absence or presence of FcγR blockade (p=0.2348) (Figure 5.8C). Given these observations, 

FcγR blockade was used for all further functional neutrophil activation assays. 

To examine the effects of purified IgG upon ROS generation, HC neutrophils were pre-

incubated with HC-IgG (n=9), RA-IgG (n=9), SLE-IgG (n=4) or APS-IgG (n=9) for 1 hour. 

Following incubation, rates of hydrogen peroxide production were measured in the absence or 

presence of PMA. Unstimulated neutrophils produced low levels of hydrogen peroxide, which 

were similar across all IgG groups (data not shown). PMA stimulation induced hydrogen 

peroxide generation, with ARD-IgG conferring a modulatory effect. Pre-incubation with HC-

IgG did not significantly affect rates of PMA-induced hydrogen peroxide production compared 

to no IgG controls (Figure 5.9). Rates of hydrogen peroxide generation were significantly 

increased following pre-incubation with RA-IgG (p<0.01) and SLE-IgG (p<0.001) compared to 

HC-IgG. A trend for increased hydrogen peroxide generation was observed following pre-

incubation with APS-IgG, but differences failed to reach statistical significance.  
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Figure 5.8: FcγR blockade reduces hydrogen peroxide generation in the presence of HC-IgG but 

not RA-IgG. Hydrogen peroxide generation by 4x105 neutrophils was measured in the absence or 

presence of FcγR blockade and 200µg/ml HC-IgG (n=6) or RA-IgG (n=9) in response to 50nM PMA. 

(A) HC-IgG produced similar rates of hydrogen peroxide generation as no IgG controls. In the absence 

of FcγR blockade, HC- and RA-IgG were not significantly different (p=0.0813, unpaired t test), whereas 

in the presence of FcγR blockade, differences were significantly different (p=0.0008, unpaired t test). 

(B) FcγR blockade significantly reduced hydrogen peroxide production in the presence of HC-IgG 

(p=0.0169, paired t test). (C) FcγR blockade did not significantly affect hydrogen peroxide generation in 

the presence of RA-IgG (p=0.2348, paired t test). Data is presented as box and whisker plots or matched 

observations from each IgG sample. Abbreviations: HC, healthy control; RA, rheumatoid arthritis 
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Figure 5.9: Neutrophils treated with RA- or SLE-IgG display elevated rates of hydrogen 

peroxide generation. Healthy control neutrophils were isolated and treated with FcγR 

blockade. Cells were then incubated for 1 hour with 200µg/ml purified RA-IgG (n=9), SLE-

IgG (n=4), APS-IgG (n=9) or HC-IgG (n=9). Following incubation, 4x105 neutrophils were 

added to the wells of a 96-well black tissue culture plate and rates of hydrogen peroxide 

generation evaluated in response to 50nM PMA. Significantly higher rates of hydrogen 

peroxide production were observed in neutrophils incubated with RA- or SLE-IgG compared 

to HC-IgG. Statistical significance was determined by a Kruskal-Wallis test with a Dunn’s 

multiple comparison test. Data is presented as box and whisker plots from averaged 

observations made in three independent experiments. Abbreviations: HC, healthy control: RA, 

rheumatoid arthritis; SLE, systemic lupus erythematosus; APS, antiphospholipid syndrome. 

ns= no significance, **=p<0.01, ***=p<0.001 



Chapter Five: The Effects of Purified Immunoglobulin G on Neutrophil Function 

	  
206	  

5.8 RA- and SLE-IgG modulate NETosis in control neutrophils 
 
 Having demonstrated a modulatory effect of purified ARD-IgG upon neutrophil 

adhesion and ROS generation, I subsequently explored the effects of purified IgG upon 

NETosis.  

HC neutrophils were isolated and pre-incubated with purified HC-IgG (n=5), RA-IgG 

(n=5), SLE-IgG (n=5) or APS-IgG (n=5) for 1 hour in the presence of FcγR blockade. To 

examine spontaneous NETosis, following pre-incubation cells were incubated for a further 4 

hours. Some neutrophils were treated with PMA or LPS for 4 hours to examine whether IgG 

modulates PMA-induced or LPS-induced NETosis. Following incubation, neutrophil 

supernatants were obtained by centrifugation and assessed for the presence of NETs using the 

Quanti-iT™ PicoGreen® dsDNA kit. 

