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1. A b s t r a c t

Receptors for immunoglobulins (Fc receptors) play a central role during an 

immune response, as they mediate the specific recognition of antigens of 

almost infinite diversity by leukocytes, thereby linking the innate with the 

adaptive branches of immunity. This thesis undertook a series of studies to 

further investigate the role of Fc receptors in innate immune responses, using 

in vitro approaches to examine functional activity and underlying regulatory 

mechanisms.

FcyRIla (CD32a) is a member of the Fey receptor family and mediates binding 

of multivalent IgG. Although CD32a is expressed by a number of myeloid cell 

types, including neutrophils, macrophages, eosinophils and monocytes, we 

observed that ligand binding to this receptor was suppressed, as evidenced by 

the low levels of CD32a-mediated IgG binding to these cells. We therefore 

aimed to determine the mechanisms that account for the myeloid-specific 

suppression of CD32a ligand binding. A series of experiments were performed 

to examine the effects of proteases and sialylation of CD32a in the regulation 

of IgG binding. In addition, the role of association of CD32a with plasma 

membrane microdomains rich in cholesterol and sphingolipids in the 

regulation of IgG binding to CD32a was examined. These membrane 

microdomains, also termed lipid rafts, have previously been reported to be 

essential for efficient receptor signalling. Chemical disruption of lipid raft 

structure by depletion or sequestration of membrane cholesterol greatly 

inhibited CD32a-mediated IgG binding, strongly implicating lipid rafts in the
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control of CD32a function. To further investigate this suggestion, specific 

CD32a mutants were generated, which would be predicted to have altered 

association with lipid rafts. Both these mutants showed reduced association 

with lipid rafts (A224S and C241A) and displayed decreased levels of IgG 

binding compared with wild type CD32a. Additionally, we generated a 

chimaeric CD32a receptor containing a glycophosphatidylinositol (GPI] lipid 

anchor consensus sequence, which would constitutively associate with lipid 

rafts. GPI-anchored CD32a exhibited increased capacity for IgG binding 

compared with the full-length transmembrane CD32a. Our findings clearly 

suggest a major role for lipid rafts in the regulation of IgG binding and more 

specifically, that suppression of CD32a-mediated IgG binding in myeloid cells 

is achieved by receptor exclusion from lipid raft membrane microdomains.

This thesis also describes an investigation of the association of Fey receptor 

genetic variants with idiopathic pulmonary fibrosis (IPF) susceptibility and 

progression. In particular, two allelic variants of CD32a (H131/R131) and 

CD16 (NA1/NA2) were examined that confer altered IgG binding and may 

therefore contribute to disease pathogenesis. Copy number variation of the 

FCGR3B gene was also determined using a quantitative PCR-based approach. 

Susceptibility to IPF was found to be associated with the NA1 allele of FcyRIIIb 

and increased FCGR3B copy number. In addition, IPF disease severity at 

disease presentation and progression over a 1 2 -month period following 

diagnosis was found to be linked to the FcyRIIa H131 variant. These results
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support the involvement of Fcy-mediated interactions in IPF and reveal a novel 

role of Fey receptors in IPF disease pathogenesis and progression.

In summary, the work presented in this thesis defines a novel role for lipid 

microdomains in the regulation of FcyRIIa functional activity in myeloid cells, 

providing important insight into the mechanisms by which IgG binding is 

controlled during inflammatory responses.
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2. Fc R e ce p to rs

2.1. Im m unoglobulins

In circulation, five main types of immunoglobulins exist, namely IgG, IgA, IgE, 

IgM, IgD, with distinct structural and functional properties that account for the 

differences in their effector functions (Woof and Burton, 2004) (Figure 2.1).

IgG is the most abundant immunoglobulin class in serum, constituting over 

75%  of circulating immunoglobulin. It is the main immunoglobulin class that 

is produced during an immune response and plays a crucial role against 

invading bacteria and viruses. Four main subclasses have been described for 

IgG, namely IgGl, IgG2, IgG3 and IgG4, with distinct functional capabilities. For 

example, IgG2 is primarily involved in immune responses against 

carbohydrate antigens, whereas IgGl and IgG3 are the most potent subclasses 

for complement activation (Papadea and Check, 1989; Schroeder and Cavacini, 

2010).

IgA is primarily distributed in the mucosal surfaces, including the respiratory 

airways and the intestinal epithelia and is thought to be responsible for 

protecting these surfaces from foreign antigens. IgA is further categorised into 

two subclasses, IgAl and IgA2 and can exist in two forms, as monomeric, 

which is primarily found in serum or dimeric that is the commonest secreted 

form of IgA (Woof and Kerr, 2006). Although serum IgA concentration is four 

times less than that of IgG (about 4 mg/ml), high amounts of IgA are present in 

mucosal secretions and it is estimated that the daily production of IgA (6 6  mg/
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kg/d) is higher than all other classes combined (Kerr, 1990; Monteiro and Van 

DeWinkel, 2003).

IgE confers protection against helminth parasitic infections and has a key role 

in allergies, despite representing the least abundant immunoglobulin subclass 

in serum, under physiological conditions (Geha e ta l ,  2003). IgM is the largest 

molecule among all other immunoglobulin classes, with a characteristic 

pentameric structure that comprises ten antigen-binding sites (Schroeder and 

Cavacini, 2010; Woof and Burton, 2004). It is the first antibody class that is 

produced during an initial response to the antigen; however, mainly due to its 

size, IgM is solely restricted in the circulation and rarely found in the 

interstitial space. Lastly, IgD is the least studied immunoglobulin subclass and 

is found in relatively minor quantities in circulation (Leslie and Martin, 1978).

Despite these structural and functional differences among immunoglobulin 

classes, they also share a number of common characteristics: (i) each 

immunoglobulin molecule is comprised of two identical heavy (H) and light 

(L) chain domains, (ii) each domain is folded into globular immunoglobulin 

domains (typically 4 for the heavy chain (or 5 for IgE and IgM) and 2 for the 

light chain), (iii) the presence of antigen-binding sites, also termed as Fab 

(fragment, antibody binding) domains, as well as an Fc (fragment 

crystallisable) region that primarily serves as the binding site for Fc receptors 

(although for some immunoglobulin subclasses, complement proteins can also 

bind) (Schroeder and Cavacini, 2010; Woof and Burton, 2004) (Figure 2.1).
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Structure

IgG
lgG l-4
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Abbreviations: SC: secretory component; L: light chain; J: joining chain Light Chains

Chains y2,L2 

6
(H2,L2)5,J

Figure 2.1.: Overview of the Human Immunoglobulin Classes

Human immunoglobulin classes include IgG, IgM, IgA, IgE and IgD with distinct 

functional and structural properties. All immunoglobulin classes are 

comprised of two identical heavy and two identical light chains. Each chain is 

folded into globular immunoglobulin domains. The antigen-binding region 

(Fab) of the antibody is formed by the variable domains of the heavy and light 

chains (light coloured).
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2.2. Fc Receptor Classes

Receptors for immunoglobulins (Fc receptors) play a central role during an 

immune response, as they indirectly mediate the specific recognition of 

antigens, thereby linking the humoral with the cellular components of 

immunity. Fc receptor interaction with immunoglobulins has also important 

biological consequences initiating signal transduction pathways that induce a 

range of leukocyte effector function including -but not limited to- 

phagocytosis, antibody-dependent cellular cytotoxicity, degranulation, 

cytokine production, antigen presentation and regulation of antibody 

production (Nimmerjahn and Ravetch, 2008b).

Until now, a number of different Fc receptors classes have been identified and 

are categorised in terms of their ability to interact with antibody classes.

These include receptors with the ability to bind to IgG (Fey receptor family), 

IgE (FcsRI and CD23), IgA (CD89, plgR and Fca/pR) and IgM (Fca/gR).

2.2.1. The Fey Receptor Family

IgG represents the most common antibody class present in circulation, 

mediating key effector functions through interaction with Fey receptors, which 

are encoded by eight different genes, each with multiple transcriptional 

isoforms and located in a locus on the long arm of chromosome 1 ( lq 21 -23 )  

(Gavin et al., 1998; Qiu et al., 1990; Su et al, 2002). Fey receptors are 

structurally related and belong to the immunoglobulin (Ig) protein 

superfamily with multiple Ig-like domains. Fey receptors are generally divided
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into three main classes: FcyRI (CD64), FcyRII (CD32) and FcyRIlI (CD16), each 

with distinct structural and functional properties (Figure 2.2).

FcyRI is a high affinity receptor for monomeric IgG (Ka: 109 -  1 0 10 M_1) with 

three extracellular Ig-like domains that is constitutively expressed by 

monocytes and macrophages, as well as by many myeloid progenitor cells. In 

polymorphonuclear leukocytes, FcyRI expression is induced following 

stimulation with interferon-y (IFN-y) or granulocyte colony-stimulating factor 

(G-CSF). Three genes coding for FcyRI have been characterised: FCGR1A, 

FCGR1B, and FCGR1C (Ernst etal., 1998; Ernst e ta l ,  1992; Osman etal., 1992). 

However, it is generally accepted that only FcyRIa is capable of IgG binding, 

therefore representing the prototypic high affinity Fey receptor.

FcyRIb and FcyRIc possibly represent truncated or soluble forms of the 

receptor, with poorly characterised function. In particular, the FcyRIbl and 

FcyRIc transcripts contain premature stop codons within the extracellular 

region of FcyRI, and therefore they might represent soluble forms of the FcyRI 

receptor. In contrast, the FcyRIb2 isoform has been shown to exhibit as 

intracellular protein, mainly retained in the endoplasmic reticulum (van Vugt 

et al, 1996; van Vugt et ah, 1999). The a ligand-binding chain of FcyRIa is 

comprised of three V-type, immunoglobulin-like domains and associates with 

a disulphide-bonded dimer of Fc receptor y chain, a signal transducing 

polypeptide originally described as a component of the high affinity IgE 

receptor that also associates with various Fc receptors. The y chain carries an 

activatory signalling motif (ITAM - immunoreceptor tyrosine-based activation
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motif), which mediates signal transduction upon FcyRI engagement (Küster et 

al, 1990; Masuda and Roos, 1993).

In contrast to FcyRI, the other two classes of Fey receptors, FcyRII and FcyRIII, 

display low affinity for monomeric IgG. They are capable of binding to 

aggregated IgG through multiple multimeric low affinity, high avidity 

interactions, which are particularly important in the recognition and binding 

of antibody-antigen complexes during an immune response. IgG binding to low 

affinity Fey receptors can trigger a range of effector and immunoregulatory 

functions, including degranulation, phagocytosis and regulation of antibody 

production (Nimmerjahn and Ravetch, 2008b). Examination of the genomic 

organisation of the FcyRII and FcyRIII locus suggests that these receptors 

arose as a consequence of multiple gene duplication and recombination 

processes, followed by gain-of-function mutations (Gavin etal., 1998; Su e ta l ,  

2002). All isoforms of the FcyRII and FcyRIII are comprised of two 

extracellular, V-type immunoglobulin-like domains, and crystallographic 

studies, along with mutational analyses revealed that the ligand binding site is 

localised in the second, membrane proximal immunoglobulin-like domain, 

which is exposed due to the horizontal orientation of the receptor (Maenaka et 

al., 2001; Maxwell et al., 1999; Radaev et al., 2001; Sondermann et al., 1999; 

Sondermann et al., 2001; Zhang et al., 2000).

FcyRII is encoded by three genes: FCGR2A, FCGR2B, and FCGR2C. All the 

members of the FcyRII class share a characteristic structure, unique to FcyRII, 

that includes functional signalling motifs in their cytoplasmic domains, namely
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ITAM for FcyRIIa and FcyRIIc and ITIM (immunoreceptor tyrosine-based 

inhibition motif) for FcyRIIb. Therefore, FcyRII represents the sole Fey 

receptor class that is capable of directly transducing intracellular signals 

following receptor engagement, without the need of accessory signalling 

subunits, such as y or Ç chains. FcyRII is expressed by diverse cell types:

FcyRIIa by myeloid cells, including polymorphonuclear leukocytes, monocytes, 

macrophages, platelets, certain types of endothelial cells and subsets of 

memory T cells (memory a/(3 T cells). FcyRIIc is strongly related to FcyRIIa, 

with a number of structural similarities; however, its expression is solely 

restricted to NK cells (Metes et a l, 1998; Stuart et a l, 1989).

FcyRIIb exhibits two main isoforms that arise from the alternative splicing of 

the FCGR2B transcript: FcyRIIbl and FcyRIIb2 (Brooks e ta l ,  1989; Lewis e ta l ,  

1986). FcyRIIbl represents the full-length transcript, whereas FcyRIIb2 is 

generated from the skipping of the first, membrane proximal, intracellular 

exon, which encodes for a signal sequence that possibly inhibits receptor 

internalisation (Hibbs et al, 1988; Latour et al, 1996). This assumption is 

mainly based from the observation that while FcyRIIb2 becomes internalised 

following receptor aggregation, the full-length FcyRIIbl isoform is incapable of 

internalisation. In addition, there is lineage-specific expression of the two 

FcyRIIb isoforms. FcyRIIbl is generally expressed by cells of the lymphoid 

lineage and more specifically B cells, whilst FcyRIIb2 expression is common to 

myeloid cells, such as monocytes and macrophages (Tridandapani e ta l ,

2002). FcyRIIb has also been demonstrated to be expressed by other cell
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types, like neutrophils and eosinophils, but only at transcriptional and not at 

protein level (van Mirre et al., 2006).

The other low affinity Fey receptor, FcyRIII, is encoded by the genes FCGR3A 

and FCGR3B. Although FcyRlIIa and FcyRIIIb share high levels of sequence 

homology, they exhibit distinct structural differences (Su et al., 2002). FcyRIIIa 

is a transmembrane protein that associates with Fc receptor y chain, whereas 

FcyRIIIb is post-translationally processed as a glycophosphatidylinositol (GPI)- 

anchored protein, lacking transmembrane and intracellular domains (Hibbs et 

al., 1989; Li et al., 1996; Miller et al., 1996; Wirthmueller et al., 1992). This 

difference is thought to be the result of an original gene duplication of the 

ancestral gene followed by point mutation in the membrane proximal region of 

the extracellular domain that created a GPI-anchor signal sequence (serine at 

position 203 rather than the phenylalanine present in the transmembrane 

FcyRIIIa) (Gavin etal., 1998; Su e ta l ,  2002). The FcyRIIIa isoform is widely 

expressed by several leukocyte cell types, including macrophages, NK cells and 

subsets of T cells (y/5 T cells, memory a/p T cells) and non-classical 

monocytes (CD16hlgh, HLA-DRhlgh, CD14low) while FcyRIIIb is constitutively 

expressed only by neutrophils, and following induction with IFN-y by 

eosinophils (Alevy et al., 1993; Clemenceau et al., 2008; Edberg and Kimberly, 

1994; Nimmerjahn and Ravetch, 2008b; Passlicketal., 1989).
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Figure 2.2. : Characteristics and Properties of Fey Receptors

Abbreviations: M(p: macrophages, DC: dendritic cells, PMN: 

polymorphonuclear leukocytes, IFN-y: interferon-y, G-CSF: granulocyte colony- 

stimulating factor, NK: natural killer. Red circles denote ITAM motifs, blue:

HIM.
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2.2.2. The Fee Receptor Family

Although normally present in serum at very low levels, IgE may be 

upregulated in certain individuals where it is associated with atopy, and in 

immune responses to certain parasites where it is believed to play a protective 

role (Gounni e ta l,  1994; Macglashan, 2005). Unlike Fey receptors, there are no 

structural similarities shared by the two classes of IgE receptors: FceRI, 

representing the high affinity receptor for IgE, and FceRII (CD23), a lower 

affinity receptor (Figure 2.3). FcsRI is a heterotetrameric structure that is 

comprised of one a subunit, one (3 subunit, and a homodimer of the Fc 

receptor y subunit, encoded by FCER1A, MS4A2 and FCER1G genes respectively 

(Le Coniat et ai, 1990). The a  subunit mediates IgE binding and its structure 

closely resembles those of the Fey receptors, as it consists of two extracellular 

Ig-like domains with a transmembrane and a cytoplasmic region (Hiraoka et 

al., 1999; Macglashan, 2005). The p subunit of FcsRI is a 4-cc helix membrane- 

spanning protein with tyrosine phosphorylation motifs in its C-terminal 

cytoplasmic region (Saini et al., 2001; Turner and Kinet, 1999). Recent studies 

have demonstrated that it exists in two splice variant forms, the p and Pt, the 

latter having a role in the sub-cellular targeting and expression of FcsRIa 

(Donnadieu et al., 2003). In particular, the Pt splice variant includes the fifth 

intron of the MS4A2 transcript, which contains a stop codon, leading to the 

expression of a truncated, non-functional form of the p subunit that indirectly 

affects the expression of the a subunit. During expression of the FcsRI 

heterodimer, the a subunit is retained at the endoplasmic reticulum (ER), due 

to the presence of an ER retention sequence (Bjerke etal., 1999; Donnadieu et
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al., 2003]. This sequence is masked by the (3 subunit, allowing the a subunit, 

along with the p chain to be further processed in the Golgi for further 

glycosylation and targeting to the cell surface. However, the pT splice variant is 

unable to mask the a  subunit ER retention signal and therefore prevents the 

processing and expression of the FceRla.

Finally, the y subunit together with the p subunit facilitates signalling 

following engagement of FceRIa. FceRI is constitutively expressed by mast cells 

and basophils (comprising the full form, heterotetrameric form a, p, y-y), 

whereas monocytes, eosinophils and dendritic cells express FceRI, but only in 

its trimeric form (a, y-y], lacking the P subunit (Donnadieu et al., 2003; Gounni 

etal., 1994; Lin etal., 1996; Maurer e ta l ,  1994; Maurer eta/., 1996; Saini etal., 

2001; Wang et al., 1992],

FceRII (CD23) is the low affinity receptor for IgE, having an affinity of 

approximately 10 7 M_1. Despite its IgE-binding properties, CD23 is not a 

"classical” Ig superfamily Fc receptor, as in contrast to other Fc receptors, it is a 

heavily glycosylated C-type lectin (Yokota etal., 1988]. CD23 exists in two 

main isoforms: CD23a and CD23b, with no major structural or functional 

differences. CD23a is constitutively expressed by follicular B cells and it is 

involved in the regulation of IgE production by B cells -  a role related to that of 

FcyRIIb. In contrast, CD23b is expressed by several cell types, including 

eosinophils, neutrophils, macrophages, monocytes and T cells upon treatment 

with interleukin-4 (IL-4] (Yokota etal., 1988]. CD23 can also bind and interact 

with other molecules, such as CD21, C D llb  and CDllc, although the
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functional significance of these interactions is still being defined (Weskamp et 

al., 2006). CD23 displays susceptibility to proteolytic cleavage by ADAM 

sheddases and soluble CD23 has been reported to have mitogenic properties 

(Liu etal., 1991; Meng etal., 2007).
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Fc e RI Fc e RII
Gene FCER1A MS4A2 FCER1G FCER2
Locus lq23 U q l3 lq23 19pl3.3

Isoforms a 1-4 Pwt/Pt c l a, b
Protein Name FceRI FceRI FceRI FceRII/CD23

a chain (3 chain V chain
MW (kDa) 66 28 14 45

Expression a,p,y2 heterotertamer: Mast cells, basophils CD32a: B cells
a,y, heterotrlmer: Langerhans' cells, DC, CD32b (IL-4 Induced): T cells

monocytes, eosinophils monocytes, Mcp, PMN, FDC,
Langerhans' cells

Affinity for IgE High - lO-9 - 1010M Low - lO-7 -10 s M

Figure 2.3.: Overview of the Fee Receptor Family

Receptors for IgE include the high affinity FceRI receptor and the low affinity 

CD23 (FceRII) with distinct structural differences. FceRI is comprised of three 

different chains: the a chain that includes two extracellular Ig domains with a 

role in IgE binding, the (B and y chains that mediate receptor signalling. FceRI (B 

chain is a four-transmembrane protein, which contains an ITAM domain in the 

intracellular part near the C terminus. The y chain is always processed as 

homodimer and contains two ITAM motifs. FceRI is expressed as 

heterotrimeric (a, yi) or heterotetrameric (a, (B, 72) structure, depending on 

cell type. CD23/FceRII contains a C-type lectin domain that mediates IgE 

binding. Abbreviations: DC: dendritic cells, M(p: macrophages, PMN: 

polymorphonuclear leukocytes, FDC: follicular dendritic cells. Red circles 

denote ITAM motifs.
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2.2.3. Receptors for IgM and IgA

A number of receptors specific for IgA and IgM have been characterised, 

including the polymeric immunoglobulin receptor (plgR) and Fca/gR. These 

two receptors bind to IgA and IgM with intermediate affinity and are encoded 

by the PIGR and FCAMR genes present at the same locus on chromosome 1 

(l<?32)(Kremer et a l, 1992). Fca/pR is expressed by follicular dendritic cells 

and B cell subpopulations (IgD+/CD38+) present in the germinal centres, as 

well as in secondary lymphoid organs, such as lymph nodes, intestine and 

appendix and it is therefore anticipated that it possesses a range of 

immunoregulatory roles (Kikuno etal., 2007; Sakamoto etal., 2001). In 

contrast, plgR is predominantly expressed on the basolateral surface of 

epithelial cells and is involved in the transport of mucosal IgA and IgM across 

the epithelia (Obara etal., 2003).

Although plgR and Fca/pR, along with several other molecules can specifically 

bind to IgA, the only "classical" Fc receptor specific for IgA is FcaRI (CD89) 

(Woof and Kerr, 2006). While the ligand-binding (a) chain of FcaRI is 

structurally related to those of FcyR and FccRI it is a more distantly related 

member of the family, and the FCAR gene maps to chromosome 19, alongside 

genes for leukocyte immunoglobulin-like receptors and natural killer cell 

receptors (KIRs) (Martin et al., 2003). Like many of the FcyR and FceRI, the 

FcaRI a chain associates with a homodimer of the Fc receptor y chain, 

although it is often expressed in the absence of Fc receptor y chain pairing 

(Honorio-Franca et al., 2001). FcaRI structure is characterised by the presence
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of two extracellular immunoglobulin-like domains, with the IgA binding site 

localised in the membrane distal domain (Lang etal., 1999; Maliszewski et al., 

1990; Monteiro and Van De Winkel, 2003). A number of alternatively spliced 

variants of FCAR have been described; however, it has been demonstrated in 

vivo that at least two main isoforms exist: a l ,  the full-length transcript and a2 

that comprises a deletion within the second extracellular, membrane proximal 

domain (Morton et al., 1996; Patry et al., 1996; Pleass et al., 1996; Pleass et al., 

1997; Toyabe etal., 1997). FcaRI expression is mainly restricted to cells of 

myeloid origin, including neutrophils, monocytes, eosinophils macrophages 

and dendritic cells (Geissmann etal., 2001; Heystek et al., 2002; Monteiro et 

al., 1992; Monteiro etal., 1993). Although receptor expression is constitutive 

and independent of the presence of IgA, a number of cytokines and other 

factors have been described to modulate receptor expression in a cell-specific 

manner. For example, in neutrophils, treatment with interleukin-8 (IL-8), 

tumour necrosis factor-a (TNF-a), iV-formylated peptides (fMLP) or ionomycin 

readily results in a rapid upregulation in FcaRI expression; an effect that 

possibly involves the receptor translocation from intracellular pools (Hostoffer 

et al., 1993; Hostoffer et al., 1994; Nikolova and Russell, 1995). Similarly, in 

monocytes, granulocyte macrophage colony-stimulating factor (GM-CSF) or 

interleukin-1 (B (IL-ip) treatment induces FcaRI expression (Hostoffer etal., 

1994; Monteiro etal., 1990; Nikolova and Russell, 1995).
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2.3. Fe Receptor Function

2.3.1. Signalling and Function ofActivatory Fc Receptors

Almost all Fc receptors have the ability to initiate a range of cell activation 

processes mainly by intracellular activation motifs, which in most cases are 

similar to those of other antigen receptors, such as B cell receptor and T cell 

receptor. Such motifs, also termed ITAMs, comprise of a characteristic YxxL 

sequence that is repeated twice and is flanked by seven variable residues 

[Cambier, 1995; Reth, 1989). As described above, most Fc receptors comprise 

heterodimers of the a subunit, which represents the ligand-binding domain, 

along with accessory signalling subunits termed as Fc receptor y (typically one 

or two) that contain ITAM domains and mediate intracellular signal 

transduction following engagement (Küster e ta l ,  1990). Fc receptor y 

subunits do not contain any immunoglobulin domains, but are structurally 

related to the Z, subunit of the T cell receptor and are both mapped to 

chromosome 1 (Küster et al., 1990; Qiu et al., 1990). Normally, they form y-y 

homodimers and they associate with the a subunit of the Fc receptor through 

interaction of a characteristic aspartic residue in their transmembrane domain 

with basic residues of the transmembrane domain of the Fc receptor a  subunit 

(Cosson et al., 1991). Although y-Z, heterodimers have been reported to have 

the ability to transduce signals following ligand binding to the a  subunit, it is 

still not clear whether they occur naturally (Orloff et al., 1990).

19



An exception to the Fc receptors that are comprised of two or even three 

subunits for their full activity are the two closely related IgG receptors, FcyRHa 

and FcyRIIc, which are unique to humans. Such receptors are comprised only 

of a single a subunit that not only has the ability for ligand binding through the 

extracellular domain, but also possesses an ITAM domain within its 

intracellular portion capable of transducing activatory signals (Selvaraj et al., 

2004; Underhill and Goodridge, 2007).

A number of studies mainly on the Fey and Fes receptors have provided useful 

insights into the initial extracellular signals that trigger cell activation. In 

particular, it is the aggregation of two or more Fc receptor molecules within 

the cell membrane, rather than ligand binding, that acts as the initiation signal 

for any downstream signalling processes. As previously discussed, Fc 

receptors are broadly classified into high and low affinity receptors based on 

their ability to bind monomeric immunoglobulins. This difference also 

accounts for the sequence of events that are required for the initiation of 

extracellular signals. In particular, high affinity receptors firstly bind 

monomeric immunoglobulins and then become aggregated through the 

complexing of multivalent antigens to the Fab domain of the immunoglobulin 

(Ishizaka and Ishizaka, 1978; Kulczycki and Metzger, 1974; Segal et al., 1977; 

Unkeless and Eisen, 1975). In contrast, for low affinity Fc receptors, 

immunoglobulins are first complexed with antigens and then such complexes 

bind to the Fc receptor via multivalent low affinity, high avidity interactions
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that trigger receptor aggregation and subsequent generation of intrinsic 

signals (Ghazizadeh et al., 1995; Salmon et al., 1995; Sobota et al., 2005).