Unstimulated neutrophils cultured with HC-IgG had similar levels of NETs compared 

to no IgG controls. Significant increases in cell-free DNA were observed in neutrophils cultured 

with RA-IgG (p<0.05) and SLE-IgG (p<0.01) (Figure 5.10). APS-IgG did not significantly 

increase spontaneous NETosis in HC neutrophils compared to HC-IgG. 

Addition of PMA stimulation increased cell-free DNA in all neutrophils (Figure 5.11). 

HC-IgG did not significantly modulate PMA-induced NETosis further, compared with 

neutrophils stimulated in the absence of purified IgG. Pre-incubation with RA-IgG, prior to 

PMA stimulation significantly increased NETosis compared to HC-IgG (p<0.01) (Figure 5.11). 

Pre-incubation with SLE- or APS-IgG did not significantly affect PMA-induced NETosis 

compared to HC-IgG.  

A similar pattern was obtained with LPS treatment that also increased cell-free DNA 

(Figure 5.12). Pre-incubation with HC-IgG produced similar results as neutrophils stimulated 

with LPS in the absence of IgG. Significant increases in cell-free DNA however, were observed 

in neutrophils cultured with both RA-IgG (p<0.05) and SLE-IgG (p<0.01) (Figure 5.12). APS-

IgG did not significantly increase LPS-induced NETosis compared to HC-IgG. 
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Figure 5.10: RA- and SLE-IgG induce greater levels of spontaneous NETosis compared to 

HC-IgG. Control neutrophils were isolated and treated with FcγR blockade. Cells were then 

incubated for 1 hour with 200µg/ml purified RA-IgG (n=5), SLE-IgG (n=5), APS-IgG (n=5) or 

HC-IgG (n=5). Neutrophils were incubated for a further 4 hours in the absence of additional 

stimuli. Cell supernatants were assessed for the presence of NETs using the Quanti-iT™ 

PicoGreen® dsDNA kit. Significantly higher levels of cell-free DNA were found in 

supernatants from neutrophils incubated with RA- or SLE-IgG compared to HC-IgG. Statistical 

significance was determined by one-way ANOVA with a Tukey post-test analysis. Data is 

presented as box and whisker plots from averaged observations from each IgG sample in two 

independent experiments. Abbreviations: HC, healthy control; RA, rheumatoid arthritis; SLE, 

systemic lupus erythematosus; APS, antiphospholipid syndrome. ns= no significance, *=p<0.05, 

**=p<0.01 
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Figure 5.11: RA-IgG elevates PMA-induced NETosis compared to healthy control-IgG. 

Control neutrophils were isolated and treated with FcγR blockade. Cells were then incubated 

for 1 hour with 200µg/ml purified RA-IgG (n=5), SLE-IgG (n=5), APS-IgG (n=5) or HC-IgG 

(n=5). Following incubation, neutrophils were treated with 40nM PMA for a further 4 hours. 

Cell supernatants were assessed for the presence of NETs using the Quanti-iT™ PicoGreen® 

dsDNA kit. Significantly higher levels of cell-free DNA were found in supernatants from 

neutrophils incubated with RA-IgG compared to HC-IgG. Statistical significance was 

determined by one-way ANOVA with a Tukey post-test analysis. Data is presented as box and 

whisker plots from averaged observations from each IgG sample in two independent 

experiments. Abbreviations: HC, healthy control; RA, rheumatoid arthritis; SLE, systemic 

lupus erythematosus; APS, antiphospholipid syndrome. ns= no significance, **=p<0.01 
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Figure 5.12: RA- and SLE-IgG enhance LPS-induced NETosis compared to healthy 

control-IgG. Control neutrophils were isolated and treated with FcγR blockade. Cells were then 

incubated for 1 hour with 200µg/ml purified RA-IgG (n=5), SLE-IgG (n=5), APS-IgG (n=5) or 

HC-IgG (n=5). Neutrophils were treated with 100ng/ml LPS for a further 4 hours. Cell 

supernatants were assessed for the presence of NETs using the Quanti-iT™ PicoGreen® dsDNA 

kit. Significantly higher levels of cell-free DNA were found in supernatants from neutrophils 

incubated with RA- or SLE-IgG compared to HC-IgG. Statistical significance was determined by 

a Kruskal-Wallis test with a Dunn’s multiple comparison test. Data is presented as box and 

whisker plots from averaged observations from each IgG sample in two independent 

experiments. Abbreviations: HC, healthy control; RA, rheumatoid arthritis; SLE, systemic lupus 

erythematosus; APS, antiphospholipid syndrome. ns= no significance, *=p<0.05, **=p<0.01 
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5.9 Discussion 
	  

In this chapter, I have shown that RA-, SLE- and APS-IgG bind neutrophils. Moreover, 

I observed a differential effect of IgG upon neutrophil integrin activation, with APS-IgG 

enhancing PMA-stimulated neutrophil adhesion to fibronectin, whilst RA- and SLE-IgG 

augmented PMA-stimulated adhesion to fibrinogen. RA-, SLE- and APS-IgG were found to 

bind neutrophils however, determining the precise antigenic target was outside the scope of this 

PhD thesis. Given my data showing that RA- and APS-IgG binding was not affected by FcγR 

blockade, I hypothesise that these IgG samples are binding via antigen-specific interactions. In 

contrast, SLE-IgG binding was reduced following FcγR blockade, suggesting that SLE-IgG 

binds neutrophils via both Fab- and Fc-mediated interactions. Ex vivo neutrophils isolated from 

SLE patients had significantly lower rates of hydrogen peroxide production compared to RA, 

APS and HC neutrophils. Furthermore, RA- and SLE-IgG significantly increased hydrogen 

peroxide generation by HC neutrophils. Finally, RA- and SLE-IgG were also found to enhance 

spontaneous, PMA-induced and LPS-induced NETosis. This section will discuss my findings 

within the context of published reports, evaluate the limitations of my work and highlight areas 

in which my work could expand. 

 
5.9.1 The effects of IgG upon neutrophil adhesion  
 

The effects of purified IgG upon neutrophil integrin activation and adhesion have not 

been previously studied. Early reports found that SLE- and APS-IgG increased monocyte 

adhesion to ECs (Simantov et al., 1995, Del Papa et al., 1999). Both studies however, cultured 

HUVEC with 100µg/ml SLE- or APS-IgG before the adhesion of monocytic cell lines was 

assessed. Therefore, these reports examined the effects of IgG upon EC adhesion molecule 

expression and not leukocyte integrin activation.  

My data show that ARD-IgG differentially regulate neutrophil integrin activation. APS-

IgG enhanced PMA-stimulated neutrophil adhesion to fibronectin compared to HC-IgG. 

Conversely, RA- and SLE-IgG increased PMA-stimulated adhesion to fibrinogen. Insights to 

this differential response may be gained by consideration of the nature of the different ARDs. 
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RA and SLE are both characterised by chronic inflammation and endothelial 

dysfunction (Piper et al., 2007, Totoson et al., 2014). Although the biology of fibrinogen is 

complex, increased fibrinogen levels have been associated with inflammatory conditions 

(Kamath and Lip, 2003). It is therefore interesting that RA- and SLE-IgG promote Mac-1-

mediated adhesion to fibrinogen. Further experiments would be required to determine the 

precise molecular interactions underlying my observations. 

In contrast, APS can be characterised by cellular (including endothelial) activation 

(Pierangeli et al., 2008). Under resting physiological conditions, the endothelium displays 

polarised fibronectin expression, primarily forming a constituent of the sub-endothelial matrix 

within the basement membrane (Peters et al., 1990). Activated endothelial monolayers have 

been shown to deposit fibronectin at both apical and basal cell membranes (Kowalczyk et al., 

1990). Therefore, persistent EC activation leads to increased fibronectin deposition within the 

vasculature. My observation that APS-IgG enhances neutrophil adhesion to immobilised 

fibronectin may indicate that APS-IgG promote neutrophil adhesion to ECM proteins expressed 

on the vessel wall by activated ECs. A potential limitation of this work however, is that 

adhesion assays were performed in the absence of FcγR blockade. Additional experiments 

would be required to conclusively determine whether my observations arise via antigen-specific 

or FcγR-mediated interactions. 

 
5.9.2 The effects of IgG upon neutrophil ROS generation  
 
  Several groups have documented the dysregulation of NETosis in RA, SLE and APS 

(Garcia-Romo et al., 2011, Sur Chowdhury et al., 2014, Yalavarthi et al., 2015). These studies 

show that IgG-induced NETosis is dependent on ROS generation. Therefore, I tested the 

hypothesis that ARD-IgG can modulate ROS production. Through comparisons of neutrophil 

hydrogen peroxide generation, I found that SLE-derived neutrophils had significantly lower 

rates of hydrogen peroxide generation compared to neutrophils isolated from healthy volunteers 

and patients with RA and APS. Possible explanations for this observation are that SLE-derived 

neutrophils have defective in vitro hydrogen peroxide generation or due to persistent systemic 
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activation, ex vivo responses of SLE-derived neutrophils are blunted. The uptake of circulating 

nucleosomes has been reported to induce the systemic activation of neutrophils in SLE patients 