Despite the differences in the sequence of events preceding receptor 

aggregation, nearly all ITAM-bearing Fc receptors follow a similar pattern of 

signal transduction upon aggregation (Figure 2.4). In particular, following 

receptor aggregation, two or more ITAM domains present mainly in the y (or a 

subunit as in the case of FcyRIla and FcyRIIc) become cross-linked and 

phosphorylated. Phosphorylation of the ITAM tyrosine residues triggers the 

sequential activation of a number of cytoplasmic tyrosine kinases, firstly those 

of the Src and then of the Syk family. Specifically, phosphorylation of a number 

of Src family kinases including Lyn, Lck, Hck and Fgr has been observed 

following receptor aggregation (Durden etal., 1995; Eiseman and Bolen, 1992; 

Jouvin etal., 1994; Pignata etal., 1993; Yamashita etal., 1994). Activation of 

Lyn was also evident upon FceRI, FcyRI and FcyRIIa aggregation (Ghazizadeh 

etal., 1994; Ghazizadeh etal., 1995). Similarly, members of the Syk family 

kinases have also been reported to become phosphorylated following 

aggregation of a number of Fc receptors including FcsRI, FcyRI, FcyRIIIa and 

FcyRlIa in diverse cell types such as platelets, neutrophils, macrophages, 

monocytes and mast cells (Agarwal et al., 1993; Benhamou et al., 1993; Chacko 

etal., 1994; Darby etal., 1994; Durden and Liu, 1994; Kiefer etal., 1998;

Kiener et al., 1993; Kihara and Siraganian, 1994; Majeed et al., 2001; Rollet- 

Labelle et al., 2004; Shen et al., 1994; Stahls et al., 1994; Suzuki et al., 2000; 

Unkeless et al., 1995). Apart from such kinases, activation of other proteins
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including ZAP-70, Ç chain subunits and FAK has been reported following Fc 

receptor crosslinking (Hamawy et al., 1995; Jouvin et al., 1994; Sânchez- 

Mejorada and Rosales, 1998; Yano et al., 1995).

Activation of all these kinases following phosphorylation of the ITAM domains 

generates a number of activatory signals [Figure 2.4). For example, 

phosphorylation of Syk activates phospholipase C y (PLCy) that in turn 

generates metabolites that activate protein kinase C (PKC) and inositol 

triphosphate (IP3), which induces a rapid increase in intracellular Ca2+ levels 

mainly through the mobilisation of a Ca2+ pool from the endoplasmic reticulum 

(Kanakaraj etal., 1994; Ninomiya etal., 1994; Park etal., 1991). Increased 

intracellular Ca2+ concentration further activates PKC as well as other calcium- 

regulated signalling proteins (Choi etal., 1996; Hutchcroft etal., 1992; Shen et 

al., 1994). In addition to these early signals, a number of other late signalling 

pathways such as the Ras pathway are activated that consequently lead to the 

phosphorylation of MEK and MAP family kinases as well as the activation of 

transcription factors such as NF-kB and NFAT that induce the transcription of 

pro-inflammatory cytokines and could potentially lead to long-term effects 

such as survival and cell differentiation (Aramburu etal., 1995; Dogar etal., 

1993; Fukamachi et al., 1993; Hutchinson and McCloskey, 1995; Lewin et al., 

1996; Oh and Metcalfe, 1994; Razin et al., 1994; Tsitsikov et al., 1995).
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Figure 2.4.: Signalling Cascades of Activatory Fey Receptors

Binding of multimeric IgG complexes to Fey receptors trigger receptor 

aggregation, which results in the phosphorylation of ITAM domains present in 

Fey receptor y chain (or in the a chain in the case of FcyRIIa and FcyRIIc), 

mainly through their physical interaction with Src family kinases, including 

Lyn, Lck, Hck and Fgr. In addition, receptor aggregation and ITAM 

phosphorylation leads to the activation of Ç chain subunits, ZAP-70 and FAK, 

which regulates actin polymerisation, phagocytosis and a number of

23



downstream cellular processes. Activation of Src family kinases triggers 

phosphorylation of Syk family kinases, which in turn activates the Ras pathway 

and PI3K. Activated PI3K generates metabolites (phosphatidylinositol-3,4,5- 

triphosphate; PtdIns(3,4,5)P3) that results in the recruitment to the cell 

membrane and activation of BTK and PLCy. PLCy in turn activates protein 

kinase C (PKC) and IP3, which induces a rapid increase in intracellular Ca2+ 

levels mainly through the mobilisation of a Ca2+ pool from the endoplasmic 

reticulum. Increased intracellular Ca2+ concentration further activates PKC as 

well as other calcium-regulated signalling proteins. In addition to these early 

signals, a number of other late signalling pathways such as the Rac-Rho 

pathway are activated that consequently lead to the phosphorylation of MEK 

and MAP family kinases, JNK and p38 as well as the activation of transcription 

factors such as NF-kB, AP-1 and NFAT that induce the transcription of pro- 

inflammatory cytokines and survival factors.

Abbreviations: IC: immune complex; Ç: Ç chain; y: y chain; FcyR: Fey receptor; 

PtdIns(4,5)P2: phosphatidylinositol 4,5-biphosphate; PtdIns(3,4,5)P3: 

phosphatidylinositol 3,4,5-triphosphate; BTK: Bruton's tyrosine kinase; PLCy: 

phospholipase C y; IP3: inositol triphosphate; DAG: diacylglycerol; PKC: protein 

kinase C; JNK: c-Jun N-terminal kinase; ERK: extracellular signal-regulated 

kinase; MAP: mitogen-activated protein; PI3K: phosphoinositide 3-kinase; 

ZAP-70: Ç chain protein kinase 70; FAK: focal adhesion kinase.
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2.3.2. Cellular Effects of Activatory Fc Receptor Signalling

Aggregation of Fc receptors containing ITAM motifs activates a number of 

signalling pathways that have the potential of influencing a number of 

leukocyte effector functions. Although the precise biological responses 

following Fc receptor crosslinking greatly vary between different cell types, it 

is generally anticipated that such intracellular signals could lead to cell 

activation and internalisation of the aggregated receptors. For instance, a 

number of cell activation processes have been described following Fc receptor 

crosslinking including degranulation, antibody-dependent cellular cytotoxicity, 

reactive oxygen intermediates (ROI) generation and secretion of pro- 

inflammatory cytokines (Alber et al., 1992; Azzoni et al, 1995; Hirayama et al., 

1982; Oettgen et al, 1994; Patry et al., 1995; Tomiyama et al., 1992; Zhou et al., 

1995). For example, FcyRIIa aggregation in neutrophils results in the 

activation of the NADPH oxidase complex leading to subsequent respiratory 

burst initiation and superoxide production, increase in intracellular Ca2+ 

levels, antibody-dependent cellular cytotoxicity (ADCC) and phagocytosis 

(Crockett-Torabi and Fantone, 1990; Fanger e ta l ,  1989; Kwiatkowska and 

Sobota, 2001; Majeed etal., 2001; Sobota etal., 2005; Worth etal., 2001).

Apart from cell activation, engagement and aggregation of activatory Fc 

receptors also trigger receptor internalisation. Such processes result in the 

recycling of the receptor and in the presentation of the antigen in major 

histocompatibility complex class II (MHC II) positive cells, such as 

macrophages and dendritic cells (Gosselin etal., 1992; Mao etal., 1991; Silvain
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et al., 1995). A number of studies have suggested a clear role for the ITAM 

domain in the process of receptor internalisation. In particular, mutational 

analyses of the intracellular region of the y subunit revealed that receptor 

endocytosis is predominantly ITAM-dependent, as mutation of either tyrosine 

of the ITAM domain ablates receptor internalisation [Amigorena et al., 1992b; 

Park and Schreiber, 1995). Similarly, in FcyRlIa, which as previously 

mentioned is not associated with Fc receptor y subunit, its ITAM domain - 

especially the first tyrosine residue- was shown to be critical for receptor 

internalisation (Odin et al., 1991). However, although deletion of the ITAM 

domains abolishes receptor endocytosis, it is not clear whether such domains 

perse  are capable of regulating the receptor internalisation process or 

receptor internalisation occurs primarily as a result of ITAM phosphorylation 

and generally of cellular activation (Edberg et al, 1995; Greenberg et al,

1994).

2.3.3. Signalling and Biological Effects of Non-Activatory Fc Receptors

Apart from the ITAM-bearing Fc receptors (either in the a  or y subunits) 

described above, a few other Fc receptors have been described that lack ITAM 

domains and hence, are unable to trigger cell activation. Such receptors 

include the low affinity IgG receptors, FcyRIIb and FcyRIIIb.

FcyRIIb is closely related to the other members of the FcyRII family with the 

exception that it contains a single ITIM domain and has the ability of inhibiting 

cell activation processes via its inhibitory domain (Amigorena et al., 1992a;
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Muta et ai, 1994], FcyRIIb is highly conserved between human and mouse and 

it plays a key role in the termination of immunological processes in the cell 

types that is expressed and include the regulation of antibody production in B 

cells, as well as cellular activation in many myeloid cells, including monocytes 

and macrophages (Bolland and Ravetch, 1999). The importance of FcyRIIb is 

further highlighted by the fact that function-associated polymorphisms within 

the promoter region or the coding sequence of the FCGR2B gene confer 

predisposition to a number of autoimmune pathologies (reviewed in 

Bournazos etal. (2009b)).

A number of recent studies have dissected the precise molecular mechanisms 

that mediate inhibition of cellular responses, based mainly on the interaction 

of FcyRIlb with the B-cell receptor. Co-aggregation of the B-cell receptor with 

the FcyRIIb results in the inhibition of B cell signalling, which is mainly 

mediated through the IT1M motif of the FcyRIIb (Amigorena et al., 1992a; Muta 

etal., 1 9 9 4 ) (Figure2.5). Following FcyRIIb aggregation with activatory 

receptors, like the B cell receptor, the IT1M motif becomes phosphorylated at 

the tyrosine residues. Phosphorylation of the ITIM motif recruits the 

phosphatases SHIP and SHP2, which interfere with any activatory signals from 

the B cell receptor by hydrolysing phosphoinositide intermediates, such as 

phosphatidylinositol-3,4,5-triphosphate, thereby preventing the recruitment 

of PH-domain containing kinases, such as PLCy and BTK, and any downstream 

activation signals (Nitschke and Tsubata, 2004; Ono etal., 1996; Ono etal., 

1997; Pearse et al., 1999). In this way, FcyRIIb regulates key processes in B
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cells such as the control of antibody production, cell survival and 

differentiation (Nimmerjahn and Ravetch, 2008b; Tzeng et al., 2005]. Similarly, 

in myeloid cells, like macrophages, co-aggregation of FcyRIlb with activatory 

Fey receptors results in the inhibition of any cell activation processes. This 

effect is better appreciated in Fcgn/'h-knockout mice, which displayed 

enhanced pro-inflammatory macrophage activity in models of immune 

complex-mediated alveolitis and collagen-induced arthritis (Clynes etal.,

1999; Takai et al., 1996; Yuasa et a l, 1999).

In contrast to the ITAM or ITlM-bearing Fc receptors, FcyRIIlb is incapable of 

either inducing or inhibiting cell activation, as it contains no functional 

signalling motifs within their entire sequence. FcyRIIIb is post-translationally 

processed as a GPI-anchored protein lacking any intracellular domains that 

would have the potential for signal transduction. Despite the absence of such 

signalling domains, FcyRIIIb has been demonstrated to trigger distinct 

activation signals following receptor aggregation, mainly by associating and 

acting synergistically with other receptors, such as FcyRIIa or complement 

receptors (Zhou and Brown, 1994). In addition, due to its GPI-anchor, FcyRIIIb 

is primarily localised to lipid rafts domains that are rich in membrane 

associated kinases, like Syk and therefore, might utilise the signal transduction 

machinery of lipid rafts for the initiation of intrinsic signals following receptor 

aggregation (Edberg and Kimberly, 1994; Zhou etal., 1995).
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Figure 2.5.: Signalling pathways triggered by inhibitory Fey Receptors

Simultaneous crosslinking of FcyRIIb with activatory receptors, such as the B 

cell receptor (BCR) leads to the phosphorylation of the FcyRIIb ITIM domain 

by Src family kinases, like Lyn, which is associated with the BCR. 

Phosphorylation of ITIM leads to the recruitment of phosphatases, like SHIP 

and SHP2, which promote the hydrolysis of PtdIns(3,4,5)P3 into PtdIns(4,5)P2, 

which inhibit the recruitment and subsequent activation of PLCy and BTK. In 

addition, association of DOK and SHC proteins with SHIP and SHP2 

phosphatases inhibit activation of the Ras pathway.

Abbreviations: BCR: B-cell receptor; SHIP: SH2 domain-containing Inositol 5- 

phosphatase; SHP2: SH2 domain-containing phosphatase; SHC: Src homology- 

containing protein; PtdIns(4,5)P2: phosphatidylinositol 4,5-biphosphate; 

PtdIns(3,4,5)P3: phosphatidylinositol 3,4,5-triphosphate; BTK: Bruton's 

tyrosine kinase; PLCy: phospholipase C y.
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3. N e u t r o p h il  G r a n u l o c y t e s

3.1. Features and Role

Polymorphonuclear (PMN] leukocytes represent the most abundant leukocyte 

type, comprising over 70% of circulating leukocytes. PMN leukocytes are 

characterised by a variable shaped nucleus, which normally forms 3-5 lobes 

and by the presence of granules within their cytoplasm. Depending on the 

reactivity of their granular content with specific dyes, PMN leukocytes are 

further categorised into neutrophils (with neutral-stained granules], 

eosinophils (eosin-stained granules] and basophils (stained with basic dyes, 

like haematoxylin] (Dale e ta l,  2008],

The vast majority of PMN cells (> 90% ] is comprised of neutrophil 

granulocytes, which also represent the most abundant leukocyte cell type in 

humans. Under physiological conditions, the number of circulating neutrophils 

is 2.5-7.5 x 109 L'1; however, under inflammatory or septic conditions, their 

number could increase up to 10-fold due to release of cells from marginated 

pools of cells in the bone marrow and the lung (Nathan, 2006; Weiss, 1989]. 

These innate effector cells mediate a wide spectrum of pro- and anti

inflammatory activities, especially during the earliest stages of an 

inflammatory response to invading pathogens. Indeed, neutrophils are the first 

leukocyte cell type that is rapidly recruited to the inflammatory site in 

response to infection or injury, hours before monocytes or lymphocytes. 

Neutrophils play a central role in innate immunity and their functional
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responses against pathogens require the following sequential steps: their 

recruitment to sites of infection, recognition and phagocytosis of microbes and 

production of cytotoxic mediators that ensure pathogen killing (Nathan,

2006).

Neutrophils are recruited to the sites of infection in response to several stimuli 

including chemokines, cytokines, and microbial compounds (Fu e ta l ,  2006; 

Nathan, 2006). Recruitment is a multi-step process that involves extensive 

neutrophil-endothelial cell interactions, which are primarily mediated by a 

range of well-characterised adhesion molecules (Huttenlocher et al., 1995). At 

inflammatory sites, recruited neutrophils exert a number of functional 

responses that ensure the destruction and eradication of invading pathogens. 

In particular, neutrophils have the ability to sense the presence of microbial 

compounds within the inflammatory site and respond accordingly, by utilising 

pathogen-specific immune mechanisms, including the production and release 

of reactive oxygen intermediates (ROl), proteases, and anti-microbial 

molecules, as well as phagocytosis of microbes (Dale etal., 2008).

3.1.1. Pathogen Recognition -  Role of Fey Receptors

A key step in the initiation of all these processes that would eventually lead to 

the eradication of the invading microbes, is their recognition by neutrophils.

As effector cells of the innate immune system, neutrophils are capable of 

recognising many diverse pathogens via the expression of specialised 

receptors that recognise molecular patterns (also termed as pathogen-
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associated molecular patterns (PAMPs)) that are common to a wide range of 

pathogens. Such receptors include Toll-like receptors (TLR) and seven a-helix 

transmembrane spanning G-protein coupled receptors that have the ability to 

recognise lipopolysaccharides, /V-formylated peptides and unmethylated CpG 

(Janssens and Beyaert, 2003; Netea et al., 2004).

Apart from these receptors, neutrophil recognition of a diverse array of 

pathogens is further enhanced by expressing specialised receptors like Fc 

receptors. Fc receptors enable the recognition of antigens of infinite diversity 

via antibody-mediated molecular bridging, thereby linking the innate with the 

adaptive branches of immunity (Daeron, 1997; Ravetch and Bolland, 2001). 

Thus, when bound to Fc receptors, antibodies provide antigen specificity in 

neutrophils and other innate immune cells, conferring effective and immediate 

innate responses against specific and diverse antigens.

Neutrophils constitutively express CD32a (FcyRIIa) and CD16b (FcyRIIIb) that 

are distinct in both their structure and function (Bournazos etal., 2009a; 

Nimmerjahn and Ravetch, 2006). In contrast, CD64 (FcyRI) expression is only 

induced following stimulation with IFN-y (Ravetch and Bolland, 2001). CD16b 

is a GPI-anchored membrane protein that lacks intracellular domains 

requiring accessory signalling proteins (e.g. y or chains) for the transduction 

of signals following receptor engagement. In contrast to CD16, CD32 

represents the sole Fey receptor that contains distinct immunoreceptor 

tyrosine-based activation motifs (ITAM) within the cytoplasmic domain.

CD32a may therefore represent the exclusive neutrophil Fey receptor with the
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potential of transducing intrinsic signals upon engagement (Naziruddin et al., 

1992).

There is substantial evidence to support the significance of CD32 during the 

early phases of neutrophil activation. Indeed, several studies have indicated 

that the 1TAM motif of CD32a is associated with Src family kinases, like Syk, 

that readily become phosphorylated following CD32 engagement by 

multimeric IgG (Barabe et al., 2002; Kwiatkowska et al., 2003; Rollet-Labelle et 

al., 2004; Sobota et al., 2005; Unkeless et al., 1995; Walker et al., 1991). This 

process is required for a range of cellular effector functions including 

induction of antibody-dependent cellular cytotoxicity (ADCC), respiratory 

burst initiation, calcium mobilisation and phagocytosis (Crockett-Torabi and 

Fantone, 1990; Fanger et al., 1989; Fossati et al., 2002; Katsumata et al., 2001; 

Kwiatkowska and Sobota, 2001; Sobota e ta l ,  2005).

3.1.2. Effector Functions and Cellular Responses

Following engagement of Fey receptors and/or other pathogen-specific 

receptors, a range of neutrophil effector functions are triggered, including the 

production of microbicidal molecules with the aim of destruction and 

eradication of invading pathogens. These molecules are either stored in 

intracellular granules or generated de novo by specialised proteins. For 

example, the generation of ROI is mediated via the formation of the NADPH- 

dependent oxidase complex, in a process also known as oxidative burst 

(Hampton etal., 1998; Martyn etal., 2005; Nathan, 2003; Suh etal., 2006;
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Yamauchi e ta l ,  2004). This complex is comprised of distinct proteins 

including: p40phox, p47phox, p67phox, p22phox, gp91phox. Phosphorylation of the 

p47phox following neutrophil stimulation promotes its physical association 

with cytochrome b558, leading consequently to its activation and the 

production of superoxide anion. Superoxide anion can directly or indirectly 

induce bactericidal activity by becoming dismutated into hydrogen peroxide 

(H2O2), or though the formation of other reactive oxygen intermediates, 

including hydroxyl radical (OHO) and hypochlorous acid (HOC1) and reactive 

nitrogen intermediates, like peroxynitrite (ONOO) (Klebanoff, 2005; Martyn et 

al., 2005; Nathan, 2003; Nathan et ah, 1979a; Nathan et a l, 1979b).

In addition to these chemical compounds that display astonishing anti

microbial activity, neutrophils also contain a vast array of other microbicidal 

molecules that are preformed and stored in specialised granules (Borregaard, 

1997; Cowland et al, 1995; Egesten etal., 1994; Elsbach, 1998; Fouret etal., 

1989; McCawley and Matrisian, 2001; Owen and Campbell, 1999; Owen etal., 

1995; Panyutich etal., 1995; Pohl etal., 1990). These granules are generally 

classified into the following categories: (i) primary granules, also known as 

azurophilic granules that contain proteases, including human neutrophil 

elastase (HNE), cathepsin G and proteinase 3, and anti-microbial molecules, 

such as defensins and CAP-37, (ii) secondary or specific granules that contain 

lactoferrin, collagenases and proteins of the cathelicidin family, (iii) tertiary 

granules that contain gelatinases and (iv) secretory vesicles (or granules) that 

are rich in plasma proteins including albumin and are of endocytic origin
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[Table 3.1). Stimulation of neutrophils with pro-inflammatory molecules or 

microbial components induce neutrophil degranulation, a process that 

involves the sequential mobilisation of the intracellular granules either to the 

cell surface or to the phagolysosome, where their content is released 

(Borregaard, 1997; Elsbach, 1998; Hampton etal., 1998).

Given the fact that all these agents act in a non-specific manner, destruction of 

host tissues may also occur. For this reason, minor deviations in the tight 

regulation of neutrophil activation could readily lead to excessive responses 

that may have detrimental consequences for the host. Indeed, several clinical 

conditions, including rheumatoid arthritis, vasculitis, idiopathic pulmonary 

fibrosis, inflammatory bowel disease and acute respiratory distress syndrome 

are characterised by excessive neutrophil recruitment and activation and 

hence, offer a good paradigm for the impact of uncontrolled activation on host 

tissues (Carlson et al, 2002; Chollet-Martin et al., 1996; Haley et al, 1998; 

Jones etal., 1998; Lee and Downey, 2001; Obayashi etal., 1997; Qasim etal., 

1996; Wipke and Allen, 2001).
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Table 3.1.: Content of Neutrophil Granules

Primary Granules Secondary Granules Tertiary Granules Secretory Granules
Azurophilic Specific Gelatinase

MPO Lactoferrin Gelatinase CD14
Defensins Cathelicidin Leukolysin CD16
Cathepsin G Lysozyme Lysozyme CR1 (CD35)
HNE Collagenase NRAMP1 CR3 (CDllb/CD18)
Proteinase 3 Leukolysin FPR
Lysozyme Cytochrome b558 Albumin
Azurocidin NGAL
ß-D-Glucuronidase
a-Mannosidase
Phospholipase A2
C4-S
CAP-37
BPIP

Abbreviations: MPO: myeloperoxidase; HNE: human neutrophil elastase; C4-S: 
Chondroitin-4-sulfate; CAP-37: cationic antimicrobial protein 37; BPIP: 
bactericidal permeability-increasing protein; NGAL: neutrophil gelatinase- 
associated lipocalin; NRAMP1: natural resistance-associated macrophage 
protein 1; FPR: /V-formylpeptide receptor.
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3.2. Neutrophil Apoptosis -  Opsonisation and Clearance

Neutrophils, along with other granulocytes, have the shortest circulating life 

span among all leukocyte types, approximately 12-18 h in circulation prior to 

localisation to the spleen, bone marrow or liver, where they undergo 

constitutive apoptosis and become cleared by tissue-resident macrophages 

(Haslett et al., 1989; Walker et al., 2005). Their short life span suggests that 

neutrophils display a constitutively high apoptosis rate, spending only a very 

short time in circulation. At inflammatory sites, neutrophils display longer 

survival mainly due to the characteristic microenvironment of the 

inflammatory site. Indeed, the presence of pro-inflammatory cytokines along 

with other tissue determinants, including hypoxic conditions have been 

previously demonstrated to promote neutrophil survival by inhibiting their 

apoptosis (McColl etal., 2007; Walker e ta l ,  2005). Once recruited neutrophils 

perform their effector functions, which include degranulation and 

phagocytosis of invading microbes, they undergo spontaneous apoptosis 

mainly attributed to the absence of survival, anti-apoptotic signals. Especially 

during the resolution phase of an inflammatory response, the process of 

neutrophil apoptosis and the subsequent removal of apoptotic cells by 

macrophages are considered to be crucial events in preventing the release of 

their granule contents, which as previously described, comprise many 

histotoxic compounds and pro-inflammatory factors that would potentially 

elicit further damage to the tissue (Dransfield et al., 2005). Clearance of 

apoptotic neutrophils is mainly achieved by a number of biochemical
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processes that occur primarily prior or during neutrophil apoptosis and 

involve the shutdown of neutrophil effector functions including adhesion and 

secretory machinery along with changes in cell surface that enable swift 

phagocytosis of apoptotic cells by macrophages (Hart et al., 2000)(Table 4.1; 

Figure 3.1).

One of the earliest events of neutrophil apoptosis involves the externalisation 

of phosphatidylserine (PS). In viable cells, PS is confined to the inner facet of 

the cell membrane, whereas during cell apoptosis, PS becomes translocated to 

the outer part of the membrane, leading consequently to its exposure to the 

cell surface. A number of studies have demonstrated that exposed PS provides 

an important signal for the recognition of apoptotic cells and their subsequent 

phagocytosis. PS can be recognised by macrophages either directly or 

indirectly and blocking of the exposed PS results in a marked inhibition in 

macrophage-mediated apoptotic cell clearance (Asano e ta l ,  2004; Bonanno et 

al, 2002; Cocco and Ucker, 2001; Fadok et al., 1998a; Fadok et al., 2000; Fadok 

etal., 1992; Hanayama etal., 2002; Marguet etal., 1999; Martin etal., 1995). 

For example, TIM-4, BAI-1 and stabilin-2 have been recently identified and are 

capable of mediating direct recognition of the exposed PS (Miyanishi et al., 

2007; Park et al., 2007; Park et al., 2008). These receptors are widely 

expressed by apoptotic cell phagocytes including macrophages and dendritic 

cells (Table 4.2).

Apart from such direct PS-PS receptor interactions between phagocytes and 

apoptotic cells, a number of soluble proteins have been described to
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specifically recognise and bind to the exposed PS and thereby play an 

important role in the clearance of apoptotic cells by acting as molecular 

bridges to the phagocyte (Table 4.3). For instance, protein S has been shown to 

bind to the exposed PS of apoptotic cells forming complexes with the C4b- 

binding protein (Anderson e ta l ,  2003; Uehara and Shacter, 2008; Webb et al., 

2002). Such interaction is critically important for apoptotic cell phagocytosis 

and it has been demonstrated recently to mediate recognition in 

glucocorticoid-treated macrophages (McColl etal., 2009). However, there is 

additional evidence to support that protein S binding to C4b-binding protein 

acts to negatively regulate apoptotic cell clearance (Kask et al., 2004).

Gas-6, a homolog of protein S, has also been shown to bind to PS acting in this 

way as a critical factor for their opsonisation (Ishimoto etal., 2000; Nagata et 

ah, 1996). Gas-6 and protein S are both recognised by the Mertk receptor and 

other members of the receptor tyrosine kinases of the Axl/Sky/Mer family, 

which are expressed by macrophages and mediate binding and clearance of 

opsonised apoptotic cells (Camenisch et al., 1999; Nagata et al., 1996; Scott et 

al., 2001 ){Table 4.2). In addition to such proteins, MFG-E8 (milk fat globule 

EGF-factor 8) has been reported to bind to the exposed PS on apoptotic cell 

surface and can be recognised via an RGD motif by the av(33 and ctvps integrins 

expressed by macrophages (Akakura etal., 2004; Borisenko etal., 2004; 

Hanayama etal., 2002; Hanayama etal., 2004; Wu etal., 2006)[Table 4.2). A 

number of other proteins with the ability to specifically bind to exposed PS,
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mediating opsonisation of apoptotic cells, include annexin-1 and (32- 

glycoprotein-I ((32-GPI) (Balasubramanian etal., 1997; Scanned etal., 2007).