(Ronnefarth et al., 2006). Therefore, it is possible that the reduced hydrogen peroxide 

generation observed represents a form of neutrophil senescence arising from persistent cellular 

stimulation. Given these results, I examined the effects of purified IgG upon ROS generation of 

control neutrophils. Both RA- and SLE-IgG significantly increased hydrogen peroxide 

generation. The observation that SLE-IgG increases hydrogen peroxide generation of ex vivo 

control neutrophils adds to my hypothesis that SLE-derived neutrophils had lower rates of ROS 

generation due to the persistent activation by factors such as circulating nucleosomes and IgG. 

Given that SLE-IgG had reduced binding in the presence of FcγR blockade, it would be 

interesting in future work to test whether an enhanced response occurs in the absence of FcγR 

blockade. 

A further limitation to these experiments is the significantly older RA cohorts. At the 

time of serum donation, my RA cohort had a mean age of 51 years whilst HC, SLE and APS 

cohorts had mean ages of 30, 32 and 39 respectively. This age difference was also seen in 

patients who donated whole blood. The RA cohort had a mean age of 62 years, whilst HC, SLE 

and APS cohorts had mean ages of 36, 40 and 44 years respectively. In the future, to acquire 

better age-matched controls for RA patients, patient relatives or non-ARD patients may have to 

be recruited. Whilst an older HC cohort would benefit comparisons with the RA cohort, both 

SLE and APS patients were significantly younger than RA patients and were similar in age to 

the HC cohort. This age difference between ARD patients complicates the recruitment of 

healthy volunteers. If healthy volunteers were recruited to satisfy RA, SLE and APS patients, 

large standard deviations in age would then exist within the HC cohort. Alternatively, two HC 

groups of different ages would be required to match either RA or SLE and APS patients. 

 
5.9.3 The effects of IgG upon NETosis  
 
 Several reports have demonstrated increased NETosis following culture with RA-, SLE- 

or APS-IgG (Garcia-Romo et al., 2011, Khandpur et al., 2013, Knight et al., 2013, Sur 
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Chowdhury et al., 2014, Yalavarthi et al., 2015). I found incubation with RA- and SLE-IgG 

significantly increased spontaneous NETosis, which is consistent with published data 

(Carmona-Rivera and Kaplan, 2013, Khandpur et al., 2013). I also found that incubation with 

RA- or SLE-IgG enhanced LPS-stimulated NETosis. Given that LPS and TLR-4 signalling 

have been implicated in NETosis (Clark et al., 2007, Remijsen et al., 2011a), my data indirectly 

support involvement of TLR-4 in RA- and SLE-IgG induced NETosis. Only RA-IgG 

augmented PMA-induced NETosis, which may indicate differential signalling pathway 

induction by purified IgG. Published reports have shown APS-IgG induces spontaneous 

NETosis (Yalavarthi et al., 2015). There are differences between this study and my own work 

that may explain the conflicting results. I stimulated neutrophils with 200µg/ml whole IgG 

purified from APS serum, however in work by Yalavarthi and colleagues, neutrophils were 

stimulated with 10µg/ml of either whole IgG or affinity-purified anti-β2GPI antibodies purified 

from APS serum. In addition, given that my work consisted of purified RA-, SLE and APS-IgG 

statistical analysis was performed using multiple comparison tests, whereas Yalavarthi et al. 

compared APS- and HC-IgG using unpaired t tests. These differences may account for the 

discrepant results of statistical significance between published reports and my own data. If 

unpaired t tests are performed on my data, the differences between APS-IgG and HC-IgG 

become significant however, given my experimental design comparing IgG purified from three 

patient cohorts, multiple comparison tests are the most appropriate statistical analysis to apply. 

The identity of the antigenic targets bound by purified IgG remains unknown. For this 

thesis, FcγR blockade was achieved using an FcR blocking reagent (Miltenyi, UK), which is a 

human serum IgG preparation. A limitation of using this FcR blocking reagent is that whilst the 

high-affinity FcγRI is readily blocked, the lower affinity FcγRIIA and FcγRIIIB may not be as 

efficiently blocked. FcγRIIA and FcγRIIIB function synergistically to activate neutrophils 

(Zhou et al., 1995). FcγRIIA activation by soluble ICs has been shown to induce NETosis 

(Chen et al., 2012). Immobilised ICs can also activate FcγRIIIB and Mac-1, which induce 

NETosis (Behnen et al., 2014). Therefore, it is possible that whilst the FcR blocking reagent 
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efficiently blocks the high-affinity FcγRI, it is less efficient at FcγRIIA and FcγRIIIB blockade 

thus promoting neutrophil activation by IC engagement. 