One of the earliest molecules identified with a clear role in the opsonisation 

and recognition of apoptotic neutrophils is thrombospondin, an extracellular 

matrix glycoprotein. It has been demonstrated that thrombospondin binds to 

the surface of apoptotic cells and is recognised by a number of receptors on 

the phagocyte, including the av(33 and ccvPs integrins, as well as specialised 

scavenger receptors, such as scavenger receptor A, CD36, CD14, lectin-like 

oxidised LDL receptor (LOX-1) and CD68 (Albert et al., 2000; Chang et al., 

1999; Devittetal., 1998; Devittetal., 2004; Moffattetal., 1999; Moodley etal., 

2003; Oka et al., 1998; Platt et al., 1996; Pradhan et al., 1997; Ramprasad et al, 

1995; Savill et al., 1990; Savill et al., 1992)(7ah/e 4.2). Apart from 

thrombospondin, a number of serum proteins have the ability to bind to the 

surface of apoptotic neutrophils and include serum amyloid protein (SAP) and 

members of the pentraxin family, e.g. pentraxin-3 and C-reactive protein (CRP) 

(Familian et al., 2001; Gershov et al., 2000; Mevorach, 2000; Mevorach et al., 

1998a; Mold et al., 2002; Rovere et al., 2000). An additional important class of 

opsonisation molecules is lectins that recognise the carbohydrate structures 

on the surface of apoptotic neutrophils and include mannan-binding lectin 

(MBL) and proteins of the collectin family, such as surfactant protein A (SP-A) 

and D (SP-D) (Kilpatrick, 2002; Lu etal., 2002; Schagat etal., 2001). These 

proteins interact with the collagenous tail of calreticulin, thereby mediating
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uptake by the CD91 receptor expressed by phagocytes (Gardai et al., 2005; 

Ogden et al., 2001; Vandivier et al., 2002).

Neutrophil apoptosis is also characterised by a substantial reduction in the 

expression of a number of surface-associated molecules and receptors (Table 

4.1). This process is mainly mediated either by their proteolytic cleavage by 

neutrophil-derived proteases including human neutrophil elastase or matrix 

metalloproteinases (Bazil and Strominger, 1994; Remold-O'Donnell and 

Parent, 1995). In addition, blebbing of cell membrane has also been 

demonstrated to occur extensively during the early stages of neutrophil 

apoptosis and induce the shedding of cell surface molecules through 

membrane blebs (Nusbaum e ta l ,  2005; Nusbaum e ta l,  2004). Such molecules 

include primarily those involved in cell adhesion, such as CD62L and CD43 as 

well as others with key role in neutrophil effector functions e.g. CD16 (Bazil 

and Strominger, 1994; Dransfield etal., 1994; Halbwachs-Mecarelli etal.,

1996; Hart et al., 2000; Homburg et al., 1995; Jones and Morgan, 1995; 

Nusbaum etal., 2004; Remold-O'Donnell and Parent, 1995). In addition, the 

expression of complement receptors, such as CD55 and CD59 is markedly 

decreased during neutrophil apoptosis consequently leading to increased 

deposition of complement proteins to the neutrophil cell surface (Hart etal., 

2000; Jones and Morgan, 1995). Indeed, a number of studies have established 

a clear role for complement proteins in their opsonisation of apoptotic cells 

and their subsequent clearance by phagocytes. Complement proteins Clq and 

C3b have been shown to bind to apoptotic cells mediating specific recognition
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by complement receptors expressed by macrophages including CD35 (CR1), 

CDllb/CD18 (CR3) and CDllc/CD18 (CR4), as well as the CD91/calreticulin 

complex through interactions of Clq with calreticulin (Botto et al., 1998; Gaipl 

et al., 2001; Jones and Morgan, 1995; Kemper et al., 2008; Korb and Ahearn, 

1997; Mevorach, 2000; Mevorach et al., 1998a; Nauta et al., 2004; Nauta et al., 

2002; Ogden et al., 2001; Paidassi et al., 2008; Stokol et al., 2004; Takizawa et 

al., 1996). Animal models of Clq-deficiency provided substantial evidence on 

the role of this complement component in the opsonisation and phagocytosis 

of apoptotic cells, as Clq-deficient mice displayed a lupus-like pathology with 

extensive immune complex deposition, glomerulonephritis as well as 

increased levels of circulating autoantibodies (Botto etal., 1998; Stokol e ta l ,  

2004). More importantly, such mice were also characterised by reduced 

efficiency in apoptotic cell clearance (Botto et al., 1998). Apart from the 

shedding of protease-sensitive molecules, neutrophil apoptosis is also 

associated with decreased activity of (32-integrins and CD31 without involving 

a major change in their expression (Dransfield et al., 1995; Hart et al., 2000). 

This would consequently lead to impaired cell adhesion that could aid 

macrophage-mediated cell clearance. In addition, it has been demonstrated 

that in viable cells, homotypic interactions of CD31 molecules between cells 

and phagocytes, act as a potent inhibitory signal that prevents engulfment of 

viable cells by phagocytes (Brown etal., 2002). Therefore, the loss of CD31 

function in apoptotic neutrophils has been suggested to promote phagocyte- 

mediated apoptotic cell clearance (Brown etal., 2002).
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In summary, neutrophil apoptosis is characterised by a number of biochemical 

and molecular changes, mainly in the surface of apoptotic cells that contribute 

substantially to their clearance by phagocytes (Hart et al., 2008; Hart et al., 

2000; Savill e ta l,  2002). In this way, the release of histotoxic and chemotactic 

factors that would exacerbate the local inflammatory response and trigger 

tissue damage is avoided, further highlighting the non-inflammatory, 

immunologically-silent nature of the process of apoptotic cell recognition 

(Fadoketal., 1998b; Ravichandran and Lorenz, 2007; Weiss, 1989).

Table 4.1.: Apoptosis-associated Molecular Changes of Neutrophil Surface

Molecular Change Effect

Cell
Membrane

Composition
Changes

PS Exposure Deposition of PS-binding Proteins
PS-PS receptor interactions

Phospholipid Modification Scavenger receptor-mediated
interactions
Binding of serum proteins

Loss of 
Membrane 

Protein 
Function

Disabled CD31 Loss of homotypic CD31
interactions ("don't eat me" 
signal)

Integrin Uncoupling Loss of cell adhesion

Downregulation 
in Membrane 

Protein 
Expression

Loss of Complement Regulation Deposition of complement 
(CD55, CD59) components (Clq, C3)

Cell Adhesion (CD62L, ICAM-3) Loss of cell adhesion

Receptors involved in Cell Non-responsiveness to 
Chemotaxis (IL-8R, C5aR, FPR) cytokines/chemokines 
Cytokine Receptors (TNFRp75)

Phagocytic Receptors (CD16, Disabled Phagocytosis, response 
CD35, FPR) to antigens

Loss of Surface 
Carbohydrates

Reduced Carbohydrate Interaction with
Expression (CD15, CD17, CD65) =s'a'°6lycoprotein receptors on

' phagocytes

Abbreviations: PS: phosphatidylserine; FPR: /V-formylpeptide receptor.
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Table 4.2.: Phagocyte Receptors Involved in Apoptotic Cell Recognition

Type Protein References
Direct PS Receptors TIM-4 (Miyanishi et al., 2007)

Interaction BAI-1 (Park et al., 2007)
Stabilin-2 (Park et al., 2008)

Indirect Integrins avßs (Savlll et al., 1990)
Interaction avß5 (Albert et al., 2000)

Scavenger SR-A (Platt et al., 1996)
Receptors CD14 (Devitt et al., 1998)

CD36 (Savill et al., 1992)
LOX-1 (Oka et al., 1998)
CD68 (Ramprasad et al., 1995)

Mertk family Axl (Camenisch et al., 1999; Nagata et
Receptors Sky al., 1996; Scott et al., 2001)

Mer
Complement CRI (CD35) (Hart et al., 2004b; Kemper et al.,
Receptors CR3 (CDllb/CD18) 2008; Mevorach et a i, 1998a; Nauta

CR4 (CDllc/CD18) et al., 2004; Nauta et al., 2002)
Other Calreticulin/CD91 (Gardai et al., 2005; Gardai et al.,
____________________________ 2003; Ogden et al., 2001)_______

Abbreviations: PS: phosphatidylserine; SR: scavenger receptor; LOX-1: lectin-like 
oxidised low density lipoprotein receptor-1; CR: complement receptor.

Table 4.3.: Molecules Involved in the Opsonisation of Apoptotic Cells

Type Name References
Lipids Phosphatidylserine (Fadok et at., 1992)

Oxidised Phospholipids (Arroyo et al., 2002; Greenberg et al., 2006)
Complement Clq (Nauta et al., 2002)
Components C3b (Mevorach et al., 1998a)
PS-binding Protein S (Anderson et al., 2003)
Proteins Gas-6 (Ishimoto et al., 2000)

MFG-E8 (Akakura et al., 2004; Borisenko et al., 2004)
Annexin-1 (Arur et al., 2003; Scannell et al., 2007)
ß2-GPI (Balasubramanian et al., 1997)

Lectins MBL (Kilpatrick, 2002)
Collectins (SP-A, SP-D) (Lu et al., 2002; Vandivier et al., 2002)

Pentraxins CRP (Gershov et al., 2000)
Pentraxin-3 (Rovere et al., 2000)

Other SAP (Mold et al., 2002)
Thrombospondin (Savill et al., 1992)

Abbreviations: MFG-E8: milk fat globule EGF-factor 8; GPI: glycoprotein I; MBL: 
mannan-binding lectin; CRP: C-reactive protein; SAP: serum amyloid protein.
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Figure 3.1.: Macrophage receptors and molecular changes on the surface of 

apoptotic neutrophils

Swift phagocytosis of apoptotic neutrophils by macrophages are considered to 

be crucial events during the resolution phase of an inflammatory response in 

order to prevent the release of their histotoxic and pro-inflammatory granule 

contents that would potentially elicit further damage to the tissue. For this 

reason, there are a number of determinants that ensure efficient and 

immediate phagocytosis of apoptotic neutrophils. During neutrophil 

apoptosis, there are several changes on the cell surface that ensure their 

recognition by macrophages. Such changes include: exposure of 

phosphatidylserine [PS), cleavage of cell surface proteins, deposition of PS- 

binding proteins and complement components, like Clq and C3b, as well as 

other opsonins, such as CRP, thrombospondin and serum amyloid protein.
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Macrophage receptors with the ability to recognise many of these 

opsonisation proteins have been described and include receptors for PS, 

integrins and scavenger receptors, such as scavenger receptor A and LOX-1.

Abbreviations: PS: phosphatidylserine; SRA: scavenger receptor A; LOX-1: 

lectin-like oxidised low-density lipoprotein receptor-1; MMP: matrix 

metalloproteinase; C: complement; CRP: C-reactive protein; TSP: 

thrombospondin; SAP: serum amyloid protein.
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4. C l e a r a n c e  o f  A p o p t o t ic  N e u t r o p h il s : R o l e  o f  C D 3 2

4.1. Introduction

Neutrophils are the first leukocyte cell type that is recruited to the 

inflammatory site in response to injury or infection. In the absence of survival 

factors, the physiological fate of recruited neutrophils is death by apoptosis 

(Walker e ta l,  2005). During neutrophil apoptosis, there is a gradual cessation 

in a number of their cellular functions including cell adhesion, responsiveness 

to cytokines and chemokines, release of granular content, and phagocytosis 

(Dransfield etal., 2005). In addition, apoptosis is associated with several 

molecular and biochemical changes on the surface of apoptotic neutrophils 

that enable their efficient recognition and uptake by macrophages (Hart et al., 

2000). Indeed, alterations in protein and carbohydrate structures of the 

plasma membrane account for the deposition of several molecules that 

mediate apoptotic cell recognition by macrophages (reviewed in Hart etal. 

(2004b)). Such molecules include complement component proteins, 

pentraxins and members of the collectin family of proteins. In addition to 

these molecules, recent studies from our group have reported increased 

binding and deposition of IgG complexes to the surface of apoptotic 

neutrophils with profound implications for their clearance by macrophages 

(Hart et al., 2004a; Hart et al., 2003).

For this reason, in the present thesis we aimed to determine the molecular 

mechanisms that mediate binding of IgG complexes to apoptotic neutrophils
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and identify the receptors that account for the uptake of IgG opsonised 

apoptotic neutrophils by macrophages. In addition, we aimed to investigate 

the consequences of the macrophage-mediated phagocytosis of IgG opsonised 

apoptotic neutrophils in terms of apoptotic cell clearance and the cytokine 

production and release by macrophages.

4.2. Results

4.2.1. Apoptotic neutrophils display increased binding of IgG complexes to CD32

During apoptosis, it has been shown that neutrophils have increased levels of 

IgG complex binding (Hart et a l, 2004a). In order to gain further insights into 

this apoptosis-related phenomenon, IgG complex binding to apoptotic 

neutrophils was measured and compared to those of viable ones. Freshly 

isolated neutrophils were cultured for 20 h at 37°C (IMDM containing 10% 

heat-inactivated FBS, as described in Section 11.11), during which time a 

proportion of the cells underwent spontaneous apoptosis. Fey receptor 

expression was determined for this mixed neutrophil population using three- 

colour flow cytometry with annexin V and propidium iodide to discriminate 

apoptotic from necrotic cells, respectively (Figure 4.1). In viable neutrophils, 

CD16 was found to be abundantly expressed, whereas CD32 at moderate 

levels. For apoptotic neutrophils, CD16 expression was substantially decreased 

by 4.5 fold, whereas CD32 was decreased by only 1.3 fold. The high affinity Fey 

receptor, CD64, was poorly expressed by both apoptotic and viable neutrophils 

(Figure 4.1).
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We then used antibodies recognising specific isoforms of CD32 to examine 

CD32 isoform expression by neutrophils. Such antibodies included AT-10 and

7.3 (both F(ab ')2 fragments), recognising both CD32a and CD32b as well as IV. 

3 that is specific for CD32a. These antibody specificities were confirmed using 

cell lines of B cell origin (BL-2), as they express CD32b only. Although both the 

AT-10 and the 7.3 epitopes were expressed by BL-2 cells at substantial levels, 

no expression was evident when we used the IV.3 monoclonal antibody, which 

specifically recognises the CD32a isoform (data not shown). Analysis of CD32 

isoform expression in aged neutrophils using isoform-specific monoclonal 

antibodies, revealed that CD32a, but not CD32b, is mainly expressed by 

neutrophils, both apoptotic and viable, as they displayed IV.3 epitope 

expression (Figure 4.2).

Following Fey receptor expression profiling of neutrophils, we then assessed 

binding of immune complexes of either murine (mlgGl) or human origin 

(Figure 4.3). Pre-incubation of neutrophils with a function-blocking CD32a 

antibody (IV.3) revealed specific binding of mlgGl complexes (Bob93 or BxB; 

prepared as described in Section 11.10.1) by CD32a, with no binding via CD16. 

In contrast, human IgG complex binding was only partially decreased upon 

CD32 blockade, indicating the involvement of both CD32 and CD16 receptors, 

especially in viable neutrophils (Figure 4.3). Since apoptotic neutrophils are 

characterised by low levels of CD16 expression, human IgG complex binding to 

apoptotic cells was predominantly mediated via CD32, and a great proportion 

of binding could be inhibited by IV.3. Collectively, based on these results, it is
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evident that the use of murine IgGl complexes provides a specific probe for 

CD32 ligand binding activity, whereas the human IgG complexes are an 

indicator of total Fey receptor-mediated binding (involving both CD32 and 

CD16).

Having established the binding specificities of murine and human IgG 

complexes, we further measured CD32-mediated and total Fey receptor- 

mediated binding to apoptotic and viable neutrophils (Figure 4.3). In line with 

previous findings, CD32-mediated IgG complex binding was significantly 

increased in apoptotic neutrophils compared to their viable counterparts.

Also, despite the observed down-regulation of CD16, human IgG complex 

binding was two-fold higher in the apoptotic population and was significantly 

inhibited by CD32 blockade (Figure 4.3). In summary, these results suggest 

that apoptotic, but not viable neutrophils, have the ability to efficiently bind 

IgG complexes and this process is predominantly mediated by CD32a.

Although in all experiments IgG complex binding to aged neutrophils was 

performed on ice in order to minimise endocytosis (as described in Section

11.10.2), it was possible that the observed difference in the levels of IgG 

complex binding between apoptotic and viable neutrophils could be attributed 

to the inability of apoptotic cells to internalise bound IgG complexes. To test 

this possibility, aged neutrophils were incubated with cytochalasin D (5 pg 

ml'1), an actin polymerisation inhibitor for 30 min at 37°C, so as to prevent 

internalisation of bound IgG complexes prior to measurement of IgG complex 

binding. Results from these experiments revealed that the levels of CD32-
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mediated IgG complex binding to either viable or apoptotic neutrophils were 

comparable in both cytochalasin-treated and control-treated cells (Figure 4.4). 

Thus, the observed increase in IgG complex binding to apoptotic neutrophils is 

unlikely to be due to the inability of apoptotic cells to internalise bound IgG 

complexes.
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Apoptotic

CD64 CD32 CD16

Figure 4.1.: Fey receptor expression in viable and apoptotic neutrophils

Peripheral blood neutrophils were isolated by isotonic discontinuous Percoll 

gradients and cultured for 20 h at 37°C (5% CO2), during which time they 

underwent spontaneous apoptosis. Fey receptor expression was measured in 

this aged cell population using three-colour flow cytometry as described in 

Sections 11.6 and 11.11, using annexin V and propidium iodide to discriminate
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apoptotic from necrotic cells, respectively. Necrotic cells (~5-8% ) were 

excluded from analysis, as antibodies might cross-react with intracellular 

epitopes. (A-D) Representative flow cytometry plots of Fey receptor 

expression in viable (annexin V") and apoptotic (annexin V+) neutrophils. (E) 

Expression levels of CD64, CD32 and CD16 in viable □  and apoptotic I  

neutrophils. Results are presented as the mean (± SD) of five independent 

experiments.

1001 -T- i= a V ia b le
■■■Apoptotic
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25-

AT-10 
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Figure 4.2.: Determination of CD32 isotype expression in viable and apoptotic 

neutrophils

CD32 exists in three isoforms: CD32a, CD32b, and CD32c. With the exception 

of CD32c, which is exclusively expressed by NK cells, CD32a and CD32b are 

widely expressed by a number of myeloid cell types, including macrophages, 

monocytes and dendritic cells. Aged neutrophils were immunolabelled with
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isoform-specific antibodies (AT-10 and 7.3, recognising both CD32a and 

CD32b as well as IV.3, that is specific for CD32a (Table 11.1)), and analysed by 

multicolour flow cytometry, as described in Sections 11.6 and 11.11. Results 

are presented as the mean (± SD) of three independent experiments.
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Figure 4.3.: Increased CD32-mediated IgG complex binding to apoptotic 

neutrophils

Binding of IgG complexes of either murine (mlgGl; A. Bob93: anti-fetuin 

monoclonal antibody complexed with FITC-conjugated fetuin; B. BxB: FITC- 

conjugated anti-biotin monoclonal antibody complexed with biotin, 10 gg ml-1) 

or human origin (C. hHAIgG: human heat-aggregated IgG, 30 pg ml'1) was 

assessed by multicolour flow cytometry in viable □  and apoptotic ■  

neutrophils, as described in Sections 11.10.2 and 11.11. Using function- 

blocking antibodies against CD32, the relative specificity of each type of IgG 

complexes was determined (A. Bob93; B. BxB; C. hHAIgG). Results are 

presented as the mean (± SD) of seven independent experiments. *p<0.05 

compared with viable cells. (D-E) Representative flow cytometry plots of IgG 

complex binding (BxB) to viable (annexin V ) and apoptotic (annexin V+) cells 

that were pre-incubated with (E) or without (D) anti-CD32 antibodies (AT-10 

F(ab’) 2; 10 gg ml’1).
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Figure 4.4.: Effect of cytochalasin D treatment on IgG complex binding to 

neutrophils

IgG complex binding (Bob93: A; BxB: B; hHAIgG: C) was measured in aged 

neutrophils that were previously treated with cytochalasin D (Cyto D; 5 pg 

m l a n  actin polymerisation inhibitor (30 min, 37°C), so as to prevent 

internalisation of bound IgG complexes. Results are presented as the mean (± 

SD) of four independent experiments. *p<0.05 compared with viable cells; NS: 

non-significant compared to untreated apoptotic cells.
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4.2.2. IgG complex binding of apoptotic neutrophils increases macrophage- 

mediated apoptotic cell phagocytosis

Binding of IgG complexes to apoptotic neutrophils could potentially affect their 

clearance by macrophages via Fc-mediated interactions of the IgG complexes 

bound to apoptotic cells with macrophage Fey receptors. We therefore 

compared the capacity of monocyte-derived macrophages for the clearance of 

non-opsonised and IgG-opsonised apoptotic neutrophils, using a well- 

validated, fluorescence-based, in vitro phagocytosis assay (Jersmann e ta l ,  

2003) (Figure 4.5). Apoptotic neutrophils were pre-incubated with bovine 

serum albumin (BSA, 100 pg ml-1 -  non-opsonised control) or IgG complexes 

(human heat-aggregated IgG; 100 pg ml'1) for 20 min on ice. Then, cells were 

co-incubated with monocyte-derived macrophages in the absence of serum for 

60 min at 37°C and phagocytosis of fluorescently labelled (DDAO-SE, labelled 

as described in Section 11.12.1) apoptotic neutrophils was measured by flow 

cytometry (detailed protocol described in Section 11.12.2). Macrophage 

populations were identified based on their characteristic FL-1 

autofluorescence and laser scatter properties, whereas neutrophils on FL-4 

fluorescence (Figure 4.6). Macrophage- and neutrophil-only controls were 

used to determine the distinct flow cytometric properties of each cell 

population (Figure 4.5). Macrophage phagocytosis of IgG-opsonised apoptotic 

neutrophils was significantly higher than that of non-opsonised neutrophils 

[Figure 4.7).
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In order to further validate this observation, macrophage phagocytosis of 

apoptotic neutrophils was further assessed by a microscopy-based technique 

(described in Section 11.12.3). Again, IgG opsonisation of apoptotic neutrophils 

resulted in a significant augmentation in their phagocytosis by macrophages, 

as evidenced by the higher percentage of macrophages with engulfed 

apoptotic neutrophils (% phagocytosis) (Figure 4.8). In addition, the number 

of ingested apoptotic neutrophils per macrophage was substantially increased 

following IgG opsonisation (phagocytic index), demonstrating a potential role 

for IgG opsonisation of apoptotic neutrophils in facilitating rapid and efficient 

clearance by macrophages.
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Figure 4.5.: Validation of the flow  cytometric phagocytosis assay o f apoptotic 

neutrophils

(A) Representative flow cytometry plots of control samples including either 

macrophages (blue) or DDAO-SE-labelled aged neutrophils (red) showing the 

characteristic laser scatter properties and fluorescence levels (FL-1 and FL-4 

channels). Macrophages display higher FL-1 autofluorescence and forward 

scatter (FSC) intensity compared to neutrophils. DDAO-SE-labelled neutrophils
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are characterised by high FL-4 fluorescence. (B) Flow histogram overlay of 

FL-4 fluorescence intensity of macrophages (blue; FL-4dim) and DDAO-SE- 

labelled neutrophils (red; FL-4brieht) show that both cell types were sufficiently 

distinguished based on FL-4 fluorescence.
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Figure 4.6.: Analysis of the flow  cytometry-based phagocytosis assay

Monocyte-derived macrophages were co-incubated with DDAO-SE-labelled 

aged neutrophils (60 min; 37°C, 5% CO2) and the uptake of apoptotic 

neutrophils by macrophages was determined by multi-parameter flow 

cytometry, as described in Section 11.12.2. (A) Representative forward (FSC) 

and side-scatter (SSC) laser characteristics and (B) FL-4 fluorescence of the 

mixed neutrophil-macrophage population. (C) Macrophages were identified 

based on their increased FL-1 autofluorescence and forward scatter
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characteristics. (D) Laser scatter properties of the gated macrophage 

population. (E-F) FL-4brisht events within the macrophage gate represented 

those with ingested DDAO-SE-labelled neutrophils and used to determine the 

percentage of macrophage phagocytosis.
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Figure 4.7.: IgG opsonisation of apoptotic neutrophils increases their 

phagocytosis by macrophages -f lo w  cytometry-based method

Apoptotic neutrophils were pre-incubated with BSA (non-opsonised control) 

or IgG complexes (human heat-aggregated IgG; 100 pg ml'1) (20 min; 4°C) and 

co-incubated with monocyte-derived macrophages (60 min at 37°C), as 

described in Section 11.12.2. Phagocytosis of fluorescently-labelled (DDAO-SE) 

apoptotic neutrophils was measured by flow cytometry. Representative flow 

cytometry plots of macrophage phagocytosis of control (A, C) or IgG opsonised 

(B, D) apoptotic neutrophils. Macrophage phagocytosis was expressed as 

either the percentage of FL-4brisht macrophages to total macrophages (E; % 

phagocytosis) or flow cytometric phagocytic index (F; fraction of FL-4brisht 

macrophages to total macrophages multiplied by FL-4 fluorescence intensity, 

as an indirect measure of the number of ingested apoptotic cells per 

macrophage). Results are presented as the mean of 18 independent 

experiments performed in duplicates. *p<0.05.
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Figure 4.8.: IgG opsonisation ofapoptotic neutrophils increases their 

phagocytosis by macrophages -  microscopy-based method

Macrophage phagocytosis of apoptotic neutrophils (unopsonised or IgG 

opsonised) was assessed using a microscopy-based method, as described in 

Section 11.12.3. Following neutrophil-macrophage co-incubation, uningested 

neutrophils were removed by extensive washing and engulfed neutrophils 

were stained for myeloperoxidase. (A) Representative light microscopy 

photomicrographs of macrophage phagocytosis of unopsonised (control) or 

IgG opsonised (IgG) apoptotic neutrophils. Scale bar: 50 pm for high power; 20 

pm for low power. (B) Percentage of macrophages that ingested one or more
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apoptotic neutrophils (% phagocytosis). (C) The number of apoptotic 

neutrophils ingested per  100 macrophages (phagocytic index). Results are 

presented as the mean (± SD) of four independent experiments performed in 

duplicates. *p<0.05.
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4.2.3. Macrophage CD64 and CD32 mediate uptake of IgG-opsonised apoptotic 

neutrophils

We have demonstrated that CD32 mediates binding of IgG complexes to 

apoptotic neutrophils, enhancing their subsequent clearance by macrophages. 

However, the macrophage receptors that mediate the recognition of IgG 

opsonised apoptotic neutrophils were not defined. Therefore, we initially 

assessed the expression of the three Fey receptor classes in monocyte-derived 

macrophages. As it is evident from Figure 4.9, there was substantial expression 

of CD64, CD32 and CD16 by macrophages. In order to determine the 

contribution of these three Fey receptor classes in the uptake of IgG opsonised 

apoptotic neutrophils, macrophages were pre-incubated with combinations of 

function-blocking antibodies against CD64 (clone 10.1), CD32 (AT-10) and 

CD16 (3G8) prior to the addition of IgG opsonised apoptotic neutrophils. Flow 

cytometric (Figure 4.10) or microscopic analysis (Figure 4.11) of macrophage 

phagocytosis of IgG opsonised cells revealed a substantial reduction following 

blockade of macrophage CD32. Similarly, phagocytosis of IgG opsonised 

apoptotic neutrophils was significantly lower when CD64 was blocked, 

although the extent of inhibition was lower than that observed for CD32 block 

[Figures 4.10 and 4.11). In contrast, no effect on the levels of phagocytosis was 

observed following block of macrophage CD16, excluding the involvement of 

this receptor in the phagocytosis of IgG opsonised apoptotic neutrophils. In 

summary, these findings suggest that both macrophage CD32 and CD64 

mediate the phagocytosis of IgG-opsonised apoptotic neutrophils.
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Figure 4.9.: Fey receptor expression in monocyte-derived macrophages

Representative flow cytometry histograms of CD64 (A), CD32 (B), and CD16 

(C) in monocyte-derived macrophages. Light-coloured histograms represent 

the corresponding isotype control.
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Figure 4.10.: Role of macrophage Fey receptors in the uptake of IgG opsonised 

apoptotic neutrophils - f lo w  cytometry-based method

(A) Percentage of macrophage phagocytosis of apoptotic neutrophils and (B) 

flow cytometric phagocytic index in macrophages that were pre-incubated 

with combinations of function-blocking antibodies against CD64, CD32, and 

CD16 prior to the addition of IgG opsonised apoptotic neutrophils. Fey 

receptor blocking and phagocytosis were performed as described in Section

11.12.2. Results are presented as the mean (± SD) of six independent 

experiments performed in duplicates. * p<0.05. (C] Representative flow 

cytometry plots of phagocytosis of IgG opsonised apoptotic neutrophils by 

macrophages that were previously incubated with isotype or anti-CD32 

antibodies.
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Figure 4.11.: Role of Macrophage Fey receptors in the uptake o flgG  opsonised 

apoptotic neutrophils  -  microscopy-based method

(A) Representative light microscopy photomicrographs of phagocytosis of IgG 

opsonised apoptotic neutrophils by macrophages that were previously 

incubated with isotype or anti-CD32 antibodies. Scale bar: 20 pm. (B) 

Percentage of macrophage phagocytosis of apoptotic neutrophils and (C) 

phagocytic index in macrophages that were pre-incubated with combinations 

of function-blocking antibodies against CD64, CD32, and CD16 prior to the 

addition of IgG opsonised apoptotic neutrophils. Fey receptor blocking and 

phagocytosis were performed as described in Section 11.12.3. Results are 

presented as the mean (± SD) of three independent experiments performed in 

duplicates. * p<0.05.
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4.2.4. IgG opsonisation ofapoptotic neutrophils augments their phagocytosis by 

TNF-a and LPS-treated macrophages

In order to investigate whether the clearance of IgG opsonised apoptotic 

neutrophils by macrophages would be affected under pro-inflammatory 

conditions, we assessed the levels of apoptotic cell phagocytosis by 

macrophages cultured in the presence of TNF-a (10 ng ml'1) or LPS (1 ng ml"1) 

for 6 days at 37°C. TNF-a treatment of macrophages resulted in an obvious 

reduction in the phagocytosis of non-opsonised and IgG opsonised apoptotic 

neutrophils [Figure 4.12 A-B). Despite this reduction, phagocytosis of IgG 

opsonised cells was still significantly higher compared with that of non- 

opsonised cells. In addition, for macrophages treated with LPS, phagocytosis of 

IgG opsonised apoptotic neutrophils appeared to be increased when compared 

with control untreated macrophages [Figure 4.12 A-E). However, the observed 

effect failed to reach statistical significance, possibly due to the high inter

donor variation.

We next assessed surface Fey receptor expression by flow cytometry so as to 

investigate whether the observed differences in the levels of phagocytosis 

between control, TNF-a and LPS-treated macrophages could be attributed to 

any changes in Fey receptor expression [Figure 4.12 C). LPS-treated 

macrophages displayed similar levels of CD32 and CD16 expression with those 

of control cells, and only a marginal increase in the expression of CD64 was 

evident (data not shown). In contrast, TNF-a treatment resulted in a 

substantial decrease in CD32 expression, whereas the levels of CD64 and CD16
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expression remained unchanged (Figure 4.12 C). Given the role of macrophage 

CD32 in the uptake of IgG opsonised cells that we previously demonstrated 

[Section 4.2.3; Figures 4.10 and 4.11), the observed reduction in the 

phagocytosis levels of IgG-opsonised neutrophils by TNF-a treated 

macrophages could be attributed to the decreased levels of CD32 expression. 

Collectively, these findings highlight the significance of Fey receptors in IgG- 

opsonised cell clearance and suggest that IgG-opsonisation of apoptotic 

neutrophils substantially augments macrophage-mediated clearance even 

under pro-inflammatory conditions.
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Figure 4.12.: Phagocytosis of IgG opsonised apoptotic neutrophils by TNF-a and 

LPS-treated macrophages

(A) Percentage of phagocytosis of unopsonised (control; □ )  or IgG opsonised 

(IgG; ■ )  apoptotic neutrophils by macrophages that were cultured in the 

presence of TNF-a (10 ng ml'1) or LPS (1 ng ml'1) for 6 days at 37°C. Results 

are presented as the mean (± SD) of eight independent experiments 

performed in duplicates. *p<0.05 compared to control (unopsonised) 

apoptotic neutrophils. (B) Representative flow cytometry plots of control 

(untreated) and TNF-a or LPS-treated macrophage phagocytosis of IgG 

opsonised apoptotic neutrophils. Macrophage culture and phagocytosis of 

apoptotic neutrophils were performed as described in Sections 11.5.3 and

11.12.2. (C) Representative flow cytometry histograms of CD32 expression in 

macrophages that were cultured in the presence of TNF-a (10 ng ml'1) or LPS 

(1 ng ml'1) (6 days, 37°C, 5% CO2).
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4.2.5. Phagocytosis of IgG opsonised apoptotic neutrophils suppresses LPS- 

induced pro-inflammatory cytokine release

Phagocytosis of apoptotic cells by macrophages has been previously shown to 

have an anti-inflammatory impact on macrophages, as evidenced by decreased 

levels of pro-inflammatory cytokine production (reviewed in Savill et al. 

(2002]]. As the recognition of IgG opsonised cells by macrophages involves 

pro-inflammatory Fc-mediated interactions, we investigated the impact of 

phagocytosis of IgG opsonised neutrophils upon macrophage cytokine 

responses.

We therefore measured the release of TNF-a, IL-12, IL-10 and IL-6 by 

macrophages that have been allowed to interact with non-opsonised (control] 

or IgG-opsonised apoptotic neutrophils (60 min, 37°C] prior to stimulation 

with LPS (50 ng ml'1; 18 h, 37°C][Figure 4.13). Phagocytosis of non-opsonised 

apoptotic cells resulted in a characteristic reduction in the LPS-induced 

production of IL-12, TNF-a and to a lesser extent of IL-6 and IL-10, as 

previously reported. Interestingly, phagocytosis of IgG opsonised cells also 

suppressed cytokine production in LPS-stimulated macrophages to a level 

comparable to that observed for non-opsonised cells. It should be noted that 

cytokine production by apoptotic neutrophils (non-opsonised or IgG- 

opsonised] was negligible (data not shown]. In summary, these observations 

suggest that despite any Fc-mediated interactions during the recognition and 

uptake of IgG-opsonised cells, their phagocytosis has clear anti-inflammatory 

effects and leads to suppressed cytokine responses by macrophages.
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Figure 4.13.: Phagocytosis of IgG opsonised apoptotic neutrophils suppresses LPS- 

induced cytokine release

Measurement of TNF-a (A), IL-12 (B), IL-6 (C), IL-10 (D) by LPS-stimulated 

macrophages (18 h, 37°C) that have been previously allowed to interact with 

non-opsonised (control, □ )  or IgG-opsonised (IgG, ■ )  apoptotic neutrophils 

(60 min, 37°C), during which time apoptotic cell phagocytosis occurred. 

Cytokine levels in cell-free supernatants were determined by cytometric bead 

arrays, as described in Section 11.13. Results are presented as the mean of
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three independent experiments performed in triplicates. *p<0.05 compared to 

macrophage (Mcp) control; NS: non-significant compared to the corresponding 

unopsonised (control) apoptotic neutrophil group.
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4.2.6. Phagocytosis o f IgG opsonised apoptotic neutrophils enhances the 

clearance of non-opsonised apoptotic neutrophils

Previous studies have reported that phagocytic uptake of apoptotic cells 

results in a transient inhibition of phagocytic capacity (Erwig et a i, 1999]. To 

further investigate the mechanisms involved in macrophage phagocytosis of 

IgG-opsonised neutrophils, we examined whether uptake of IgG opsonised 

cells would inhibit the clearance of non-opsonised apoptotic neutrophils. 

Monocyte-derived macrophages were co-incubated for 60 min with either 

non-opsonised or IgG-opsonised apoptotic neutrophils, which had not been 

previously labelled with fluorescent cell tracker dyes. Then, non-phagocytosed 

cells were removed from the macrophage monolayer by extensive washing and 

macrophages were allowed to "recover" for 30 min (37°C), prior to co

incubation with fluorescently labelled apoptotic neutrophils (non-opsonised 

or IgG-opsonised] for 60 min at 37°C. Measurement of phagocytosis by flow 

cytometry as previously described (Section 11.12.2] revealed no significant 

differences in the levels of phagocytosis between control macrophages and 

those that have previously ingested either non-opsonised or IgG opsonised 

apoptotic neutrophils (Figure 4.14).

These data suggest that phagocytosis of IgG-opsonised neutrophils does not 

affect subsequent macrophage-mediated apoptotic cell clearance. However, in 

these experiments macrophages were allowed to "recover” for 30 min prior to 

the addition of apoptotic cells. During this time, recycling or re-expression of 

the receptors involved in the uptake of IgG-opsonised apoptotic neutrophils
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might have occurred, masking any short-lived effects on the phagocytic 

capacity of macrophages for apoptotic cells. We therefore modified our 

experimental plan so as to exclude any cell recovery periods. In addition, we 

used apoptotic neutrophils that were labelled with different cell-tracking dyes 

(either CMFDA or DDAO-SE) with non-overlapping fluorescence emission 

spectra, allowing simultaneous assessment of phagocytosis of different cell 

populations in the assay (Figures 4.15 and 4.16). When macrophages were 

concurrently incubated with equal numbers of both CMFDA- and DDAO-SE- 

labelled apoptotic neutrophils, the percentage of macrophages with ingested 

CMFDA-neutrophils was equivalent to that with ingested DDAO-SE labelled 

neutrophils, with a small fraction containing both CMFDA and DDAO-SE- 

labelled neutrophils (Figure 4.17). Next, the experiment was repeated with 

DDAO-SE-labelled neutrophils pre-incubated with IgG complexes (human heat 

aggregated IgG (hHAIgG), 100 pg ml-1) and CMFDA-labelled neutrophils pre- 

incubated with BSA (100 pg ml'^[Sections 11.12.1 and 11.12.2; Figure 4.17). As 

a control, the two neutrophil populations (IgG-opsonised and non-opsonised) 

were co-incubated in the absence of macrophages (37°C, 60 min) to assess 

whether Fc-mediated cell aggregation occurred. Interaction between IgG- 

opsonised and non-opsonised cells was found to be minimal (CMFDA+/DDAO- 

SE+ events (FL-l+/FL-4+)= <0.01%) (Figure 4.16 Q. When IgG opsonised and 

non-opsonised apoptotic neutrophil populations were added at equal amounts 

to macrophages, phagocytosis was significantly higher for IgG opsonised 

neutrophils (DDAO-SE-labelled), compared to non-opsonised ones (CMFDA- 

labelled) (Figure 4.17). However, the percentage of macrophage phagocytosis
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of non-opsonised neutrophils was substantially increased and more 

importantly, the vast majority of macrophages with ingested non-opsonised 

neutrophils also contained IgG opsonised neutrophils (CMFDA+/DDAO-SE+ 

macrophages), implying that uptake of IgG-opsonised neutrophils also leads to 

enhanced uptake of non-opsonised ones. In summary, our findings clearly 

suggest that macrophage phagocytosis of IgG-opsonised apoptotic neutrophils 

has also a positive impact on the clearance of non-opsonised cells.
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Figure 4.14.: Effect of macrophage phagocytosis o f IgG opsonised apoptotic 

neutrophils on the clearance of non-opsonised ones

Monocyte-derived macrophages were co-incubated for 60 min with either 

non-opsonised or IgG-opsonised apoptotic neutrophils (non-fluorescently 

labelled). Non-phagocytosed apoptotic cells were removed from the 

macrophages, which were then allowed to recover for 30 min (37°C), prior to 

the addition of fluorescently labelled apoptotic neutrophils (non-opsonised 

(control, □ )  or IgG-opsonised (IgG, ■ ) ) .  Macrophages were co-incubated with 

the apoptotic neutrophils for 60 min at 37°C and phagocytosis was measured 

by flow cytometry, as previously described (Section 11.12.2). Results are 

presented as the mean of three independent experiments performed in 

duplicates. NS: non-significant compared to non-pre-incubated macrophages; 

*p<0.05 compared to the corresponding (unopsonised) control.
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Figure 4.15.: Macrophage phagocytosis of CM FDA-labelled apoptotic neutrophils

CMFDA-labelled aged neutrophils were co-incubated with monocyte-derived 

macrophages and their macrophage-mediated uptake was measured by flow 

cytometry, as described in Section 11.12.2. (A) Forward (FSC) and side scatter 

(SSC) properties of the mixed neutrophil-macrophage population. (B) 

Macrophages were discriminated based on laser scatter characteristics. (C) 

Laser scatter properties of the macrophage gate. (D-E) FL-1 fluorescence was 

used to identify phagocytic cells in the macrophage gate (FL-lbrisht: 

macrophages with ingested CMFDA apoptotic neutrophils; FL -ldim: non- 

phagocytic macrophages)
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Figure 4.16.: Validation of flow  cytometry based phagocytosis assay using 

CMFDA- or DDAO-SE-labelled apoptotic neutrophils.

Comparison of flow cytometry profiles of macrophage phagocytosis of 

unopsonised (A) CMFDA-labelled or IgG-opsonised (B) DDAO-SE-labelled 

apoptotic neutrophils. Macrophages were identified based on forward scatter 

laser properties (FSC) and/or FL-1 autofluorescence. In the phagocytosis 

assay using CMFDA-labelled neutrophils, macrophages were negative for FL-4 

fluorescence, whereas in the DDAO-SE assay, they were FL-1 negative. (C) 

CMFDA-(unopsonised) and DDAO-SE- (IgG opsonised) labelled aged 

neutrophils were co-incubated for 60 min at 37°C (5% CO2) and analysed as in 

the phagocytosis assay to determine the levels of IgG-mediated cell 

aggregation.
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Figure 4.17.: Phagocytosis of IgG-opsonised apoptotic neutrophils enhances the 

clearance of non-opsonised ones

Macrophages were concurrently incubated with both CMFDA- (unopsonised) 

and DDAO-SE-labelled (A: unopsonised or B: IgG opsonised) apoptotic 

neutrophils at equal amounts and the percentage of macrophages with 

ingested neutrophils (CMFDA- or DDAO-SE-labelled) was determined by flow 

cytometry, as described in Section 11.12.2. (A-B) Representative flow 

cytometry plots of macrophage phagocytosis of CMFDA- and DDAO-SE-labelled
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apoptotic neutrophils. (C) Percentage of macrophage phagocytosis of CMFDA- 

or DDAO-SE-labelled apoptotic neutrophils (control: unopsonised; IgG: IgG 

opsonised). Results are presented as the mean (± SD] of six independent 

experiments performed in duplicates. *p<0.005 compared to the 

corresponding unopsonised control.
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4.3. Discussion

Removal of apoptotic cells by phagocytes such as macrophages is a key process 

that contributes to the non-inflammatory consequences of apoptotic cell 

death. More importantly, during the resolution phase of an inflammatory 

response, recruited neutrophils undergo spontaneous apoptosis in situ and 

their efficient and rapid removal by tissue-resident macrophages is critically 

important for the control of the inflammatory response, preventing the release 

of histotoxic and cytotoxic granular content of neutrophils and the potential 

for tissue damage and exacerbation of inflammatory responses (McColl et al., 

2007; Walker et al., 2005). For this reason, a number of molecular and 

biochemical changes on the surface of apoptotic neutrophils enable their 

efficient recognition and uptake by phagocytes (Dransfield et al., 2005; Hart et 

al., 2000). In this study, we have clearly demonstrated that the binding of IgG 

complexes to the neutrophil surface represents one of the changes following 

induction of apoptosis. This process is associated with the early stages of 

apoptosis and not secondary necrosis, suggesting that it could contribute to 

the process of phagocytic clearance of apoptotic cells.

Viable neutrophils express two main types of Fey receptors (CD32 and CD16) 

with the ability to bind IgG complexes. During neutrophil apoptosis, there is 

substantial decrease in CD16 expression mainly due to MMP-mediated 

shedding, while CD32 displays only a marginal decrease in its expression 

(Dransfield etal., 1994; Jones and Morgan, 1995). Based on this observation, it 

would be anticipated that the deposition of IgG complexes to the surface of
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apoptotic neutrophils would be mediated principally via CD32. Indeed, when 

we used function-blocking antibodies to specifically block ligand binding to 

CD16 and CD32 receptors, we confirmed that IgG complex binding is primarily 

mediated via CD32, whereas CD16 has a minor role, clearly highlighting the 

importance of CD32 in the opsonisation of apoptotic neutrophils. One of the 

most intriguing observations was that despite the reduced levels of CD32 

expression during apoptosis, there was increased IgG complex binding. This 

observation starkly contrasts the situation in viable neutrophils, which 

presented negligible levels of CD32-mediated IgG complex binding. These data 

suggest the existence of active regulatory mechanisms that limit CD32 ligand 

binding activity in viable neutrophils and that regulatory mechanisms are 

disabled during neutrophil apoptosis, leading consequently to enhanced IgG 

complex binding to CD32. The precise mechanisms that control CD32- 

mediated IgG complex binding in neutrophils as well as in other myeloid cells 

are presented and discussed thoroughly in Sections 5  and 6.

Opsonisation of apoptotic neutrophils with IgG complexes could have a 

significant impact on their clearance by macrophages with implications for 

subsequent functional responses. We have therefore aimed to determine the 

significance of this process and we provided substantial evidence to support 

that IgG complex binding to apoptotic neutrophils augments their 

phagocytosis by macrophages. Indeed, using well-established, in vitro 

phagocytosis assays of apoptotic neutrophils (both flow cytometry-based and 

microscopy-based techniques], we observed that opsonisation of apoptotic
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neutrophils with IgG complexes resulted in a substantial increase in the 

percentage of macrophages with ingested apoptotic neutrophils as well as in 

the number of apoptotic neutrophils ingested per macrophage. These findings 

suggest that binding of IgG complexes to apoptotic neutrophils is a key 

determinant of their clearance by macrophages, contributing substantially to 

the non-inflammatory removal of apoptotic neutrophils from the 

inflammatory site. In addition, increased ligand binding activity of CD32 of 

apoptotic neutrophils might also represent a critically important mechanism 

for the removal of IgG complexes. Naturally occurring immune complexes 

normally formed during an immune response are antibody - antigen 

aggregates. However, a number of chronic inflammatory and autoimmune 

disorders have been associated with extensive deposition of immune 

complexes to the tissues as a result of impaired or ineffective clearance of such 

complexes (Bodi e ta l ,  1998; Digeon etal., 1979; Gocke etal., 1971; Houba, 

1979; Kohler, 1973; Levy and Hong, 1973; Robinson et a l, 1993; Tarzi and 

Cook, 2003; Wood etal., 1996). Tissue-deposited immune complexes can 

sustain or even exacerbate local inflammatory processes through the 

recruitment of inflammatory cells and activation of the complement cascade, 

causing excessive tissue damage (Nangaku and Couser, 2005; Raghavan and 

Bjorkman, 1996; Sanchez-Mejorada and Rosales, 1998). For this reason, their 

immediate and efficient removal through the phagocytosis of IgG-opsonised 

apoptotic neutrophils may represent a key anti-inflammatory mechanism that 

prevents immune complex-associated tissue injury. Furthermore, given the 

loss of neutrophil effector function and signalling capacity during apoptosis,
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engagement of CD32 with IgG complexes is unlikely to trigger cell activatory 

processes, and therefore CD32-immune complex interactions constitute not 

only an efficient, but also an immunologically silent way for the removal of 

immune complexes (Whyte etal., 1993).

As shown in this study, IgG complex binding on the surface of apoptotic 

neutrophils represents a key factor regulating macrophage-mediated 

apoptotic cell clearance, acting as a molecular bridge that enables specific 

recognition and engulfment of apoptotic cells by phagocytes. Indeed, a number 

of molecules have been identified and characterised to act as such bridging 

molecules aiding the uptake of apoptotic cells. Many of these proteins have 

been demonstrated to bind specifically to the exposed PS on the surface of 

apoptotic neutrophils, acting as early opsonisation molecules. Examples of PS- 

binding proteins with a key role in the uptake of apoptotic cells by phagocytes 

are Gas-6, protein S, annexin-1, P2-GPI and MFG-E8 (Akakura etal., 2004; 

Anderson et al., 2003; Arur et al, 2003; Balasubramanian et a l, 1997; 

Borisenko et al., 2004; Ishimoto et al., 2000; Scanned et al., 2007). In addition, 

a number of serum proteins have been described to bind to apoptotic cells, 

such as lectins, which recognise carbohydrate structures on the cell surface 

and include mannan-binding lectin (MBL) and proteins of the collectin family, 

like surfactant protein A and D, as well as complement components, like Clq 

and C3b (Kilpatrick, 2002; Lu et al., 2002; Mevorach et al., 1998a; Nauta et al., 

2003; Nauta et al., 2004; Vandivier et al., 2002). Similarly, thrombospondin has 

long been identified as one of the most crucial bridging molecules between
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apoptotic cells and phagocytes, mainly due to its capacity for recognition of a 

number of sites on the surface of apoptotic cells and for acting as the ligand for 

diverse receptors on phagocytes (Fadok et al., 1998a; Moodley et al., 2003; 

Savill et al., 1992; Voll et al., 1997). Apart from thrombospondin, other 

proteins with a key role in the opsonisation of apoptotic cells include serum 

amyloid protein (SAP) and members of the pentraxin family, like pentraxin-3 

and CRP (Gershov et al., 2000; Mold et al., 2002; Rovere et al., 2000).

In addition to the identification of the Fc receptors that mediate IgG complex 

binding to the surface of apoptotic neutrophils, we also investigated the role of 

macrophage Fey receptors in the recognition and binding of IgG opsonised 

apoptotic neutrophils. In contrast with neutrophils, macrophages express all 

three types of Fey receptors, namely the high affinity receptor CD64 as well as 

the low affinity CD32 and CD16. Using combinations of function-blocking 

antibodies against all these three Fey receptor subclasses, we determined their 

relative contribution in the phagocytosis of IgG opsonised neutrophils. As we 

have clearly demonstrated, blockade of CD32 and to a lesser extent, CD64, 

substantially decreased the uptake of IgG opsonised apoptotic neutrophils, 

clearly highlighting the role of these receptors in this process. Additional 

evidence for the contribution of CD32 in the process of IgG opsonised 

apoptotic cell clearance was provided, when we measured phagocytosis of IgG 

opsonised cells by TNF-a-treated macrophages. Under these conditions, we 

observed a marked reduction on the levels of CD32 expression, which 

correlated with decreased phagocytosis of IgG opsonised cells. Apart from the
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reduction of CD32 expression, the observed decrease in the uptake of IgG 

opsonised apoptotic neutrophils could also be attributed to the lower baseline 

phagocytic capacity ofTNF-a treated macrophages. In agreement with our 

results, a recent study reported that treatment of monocytes with TNF-a 

during their differentiation resulted in a distinct macrophage phenotype with 

decreased IL-10 production and reduced capacity for apoptotic cell 

phagocytosis (Michlewska etal., 2009). Apart from TNF-a, we also 

demonstrated augmented phagocytosis of IgG opsonised apoptotic neutrophils 

following pro-inflammatory LPS treatment of macrophages. Collectively, the 

results obtained from TNF-a and LPS-treated macrophages clearly indicate 

that IgG opsonisation induces increased clearance of apoptotic cells even 

under pro-inflammatory conditions.

Analysis of the role of macrophage Fey receptor revealed that CD32 and CD64 

mediate the uptake of IgG opsonised apoptotic neutrophils. It was therefore 

anticipated that crosslinking of these macrophage receptors following binding 

of IgG opsonised apoptotic cells would trigger pro-inflammatory signalling 

cascades and activation of a number of pro-inflammatory processes 

(Ghazizadeh et al., 1995; Wirthmueller et al., 1992). The presence of ITAM 

motifs in the y subunit of the CD64 receptor as well as in the intracellular tail 

of CD32a strengthened this assertion. However, macrophages also express 

substantial levels of CD32b, the other isoform of CD32 with an inhibitory ITIM 

motif in its cytoplasmic domain. Engagement of CD32b would be expected to 

counteract and inhibit any activatory, pro-inflammatory signals (Tridandapani
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et al., 2002). For this reason, in the present study we investigated the impact of 

the uptake of IgG opsonised apoptotic neutrophils upon pro-inflammatory 

cytokine release. Analysis of production and release of pro-inflammatory 

cytokines such as TNF-a, IL-10,1L-6 and IL-12 revealed that phagocytosis of 

IgG opsonised apoptotic neutrophils resulted in the suppression of LPS- 

treated macrophage responses. These findings clearly support that the uptake 

of IgG-opsonised apoptotic cells is a non-inflammatory process and any pro- 

inflammatory signals as a result of the engagement of macrophage Fey 

receptors cannot adequately override any "classical" anti-inflammatory signals 

that arise from the recognition of apoptotic cells. Indeed, a feature of the 

uptake of apoptotic cells by phagocytes is its non-inflammatory nature as well 

as the ability of apoptotic cells to mediate distinct anti-inflammatory 

processes. This effect is thought to be mediated through the production and 

release of soluble factors with strong anti-inflammatory effects and include 

PS-containing membrane vesicles that arise from membrane blebbing, 

lysophosphatidylcholine (LPC) and defensins, as well as through the 

interaction of macrophages with the surface of apoptotic cells (Fadok et al, 

1998b; Fadok et al, 1998c; Meagher et ah, 1992; Miles et al, 2009; Ren et al, 

2001; Savill et al., 1989). Recent studies on the role of the newly identified, 

specific receptors for PS indicated that engagement of stabilin-2 is capable of 

transducing anti-inflammatory signals (Park et al., 2008). Furthermore, 

macrophage receptor interactions with apoptotic cell opsonisation molecules 

have been shown to be essential for the development of anti-inflammatory 

responses (Hanayama et al, 2004; Kurosaka et al, 2002; Marguet et a l, 1999;
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Mevorach et al., 1998b; Ren é ta l,  2001; van Lent et al., 2001; Voll et al., 1997; 

Walker et a i, 2005; Wu et al., 2006).