Many groups have tried to determine the antigenic targets that mediate IgG-induced 

NETosis, without a clear answer. Given the evidence demonstrating that aPL bind β2GPI, APS-

IgG may bind and crosslink β2GPI with TLR-4 to induce intracellular signalling (Raschi et al., 

2003, Mulla et al., 2009), which has been implicated in NETosis (Clark et al., 2007, Remijsen et 

al., 2011a). Evidence to support this hypothesis is provided by Yalavarthi and colleagues who 

demonstrate that NETosis induced by APS-IgG can be suppressed by depletion of anti-β2GPI 

antibodies (Yalavarthi et al., 2015). This group also showed the induction of NETosis following 

incubation of affinity-purified anti-β2GPI antibodies, which further supports this hypothesis. 

Multiple autoantigens have been identified in RA and SLE, such as citrullinated antigens in RA 

and nuclear contents in SLE, which make defining the precise antigenic targets on neutrophils 

difficult. 

 
5.9.4 Future work  
 

Whilst statistical significance was achieved in experiments using purified IgG, given 

more time I would have liked to expand on the number of samples in my SLE group. 

Furthermore, ANCA positivity was only characterised for the classical ANCA antigens PR3 and 

MPO. Additional non-classical ANCA antigens have been implicated in inflammatory 

conditions, including α-enolase, azurocidin, bactericidal permeability increasing protein, 

cathespin G, elastase, high mobility group box (HMGB)-1, HMGB-2, lactoferrin and lysozyme 

(Halbwachs-Mecarelli et al., 1992, Coremans et al., 1993, Peen et al., 1993, Skogh and Peen, 

1993, Tervaert et al., 1993, Zhao et al., 1995, Zhao and Lockwood, 1996). Many of these 

additional antigens are also associated with NET formation and structure. Therefore, it would be 

interesting to examine ANCA positivity for non-classical ANCA antigens. 

Several approaches could be applied to determine the mechanisms underlying IgG-

mediated neutrophil activation. Fab or F(ab')2 fragments could be generated by papain or pepsin 

digestion respectively, to determine whether neutrophil activation is mediated by IgG variable 
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regions rather than Fc-mediated. Purified IgG could also be subjected to ultracentrifugation to 

remove serum-induced complexes and functional responses assessed. ICs could be produced 

from HC-IgG by heat aggregation and the effects on neutrophil activation evaluated. 

Alternatively, specific blockade of FcγRI, FcγRIIA or FcγRIIIB would highlight whether my 

observations are Fc mediated and if so, which of the FcγRs mediate the response.  

I would also like to explore the effects of IgG upon neutrophil adhesion to additional 

integrin ligands such as: ICAM-1, which is upregulated on cell activation and therefore 

physiologically relevant; VCAM-1, which is also upregulated by activated ECs; and collagen, 

which is expressed in arthritic joints.  

 Another model would be to examine the effects of purified IgG on neutrophil adhesion 

to ECs, fibroblasts, FLS and synoviocytes. These cell types would provide a better 

understanding of neutrophil interactions within tissues during and following extravasation, 

which may hold pathological relevance for RA, SLE and APS. Examination of the effects of 

IgG upon neutrophil adhesion to platelets may provide further insight to the mechanisms 

underlying thrombosis in APS patients. Adhesion assays could also be conducted under flow, 

which would also examine the effects of IgG upon neutrophil attachment and rolling. 

Transmigration assays could also be performed to examine whether IgG also affects neutrophil 

migration across the endothelium. 

 Various studies have shown that ROS are important in NETosis, however reactive 

nitrogen intermediates have also been implicated (Patel et al., 2010, Keshari et al., 2012). As 

RA- and SLE-IgG modulated neutrophil hydrogen peroxide generation, it would be interesting 

to examine reactive nitrogen intermediates production. The Griess test was not sensitive enough 

to detect nitrites produced by IFN-γ-stimulated neutrophils, however flow cytometry-based 

assays are able to examine reactive nitrogen intermediates. These experiments would give a 

broader understanding of the nitrogen radical species generated during neutrophil activation. 
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6.1 Key findings 
 
Key findings obtained in this thesis can be found summarised in Table 6.1 below. 

	  

	  
	  

Table 6.1: Key findings obtained in this thesis. Listed above are the key observations made 

throughout my PhD. 



Chapter Six: Overall Discussion and Future Directions 

	  
218	  

6.2 Overall discussion 
	  

The underlying premise of all the experiments described in this thesis was that cellular 

environments can affect neutrophil function. The molecular mechanisms regulating neutrophil 

adhesion and ROS generation have been extensively studied. With regards to NETs, most 

published reports focus on elucidating NET structure and mechanisms regulating NETosis. My 

work adds to current literature by examining the effects of hypoxia upon integrin expression, 

integrin activation, ROS generation and NETosis. Many studies conduct experiments under 

atmospheric oxygen levels. Given that oxygen levels within the vasculature are far lower than 

atmospheric levels, examining neutrophil function under hypoxia is physiologically relevant.  

In addition, the effects of purified RA-, SLE- and APS-IgG upon cellular function has 

also been examined in numerous cell types. The contribution of neutrophils however is less 

studied. Emerging work has begun to study the effects of ARD-IgG upon neutrophil activation. 

Data from this thesis has been consistent with published reports and builds upon current work. 

Differences in statistical significance between my own and published data can be attributed to 

my use of the more statistically stringent multiple comparison tests rather than the unpaired t 

tests, of other reports.  

Overall, this thesis has shown that hypoxia does not affect surface expression of 

neutrophil β1 integrins, but increases αM and αX expression. Therefore, under hypoxia there is 

increased expression of Mac-1 (αMβ2) and p150,95 (αXβ2). Given that Mac-1 and p150,95 are 

also complement receptors (CR3 and CR4 respectively), my data hints that CR-mediated 

adhesion and function may be enhanced under hypoxia. Neutrophil adhesion to ECs and trans-

endothelial migration was also enhanced under hypoxia. Examination of EC adhesion molecule 

expression found increased ICAM-1 expression under hypoxia. Based on this observation and 

the elevated expression of Mac-1 and p150,95 on neutrophils, increased adhesion and 

transmigration under hypoxia may be mediated by interactions between Mac-1 and ICAM-1. 

NETosis was enhanced when neutrophils were stimulated in the presence of ECs, which may 

also be a result of increased cellular interactions between neutrophils and ECs. My work also 
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shows for the first time that hypoxia increases PAD-4 expression in neutrophils. Whilst this has 

not been previously described, published data demonstrates that hypoxia upregulates PAD-2 

expression in astrocytes (Sambandam et al., 2004). HRE consensus sequences were also 

identified in within evolutionary conserved regions upstream of the PAD-4 coding gene, using 

the publically available software ECR browser (http://ecrbrowser.dcode.org). These conserved 

regions are likely to represent promoter regions, which indicate that PAD-4 may be regulated by 

HIF signalling. My experimental data confirms that PAD-4 is also upregulated under hypoxia. 

This observation may provide an insight to the mechanisms enhancing NETosis under hypoxia. 

With regards to the effects of purified IgG, this thesis identified that ARD-IgG had 

differential effects upon neutrophil integrin activation and modulated both ROS production and 

NETosis. In particular, APS-IgG enhanced PMA-stimulated neutrophil adhesion to fibronectin 

via a β1 integrin-dependent manner, whilst RA- and SLE-IgG increased PMA-stimulated 

adhesion to fibrinogen via Mac-1 activation. RA- and SLE-IgG increased rates of hydrogen 

peroxide generation in control neutrophils. NETosis was also modulated by the presence of 

purified IgG, with increased levels of spontaneous, PMA- and LPS-induced NETosis in 

neutrophils cultured with RA-IgG. SLE-IgG also increased spontaneous and LPS-induced 

NETosis. My data examining the effects of RA- and SLE-IgG upon NETosis was consistent 

with published data (Carmona-Rivera and Kaplan, 2013, Khandpur et al., 2013, Knight et al., 

2013), however I did not find significant effects of APS-IgG upon ROS production or NETosis 

as described in published reports (Yalavarthi et al., 2015). This discrepancy can be explained by 

differences in statistical analysis. Whilst published reports demonstrated statistical significance 

using an unpaired t test, my experimental data failed to reproduce this significance using a 

multiple comparison test. Interestingly, performing unpaired t tests between HC- and APS-IgG 

groups in my data found statistical significance, demonstrating similar trends that were masked 

by the more stringent multiple comparison statistical analysis. 
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6.3 Future directions 
 
 In order to take these findings forward, there are several points I would consider. 