In contrast to our findings, two independent studies revealed that 

phagocytosis of IgG-opsonised apoptotic neutrophils induced the release of 

pro-inflammatory cytokines or failed to suppress LPS-induced pro- 

inflammatory cytokine release (Fadok etal., 1998b; Hart etal., 2004a). The 

first of these studies noted increased production of pro-inflammatory 

cytokines such as TNF-a and IL-6 (Hart etal., 2004a). However, it should be 

mentioned that cytokine production was determined in the absence of LPS 

stimulation and as a consequence, the observed cytokine levels were much 

lower than in our study. Thus, the effect of IgG opsonisation between these two 

studies cannot be readily compared. Similarly, in the second study, although 

cytokine release was measured following induction with LPS similar to our 

study, the protocol for IgG-opsonisation of apoptotic neutrophils presented a 

number of differences, which could account for this discrepancy. In particular, 

in contrast to our study in which we used human heat-aggregated IgG, Fadok 

and colleagues (1998b) have used mouse anti-CD45 (mlgGl) followed by 

rabbit anti-mouse immunoglobulins for the opsonisation of apoptotic 

neutrophils. Based on the differential affinity of human Fey receptors for IgG of 

other species, the use of rabbit IgG or mouse IgGl is not directly comparable to 

any effects observed with human IgG. A striking example in support of this 

assumption is mouse IgGl, which binds exclusively to the human CD32a (R131 

allele) receptor and not to other human Fey receptor subclasses or to the H131
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allotype of the CD32a. Therefore, the use of allogenic immunoglobulins could 

lead to preferential binding to a particular Fey receptor subclass, thereby 

mediating non-physiological downstream effector responses.

In this study, we also determined the impact of IgG opsonised apoptotic cell 

phagocytosis on the uptake of apoptotic neutrophils either opsonised with IgG 

or not, as it has been previously shown that phagocytic uptake of apoptotic 

cells results in a transient inhibition of phagocytic capacity (Erwig et a l,

1999). No significant differences in the levels of phagocytosis of apoptotic 

neutrophils (non-opsonised or IgG opsonised) were evident between control 

macrophages and those that had previously ingested either non-opsonised or 

IgG opsonised apoptotic neutrophils. However, in this experimental protocol 

macrophages were allowed to "recover” for 30 min prior to the addition of 

apoptotic neutrophils, allowing recycling or re-expression of the receptors 

involved in the uptake of IgG opsonised apoptotic neutrophils and potentially 

negating the effect on macrophage phagocytic capacity. This assumption was 

confirmed when we co-incubated non-opsonised and IgG opsonised apoptotic 

neutrophils with macrophages and determined their relative macrophage- 

mediated uptake. Indeed, phagocytosis of IgG opsonised neutrophils was 

associated with increased levels in the uptake of non-opsonised neutrophils. 

This observed effect could be attributed to direct changes in the phagocytic 

machinery of macrophages following engulfment of IgG opsonised cells and 

might include temporary changes in the expression of receptors involved in
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the recognition of apoptotic cells as well as alterations in the cytoskeletal 

structure.

In conclusion, we have here presented a novel role for neutrophil CD32 in the 

opsonisation of apoptotic neutrophils, with clear implications for their 

macrophage-mediated clearance. Our results support the suggestion that this 

process not only preserves the anti-inflammatory features of the apoptotic cell 

uptake, but also augments the clearance of apoptotic neutrophils and immune 

complexes from the inflammatory site, contributing to the cessation of the 

inflammatory response and the maintenance of tissue homeostasis.
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5. M y e lo id -S p e c ific  Su p p re ssio n  o f  CD32 L ig a n d  B in d in g  A c t iv it y

5.1. Introduction

Engagement of CD32a by IgG complexes results in the cross-linking of their 

ITAM domains with kinases of the Src and Syk family that induce their 

phosphorylation, initiating thereby several downstream effector functions 

(Barabé et al., 2002; Rollet-Labelle et al., 2004). Such functions include calcium 

mobilisation, actin cytoskeletal rearrangements, initiation of respiratory burst, 

receptor endocytosis and degradation. Particularly in neutrophils, failure to 

control CD32a engagement could lead to the excessive release of neutrophil- 

derived cytotoxic compounds, including myeloperoxidase, hydrogen peroxide, 

elastase and matrix metalloproteinases (Martyn et al., 2005; Suh et al., 2006). 

Indeed, several chronic inflammatory conditions, such as vasculitis, 

rheumatoid arthritis, and glomerulonephritis that are linked to elevated levels 

of IgG complexes are also characterised by inappropriate Fc-mediated 

neutrophil activation (Fanger et al., 1989; Fossati e ta l ,  2002; Kwiatkowska et 

al., 2003; Sobota et al., 2005). Thus, it is likely that regulatory homeostatic 

mechanisms exist to restrict IgG binding to neutrophil CD32. This assumption 

could be further strengthened by the low levels of CD32-mediated IgG complex 

binding to viable neutrophils. However, the molecular mechanisms that limit 

CD32-mediated IgG complex binding still remain to be unravelled. We have 

therefore aimed to investigate the molecular mechanisms that regulate IgG 

complex binding to CD32 and to determine whether the suppressed CD32
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ligand binding activity observed in viable neutrophils is also extended in other 

cell types.

5.2. Results

5.2.1. Differential regulation of IgG complex binding to CD32 receptor in various 

cell types

Although data presented in Section 4.2.1 revealed increased binding of IgG 

complexes to CD32 of apoptotic neutrophils, we observed minimal CD32- 

mediated IgG complex binding to viable neutrophils, despite relatively high 

levels of CD32 expression. This observation raised the possibility that IgG 

complex binding activity to neutrophil CD32 is suppressed. However, whether 

this suppression of CD32 activity was solely restricted to neutrophils or 

extended to other cell types had not been determined.

In order to test whether IgG complex binding to CD32 was suppressed in a 

cell-context-dependent manner, we measured CD32-mediated IgG complex 

binding in diverse cell lineages, including K562, an erythromyeloid cell line, 

and CD32-transfected human Jurkat T cells (Jurkat:32) and Chinese hamster 

ovary (CHO:32) cells. Analysis of Fey receptor expression (CD64, CD32 and 

CD16) by flow cytometry revealed that in all the tested cell lines, CD32 was 

expressed at comparable levels (Figure 5.1).

In contrast to the other cell types, neutrophils also expressed the other low 

affinity Fey receptor, CD 16 at substantial levels. Therefore, we initially
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determined the contribution of the two types of Fey receptors (CD32 and 

CD16) expressed by neutrophils using function-blocking antibodies against 

CD32 and CD16 (Figure 5.2). We measured the binding of fluorescently 

labelled human IgG complexes by flow cytometry. Both CD16 and CD32 

contributed to human IgG complex binding (heat aggregated IgG; hHAIgG). In 

addition, since the mouse IgGl subclass has specificity for CD32, and binds 

poorly to other Fey receptors, we have used mouse IgGl complexes 

(biotinylated BSA complexed with anti-biotin mlgGl antibodies, prepared as 

described in Section 11.10.1; BxB), as a direct measure of CD32-mediated IgG 

complex binding. Blockade of CD32, but not of CD16, resulted in a complete 

inhibition of mlgGl (BxB) complex binding to human neutrophils, 

demonstrating a specific binding to CD32 (Figure 5.2). For K562 cells, CD32 

blockade resulted in complete inhibition of both murine IgGl and human IgG 

complexes, due to the lack of expression of other Fey receptors by these cells 

(Figure 5.2). Similar analyses using either function-blocking antibodies against 

CD32 or untransfected control cells were performed to ensure the specificity 

of the CD32-mediated IgG complex binding in CD32-transfected CHO and 

Jurkat cells (Figure 5.3).

Having established the specificity of binding of IgG complexes for CD32, we 

then assessed the levels of IgG complex binding in a number of diverse cell 

types. Although all the cell lines tested expressed CD32 at substantial levels, 

key differences in the capacity for CD32-mediated mlgGl complex binding 

were observed between different cell types (Figure 5.4). In particular, whereas
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CD32-transfected CHO and Jurkat cells displayed high levels of IgG complex 

binding, CD32-mediated IgG complex binding to neutrophils and K562 cells 

was minimal, despite substantial CD32 expression by these cells. Comparison 

of CD32-mediated IgG complex binding to K562 and CD32-transfected Jurkat 

cells, both cell types expressing CD32 at comparable levels, revealed that 

Jurkat cells were capable of IgG complex binding at much lower IgG 

concentrations when compared with K562 cells (Figure 5.4). As controls, 

CD32-blocked cells (pre-incubated with AT-10 F(ab ')2 as described in Section

11.10.2) were included to ensure the specificity of the CD32-Fc interaction and 

to exclude non-specific immune complex binding to the cell surface (data not 

shown).

The observed low levels of binding of IgG complexes to neutrophils and K562 

cells suggested the presence of common regulatory mechanisms that limit IgG 

complex binding activity of CD32 for these cell types. As both K562 and 

neutrophils belong to the myeloid cell lineage, one possibility was that 

suppressed IgG binding activity of CD32 also extends to other myeloid cell 

types. For this reason, similar analyses on CD32-mediated IgG complex 

binding were performed in other cell types of myeloid origin, including 

monocytes, eosinophils, platelets and HL-60, a promyelocytic cell line (Figure 

5.5). In all these cell types, although CD32 was expressed at substantial levels, 

IgG complex binding to CD32 was low and did not correlate with levels of 

surface CD32 receptor expression. For example, when we compared binding of 

IgG complexes (BxB) to the CD32 of monocytes and neutrophils over a range of
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IgG concentration, similar binding profiles were observed (Figure 5.6]. 

Collectively, these results suggest that at least in myeloid cells, IgG complex 

binding to CD32 is a tightly regulated process, indicating the presence of 

suppressive mechanisms that limit CD32-mediated IgG complex binding.
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Figure 5.1.: Fey receptor expression in diverse cell types

Representative flow cytometry histograms of Fey receptor expression (CD64, 

CD32 and CD16) in neutrophils, K562 cells and in CD32a-transfected CHO and 

Jurkat cells.
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Figure 5.2.: CD32-mediated IgG complex binding to neutrophils and K562 cells

Measurement of IgG complex binding (Bob93, mlgGl; BxB, mlgGl, 10 pg ml 

hHAIgG, 30 pg ml to neutrophils (A) and K562 cells (B). To determine the 

contribution of the CD32 in IgG complex binding, cells were pre-incubated 

with □  or without ■  anti-CD32 function blocking antibody (AT-10, F(ab')2,- 10 

pg ml'1, 10 min, 4°C) prior to the addition of IgG complexes. Results are 

presented as the mean (± SD) of at least three independent experiments.
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Figure 5.3.: IgG complex binding to CD32a-transfected CHO and Jurkat cells

IgG complex binding (Bob93, mlgGl; BxB, mlgGl, 10 gg ml"1; hHAIgG, 30 pg 

ml'1) to CD32a-transfected CHO (A) and Jurkat (C) cells was measured by flow 

cytometry as described in Section 11.10.2. To validate the specificity of the 

CD32-IgG interaction, IgG complex binding was measured in cells that were 

either pre-incubated with anti-CD32 function blocking antibody (AT-10, F(ab') 

2; 10 gg ml-1, 10 min, 4°C) prior to the addition of IgG complexes or in 

untransfected control cells. Results are presented as the mean (± SD) of at 

least three independent experiments. (B, D) Representative flow cytometry 

histograms of IgG complex binding (BxB; 10 gg m l1) in CHO (B) or Jurkat (D)
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cells (CD32a-transfected cells or untransfected wild type cells). Control 

indicates CD32a-transfected cells.
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Figure 5.4.: Differential regulation of IgG complex binding to CD32 receptor in 

various cell types

(A) Measurement of IgG complex binding (BxB, mlgGl, 10 pg ml'1) and CD32 

expression in neutrophils, K562 cells and CD32a-transfected Jurkat cells 

(Jurkat:32) was performed by flow cytometry as described in Section 11.10.2. 

Results are presented as the mean (± SD) of at least three independent
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experiments. (B) Representative flow cytometry histograms of IgG complex 

binding (BxB, 10 pg ml'1) to K562 or Jurkat:32 cells. Control indicates the flow 

cytometry profile of cells that were not co-incubated with IgG complexes. (C) 

FITC-conjugated human IgG complex (hHAIgG) binding to K562 and Jurkat:32 

cells over a range of IgG concentration was determined by flow cytometry. 

Results presented as the mean (± SD) of four independent experiments.

i50n

Ü  1 0 0 -  
C 
.2
0)

50

X

H  IgG Binding 
J CD32 Expression

■
M onocytes Eosinophils Platelets HL-60

B

FSC-H

IgG Binding

l 1 1 1 l
0 200 400 600 800 1000

FSC-H
10  10 10 

GPI-80

CD32 CD32

105



Figure 5.5.: Myeloid-specific suppression of CD32-mediated IgG complex binding

(A) Measurement of IgG complex binding (BxB, mlgG, 10 gg ml'1) and CD32 

expression in diverse cell types of myeloid origin, including monocytes, 

eosinophils, platelets and HL-60 cells, as described in Section 11.10.2. Results 

presented as the mean (± SD) of at least three independent experiments. (B) 

Representative flow cytometry plots of IgG complex binding and CD32 

expression in monocytes. Monocytes were gated from the isolated 

mononuclear cell fraction based on characteristic laser scatter properties. (C) 

Representative flow cytometry plots of IgG complex binding and CD32 

expression in eosinophils. Polymorphonuclear cells were identified based on 

their laser scatter properties and contaminating cells (erythrocytes) were 

excluded from analysis. Polymorphonuclear cells were immunolabelled with 

anti-GPI-80 antibodies (as described in Section 11.6 and eosinophils 

(GPI-80dim) were distinguished from neutrophils (GPI-80bn§ht) based on GPI-80 

expression.
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Figure 5.6.: Comparison o f CD32-mediated IgG complex binding to monocytes and 

neutrophils

IgG complex binding (BxB, mlgGl) to monocytes and neutrophils over a range 

of IgG concentration was determined by flow cytometry as described in 

Section 1.10.2. Results are presented as the mean (± SD) of four independent 

experiments.
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5.2.2. Neutrophil activation has no effect on CD32-mediated immune complex 

binding

Neutrophil CD32 exhibits suppressed IgG complex activity, as evidenced by the 

observed low levels of CD32-mediated IgG complex binding. We have 

previously demonstrated that during neutrophil apoptosis, such suppressed 

CD32 binding activity is lost, and apoptotic neutrophils, in contrast to the 

viable ones, are characterised by higher levels of IgG complex binding. We 

therefore investigated for other determinants of CD32 binding activity, apart 

from neutrophil apoptosis, that could regulate IgG complex binding, and 

possibly reveal the precise regulatory mechanisms for CD32 activity.

Neutrophil activation is generally characterised by the initiation of several pro- 

inflammatory signalling cascades that regulate a number of neutrophil effector 

functions, including cell adhesion, degranulation and phagocytosis. We have 

therefore hypothesised whether neutrophil activation status could also 

determine CD32-mediated IgG complex binding. For this reason, we assessed 

the capacity for IgG complex binding to CD32 upon neutrophil stimulation 

with the following agents: fMLP (1 gM), TNF-a (10 ng ml'1) or PMA (100 ng 

ml'1) for 30 min at 37°C.

Measurement of IgG complex binding revealed no significant increase in 

activated neutrophils, with PMA-stimulated neutrophils displaying a reduction 

in the binding of IgG complexes to CD32 (Figure 5.7). Activation of neutrophils 

was assessed by the expression of CD62L and CDllb, two activation markers, 

whose expression is altered upon neutrophil activation. As expected, activated
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neutrophils, irrespective of the stimulation agent used, demonstrated a 

remarkable reduction in the expression of CD62L, which is characteristically 

shed following neutrophil activation (Figure 5.7). In contrast, increased surface 

expression of C D llb  was observed following stimulation of neutrophils with 

TNF-a, fMLP or PMA (Figure 5.7). It should be noted that none of these 

treatments had an impact on cell viability and the levels of CD32 expression 

remained unchanged upon cell activation. In summary, these findings clearly 

indicate that neutrophil activation seems not to play a role in the regulation of 

IgG complex binding to CD32.
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Figure 5.7.: Effect of neutrophil activation on IgG complex binding

Following stimulation of freshly isolated neutrophils with the following 

agents: fMLP (1 pM), TNF-a (10 ng ml-1) or PMA (100 ng ml'1), IgG complex 

(Bob93, mlgGl; BxB, mlgGl, 10 pg ml'1; hHAIgG, 30 pg ml'1) binding to CD32 

was assessed by flow cytometry. (A) IgG complex binding in unstimulated and 

stimulated neutrophils (B) CD62L, C D llb  and CD32 expression in 

unstimulated and stimulated neutrophils was measured by flow cytometry, as 

described in Section 11.6. CD62L and C D llb  expression was assessed to verify 

neutrophil activation. Results are presented as the mean of three independent
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experiments. Error bars indicate SD. *p<0.01; NS: non significant compared to 

unstimulated control.
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5.2.3. Immune complex binding to CD32 is increased following treatment with 

serine proteases

Serine proteases have been previously suggested to play a key role in the 

regulation of several effector functions on neutrophils, including CD32- 

mediated immune complex binding (Mark et al., 1988; Pham, 2006; Wiedow 

and Meyer-Hoffert, 2005). We therefore assessed IgG complex binding to 

neutrophils treated with human neutrophil elastase (HNE; 4 pg ml'1, 20 min, 

37°C) or proteinase K (3.2 U ml'1, 20 min, 37°C). Treatment with either 

proteinase K or HNE resulted in a substantial increase CD32-mediated 

immune complex binding, without any significant alteration in the expression 

of CD32 (Figure 5.8). In order to assess the efficiency for protease treatment, 

the expression of CD16, a protease-sensitive molecule, was assessed (Figure

5.8 D). Furthermore, the observed increase in CD32-mediated IgG complex 

binding specifically required protease activity since heat inactivation of 

proteases (90°C, 15 min) or inclusion of protease inhibitors 

(phenylmethanesulfonylfluoride (PMSF), 1 mM) during treatment with serine 

proteases, both abrogated the increased IgG complex binding to CD32 (Figure

5.8 F). In addition, block of CD32 using function-blocking antibodies (AT-10, F 

(ab')2; 10 gg m l1) completely inhibited IgG complex binding, confirming the 

specificity of the CD32-Fc interaction (Figure 5.8).

Similar results were obtained when we measured IgG complex binding to 

K562 cells and monocytes following treatment with proteases (proteinase K, 

3.2 U ml'1; 20 min, 37°C) (Figures 5.9 and 5.10). These two cell types, which
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have been previously shown to display suppressed IgG complex binding to 

CD32, demonstrated significant increase in CD32-mediated IgG complex 

binding following protease-treatment. It should be noted that the levels of 

CD32 expression were comparable irrespective of protease treatment and 

blocking of CD32 using function-blocking antibodies completely abrogated IgG 

complex binding, further supporting the specificity of CD32-mediated 

interaction (Figures 5.9 and 5.10'). In contrast to K562 cells and monocytes, 

protease treatment of CD32-transfected Jurkat or CHO cells did not affect 

receptor activity, as evidenced by the similar levels of IgG complex binding to 

CD32 in control and protease-treated cells (Figures 5.11 and 5.12).

One possible explanation of these findings is that proteases might induce a 

direct modification of CD32 by proteolytic cleavage that affects consequently 

immune complex binding. For this reason, we have analysed CD32 from K562 

cells and neutrophils treated with or without proteases (proteinase K; 3 U ml"1, 

20 min, 37°C) and no detectable proteolytic effect upon CD32 was observed, as 

CD32 from both control and protease-treated cells displayed comparable 

molecular weight (Figure 5.13 A). As these findings exclude the possibility of a 

direct proteolytic modification of CD32 by serine proteases, it could be 

suggested that the presence of a protease-sensitive molecule might regulate 

IgG complex binding to CD32. In order to test this hypothesis, K562 cells were 

protease-treated and CD32-mediated IgG complex binding was measured. 

Then, cells were allowed to recover for 20 h at 37°C in the presence or absence 

of a protein synthesis inhibitor (cycloheximide, 5 gg ml"1) that would prevent
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re-expression of protease-sensitive molecules. When protease-treated K562 

cells were allowed to recover for 20 hours, IgG complex binding to CD32 

became suppressed reaching levels comparable to control cells (non-protease 

treated] (Figure 5.13 5). However, treatment with cycloheximide prevented 

recovery of suppression, as they maintained increased IgG complex binding, at 

levels comparable to protease-treated cells (Figure 5.13 B). No alterations in 

CD32 expression were evident following protease or cycloheximide treatment 

that could explain the observed differences in CD32-mediated IgG complex 

binding (Figure 5.13 Q. As control for protein synthesis, the expression of a 

highly expressed surface receptor, CD24, was measured (Figure 5.13 C]. 

Collectively, our results strongly suggest the presence of a protease-sensitive 

accessory molecule expressed in neutrophils and K562 cells that acts as a key 

regulator of CD32 activity.

114



B
— 120

^■Co n tro l 
i=^CD32 Block

0 1 ^ ^ ----1----^ ----1------------ L_
Control HNE Control HNE

BxB hHAIgG

Control HNE ----

1100-,

9 0 0

i Control 
I Proteinase K

Ü  100

ra
<U

5 0 -

Bob93 BxB hHAIgG CD16 CD32

Control

10‘ 10 10 103

HNE

10 10
HNE+ 

CD32 Block
T' T ' ' ”T"i 1 ....."1.

10  ̂ 10 itf* lCr

IgG Binding

1100-,
900-

1 1 0 0 -

Control 
] HNE

NS

CD16 CD32

- IgG Control

A Control
PrK

hi-PrK
PrK+PMSF

TI '-r rl'n", 1 1 1 I""
10  10  10  10  10 

IgG Binding

Figure 5.8.: Effect of serine proteases on CD32-mediated IgG complex binding

Binding of murine IgGl (BxB, 10 gg ml-1) or human IgG (hHAIgG, 30 gg ml-1) 

complexes was measured in neutrophils following treatment with human 

neutrophil elastase (HNE, 4 gg ml’1; 20 min, 37°C). CD32-mediated IgG 

complex binding was determined using anti-CD32 function blocking
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antibodies (AT-10 F(ab’)2; 10 ng ml-l)(A : graphical representation; B : 

representative flow cytometry histograms). Results are presented as the mean 

of at least three independent experiments. Error bars indicate SD. *p<0.01 

compared to control cells. (C) Representative confocal immunofluorescence 

microscopy photomicrographs of IgG binding to control (untreated) and HNE- 

treated neutrophils. Scale bar: 10 pm. (D) CD32 and CD16 expression was 

determined by flow cytometry in control ( ■ )  and HNE-treated (□ )  

neutrophils. Results represent the mean (± SD) of three independent 

experiments. (E) IgG complex binding (Bob93, BxB; mlgGl, 10 pg ml'1; 

hHAIgG, 30 pg ml'1) and CD32 expression was measured in control ( ■ )  and 

proteinase K-treated ( □ )  neutrophils (3 U ml'1, 20 min, 37°C). CD16 

expression was determined to assess for protease treatment efficiency. Results 

are presented as the mean of at least five independent experiments. Error bars 

indicate SD. (F) Representative flow cytometry histogram plots of IgG complex 

binding (BxB, 10 pg ml"1) to neutrophils that have been treated (20 min, 37°C) 

with one of the following: proteinase K (PrK; 3 U ml'1), heat-inactivated 

proteinase K (hi-PrK; 70°C, 15 min) or proteinase K + PMSF (1 mM). Control 

indicates untreated cells and -IgG control untreated cells that were not 

incubated with IgG complexes.
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Figure 5.9.: Effect of proteases on IgG complex binding to K562 cells

(A) Measurement of IgG complex binding (Bob93, BxB, mlgGl, 10 gg ml'1; 

hHAIgG, 30 gg ml"1) to control ( ■ )  and proteinase K-treated (□ ;  3 U ml"1, 20 

min, 37°C) K562 cells. (B) CD32 and CD24 expression in control ( ■ )  and 

proteinase K-treated (□ ;  3 U ml"1, 20 min, 37°C) K562 cells. CD24 expression 

was measured to assess protease treatment efficiency. (C) IgG complex binding 

(BxB, mlgGl) to control and proteinase K-treated K562 cells over a range of 

IgG concentration. Results are presented as the mean of at least three
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independent experiments. Error bars indicate SD. *p<0.01, NS: non-significant 

compared to untreated cells.
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Figure 5.10.: IgG complex binding to protease-treated monocytes

(A) Monocytes were treated with ( □ )  or without ( ■ )  proteinase K (3 U ml'1, 

20 min, 37°C) and IgG complex (Bob93, BxB, mlgGl, 10 pg ml'1; hHAIgG, 30 pg 

ml'1) binding and CD32 expression was measured by flow cytometry as 

described in Sections 11.6 and 11.10.2. Results are presented as the mean of 

five independent experiments. Error bars indicate SD. *p<0.01; NS: non

significant compared to untreated cells. (B) Binding of murine IgGl (BxB)
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complexes to untreated (control] and proteinase K-treated (3 U ml'1, 20 min, 

37°C] monocytes over a range of IgG concentration. Results represent the 

mean (± SD] of three independent experiments. *p<0.01.
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Figure 5.11.: Effect of protease treatment on IgG complex binding to CD32- 

transfected CHO cells

(A) IgG complex binding (Bob93, BxB; mlgGl, 10 gg ml'1; hHAIgG, 30 gg ml"1) 

was measured in control ( ■ )  and proteinase K-treated ( □ )  CD32-transfected 

CHO cells (3 U ml'1, 20 min, 37°C). Results are presented as the mean (± SD) of 

five independent experiments. NS: non-significant compared to untreated 

cells. (B) Representative flow cytometry histograms of IgG complex binding 

(BxB; 10 pg ml'1) to CD32-transfected cells. Control indicate untreated cells, - 

IgG control: cells not incubated with IgG complexes; PrK: proteinase K treated 

cells (3 U ml'1, 20 min, 37°C); CD32 block: proteinase K-treated cells pre

incubated with function-blocking antibodies (AT-10 F(ab’) 2, 10 pg ml'1, 10 

min) prior to the addition of IgG complexes.
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Figure 5.12.: IgG complex binding to CD32-transfected Jurkat cells

(A) Measurement of IgG complex binding (Bob93, BxB, mlgGl, 10 gg ml"1; 

hHAIgG, 30 gg ml"1) and CD32 expression in CD32-transfected Jurkat cells 

following treatment with proteinase K (3 U m l1, 20 min, 37°C) was performed 

by flow cytometry as described in Sections 11.6 and 11.10.2. Results are 

presented as the mean of three independent experiments. Error bars indicate 

SD. (B) Binding of murine IgGl (BxB) complexes to CD32-transfected Jurkat 

cells was measured by flow cytometry over a range of IgG concentration. 

Results are presented as the mean of three independent experiments. (C)
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Representative flow cytometry histogram overlay of IgG binding to CD32- 

transfected Jurkat cells treated with (red) or without (blue) proteinase K (3 U 

ml'1, 20 min, 37°C). Grey histogram denotes cells not incubated with IgG 

complexes (background fluorescence).
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Figure 5.13. : Mechanisms of pro tease-induced increase in CD32 ligand binding 

activity

(A) Western blot analysis of CD32 from neutrophils and K562 cells treated 

with or without proteinase K (3 U m l1, 20 min, 37°C). Key to lanes: 

neutrophils: control (1), proteinase K (2); K562 cells: control (3), proteinase K 

(4). (B) IgG complex (Bob93, mlgGl; BxB, mlgGl, 10 pg ml"1; hHAlgG, 30 pg 

ml"1) binding to K562 cells that were treated with proteinase K (3 U ml"1, 20 

min, 37°C) was measured by flow cytometry as described in Section 11.10.2. 

Cells were then allowed to recover for 20 h at 37°C in the presence or absence 

of a protein synthesis inhibitor (cycloheximide (CHX), 5 pg m l1) to prevent re

expression of protease-sensitive molecules and IgG complex binding was 

measured in CHX-treated and untreated cells. Results are presented as the 

mean of three independent experiments. Error bars indicate SD. *p<0.01 (C) 

CD32 and CD24 expression in protease- and cycloheximide-treated K562 cells 

was measured by flow cytometry (described in Section 11.6). CD24 expression 

was assessed to determine cycloheximide and protease treatment efficiency. 