Having examined the effects of hypoxia and purified IgG upon neutrophil function separately, it 

would be important to study the combined effects of hypoxia and purified IgG to determine 

whether there is an additive effect upon neutrophil adhesion, ROS generation and NETosis. 

 Preliminary work in this thesis supports published reports and found that p38 MAPK 

inhibition significantly reduced PMA-stimulated NETosis (Riyapa et al., 2012). Further 

experiments to determine p38 MAPK expression and phosphorylation could be performed to 

dissect the signalling pathways involved in NETosis under hypoxia in the absence or presence 

of purified IgG and PMA. These experiments may highlight signalling pathways and molecules 

that could serve as novel therapeutic targets, which is interesting given that p38 MAPK 

inhibitors are currently in development for the treatment of RA. Pre-clinical studies in animal 

models demonstrated that p38 MAPK inhibition reduced both synovial inflammation and the 

destruction of bone and cartilage (Nishikawa et al., 2003, Zwerina et al., 2006). The benefits of 

p38 MAPK inhibition in RA have not translated into humans, with several p38 MAPK 

inhibitors having been trialled and discontinued due to adverse effects, such as infection or 

neurological effects (Weisman, 2002, Cohen et al., 2009, Damjanov et al., 2009, Alten et al., 

2010). The lack of efficacy of p38 MAPK inhibition in RA patients may be due to inadequate 

dosing, which is limited by toxicity (Hammaker and Firestein, 2010) or by compensatory 

mechanism that appear to overcome the inhibition of p38 MAP kinase after several weeks 

(Genovese et al., 2008, Bonilla-Hernan et al., 2011). Losmapimod, a novel and potent p38 

MAPK inhibitor, has also produced positive data in patients with non-ST-segment elevation 

myocardial infarction and was well tolerated by patients (Newby et al., 2014), which is now 

being trialled in RA patients.  

Neutrophil activation was examined in this thesis by studying ROS generation and 

NETosis. An additional form of neutrophil activation is the generation of microparticles. 

Published reports have shown neutrophil microparticles to have a wide range of biological 
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effects, including causing endothelial damage (Pitanga et al., 2014) and promoting thrombosis 

(Kambas et al., 2014, Huang et al., 2015). A recent study found that a subpopulation of CD66b+ 

neutrophil microparticles containing annexin A1 protected mice from inflammatory arthritis 

(Headland et al., 2015). This study also found elevated neutrophil-derived microparticles, as 

well as monocyte- and T cell-derived microparticles, in patients with RA. Given that oxygen 

levels in the vasculature are lower than atmospheric oxygen, studying the effects of hypoxia 

upon neutrophil microparticles populations would be relevant. In addition, examining the 

effects of purified IgG upon neutrophil microparticle generation would also be interesting. 

Given the evidence demonstrating the contributions of neutrophils to pathology, this field of 

work would be relevant to RA, SLE and APS. 

 All of the experiments conducted in this thesis used neutrophils isolated from peripheral 

blood. Given the evidence showing differential integrin expression in T cells isolated from 

peripheral blood and SF (Hemler et al., 1986, Laffon et al., 1991), and the importance of 

NETosis to mucosal immunology (Mohanty et al., 2015), examination of neutrophils isolated 

from BAL fluid or sputum may also be of interest.  A limitation to these experiments however, 

is that whilst samples may be readily obtained from patient populations, examination of healthy 

control samples may prove difficult. These experiments would examine neutrophils within the 

context of mucosal immunity, as cells would have migrated out of the vasculature. Given its 

importance to mucosal immunology, it would become physiologically relevant to examine the 

effects of purified IgA, which is enriched within mucosal membranes. Similarly, examining the 

difference in neutrophil function in SF-derived neutrophils may provide an insight to the 

contribution of neutrophils to disease pathophysiology. 