Results represent the mean (± SD) of three independent experiments. *p<0.01 

protease-treated cells vs. recovered cells; recovered with vs. without 

cycloheximide. NS: non-significant recovered cells vs. untreated cells; 

cycloheximide treated vs. protease-treated cells.
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5.2.4. Inhibition of N-linked glycosylation and removal of surface sialic acid 

residues increases CD32-mediated IgG complex binding

Having demonstrated that protease treatment results in a significant increase 

in CD32-mediated IgG complex binding in myeloid cells, such as K562 cells and 

neutrophils, we next investigated the role of other determinants of CD32 

ligand binding activity. For this reason, we next assessed the impact of N- 

linked glycosylation on CD32-mediated IgG complex binding. K562 cells were 

incubated for 48 h at 37°C in the presence of a potent AMinked glycosylation 

inhibitor (tunicamycin; 10 gg ml'1) and CD32-mediated IgG complex binding 

was assessed (Figure 5.14). Substantially increased levels of IgG complex 

binding to CD32 were observed in tunicamycin-treated K562 cells compared 

to vehicle-treated control cells. This effect was not accompanied by any 

changes in CD32 expression following treatment with tunicamycin.

In order to further characterise this observation, CD32-mediated IgG complex 

binding on neutrophils and K562 cells was assessed following enzymatic 

removal of terminal sialic acid residues using neuraminidase (Figures 5.15 and 

5.16). Unlike other deglycosylation enzymes that can only act on denatured 

proteins for complete removal of glycans, neuraminidase has the ability to 

remove efficiently any sialic acid residues that are found in N- and O-linked 

glycans from native proteins. Similar to serine proteases, neuraminidase 

treatment of freshly isolated neutrophils and K562 cells resulted in a 

substantial increase in immune complex binding. This increase was found to 

be completely blocked, when a function-blocking anti-CD32 antibody was
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used, further supporting the specificity of the CD32-Fc interaction (Figures 

5.15 and 5.16). More importantly, CD32 expression of neuraminidase-treated 

cells was in all cases comparable to control.

In contrast to neutrophils and K562 cells, no changes were noted upon 

neuraminidase treatment in the levels of IgG complex binding to CD32- 

transfected CHO and Jurkat cells (Figure 5.17). In summary, these findings 

clearly highlight the importance of AMinked glycosylation in CD32-mediated 

immune complex binding.
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Figure 5.14.: Effect o f tunicamycin on CD32-mediated IgG complex binding to 

K562 cells

(A) K562 cells were incubated for 48 h at 37°C in the presence of a potent Al

linked glycosylation inhibitor (tunicamycin; 10 pg ml'1). IgG complex binding 

(Bob93, mlgGl; BxB, mlgG, 10 pg ml'1; hHAIgG, 30 pg ml'1) and CD32 

expression was measured by flow cytometry as described in Sections 11.6 and 

11.10.2. Results are presented as the mean of four independent experiments. 

Error bars indicate SD. (B) Representative flow cytometry histogram overlay of 

IgG complex (BxB, 10 pg ml'1) binding to K562 cells that were treated with 

(blue) or without (red) tunicamycin (10 pg ml'1; 48 h, 37°C). Grey histogram 

indicates cells without IgG complexes (background fluorescence).
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Figure 5.15.: Effect o f neuraminidase on CD32-mediated IgG complex binding to 

neutrophils

(A) Binding of IgG complexes (Bob93, mlgGl, BxB, mlgGl, 10 gg ml'1; hHAIgG, 

30 gg ml'1] to neutrophils that have been treated with (□ ]  or without (■ ]  

neuraminidase (0.1 U ml"1, 20 min, 37°C). Neutrophils were pre-incubated 

with function-blocking antibodies (AT-10 F(ab')2, 10 gg ml'1] prior to the 

addition of IgG complexes to assess the specificity of CD32 for IgG complexes. 

Results are presented as the mean of at least three independent experiments. 

Error bars indicate SD. *p<0.01. [B-C] CD32 receptor expression of neutrophils
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that were treated with or without neuraminidase (0.1 U ml'1, 20 min, 37°C). 

(B- graphical representation; C- representative flow cytometry plots of CD32 

expression). Results are presented as the mean (± SD) of three independent 

experiments. NS: non-significant compared to untreated control cells.
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Figure 5.16.: IgG complex binding to neuraminidase-treated K562 cells

(A) Measurement of IgG complex (Bob93, mlgGl; BxB, mlgGl, 10 pg m l1; 

hHAIgG, 30 pg ml'1) to K562 cells following treatment with ( □ )  or without (■ )  

neuraminidase (0.1 U ml'1, 20 min, 37°C). Results are presented as the mean of 

at least three independent experiments. Error bars indicate SD. *p<0.05. (B) 

Representative flow cytometry histogram overlay of IgG complex (BxB, 10 pg
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ml'1) binding to control (untreated -  green) and neuraminidase-treated (red) 

K562 cells. Cells that were pre-incubated with anti-CD32 blocking antibodies 

(CD32 block -  orange; AT-10 F(ab’) 2, 10 gg ml"1) and cells incubated without 

IgG complexes (-IgG control -  blue) were included as controls. (C) CD32 

receptor expression of K562 cells that were treated with or without 

neuraminidase (0.1 U ml'1, 20 min, 37°C) was measured by flow cytometry as 

described in Section 11.6. CD32 receptor expression of neutrophils that were 

treated with or without neuraminidase (0.1 U ml'1, 20 min, 37°C).
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Figure 5.17.: Effect o f neuraminidase on IgG complex binding to CD32 transfected- 

CHO and Jurkat cells

Binding of IgG complexes (Bob93, mlgGl, BxB, mlgGl, 10 gg ml'1; hHAIgG, 30 

gg ml'1) to CD32 transfected CHO (A) and Jurkat (B) cells that have been 

treated with ( □ )  or without ( ■ )  neuraminidase (0.1 U ml"1, 20 min, 37°C). 

Results are presented as the mean of at least three independent experiments. 

Error bars indicate SD. NS: non significant compared to untreated cells.
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5.2.5. Removal of GPI-anchored molecules by PI-PLC significantly upregulates 

CD32-mediated immune complex binding

Based on our findings on the presence of protease-sensitive molecules that 

possibly regulate the ligand binding activity of CD32, we aim to further 

characterise these molecules. Since GPI-anchored proteins are known to be 

subject to proteolysis and many are downregulated on apoptotic neutrophils, 

we hypothesised that the molecule(s) that regulated IgG complex binding to 

CD32 might be GPI-anchored. Neutrophils (Figure 5.18) or K562 cells (Figure 

5.19) were therefore treated with PI-PLC (phosphatidylinositol-specific 

phospholipase C; 0.1 U ml'1; 20 min; 37°C] and IgG complex binding to CD32 

was measured. The expression of two well-characterised GPI-anchored 

proteins (CD16 for neutrophils and CD24 for K562 cells) was measured to 

determine the efficiency of the PI-PLC treatment. It was revealed that in K562 

cells and more profoundly in neutrophils, CD32-mediated IgG complex binding 

was significantly increased following PI-PLC treatment. This effect was 

completely abolished when CD32 was blocked and was not accompanied by 

any changes in CD32 expression [Figures 5.18 and 5.19). Similar to protease 

and neuraminidase treatment, PI-PLC had no effect on IgG complex binding to 

CD32-transfected CHO or Jurkat cells (Figure 5.20). These data suggest that a 

GPI-anchored molecule may act to suppress CD32 ligand binding activity.
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Figure 5.18.: Effect o f PI-PLC-treatment on IgG complex binding to neutrophils

(A) Measurement of IgG complex (Bob93, mlgGl; BxB, mlgGl, 10 gg ml'1; 

hHAIgG, 30 gg m l 1) to neutrophils following treatment with (□ )  or without 

( ■ )  PI-PLC (0.1 U m l1, 20 min, 37°C). Results are presented as the mean of five 

independent experiments. Error bars indicate SD. *p<0.05. (B) CD32 and CD16 

expression of control and PI-PLC-treated (0.1 U ml'1, 20 min, 37°C) neutrophils 

was measured by flow cytometry as described in Section 11.6. Results are 

presented as the mean of at least three independent experiments. Error bars 

indicate SD. NS: non-significant compared to untreated cells. (C)

Representative flow cytometry histogram overlay of IgG complex binding 

(BxB, 10 gg ml'1) Key: untreated cells (red), neuraminidase (0.1 U ml'1, 20 min,
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3 7°C)-treated cells [green); neuraminidase-treated cells pre-incubated with 

anti-CD32 antibodies (AT-10 F(ab')2, 10 pg m l1) [orange). Cells not incubated 

with IgG complexes were included as control [blue) to determine background 

fluorescence levels.
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Figure 5.19.: IgG complex binding to PI-PLC-treated K562 cells

[A) IgG complex (Bob93, mlgGl; BxB, mlgGl, 10 pg ml"1; hHAIgG, 30 pg ml"1) 

binding to K562 cells that have been treated with [ □ )  or without [ ■ )  PI-PLC 

[0.1 U ml"1, 20 min, 37°C) was measured by flow cytometry as described in 

Section 11.10.2. Results are presented as the mean of three independent
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experiments. Error bars indicate SD. *p<0.05. (B) CD32 and CD24 expression 

of control and PI-PLC-treated (0.1 U ml"1, 20 min, 37°C) K562 cells was 

assessed by flow cytometry. Results are presented as the mean (± SD) of three 

independent experiments. NS: non-significant compared to untreated cells. (C) 

Representative flow cytometry histogram overlay of IgG complex (BxB, 10 gg 

ml'1) binding to control (untreated -  light blue) and PI-PLC-treated (red) K562 

cells. Cells that were pre-incubated with anti-CD32 blocking antibodies (AT-10 

F(ab')2, 10 gg ml"1 - green) and cells incubated without IgG complexes (-IgG 

control -  dark blue) were included as controls.
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Figure 5.20.: Effect of PI-PLC on IgG complex binding to CD32 transfected-CHO and 

Jurkat cells

Binding of IgG complexes (Bob93, mlgGl, BxB, mlgGl, 10 gg ml'1; hHAIgG, 30 

gg ml'1] to CD32-transfected CHO (A) and Jurkat (B) cells that have been 

treated with ( □ )  or without ( ■ )  PI-PLC (0.1 U ml'1, 20 min, 37°C) was 

measured by flow cytometry as described in Section 11.10.2. Results are 

presented as the mean of at least three independent experiments. Error bars 

indicate SD. NS: non-significant compared to untreated cells.
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5.2.6. CD16 has no regulatory role in the CD32-mediated IgG complex binding

Our preliminary characterisation on the determinants that regulate CD32- 

mediated IgG complex binding suggested the presence of protease-sensitive, 

GPI-anchored molecules that limit IgG complex binding in myeloid cells, such 

as neutrophils. We have therefore hypothesised that CD16 might regulate 

ligand binding to CD32, based mainly on the following: (i) it is susceptible to 

proteases, (ii) post-translationally processed as GPI-anchored molecule 

(CD16b isoform], (iii) shed during neutrophil apoptosis, and (iv) displays 

extensive IV-and O-linked glycosylation, with several sialic acid residues in its 

glycosylation chains. Furthermore, a number of studies have suggested a 

synergistic role of CD16 in CD32-mediated IgG complex uptake and 

downstream signalling cascades (Edberg and Kimberly, 1994; Green e ta l,

1997).

In order to examine the role of CD16 in the regulation of CD32 ligand binding 

activity, we assessed IgG complex binding to Jurkat cells that were co

transfected with both CD32 and CD16 and compared to those of CD32- 

transfected Jurkat cells (Figure 5.21). It was revealed that CD16- and CD32-co- 

expressing Jurkat cells exhibited a non-suppressed CD32 activity and CD32- 

mediated IgG complex binding (mlgGl) was at levels comparable to CD32- 

transfected Jurkat cells (Figure 5.21). In addition, enzymatic removal of CD16 

from CD32-/CD16-co-transfected Jurkat cells by PI-PLC treatment (0.1 U ml'1; 

30 min; 37°C) had no impact on CD32-mediated IgG complex binding (Figure 

5.22). We therefore concluded that CD16 does not regulate CD32 activity and
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that the observed suppression of IgG complex binding to neutrophils and 

other myeloid cells is CD16 independent.

In an attempt to further validate our conclusion and provide additional 

evidence against the role of CD16 in the regulation of CD32-mediated IgG 

binding, neutrophils were aged in the presence of protease inhibitors 

(Protease inhibitor cocktail for cell culture (Sigma Aldrich); 1:200, 20 h, 37°C), 

so as to prevent the shedding of CD16 that occurs during neutrophil apoptosis. 

However, when we assessed CD16 expression in protease inhibitor-treated 

neutrophils, very low levels were evident both in the viable and apoptotic cell 

populations, indicating the failure of this approach (Figure 5.23). We have 

therefore used other pharmacological agents to prevent shedding of CD16 

from apoptotic neutrophils, including the MMP-inhibitor, 1,10-phenanthroline.

Neutrophils were aged in the presence of phenanthroline (1 mM; 20 h, 37°C) 

and IgG complex binding was measured and compared to vehicle-treated 

control cells. In this case, treatment with phenanthroline prevented the 

apoptosis-associated CD16 shedding, with apoptotic neutrophils displaying 

the same levels of CD16 expression compared to viable ones (Figure 5.24). 

However, no differences in CD32-mediated IgG complex binding were evident 

between phenanthroline-treated (CD16hl§h) and control (CD16low) apoptotic 

neutrophils (Figure 5.24). Collectively, these findings clearly exclude any role 

for CD16 in the regulation of CD32 activity.
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We have next focussed on the characterisation and identification of molecules 

that are associated with CD32 and possibly regulate its ligand binding activity. 

For this reason, co-immunoprecipitation analyses were performed on CD32 of 

neutrophils, K562 and CHO cells in an attempt to identify proteins that are 

physically associated with CD32, limiting the binding of IgG complexes and are 

cleaved following protease treatment or apoptosis (Figure 5.25). In these 

experiments, apart from CD32, no other molecules were detected in K562, 

neutrophils and CD32-transfected CHO cells, suggesting that the observed 

suppression in CD32 ligand binding activity might probably be independent of 

a physical association of CD32 with an accessory protein molecule.
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Figure 5.21.: Comparison of IgG complex binding to CD32/CD16- transfected with 

CD32-transfected Jurkat cells

(A) Measurement of IgG complex binding ( ■ )  (BxB, mlgGl, 10 pg ml'1) and 

CD32 expression ( □ )  in Jurkat cells that were stably transfected with CD32 

(Jurkat:32) or with CD32 and CD16 (Jurkat:16/32) was performed by flow 

cytometry as described in Section 11.10.2. Results are presented as the mean 

of at least three independent experiments. Error bars indicate SD. (B) 

Representative flow cytometry histograms of Fey receptor expression in 

CD32/CD16-transfected Jurkat cells [Jurkat:16/32).
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Figure 5.22.: Effect of PI-PLC on IgG complex binding to CD32/CD16-transfected 

Jurkat cells

(A) Binding of IgG complexes (Bob93, mlgGl, BxB, mlgGl, 10 pg m l1; hHAIgG, 

30 pg m l1) to CD32/CD16-transfected Jurkat cells that have been treated with 

( □ )  or without ( ■ )  PI-PLC (0.1 U ml'1, 20 min, 37°C) was measured by flow 

cytometry as described in Section 11.10.2. CD16 and CD32 receptor expression 

in control and PI-PLC-treated Jurkat:16/32 cells was assessed. (B) 

Representative flow cytometry histogram overlay of IgG complex binding to 

Jurkat:16/32 cells treated with (blue) or without (red) PI-PLC (0.1 U ml'1, 20 

min, 37°C). Cells that were pre-incubated with anti-CD32 blocking antibodies
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(AT-10 F(ab')2, 10 |ig ml'1 - orange) and cells incubated without IgG complexes 

(-IgG control -  green) were included as controls.
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Figure 5.23.: Effect of protease inhibitors on apoptosis-associated CD16 shedding 

and IgG complex binding

Neutrophils were aged in the presence of protease inhibitors (20 h; 37°C, 5% 

CO2). (A) IgG complex binding (Bob93, mlgGl; BxB; mlgGl, 10 pg ml'1; hHAlgG, 

30 pg ml-1) and the expression of CD16, CD32, CD62L and C D llb  was 

measured in viable and apoptotic neutrophils by flow cytometry as described 

in Sections 11.6,11.10.2 and 11.11. Results are presented as the mean of four 

independent experiments. Error bars indicate SD. NS: non-significant 

compared to control (non-protease inhibitor treated) apoptotic cells. (B) 

Representative flow cytometry plot of IgG complex (BxB, 10 pg ml'1) binding 

and CD16 expression in viable (annexin V ) and apoptotic (annexin V+) 

neutrophils incubated in the presence or not of protease inhibitors (20 h; 

37°C). Secondary necrotic (annexin V+/PI+) cells were excluded from analysis.
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Figure 5.24.: IgG complex binding in neutrophils cultured in the presence of MMP 

inhibitors

(A) Measurement of IgG complex (Bob93, mlgGl; BxB, mlgGl, 10 gg ml'1; 

hHAIgG, 30 gg m l b i n d i n g  in neutrophils that were aged in the presence or 

not of a broad range MMP inhibitor (phenanthroline, 1 mM; 20 h, 37°C) was 

performed by flow cytometry as described in Section 11.10.2. Expression of
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CD16 was measured to assess the efficiency of MMP inhibition. Results are 

presented as the mean (± SD) of five independent experiments. *p<0.05 

compared to control (untreated) apoptotic cells; NS: non-significant compared 

to the corresponding untreated control. (B) Representative flow cytometry 

plots of IgG complex binding (BxB, 10 pg m l 1) and CD16 expression in viable 

(annexin V") and apoptotic (annexin V+) neutrophils treated with or without 

phenanthroline (1 mM; 20 h, 37°C).

Figure 5.25.: Immunoprécipitation of CD32 to identify CD32-associated regulatory 

molecules

CD32 from surface-biotinylated K562, CD32-transfected CHO cells and 

neutrophils was co-immunoprecipitated and probed with HRP-conjugated 

streptavidin, as described in Section 11.9. Key to lanes: A. K562 cells, B. and D. 

CD32-transfected CHO cells, C. neutrophils. Please note that neutrophil CD32 

displayed lower molecular weight (30 kDa); an effect attributed to post-lysis 

proteolysis by endogenous proteases.
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5 . 2 . 7.  Suppressed CD32 ligand binding activity on neutrophils results in impaired 

IgG-mediated reactive oxygen species production

We have previously demonstrated that in neutrophils, along with other cells of 

myeloid origin, IgG complex binding to CD32 is suppressed (Section 5.2.1). For 

this reason, especially in neutrophils, most of the IgG complex binding to such 

cells is mainly mediated via the other low affinity Fey receptor, CD16. In 

contrast to CD32, CD16 lacks any intracellular signalling motifs that would 

enable the transduction of activatory signals following ligand-mediated 

receptor aggregation (Bournazos etal., 2009b).

We have therefore investigated the impact of the suppressed CD32 ligand 

binding activity in the regulation of key neutrophil effector functions, such as 

activation of NADPH oxidase complex and reactive oxygen species (ROS) 

production. For this reason, neutrophils were incubated in the presence or not 

of proteinase K (3 U ml"1) for 20 min at 37°C. We have previously shown using 

function-blocking antibodies against CD32 and CD16 that contrary to 

untreated cells, following protease treatment, there is a substantial reduction 

in the levels of CD16 and consequently the majority of the observed IgG 

complex binding is mediated via CD32. Intracellular reactive oxygen species 

levels were determined in control and protease-treated neutrophils, following 

stimulation with increasing concentration of human IgG complexes (hHAIgG, 

0.1-100 pg ml'1), using fluorescent probes (dihydrorhodamine 123- DHR123) 

as described in Section 11.14. As it is evident from Figure 5.26, protease 

treatment significantly augmented ROS production upon challenge with IgG
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complexes. Similarly, when we measured superoxide production and release 

using the cytochrome c reduction assay (described in Section 11.14.2), 

significantly higher levels of IgG complex-induced superoxide release were 

evident in protease-treated neutrophils, compared to control ones (Figure 

5.27). It should be noted that in both assays, no difference in the baseline ROS 

levels was noted in the absence of IgG complexes, indicating that protease- 

treatment had no direct activatory effect on neutrophils. Furthermore, in order 

to examine any priming effect of protease treatment, we compared superoxide 

release and ROS levels in protease and control treated cells, following 

activation with fMLP (100 nM). Again, no significant differences between 

control and protease-treated neutrophils were evident, excluding thereby any 

priming role for proteases.

In summary, these findings clearly support that protease treatment lowers the 

threshold for neutrophil effector responses, such as Fc-mediated ROS 

production and release. It is therefore anticipated that the suppressed IgG 

complex binding to CD32 of neutrophils acts as a regulatory mechanism to 

prevent inappropriate or excessive neutrophil responses following stimulation 

with low levels of IgG complexes.
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Figure 5.26.: Effect o f proteases on the intracellular ROS levels following IgG 

complex binding

(A) Intracellular reactive oxygen species levels were determined in control and 

protease-treated neutrophils (proteinase K; 3 U ml"1, 20 min, 37°C), following 

stimulation with increasing concentrations of human IgG complexes (hHAIgG, 

0.1-100 pg ml'1), using fluorescent probes (dihydrorhodamine 123) as 

described in Section 11.14.1. Results are presented as the mean of four 

independent experiments. Error bars indicate SD. *p<0.05 compared to the 

corresponding untreated control. (B-C) Representative flow cytometry 

histograms of DHR123 fluorescence in control and protease-treated
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neutrophils (B) in the absence of IgG complexes (background ROS levels) or 

(C) following stimulation with fMLP (100 nM; 60 min, 37°C).

fMLP PMA 0 1 10 50 100 200

Figure 5.27.: IgG-mediated neutrophil ROS production and release following 

protease treatment

Superoxide production and release by control (■ )  and protease-treated (□ )  

neutrophils (proteinase K; 3 U ml'1, 20 min, 37°C), following stimulation with 

human IgG complexes (hHAIgG, 0-200 pg ml'1) was measured using the 

cytochrome c reduction assay (described in Section 11.14.2). PMA- (100 nM) 

and fMLP- (100 nM) treated neutrophils were included as positive controls. 

Results are presented as the mean of five independent experiments. Error bars 

indicate SD. *p<0.05; **p<0.01; NS: non-significant compared to control (non

protease-treated) cells.
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5.3. Discussion

We have previously shown that apoptotic neutrophils display increased levels 

oflgG complex binding to CD32, contrasting viable neutrophils, in which 

CD32-mediated IgG complex binding is minimal and IgG complex binding is 

predominantly mediated via CD16, the other low affinity Fey receptor. For this 

reason, we particularly aimed to investigate the precise molecular 

mechanisms that account for this suppression and to identify determinants for 

the ligand-binding activity of CD32. Measurement of IgG complex binding to 

diverse cell types that constitutively express CD32 -either endogenously or 

through exogenous stable transfection with CD32-expressing plasmid 

constructs- revealed that all the cell types of myeloid origin that we tested 

exhibit suppressed CD32 ligand binding activity. In particular, despite 

substantial levels of CD32 expression in myeloid cell types that included the 

very low levels of CD32-mediated IgG complex binding to neutrophils, 

eosinophils, monocytes, platelets and K562 cells suggested the existence of 

active regulatory mechanisms that limit IgG complex binding and we therefore 

sought to identify the conditions that influence CD32-mediated IgG complex 

binding.

One of the factors we investigated for regulation of CD32 ligand binding 

activity was neutrophil activation status. Neutrophil activation is a key process 

that regulates degranulation, cytokinesis, production and release of pro- 

inflammatory cytokines, phagocytosis as well as activation of NADPH oxidase 

complex with subsequent reactive oxygen species production (Condliffe et al,
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1996; Nagarajan et al., 2005). We therefore hypothesised that neutrophil 

activation was also correlated with augmented CD32-mediated IgG complex 

binding to achieve more efficient phagocytosis of IgG opsonised particles 

during an inflammatory response. This suggestion was supported by a number 

of studies, which noted that activated neutrophils exhibit a higher rate of 

phagocytosis of IgG opsonised particles (Nagarajan eta/., 2005; Nagarajan et 

al., 2000; Selvaraj et al., 2004; Williams et a/., 2000). More importantly, 

Nagarajan and co-workers (2000) reported a shift of CD32 from a low to a 

higher affinity state upon neutrophil activation. Despite all these studies, when 

we measured CD32-mediated IgG complex binding in activated neutrophils 

that were stimulated with bacterial components, such as fMLP, pro- 

inflammatory cytokines like TNF-a or pharmaceutical agonists like phorbol 

esters (PMA), no difference was evident, clearly indicating that IgG complex 

binding to CD32 is not correlated with neutrophil activation status.

Previous studies of CD32-mediated IgG complex binding provided evidence of 

a role for serine proteases in this process (Mark et al., 1988; Wiedow and 

Meyer-Hoffert, 2005). Our data demonstrated that protease treatment 

resulted in a substantial augmentation in CD32-mediated IgG complex binding 

to myeloid cells without any change in overall CD32 expression although the 

precise mechanisms of this effect remain unclear. Suggested roles for this 

proteolysis-induced effect might include either a direct proteolytic 

modification of the CD32 receptor or the shedding of molecules with an 

inhibitory role in CD32 mediated IgG complex binding that are expressed by
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myeloid cells. However, comparison of the molecular weight of CD32 in control 

and protease-treated cells excluded a direct proteolytic modification on CD32 

that would account for the observed augmentation in IgG complex binding. In 

addition, cell types of diverse origin exhibited similar CD32 molecular weight 

indicating that differential IgG complex binding observed in myeloid and non- 

myeloid cells could not be attributed to direct proteolytic changes or 

differential post-translational modifications of CD32. Furthermore, previous 

studies on Fey receptors have suggested that in contrast to CD16, CD32 is a 

protease insensitive molecule and is not subject to proteolytic cleavage by 

serine proteases or matrix metalloproteinases (MMP)(Bazil and Strominger, 

1994). This observation is further supported by our results relating to Fey 

receptor expression during neutrophil apoptosis, which is associated with 

substantial MMP-mediated decrease in CD16 expression but not with any 

marked reduction in CD32 expression (Dransfield e ta l,  1994; Hart e ta l,

2000; Jones and Morgan, 1995).

Given the protease-resistant nature of CD32, it could be suggested that 

protease treatment induces the shedding of myeloid-specific protease- 

sensitive molecules that play a significant role in the regulation of CD32 

mediated IgG complex binding. Such molecules might be expected to reside in 

close proximity to CD32, inhibiting ligand binding to the receptor. Indeed, 

serine proteases account for a number of cell surface molecular changes 

including the cleavage of a number of immunoreceptors that are likely to have 

a substantial impact on neutrophil effector function and responses. For
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example, serine proteases like neutrophil elastase and cathepsin G have been 

previously shown to control cell adhesion through modulation of P2 integrin 

affinity, as well as shedding of CD43 molecules (Bazil and Strominger, 1994; 

Halbwachs-Mecarelli et al., 1996; Pham, 2006; Raptis et al., 2005; Tkalcevic et 

al., 2000; Wiedow and Meyer-Hoffert, 2005). In addition, proteolytic cleavage 

of cytokines, chemokines and their respective receptors by neutrophil-derived 

proteases has been previously implicated to control protein activity and 

function, with many consequences for the control of neutrophil functional 

responses (Halbwachs-Mecarelli e ta i,  1996; Pham, 2006; Wiedow and Meyer- 

Hoffert, 2005).