The contribution of neutrophils to ARD pathology is becoming increasing recognised, 

with studies beginning to explore the effects of purified IgG upon neutrophil activation. The 

effects of hypoxia have been studied within the context of cell biology, but few reports have 

examined hypoxia within the context of ARD. The work produced in this thesis has hopefully 

contributed to the study of neutrophil activation within the context of autoimmune disease. 
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Appendix I: General Materials and Equipment 
	  
 
 
15ml conical centrifuge tube          Falcon centrifuge tube (Corning, UK) 

50ml conical centrifuge tube          Falcon centrifuge tube (Corning, UK) 

1.5ml microcentrifuge tubes         Epindorf tubes (VWR, UK) 

Centrifuges           Sorvall Legend XT (Thermo Scientific, UK) 

               Megafuge 40R (Thermo Scientific, UK) 

Plate reader           Tecan GENios Spectra FLUOR (Tecan UK Ltd., UK) 

NanoDrop           ND-1000 Spectrophotometer (LabTech International, UK) 
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Appendix II: General Buffers 
	  
 
 
For all buffers prepared, solutions were made using distilled and deionised water (ddH2O) and 

adjusted to the correct pH with 0.1M HCl or 0.1M NaOH. Buffers were then either autoclaved 

or filter sterilised with a 0.22µm syringe driven filter unit (Millipore, Ireland). 

 
Phosphate-buffered saline (PBS) pH 7.4.  

One PBS tablet (Life Technologies, UK) was added per 500ml ddH2O and allowed to 

completely dissolve before being autoclaved prior to use. For assays requiring PBS washes, a 

10xPBS stock solution was prepared using the PBS tablets and diluted using ddH2O. To make 

PBS/0.1% Tween-20, 1ml of Tween-20 was added to 1L PBS. 

 
Tris-buffered saline (TBS) pH 7.4.  

A 10xTBS stock solution was prepared by dissolving 160g of NaCl (1.37M), 4g of KCl (0.27M) 

and 60g (0.25M) of Tris base in 1.8L of ddH2O. The solution was subsequently adjusted to pH 

7.4 and made up to 2L. The 10xTBS stock solution was autoclaved and diluted to 1xTBS using 

ddH2O. To prepare TBS/0.1% Tween-20, 1ml of Tween-20 was added to 1L TBS. 

 
Sodium HEPES buffer 

To prepare the HEPES buffer, 4.77g HEPES (20mM) (Sigma, UK), 8,18g NaCl (140mM) 

(Sigma, UK), 2g glucose (2mg/ml) (Sigma, UK) and 3g BSA (0.3% w/v) (Sigma, UK) was 

dissolved in 800ml ddH2O. The pH was adjusted to pH 7.4 using 10M NaOH before making the 

solution up to 1L with ddH2O. The HEPES buffer was subsequently filter sterilised through a 

0.22µm vacuum driven filter unit (Millipore, Ireland) and stored at 4oC 

 
IgG Binding buffer 

The binding buffer used for IgG purification is a 0.1M phosphate buffer comprised of both 

monobasic and dibasic buffers. First 13.9g of monobasic sodium phosphate (0.2M) (Sigma, 

UK) was dissolved in 500ml of ddH2O and 28.4g dibasic sodium phosphate (0.2M) (Sigma,  
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UK) was dissolved in 1L of ddH2O to make the two stock solutions, which were subsequently 

autoclaved. To make the working binding buffer, 117ml of the 0.2M monobasic phosphate 

buffer was added to 183ml of the dibasic phosphate buffer that was adjusted to pH 7.2 and made 

up to 600ml with ddH2O to achieve a 0.1M phosphate buffer. The binding buffer was filter 

sterilised through with a 0.22µm syringe driven filter unit (Millipore, Ireland) when required. 

 
IgG Elution buffer 

To elute bound IgG, a 0.1M glycine buffer (elution buffer) was used. To prepare this a 1M stock 

solution was prepared in 800ml of ddH2O and the pH adjusted to pH 3.0 and made up to 1L. 

The stock solution was autoclaved and working solutions were prepared by diluting further 

using ddH2O. The elution buffer was filter sterilised through with a 0.22µm syringe driven filter 

unit (Millipore, Ireland) before use. 

 
IgG Neutralisation buffer 

A neutralisation buffer was used to neutralise the acidic elution buffer to prevent denaturation of 

purified IgG. This was a 1M solution of Tris (Sigma, UK) that hade been adjusted to pH 9.0 and 

autoclaved. As with the other solutions, the neutralisation buffer was filtered sterilised through 

with a 0.22µm syringe driven filter unit (Millipore, Ireland) prior to use. 
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Appendix III: Publications Arising From This Thesis 
	  
 
 
Conference Abstracts 

Khawaja, A.A., Pericleous, C. Ripoll, V.M., Porter, J.C. and Giles, I. Different autoimmune 

rheumatic disease IgG have differential effects upon neutrophil binding, activation and 
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