In addition to examination of the impact of protease activity, we also assessed 

the impact of AMinked glycosylation in the regulation of IgG complex binding 

to CD32. Our data demonstrate an important role for AMinked glycosylation in 

the inhibition of IgG complex binding to CD32 expressed by myeloid cells, 

acting as an additional regulatory mechanism. Similarly, removal of terminal 

sialic acid residues from AMinked carbohydrates also led to a marked increase 

in CD32-mediated IgG complex binding. Examination of the protein sequence 

of CD32 reveals only two potential AMinked glycosylation sites in the 

extracellular immunoglobulin-like domains, which might be implicated in the 

regulation of ligand binding. However, given the fact that CD32 is not heavily 

glycosylated and it is not subject to extensive post-translational modification, 

the role of CD32 AMinked glycosylation sites in the regulation of IgG complex 

binding is doubtful. This suggestion was further strengthened by our
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biochemical analysis, which revealed no differences in the molecular weight 

CD32 in cells of myeloid and non-myeloid origin. Therefore, it is highly 

possible that augmentation of IgG complex binding to CD32 following 

treatment with neuraminidase or inhibition of AMinked glycosylation is not 

due to a direct modification in the glycosylation profile of CD32, but rather due 

to CD32 regulatory molecules, which are also subject to proteolytic cleavage.

Collectively, our results indicate that in myeloid cells, CD32 ligand binding 

activity is suppressed due to the presence of CD32-associated molecules, 

which are protease-sensitive and their AMinked glycosylation chains and 

particularly their sialic acid residues are important for their association with 

CD32 and consequently for the inhibition of CD32-mediated IgG complex 

binding. Results from a series of experiments ruled out the possibility that the 

effect of Pl-PLC on CD32-mediated IgG complex binding was a consequence of 

the GPI-anchored molecule CD16 preventing binding of IgG complexes to 

CD32. Enzymatic removal of surface GPI-anchored proteins resulted in 

significantly increased CD32-mediated IgG complex binding, suggesting that 

the regulatory molecule may be GPI-anchored. Moreover, the PI-PLC-mediated 

increase was less than that following protease treatment. This observation 

suggests either that PI-PLC treatment was less effective in removing all GPI- 

anchored proteins, or the involvement of multiple proteins that limit IgG 

complex binding to CD32 in myeloid cells.

Although all these results clearly suggest that in myeloid cells, CD32 ligand 

binding activity is suppressed, the significance of the suppressed CD32 ligand
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binding activity in the function of myeloid cells is unknown. Since cells of 

myeloid origin are the first cell type to encounter IgG complexes during an 

inflammatory response, it seems reasonable that such regulatory mechanisms 

have evolved to restrict IgG complex binding, preventing inappropriate cell 

activation by low levels of IgG complexes. This assumption was further 

strengthened when we compared IgG complex-mediated reactive oxygen 

species production in control and protease-treated neutrophils. We clearly 

demonstrated that proteases lowered the threshold for IgG complex-mediated 

superoxide production and release. These findings suggest that in the absence 

of proteases, in which CD32 exhibits suppressed ligand binding activity, IgG 

complex binding is predominantly mediated via CD16 that lacks functional 

signalling domains and thus, has lower capacity for cell activation than CD32.

In this way, inappropriate or uncontrolled neutrophil activation is prevented at 

low IgG concentrations, highlighting the significant immunoregulatory and 

homeostatic role of the mechanisms that limit IgG complex binding in myeloid 

cells. However, the precise identification and characterisation of these 

mechanisms would provide novel insights into the regulation of IgG complex 

binding to CD32, a process with significant impact on a number of neutrophil 

functional responses.
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6. R o le  o f  Lipid R a ft s  in Ig G  B in d in g  t o  CD32

6.1. Lipid Rafts

6.1.1. Lipid Rafts: Properties and Characteristics

The plasma membrane is comprised of distinct domains with characteristic 

physical and chemical properties that are implicated in a range of cellular and 

physiological functions. Lipid rafts are a major component of the plasma 

domains and participate in a number of cellular processes, including protein 

trafficking to and from the cell membrane as well as receptor-mediated 

protein signalling (Mukherjee and Maxfield, 2004; Simons and Ikonen, 1997). 

Lipid rafts were originally described as the lipid structures that mediate 

protein transport from the Golgi to the apical membrane in polarised epithelial 

cells (Brown and London, 1998; Brown and Rose, 1992; Scheiffele etal., 1997). 

One of the main characteristics of lipid rafts firstly identified was their relative 

resistance to solubilisation by non-ionic detergents, like Triton X-100 under 

standard cell lysis conditions (Hooper, 1999; Melkonian etal., 1999). Although 

there is ever-increasing evidence on the role of lipid rafts in a number of 

cellular processes, there is still much debate on their precise nature and 

composition.

One of the main reasons why it is so difficult to analyse the composition of the 

lipid rafts or even to prove their existence in living cells is their relatively small 

size. Indeed, under resting conditions, lipid raft domains have been estimated
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to be as small as 50 nm in size and therefore, impossible to be resolved by 

conventional light microscopy (Harder et ah, 1998; Janes e ta l ,  1999). Despite 

their small size, advances in the field of membrane and lipid biology have 

enabled the development of a number of different strategies that allow the 

visualisation and analysis of lipid rafts using relatively straightforward cell 

biology techniques. Such techniques were mainly based on the chemical 

composition and physical properties of lipid rafts as well as their ability to 

exclude or include certain types of membrane proteins (Harder et al, 1998).

Studies on the dynamics of lipid rafts have provided useful insights on the 

development of molecular tools for lipid raft visualisation. The property of 

clustering raft components following crosslinking with antibody or lectins 

leads to the formation of large patches within the membrane, usually of 

micrometer scale, that are visible using conventional immunofluorescence 

microscopy (Harder etal., 1998) (Figure 6.1). Although the precise 

mechanisms of the clustering of small lipid rafts that then form visible patches 

are still unclear, there is evidence that this process is non-random and possibly 

arises from the observation that when any two proteins are crosslinked, their 

affinity for lipid rafts is increased as their residency time in rafts is higher 

compared to that of two monomeric, non-crosslinked proteins.

One of the earliest attempts to analyse the composition of lipid rafts suggested 

that such domains are enriched in cholesterol, sphingolipids and 

phospholipids with saturated fatty acids (Hooper, 1999; Melkonian et al.,

1999; Pralle etal., 2000). Additional evidence on the chemical composition of
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lipid rafts came from the use of pharmacological agents that allow the 

manipulation of lipid raft constituents. For example, sequestration or 

depletion of membrane cholesterol by agents such as filipin, nystatin and 

methyl-p-cyclodextrin results in the perturbation of lipid raft structure, 

leading consequently to diminished interaction between raft-associated 

proteins with lipid rafts.

In addition, a useful tool for the extraction and analysis of raft-associated 

proteins came from one of the earliest observations on the nature of lipid rafts, 

which have been previously shown to resist solubilisation by non-ionic 

detergents (hence the term detergent-resistant membranes - DRM) (Brown 

and Rose, 1992; Waugh etal., 1999 )[Figure 6.2). Based on these properties, 

detergent-resistant membrane fractions can be separated from other cell 

membrane constituents by centrifugation in density gradient medium 

(sucrose or OptiPrep™). This technique represents one of the most robust 

strategies for the assessment of protein-association with lipid rafts, despite a 

number of limitations. For instance, weak or transient association of 

membrane proteins with lipid rafts cannot readily be detected using DRM 

fractionation analysis. The same applies in the case of membrane proteins that 

are associated with small-scale rafts and therefore, do not resist detergent 

solubilisation. Other determinants that could potentially influence the DRM 

analysis, might involve interactions of non-raft associated proteins with raft- 

associated ones as well as with cytoskeletal proteins, which could influence 

the distribution of membrane proteins within DRM fractions.

156



Based on the distinct lipid composition of rafts, membrane-associated proteins 

can be classified in terms of their affinity for lipid rafts. Indeed, it has long 

been established that proteins with increased affinity for lipid rafts involve 

cholesterol-linked proteins e.g. Hedgehog, GPl-anchored proteins e.g. CD16, 

CD55 and doubly-acylated membrane-associated proteins e.g. Syk family 

kinases, the a  subunit of heterotrimeric G proteins and others (Harder et al., 

1998; Porter et al., 1996; Rietveld et al., 1999; Young et al., 2003). Apart from 

these proteins, a number of transmembrane proteins have also been shown to 

associate with lipid rafts. Although the precise determinants that augment the 

affinity of membrane proteins for lipid rafts are still unclear, a number of 

mutational analyses have demonstrated that interactions of the side-chains of 

amino acids present in their transmembrane regions with raft-associated 

lipids play a major role in the affinity of a transmembrane protein for lipid 

rafts (Scheiffele e ta l ,  1997). Similarly, palmitoylation, which involves the 

addition of a palmitic acid residue usually within the membrane proximal, 

intracellular domain of transmembrane proteins, has also been shown to 

increase the affinity for lipid rafts (Linder and Deschenes, 2007; Resh, 1999; 

Webb et al., 2000). However, it is likely that multiple factors will contribute to 

determination of the overall affinity of membrane proteins for lipid rafts.
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A

Figure 6.1.: Separation and visualisation of membrane proteins by clustering of 

membrane components

(A) Lipid raft microdomains and lipid raft-associated proteins are organised in 

small scale structures dispersed in the plasma membrane. (B) Cross-linking of 

raft-associated and non-raft-associated proteins leads to larger and more 

stable membrane domains. For example, if two or more membrane proteins 

with high affinity for lipid rafts become cross-linked, they will co-patch and 

become tightly associated into the raft fraction of the membrane (Harder et al.,

1998).
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B

Figure 6.2.: Lipid raft isolation using cold non-ionic detergent extraction

(A) Prior to cell lysis, plasma membrane is intact and membrane proteins are 

organised in raft and non-raft domains. (B-C) Addition of non-ionic detergents, 

such as Triton X-100, results in the solubilisation of the non-raft fractions. In 

contrast, lipid raft microdomain structure and protein-lipid interactions are 

maintained. Due to their lower density, lipid rafts could be isolated by 

centrifugation in density gradient media.
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There is increasing evidence for a role of lipid rafts in the regulation of cell 

signalling processes, particularly for membrane-associated proteins. Seminal 

work on the high affinity receptor for IgE, FcsRI, in mast cells highlighted the 

significance of lipid raft structures in receptor signalling and in downstream 

receptor functions (Baird et al., 1999; Field et al., 1995; Holowka et al., 2005], 

In particular, under resting conditions, FcsRI exists as monomer and binds 

with high affinity to IgE. Binding of a multivalent antigen to the receptor- 

bound IgE leads to the crosslinking and aggregation of two or more Fee 

receptor molecules; a process that is critically important for the initiation of a 

number of signalling cascades. Following crosslinking, receptors translocate to 

lipid raft domains and become organised in high-ordered lipid raft structures. 

This phenomenon was evident from the observation that in resting state, FceRI 

was soluble in Triton X-100 detergent; however, following antigen binding and 

receptor crosslinking, a large fraction of surface FceRI became translocated to 

detergent-resistant (DRM) fractions. Additional evidence for the involvement 

of lipid rafts in FcsRI signalling was also provided from the observation that 

when membrane cholesterol was depleted using methyl-p-cyclodextrin, 

diminished Fee receptor signalling was observed (Sheets et al., 1999a], 

Association of crosslinked FceRI molecules with lipid rafts provides immediate 

access of the ITAM-motifs present in the P and y chains of the receptor to 

signalling proteins, such as the doubly-acylated tyrosine kinase of the Src 

family, Lyn, as well as Syk kinases that are organised in lipid raft-associated 

signalling platforms (Holowka et al., 2000; Sheets et al., 1999a; Sheets et ai,

6.1.2. Role o f Lipid Rafts in Receptor Function
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1999b; Young et al., 2003). In addition, a number of downstream signalling 

components, including ZAP-70 and PLCy, which are constitutively present in 

lipid rafts, become activated mainly due to their physical proximity with the 

phosphorylated ITAM domains (Gidwani et al., 2003; Young et al., 2003). 

Association of FceRI receptor with lipid raft also results in the exclusion of 

phosphatases that interfere with the activity of tyrosine kinases, inhibiting 

receptor signalling (Young et al., 2003). A number of phosphatases, such as 

CD45 have been previously shown to display very low affinity for lipid rafts, 

being constitutively present in the non-raft fractions of the membrane (Janes 

etal., 1999; Janes e ta l ,  2000).

Apart from FceRI, association of a number of immunoreceptors with lipid rafts 

is necessary for receptor signalling and functional responses following ligand 

binding (Table 6.1). Such receptors include the T cell receptor, for which the 

prototypic synapse formation process was firstly described, as well as other 

antigen receptors like B cell receptor and FcyRI, FcyRII, and FcyRIlI (Barabé et 

al., 2002; Barnes et al., 2006; Beekman et al., 2008; Cheng et al., 2001; García- 

García et al., 2007; Janes et al., 2000; Katsumata et al., 2001; Kono et al., 2002; 

Xavier et al., 1998; Zhou et al., 1995). In addition, other immunoreceptors 

reported to be associated with lipid rafts include adhesion molecules, like P- 

selectin glycoprotein ligand-1 (PSGL-1), E-selectin, LFA-1 (CDlla/CD18), 

along with a number of chemokine and cytokine receptors, including CXCR4 

and IL-2 receptor (Abbal et al., 2006; Cambi et al., 2006; Marmor and Julius, 

2001; Marwali etal., 2003; Setiadi and McEver, 2008; Setiadi etal., 1998;
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Wysoczynski etal., 2005). Furthermore, association of key signalling proteins 

such as Ras, Kit, Syk and Lyn kinases with lipid rafts is necessary for their full 

activity (Jahn etal., 2007; Niv etal., 2002; Sheets etal., 1999b; Young etal., 

2003). In summary, although several aspects of lipid raft biology still remain a 

matter of intense debate, it is clear that the control of the activity and function 

of a number of membrane-associated or signalling proteins depend on their 

association with lipid rafts. Thus, lipid rafts have a substantial role in the 

control of key cellular processes. In particular, lipid rafts are likely to have a 

major impact on several important effector functions of inflammatory cells, 

including neutrophils and monocytes.
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Table 6.1.: Lipid Raft-Regulated Membrane-Associated Receptors

Type Protein References
Antigen Receptors TCR (Xavier et at., 1998)

BCR (Cheng et at., 2001)
Fc Receptors FcsRI (Sheets et at., 1999a)

FcyRI (Beekman et at., 2008)
FcyRII (Floto et at., 2005; García-García et at., 2007)
FcyRI 11 (Kono et at., 2002; Zhou et at., 1995)

Adhesion Molecules PSGL-1 (Abbal et at., 2006)
LFA-1 (Cambi et at., 2006; Marwali et at., 2003)
E-selectin (Setiadi and McEver, 2008)

Cytokine/Chemokine CXCR4 (Wysoczynski et at., 2005)
Receptors IL-2R (Marmor and Julius, 2001)
Signalling Proteins H-Ras (Niv et at., 2002; Roy et at., 1999)

Syk (Abbal et at., 2006; Sheets et at., 1999a)
Lyn (Young et at., 2003)
Kit (Jahn et at., 2007)

Other Hedgehog (Porter et at., 1996; Rietveld et at., 1999)
EGF Receptor (Couet et at., 1997; Waugh et at., 1999)
Insulin Receptor (Mastick et at., 1995)
Ephrin B1 Receptor (Bruckner et al., 1999)
Neurotrophin (Bilderback et al., 1999)
eNOS (Garcia-Cardena et al., 1996; Shaul et al., 

1996)
GDNF (Poteryaev et al., 1999; Tansey et al., 2000; 

Trupp et al., 1999)
Abbreviations: TCR: T-cell receptor; BCR: B-cell receptor; PSGL-1: P-selectin 
glycoprotein ligand-1; NOS: nitric oxide synthase; GDNF: Glial cell-derived 
neurotrophic factor.
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6.2. Introduction

Association of a number of immunoreceptors with lipid rafts is necessary for 

receptor signalling and functional responses upon ligand binding. Such 

immunoreceptors include antigen receptors, such as the B cell receptor and 

the T cell receptor, adhesion molecules, as well as chemokine and cytokine 

receptors (Abbal et al., 2006; Cambi et al., 2006; Cheng et al., 2001; Marmor 

and Julius, 2001; Marwali et al., 2003; Setiadi et al., 1998; Sheets et al., 1999a; 

Wysoczynski et al., 2005; Xavier et al., 1998). In addition, it has been 

previously demonstrated that CD32a-lipid raft interactions are essential for 

efficient signalling events initiated following receptor cross-linking 

(Katsumata e ta l ,  2001; Kwiatkowska and Sobota, 2001). Mutations in key 

residues within the transmembrane region of CD32a that alter its association 

with lipid rafts have been reported to have a negative impact on its ability to 

transduce intracellular signals (García-García etal., 2007). Indeed, interactions 

of the ITAM domain of CD32 molecules with kinases of the Src and Syk family 

that preferentially reside within lipid raft microdomains lead to their 

phosphorylation and subsequently to downstream effector functions, 

including actin cytoskeletal rearrangements, initiation of respiratory burst, 

calcium mobilisation, receptor endocytosis and degradation (Barabé etal., 

2002; Kwiatkowska etal., 2003; Rollet-Labelle etal., 2004; Sobota etal., 2005).

Failure to control Fey receptor engagement would lead to the excessive release 

of neutrophil-derived cytotoxic compounds, including myeloperoxidase, 

hydrogen peroxide (H2O2), elastase, and matrix metalloproteinases that have
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destructive impact on host tissue (Klebanoff, 2005; Nathan, 2003; Nathan et 

al., 1979a; Nathan et al., 1979b). Indeed, inappropriate neutrophil activation is 

associated with several chronic inflammatory conditions, including vasculitis, 

rheumatoid arthritis, and glomerulonephritis, that are linked to elevated levels 

of IgG complexes (Qasim etal., 1996; Weiss, 1989; Wipke and Allen, 2001). 

Thus, it is likely that regulatory homeostatic mechanisms exist to restrict IgG 

binding to neutrophils. As we have presented in Section 5.2.1, for many 

myeloid cell types, including neutrophils, eosinophils, and monocytes, there is 

evidence that ligand binding to CD32 is suppressed, as evidenced by its poor 

interaction with IgG complexes. However, the molecular mechanisms that 

account for this observed suppression still remain to be unravelled.

We have therefore aimed to determine the molecular mechanisms that 

regulate IgG complex binding to CD32 and in particular, the role of lipid rafts in 

this process. For this reason, we hypothesised that the exclusion of CD32a 

from lipid raft microdomains might act as a regulatory mechanism that 

accounts for the observed suppression of CD32-mediated IgG binding to 

neutrophils. In this study, we have assessed the role of lipid rafts on IgG 

complex binding using chemical agents that alter lipid raft composition and 

structure. We have also examined the effect of specific mutations in the 

transmembrane and juxtamembrane regions of CD32 that displayed decreased 

association with lipid rafts on IgG complex binding. Furthermore, we 

generated a GPI-anchored CD32, which constitutively associated with lipid 

rafts and exhibited increased IgG complex binding, and more specifically that
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suppression of CD32-mediated IgG binding in myeloid cells is achieved by 

receptor exclusion from membrane domains.

6.3. Results

6.3.1. Disruption of lipid rafts reduces CD32-mediated IgG complex binding

Association of CD32 with lipid rafts has been suggested to be required for the 

initiation of signal transduction events in response to receptor crosslinking. 

Whether lipid rafts have a role in the regulation of IgG complex binding to 

CD32 is not clear. Cholesterol can be depleted from cell membranes by methyl- 

P-cyclodextrin (MpCD) a cyclic oligosaccharide that incorporates cellular 

cholesterol to its central cavity (Acarturk etal., 1993). As cholesterol plays a 

central role in the structure and integrity of lipid rafts, its depletion by MpCD 

readily leads to the disruption of lipid raft microdomains. We therefore 

measured IgG complex binding to CD32-expressing CHO cells, following 

treatment with 10 mM MpCD (15 min, 37°C) (Figure 6.3). Following treatment 

of CD32-expressing CHO cells with MpCD, IgG complex binding (either BxB or 

hHAIgG) to CD32 was greatly reduced. This effect was not accompanied by any 

changes in receptor expression, as both control and MpCD-treated cells 

displayed comparable levels of surface CD32 (Figure 6.4). In addition, in order 

to determine the specificity of the CD32-IgG interaction, function-blocking 

antibodies (AT-10 F(ab’) 2; 10 pg ml-1) against CD32 were used, which 

completely inhibited IgG binding (Figure 6.3).
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In stark contrast to MpCD, when cells were treated with a-cyclodextrin (a-CD; 

10 mM, 37°C, 15 min), the inactive analogue of MpCD, no change in CD32- 

mediated IgG complex binding was observed (Figure 6.5). Further evidence of 

a requirement for intact lipid rafts for IgG complex binding to CD32 was 

obtained from experiments using nystatin. Nystatin is a mycostatic, 

pharmacological agent that binds to cellular cholesterol with high affinity, 

thereby altering lipid organisation of the plasma membrane. Like MpCD, 

treatment of CD32-expressing CHO cells with nystatin (30 pg ml'1) for 15 min 

at 37°C resulted in a significant reduction in IgG complex binding to CD32 

(Figure 6.5). In addition, cholesterol repletion (10 mM cholesterol-MpCD, 30 

min, 37°C) in MpCD-treated CHO cells abrogated any effects on IgG complex 

binding observed following MpCD treatment, suggesting a critical role for 

cholesterol and lipid rafts in IgG complex binding to CD32 (Figure 6.6).

In order to further define the role of intact membrane lipid raft domains in the 

process of IgG complex binding to CD32, lipid raft structure was specifically 

disrupted using short-chain ceramides (C2-ceramide (C2) and C6-ceramide 

(C6)) (Gidwani e ta l ,  2003; Lang etal., 2004). Reduced levels of IgG complex 

binding to CD32 were also observed following treatment of CD32-transfected 

CHO cells with C2-ceramide (100 pM) and C6-ceramide (50 pM) for 60 min at 

37°C (Figure 6.7). In contrast, treatment of cells with the inactive, membrane 

impermeable form of C2-ceramide, C2-dihydroceramide (C2-dh; 100 pM, 60 

min, 37°C) had no impact on IgG binding to CD32 (Figure 6.7). It should be 

noted that disruption of lipid rafts by any of the above-mentioned chemical

167



agents had no effect on CD32 expression and none of the treatments had any 

impact on cell viability (>95% cell viability, as assessed by Trypan blue 

exclusion and/or flow cytometric analysis using propidium iodide) (data not 

shown). In summary, these results clearly indicate that intact lipid raft 

microdomains are required for efficient IgG complex binding to CD32.

Since disruption of lipid rafts resulted in decreased IgG complex binding to 

cells that display constitutive IgG complex binding (CD32-transfected CHO 

cells), we next investigated whether there was a requirement for intact lipid 

rafts for CD32-mediated IgG complex binding in myeloid cells that display 

suppressed IgG complex binding. We measured CD32-mediated IgG complex 

binding to neutrophils that have been treated with M(3CD (10 mM, 15 min, 

37°C) (Figure 6.8). Disruption of membrane lipid rafts by MpCD resulted in a 

substantial decrease in the binding of IgG complexes to CD32, supporting a 

role for lipid rafts in cells that display suppressed CD32 ligand binding activity.

We have previously shown that in neutrophils, as well as in other myeloid 

cells, IgG complex binding to CD32 can be augmented following treatment 

with serine proteases (Section 5.2.3). We have therefore investigated whether 

elastase-mediated augmentation of IgG binding to neutrophils was also 

dependent upon the presence of intact lipid raft microdomains. As shown in 

Figure 6.9, IgG complex binding was also found to be markedly reduced 

following treatment of neutrophils with MpCD (10 mM, 15 min, 37°C) in 

elastase-treated neutrophils (human neutrophil elastase (HNE), 4 pg ml'1, 20 

min, 37°C). Similarly, treatment of cells with nystatin also displayed a similar
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reduction in IgG binding to that observed with M^CD. In contrast, no change in 

CD32-mediated IgG complex binding was observed following cholesterol 

repletion in M(3CD-treated cells (10 mM cholesterol-MpCD, 30 min, 37°C) or 

upon treatment with a-CD (Figure 6.10). Importantly, none of these treatments 

had any effect on the levels of neutrophil expression of CD32 (Figure 6.9, data 

not shown).

Taken together, these data demonstrate that lipid rafts are essential for CD32- 

mediated IgG complex binding. In addition, IgG complex binding to CD32 on 

neutrophils and elastase-mediated augmentation of CD32 ligand binding 

activity also required lipid raft integrity.
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Figure 6.3.: Effect of methyl-(3-cyclodextrin on CD32-mediated IgG complex 

binding

IgG complex binding (hHAIgG -  A; BxB, mlgGl -  C) to MpCD-treated CD32- 

transfected CHO cells (M(3CD; 15 min at 37°C) was measured by flow 

cytometry, as described in Section 11.10.2 over a range of IgG concentration. 

(B-D) CD32 specificity in IgG complex binding was assessed by pre-incubating
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CD32-CHO cells with anti-CD32 function blocking antibodies (AT-10 F(ab']2, 10 

Hg mb1] prior to the addition of IgG complexes [hHAIgG -  B; BxB -  D). Results 

are presented as the mean of at least three independent experiments. Error 

bars indicate SD. **p<0.01; *p<0.05 compared to untreated (control] cells. (E] 

Representative flow cytometry histogram overlay of IgG complex binding 

(hHAIgG, 10 pg m l1] to CD32-transfected CHO cells treated with (grey filled] 

or without (unfilled] 10 mM M(3CD (15 min, 37°C). Cells not incubated with 

IgG complexes were included as control to determine background fluorescence 

(unfilled, light grey histogram].
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Figure 6.4.: CD32 expression of MpCD-treated CD32-transfected CHO cells

CD32 expression in CD32-transfected CHO cells treated with 10 mM MpCD (10 

mM, 37°C] was assessed by flow cytometry (A- graphical representation; B- 

representative flow cytometry histogram overlay]. Results are presented as 

the mean of three independent experiments. Error bars indicate SD. NS: non

significant compared to untreated (control] cells.
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Figure 6.5.: Effect of lipid raft disruption on IgG complex binding to CD32- 

transfected CHO cells

IgG complex binding (A -  hHAIgG, 10 gg ml'^(B -  BxB, 10 gg ml'1) to CD32- 

transfected CHO cells treated with methyl-(3-cyclodextrin (MpCD; 10 mM), 

nystatin (30 pg ml'1) or a-cyclodextrin (a-CD; 10 mM) for 15 min (37°C) was 

measured by flow cytometry as described in Section 11.10.2. Results are 

presented as the mean of at least three independent experiments. Error bars 

indicate SD. **p<0.01; *p<0.05; NS: non-significant compared to untreated 

(control) cells. (C) Expression of CD32 following treatment of CD32- 

transfected CHO cells with MpCD (10 mM), nystatin (30 pg ml'1) or a-CD (10
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mM). Results represent the mean (± SD) of three independent experiments. 

NS: non-significant compared to untreated (control) cells.

A
250-1 NS

Control M|3CD M|3CD+CHL

B

Control MfSCD MpCD+CHL

Figure 6.6.: CD32-mediated IgG complex binding to MfiCD-treated CHO cells 

following repletion of membrane cholesterol

Measurement of IgG complex (A -  hHAIgG, 10 pg ml'1; B -  BxB, 10 pg ml"1) 

binding to M(3CD-treated CD32-transfected CHO cells that were incubated with 

10 mM cholesterol-MpCD (CHL; 30 min, 37°C). Results are presented as the 

mean (± SD) of three independent experiments. **p<0.01; NS: non-significant 

compared to control (untreated) cells.
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Figure 6.7.: Effect of short-chain ce ram id es on IgG complex binding to CD32- 

transfected CHO cells

CD32-transfected CHO cells were treated with short chain ceramides (C2- 

ceramide, C 2 ,100 pM; C6-ceramide, C6, 50 pM; 60 min, 37°C). IgG complex 

binding (hHAIgG -  B; BxB -  C; 10 pg ml'1) and CD32 expression was measured 

by flow cytometry as described in Section 11.10.2. C2-dihydroceramide (C2-dh, 

100 pM) was included as the inactive analogue of C2. (A) Representative flow 

cytometry histogram overlay of IgG complex binding (hHAIgG, 10 pg m l1) to 

CD32-transfected CHO cells treated with (grey filled) or without (unfilled, bold 

line) 100 pM C2-ceramide (37°C, 60 min). Cells not incubated with IgG 

complexes (unfilled, grey line) were included to determine background
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fluorescence. (B-C) IgG complex binding (hHAIgG -  B; BxB -  C; 10 pg ml'1] in 

ceramide-treated CHO cells. Results are presented as the mean of three 

independent experiments. Error bars indicate SD. **p<0.01; NS: non

significant compared to untreated (control] cells. (D] CD32 expression levels 

in CHO cells treated with short-chain ceramides (as described above]. Results 

represent the mean (± SD] of three independent experiments. NS: non

significant compared to untreated (control] cells.

100-1

o n ]  N S80H —r -  _

jjL 60
CUD

CO ___
c) 201 H  H  Control

Control M(3CD Nystatin aC D

B

100-| , _
I I CD32 Block

.22 75-

M 50-

3  2 5 - w arn
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Figure 6.8.: Neutrophil IgG complex binding following disruption o f lipid rafts

IgG complex binding (A -  hHAIgG, 30 pg ml_1](B -  BxB, 10 pg ml'1] to 

neutrophils treated with methyl-(3-cyclodextrin (M(3CD; 10 mM], nystatin (30 

pg ml-1] or a-cyclodextrin (a-CD; 10 mM] for 15 min (37°C] was measured by
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flow cytometry as described in Section 11.10.2. Results are presented as the 

mean of at least three independent experiments. Error bars indicate SD. 

**p<0.01; *p<0.05; NS: non-significant compared to untreated (control) cells. 

(C) Neutrophil CD32 was blocked using anti-CD32 function-blocking 

antibodies (AT-10 F(ab’) 2; 10 pg ml"1) prior to the addition of IgG complexes 

(hHAlgG, 10 gg ml"1; BxB, 10 gg m l 1) to determine the relative contribution of 

CD32. Results are presented as the mean (± SD) of three independent 

experiments.
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Figure 6.9.: Effect of M/3CD on elastase-mediated augmentation of IgG complex 

binding to neutrophil CD32

(A) Binding of IgG complexes (BxB, mlgGl, 10 gg ml'1; hHAIgG, 30 gg ml'1) was 

measured in control and HNE-treated (4 gg m l 1; 20 min, 37°C) neutrophils 

that were firstly incubated with ( □ )  or without ( ■ )  10 mM MpCD (15 min, 

37°C). Results are presented as the mean of four independent experiments. 

Error bars indicate SD. **p<0.01 compared to the corresponding non-MpCD- 

treated group. (B) Representative flow cytometry histogram of IgG complex 

(BxB; 10 gg ml"1) to HNE-treated neutrophils. Control represents cells not 

incubated with IgG complexes. (C-D) CD32 expression of control and HNE- 

treated neutrophils, incubated with ( □ )  or without (■ )  10 mM MpCD (15 min, 

37°C)(C -  graphical representation; D -  representative flow cytometry 

histograms). Results are presented as the mean (± SD) of three independent 

experiments. NS: non-significant compared to non-MpCD-treated cells.
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Figure 6.10.: IgG complex binding to HNE-treated neutrophils following disruption 

of lipid rafts

HNE-treated neutrophils (4 pg ml'1; 20 min, 37°C) were incubated with 

nystatin (30 gg ml'1) or a-cyclodextrin (a-CD; 10 mM) for 15 min (37°C). Cells 

were also treated with M(3CD (10 mM, 15 min, 37°C), followed by cholesterol- 

MpCD (CHL; 30 min, 37°C). IgG complex binding (hHAIgG; 30 pg m l1 -  A or
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BxB; 10 pg ml-1 -  B) and CD32 expression (C) was measured by flow 

cytometry, as described in Section 11.10.2. Results are presented as the mean 

of at least three independent experiments. Error bars indicate SD. **p<0.01; 

*p<0.05; NS: non-significant compared to untreated (control] cells.
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6.3.2. IgG complex binding to CD32 induces receptor translocation to lipid rafts

Although the precise characterisation of membrane lipid rafts is a topic of 

great debate, it is widely accepted that at least part of these domains display 

insolubility following cold non-ionic detergent extraction due to their 

cholesterol-enriched, low density lipid environment (Simons and Toomre, 

2000). For this reason, a well validated, commonly used technique for the 

isolation of lipid rafts was employed in this study. Detergent-insoluble regions 

termed as detergent resistant membranes (DRM) were fractionated by 

ultracentrifugation with density gradient media. Using this technique, DRM 

fractions were extracted from CD32-expressing CHO cells to analyse the 

association of CD32 with lipid raft domains in the absence or presence of IgG 

complex binding to the receptor. As it is evident in Figure 6.11, in the absence 

of immune complex binding, CD32 is predominantly distributed within the 

detergent soluble membrane fractions that are characterised by the absence of 

caveolin-I, a marker protein of lipid raft domains. Under these conditions, only 

a small percentage of CD32 was found to be detergent insoluble. However, 

following crosslinking of CD32 with IgG complexes (10 gg ml'1; hHAIgG), we 

observed redistribution of the majority of membrane CD32 to the caveolin- 

rich DRM fractions of the cell membrane (Figure 6.11). In summary, these 

results suggest that efficient IgG binding is associated with CD32 translocation 

to lipid rafts.
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Figure 6.11.: Association of CD32 with lipid rafts following binding of IgG 

complexes

(A) Following incubation of CD32-transfected CHO cells with (+IgG) or without 

(-IgG) IgG complexes (hHAIgG; 10 gg ml-1), detergent-resistant membrane 

(DRM) regions were extracted from cell lysates by fractionation using 

discontinuous OptiPrep™ gradient, as described in Section 11.22.1. CD32 

distribution was assessed by Western blot analysis of the obtained fractions. 

The constitutively lipid raft associated protein caveolin-I was used to define
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lipid raft fractions. [B] Quantification of the percentage of CD32 present in 

each fraction was performed using ImageJ software.
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6.3.3. Exclusion of CD32 from lipid rafts results in decreased IgG complex binding

In order to further examine the role of lipid rafts in the regulation of IgG 

complex binding to CD32, we investigated the effect of specific exclusion of 

CD32 from lipid rafts on receptor IgG binding. The transmembrane domain of 

membrane proteins is a key determinant that regulates the affinity for lipid 

rafts. More specifically, interactions of the highly-hydrophobic side chains of 

transmembrane amino acids with the lipid species found in a lipid raft domain 

are essential for augmenting the affinity of a membrane protein for lipid rafts.

A mutation (A224S) within the transmembrane domain of CD32 has been 

previously shown to display impaired association of the receptor with lipid 

rafts, possibly due to alterations in the interaction of the CD32 transmembrane 

domain with lipid rafts (García-García et al, 2007). We have therefore 

generated the CD32S224 receptor, assessed its association with lipid rafts, and 

more importantly measured IgG complex binding (Figure 6.12).

The A224S mutation was incorporated to the wild-type CD32 sequence by 

site-directed mutagenesis using specifically designed mutagenic primers, as 

described in Section 11.19.1. Then, the mutated CD32 sequence was stably 

transfected to CHO cells. Using fluorescence-activated cell sorting, a CHO cell 

population was selected in which CD32S224 expression was similar to control, 

wild type CD32-transfected cells (Figure 6.12 C-D).

The association of CD32S224 with lipid rafts was determined by both confocal 

immunofluorescence microscopy and DRM fractionation and compared with
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that of the wild type receptor. As it is evident in Figure 6.13, confocal 

immunofluorescence microscopy analysis revealed that compared with the 

wild type receptor, the A224S mutant displayed decreased co-localisation with 

a characteristic, well-established marker for lipid raft microdomains, the 

ganglioside GM1. Furthermore, based on DRM fractionation analysis, unlike 

wild type CD32, CD32S224 failed to translocate to the detergent insoluble 

fractions following crosslinking with IgG complexes (hHAIgG; 10 pg ml"1) 

[Figure 6.14).

Having established that the CD32S224 displayed reduced association with lipid 

rafts compared to the wild type receptor, we then assessed receptor function. 

IgG complex binding (both hHAIgG and BxB complexes) was significantly 

reduced in the CD32S224 expressing CHO cells compared to wild type CD32- 

expressing CHO cells over a range of IgG concentration, despite expressing 

CD32 at comparable levels [Figure 6.15). More importantly, in contrast to 

marked inhibition of wild type CD32, treatment with MpCD (10 mM, 15 min 

37°C), had minimal impact on IgG complex binding to the CD32S224 indicating 

that the observed reduction in IgG binding to CD32S224 could be attributed to 

the exclusion of this mutant receptor from lipid rafts.

Association with lipid rafts is a key determinant for the initiation of signalling 

cascades following receptor engagement. We assessed and compared ITAM 

phosphorylation of wild type and CD32S224. As it is evident from Figure 6.16, 

reduced levels of phosphorylated CD32 were observed following IgG complex 

binding (hHAIgG; 10 pg m l1) compared with the wild type receptor, clearly
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indicating that exclusion of CD32 from lipid rafts potentially impacts on 

downstream signalling events.

Collectively, exclusion of CD32 from lipid rafts achieved by specific alterations 

in its transmembrane domain resulted in decreased levels of IgG complex 

binding, suggesting that CD32-lipid raft interactions are necessary for receptor 

ligand binding activity.
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Figure 6.12.: Generation of the CD32 A224S mutant

(A) Protein and DNA sequence of CD32 wild-type [WT) and A224S mutant 

from a region within the transmembrane domain of CD32. (B) DNA sequencing 

chromatogram showing the A224S mutation introduced by site-directed 

mutagenesis, as described in Section 11.19. (C) Expression of wild type [WT) 

and A224S CD32 in stably transfected CHO cells. Results are presented as the 

mean [± SD) of three independent experiments. NS: non-significant compared 

to wild type CD32. [D) Representative flow cytometry histogram of CD32 

expression in wild type [WT) and A224S CD32-expressing CHO cells. Isotype 

represents isotype-matched control.
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Figure 6.13.: Association of CD32 A224S mutant with lipid rafts -  confocal- 

immunofluorescence analysis

(A) Representative confocal immunofluorescence photomicrographs of CHO 

cells expressing CD32 (wild type (WT) or A224S). Cells were immunolabelled 

for CD32 and ganglioside GM1, a characteristic, well-established marker for 

lipid raft microdomains and visualised, as described in Section 11.22.2. Scale 

bar: 10 pm (B) Quantification of co-localisation of CD32 with GM1 to 

determine receptor association with lipid rafts. Co-localisation was calculated 

as described in Section 11.22.2. **p<0.05.
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Figure 6.14.: Association of CD32 A224S mutant with lipid rafts -  DRM isolation 

and analysis

(A) DRM extraction and analysis of CD32 distribution in wild type (WT) and 

A224S CD32-expressing CHO cells was performed using cold detergent 

extraction followed by ultracentrifugation in density gradient media, as 

described in Section 11.22.1 to determine receptor localisation following IgG
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complex binding (hHAIgG; 10 gg ml"1). Caveolin-1 was used as a marker for 

DRM fractions. (B) Quantification of the percentage of CD32 present in each 

fraction was performed using ImageJ software.
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Figure 6.15.: IgG complex binding to CD32 A224S-transfected CHO cells

(A) Measurement of IgG complex (hHAIgG) binding in wild type (WT) and 

A224S CD32-transfected CHO cells that were treated with or without 10 mM
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MpCD (15 min, 37°C). Results are presented as the mean of four independent 

experiments. Error bars indicate SD. *p<0.05; **p<0.01. (B) IgG complex 

binding (BxB, mlgGl) to CHO cells stably transfected with wild type (WT) or 

A224S CD32 was assessed by flow cytometry. Results represent the mean (± 

SD) of three independent experiments. *p<0.05 (C) Representative flow 

cytometry histograms of IgG complex binding (hHAlgG; 10 pg ml'1) to wild 

type (WT) or A224S CD32-expressing CHO cells. (D) CD32-mediated IgG 

complex binding was determined in A224S-expressing CHO cells using anti- 

CD32 function blocking antibodies (AT-10 F(ab')2; 10 pg m l1), as described in 

Section 11.10.2. Results are presented as the mean (± SD) of three independent 

experiments.
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Figure 6.16.: IgG-mediated ITAM phosphorylation ofCD32 A224S

(A) Analysis of tyrosine phosphorylation (pY) of wild type (WT) and A224S 

CD32 following stimulation of CHO cells with (+) or without (-) IgG complexes 

(hHAIgG; 10 pg ml'1, 5 min, 37°C). CD32 phosphorylation was analysed as 

described in Section 11.15, and as control, membranes were re-probed for 

CD32. (B) Quantification of gel band intensities of each lane was performed 

using Image] software.
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Palmitoylation is a dynamic, post-translational modification that supports the 

association of membrane proteins with lipid rafts (Linder and Deschenes, 

2007). Analysis of the CD32 protein sequence using palmitoylation site 

prediction software (CSS Palm, v2.0.4 available from http: // 

csspalm.biocuckoo.org/online.php. based on Zhou et al. (2006)) revealed the 

presence of one potential site for palmitoylation. This cysteine residue (C241) 

in the intracellular, juxtamembrane domain of CD32 has been previously 

shown to be essential for CD32 palmitoylation and subsequent association 

with lipid raft microdomains (Barnes et al., 2006). Based on our observation 

that exclusion of CD32S224 from lipid rafts leads to a substantial decrease in IgG 

binding, we next determined whether altered palmitoylation of CD32 had an 

impact on IgG binding.

Firstly, the effect of the broad-range inhibitor of palmitoylation enzymes, 2- 

bromopalmitate (2-BP) on IgG complex binding to wild type CD32-expressing 

CHO cells was assessed. Treatment with 2-BP (50 pM) for 20 h at 37°C resulted 

in a significant decrease in IgG complex binding (both hHAIgG and BxB), over a 

range of IgG concentration, implicating palmitoylation of CD32 in the 

regulation of IgG binding (Figure 6.17). The observed reduction in IgG complex 

binding to CD32 following treatment with 2-BP was not associated with any 

changes in surface expression of CD32, as assessed by flow cytometry.

6.3.4. Palmitoylation of CD32 promotes association with lipid rafts and regulates

IgG complex binding
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Secondly, we mutated (C241A) the palmitoylation residue of CD32 by site- 

directed mutagenesis and stably transfected CHO cells with the palmitoylation 

mutant receptor (CD32A241) (Figure 6.18). We then assessed its association 

with lipid rafts, by confocal immunofluorescence microscopy and by cold 

detergent membrane extraction analysis. Immunolabelling of CD32 and GM1 

ganglioside, a specific marker of lipid rafts, revealed decreased co-localisation 

with GM1 for CD32A241 compared with its wild-type counterpart (Figure 6.19). 

In addition, unlike wild type CD32, the CD32A241 also failed to distribute to the 

detergent resistant domains in the presence of IgG complexes (hHAIgG; 10 pg 

ml'1), consistent with exclusion from lipid rafts following binding of IgG 

complexes (Figure 6.20).

Finally, we measured IgG complex binding in CD32A241-expressing CHO cells. 

Significantly reduced levels of IgG complex binding were observed in 

CD32A241-transfected cells, when compared with wild type, despite expressing 

CD32 at comparable levels (Figure 6.21). In addition, M(3CD treatment (10 mM; 

15 min; 37°C) of CD32A241-expressing CHO cells had minimal effect on IgG 

binding, highlighting the role of CD32 palmitoylation in receptor -  lipid raft 

association. In addition, when we assessed ITAM phosphorylation of CD32A241 

following binding of IgG complexes, we observed reduced levels of tyrosine 

phosphorylation compared with the wild type receptor, further highlighting 

the role of lipid raft -  CD32 association not only in the process of IgG complex 

binding, but also in the initiation of downstream signalling processes (Figure 

6.22). In summary, palmitoylation of CD32 is a key determinant for receptor
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association  with lipid rafts and hence is essential for efficient CD 32-m ediated

IgG com plex binding.
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Figure 6.17.: Effect of palmitoylation inhibitor on CD32-mediated IgG complex 

binding to CHO cells

(A-B) FITC-labelled IgG complex (hHAIgG -  A or BxB; mlgGl -  B) was assessed 

in CD32-transfected CHO cells following treatment with 50 pM 2- 

bromopalmitate (2-BP, 20 h, 37°C), a palmitoylation inhibitor. Results 

represent the mean (± SD) of three independent experiments. **p<0.01; 

*p<0.05. (C) Representative flow cytometry histogram overlay of IgG complex 

(hHAIgG; 100 gg ml'1) binding to CD32-transfected CHO cells treated with
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(grey filled) or without (unfilled, bold line) 50 gM 2-bromopalmitate (20 h, 

37°C). Cells incubated without IgG complexes (unfilled, grey line) were 

included to determine background fluorescence. (D) Representative flow 

cytometry histograms of CD32 expression in CD32-transfected CHO cells 

following treatment with 2-bromopalmitate (2-BP). Isotype represents 

isotype-matched control.
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Figure 6.18.: Generation of the CD32 C241A mutant

(A) Protein and DNA sequence of CD32 wild-type (WT) and C241A mutant 

from a region within the transmembrane domain of CD32. (B) DNA sequencing 

chromatogram showing the C241A mutation introduced by site-directed 

mutagenesis, as described in Section 11.19. (C) Expression of wild type (WT) 

and C241A CD32 in stably transfected CHO cells. Results are presented as the 

mean (± SD) of three independent experiments. NS: non-significant compared 

to wild type CD32. (D) Representative flow cytometry histogram of CD32 

expression in wild type (WT) and C241A CD32-expressing CHO cells. Isotype 

represents isotype-matched control.
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Figure 6.19.: Association of CD32 C241A mutant with lipid rafts -  confocal- 

immunofluorescence analysis

(A) Representative confocal immunofluorescence photomicrographs of CHO 

cells expressing CD32 (wild type (WT) or C241A). Cells were immunolabelled 

for CD32 and ganglioside GMl, a characteristic, well-established marker for 

lipid raft microdomains and visualised, as described in Section 11.22.2. Scale 

bar: 10 gm (B) Quantification of co-localisation of CD32 with GMl to 

determine receptor association with lipid rafts. Co-localisation was calculated 

as described in Section 11.22.2. **p<0.05.
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Figure 6.20.: Association of CD32 C241A mutant with lipid rafts -  DRM isolation 

and analysis

(A) DRM extraction and analysis of CD32 distribution in wild type (WT) and 

C241A CD32-expressing CHO cells was performed using cold detergent 

extraction followed by ultracentrifugation in density gradient media, as 

described in Section 11.22.1 to determine receptor localisation following IgG 

complex binding (hHAIgG; 10 gg ml-1). Caveolin-1 was used as a marker for
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DRM fractions. (B] Quantification of the percentage of CD32 present in each 

fraction was performed using Image} software.
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Figure 6.21.: IgG complex binding to CD32 C241A-transfected CHO cells

(A] Measurement of IgG complex (hHAIgG] binding in wild type (WT] and 

C241A CD32-transfected CHO cells that were treated with or without 10 mM 

MpCD (15 min, 37°C]. Results are presented as the mean of four independent
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experiments. Error bars indicate SD. *p<0.05; **p<0.01. (B] IgG complex 

binding (BxB, mlgGl) to CHO cells stably transfected with wild type (WT] or 

C241A CD32 was assessed by flow cytometry. Results represent the mean (± 

SD] of three independent experiments. *p<0.05 (C] Representative flow 

cytometry histogram overlay of IgG complex binding (hHAIgG; 10 pg m l1] to 

wild type (WT] or C241A CD32-expressing CHO cells. C241A: grey filled; WT: 

unfilled, bold line; Control (not incubated with IgG complexes]: unfilled, grey 

line. (D] CD32-mediated IgG complex binding was determined in C241A- 

expressing CHO cells using anti-CD32 function blocking antibodies (AT-10 F 

(ab']2; 10 gg ml-1], as described in Section 11.10.2. Results are presented as the 

mean (± SD] of three independent experiments.
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Figure 6.22.: IgG-mediated ITAM phosphorylation ofCD32 C241A

(A) Analysis of tyrosine phosphorylation (pY) of wild type (WT) and C241A 

CD32 following stimulation of CHO cells with (+) or without (-) IgG complexes 

(hHAIgG; 10 gg ml'1, 5 min, 37°C). CD32 phosphorylation was analysed as 

described in Section 11.15, and as control, membranes were re-probed for 

CD32. (B) Quantification of gel band intensities of each lane was performed 

using ImageJ software.
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6.3.5. Constitutively lipid raft associated CD32 displays increased IgG complex 

binding

Chemical disruption of lipid raft microdomains leads to decreased IgG complex 

binding to CD32. In addition, specific mutations within the transmembrane 

and juxtamembrane domains of CD32 that alter the association of the receptor 

with detergent insoluble domains have an equivalent effect. Together these 

findings indicate that in CHO cells expressing CD32, receptor translocation to 

lipid rafts is a major process that regulates IgG binding, In contrast to CD32- 

expressing CHO cells, IgG binding is suppressed in cell types of myeloid origin 

[Section 5.2.1). We therefore hypothesised that exclusion of CD32 from lipid 

raft microdomains accounted for the low levels of IgG complex binding 

observed in myeloid cells. This hypothesis could also be strengthened by the 

attenuation of CD32-mediated IgG complex binding to elastase-treated 

neutrophils, following lipid raft disruption using chemical agents. We therefore 

investigated whether constitutive localisation of CD32 in lipid rafts would lead 

to an unsuppressed state in the myeloid environment of K562 cells.

However, since CD32 is expressed by K562 cells, we had initially to knock 

down endogenous CD32 expression in K562 cells using short hairpin RNA 

(shRNA) approach, prior to any manipulation of CD32 affinity for lipid rafts. 

K562 cells were stably transfected with a plasmid vector constitutively 

expressing shRNA targeted against CD32. For the selection of the most potent 

shRNA-expressing plasmid vector, five different vectors, targeting CD32 at 

distinct regions of the CD32 mRNA, were transiently transfected to CD32-
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expressing CHO cells. The relative ability of these vectors to knock-down CD32 

expression was assessed by flow cytometric analysis of surface CD32 

expression 24 h post-transfection (Figure 6.23). One particular clone 

(TRCN029578) consistently displayed the greatest reduction in CD32 

expression and was therefore selected to stably transfect K562 cells. Stable 

transfection of K562 cells with the TRCN029578 shRNA-expressing plasmid 

vector exhibited a >70% reduction in protein CD32 expression (Figure 6.24). 

Reduced expression of CD32 in these cells was also associated with significant 

loss of IgG complex binding (Figure 6.24).

These cells (K562:CD32,0W) were then stably transfected either with the wild 

type CD32 (bearing synonymous, silent mutations in the shRNA-recognising 

sequence (CD32sh78mm], so as to prevent its targeting by shRNA) or with a GPI- 

anchored version of CD32, which like all GPI-anchored proteins was expected 

to be primarily localised to lipid raft membrane domains (Figure 6.25). This 

construct was engineered to comprise the extracellular domains of CD32, 

followed by the GPI modification consensus site of CD55, a well-characterised 

GPI-anchored protein. In particular, the GPI-consensus sequence was cloned to 

the plasmid vector carrying the CD32 ORF -with introduced silent mutations at 

the shRNA site- at a region corresponding to the membrane proximal, 

extracellular domain of CD32. The exact cloning strategy is described in 

Section 11.20. Then, K562:CD32low cells were stably transfected with either the 

wild type CD32 (CD32sh78mm) or CD32/55. Both wild type CD32 and CD32/55 

were expressed at similar levels and the CD32/55 chimaeric protein was

204



found to be processed as GPI-anchored protein, as evidenced by the reduction 

in expression following Pl-PLC treatment (0.1 U m l1; 20 min, 37°C) (Figure 

6.25 C-E).

Having established that the in vitro engineered CD32/55 protein is processed 

as GPI-anchored in K562 cells, we then analysed its association with lipid rafts. 

Analysis of CD32/55 localisation by confocal immunofluorescence microscopy 

revealed significantly higher co-localisation with GM1 compared with the wild 

type CD32, suggestive of constitutive association of CD32/55 with lipid raft 

domains (Figure 6.26).

Similar findings were also evident, when we assessed CD32/55 association 

with lipid rafts by cold detergent extraction and analysis of DRM fractions 

(Figure 6.27). In contrast with the wild type CD32, which was found to be 

excluded from lipid rafts, a large majority of CD32/55 was constitutively 

present in insoluble membrane fractions, characterised by the presence of 

flotillin-1, a well-established marker for lipid raft domains.

Based on these findings, we next investigated IgG binding to CD32/55 and to 

the wild type counterpart. CD32/55 displayed markedly higher levels of IgG 

complex binding (both hHAIgG and BxB) than wild type CD32 (Figure 6.28). In 

addition, a great proportion of the IgG binding was inhibited following 

treatment with MpCD (10 mM; 37°C, 15 min), suggesting that intact lipid rafts 

were necessary for the observed high levels of binding. In summary, all the 

presented data clearly indicate that in myeloid cells such as K562, CD32 is
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normally excluded from lipid raft microdomains, a process, which could 

account for the suppressed IgG binding observed.
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Figure 6.23. : Selection and validation of the shRNA vector for CD32 expression 

knockdown

(A) CD32-transfected CHO cells (CHO:32) were transiently transfected with 

five shRNA vectors (pLK0.1-TRCN029574-8) targeting CD32, as described in 

Section 11.18. CD32 expression was measured by flow cytometry to assess 

shRNA-mediated knockdown efficiency. Untransfected CHO cells (CH0-K1)
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were included as negative control. Results are presented as the mean (± SD) of 

two independent experiments and gated to include only transfected cells. (B) 

Representative flow cytometry histograms of CD32 expression of CHO:32 cells 

transiently transfected with shRNA vectors against CD32. Isotype represents 

isotype-matched control.

B
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Figure 6.24.: shRNA-mediated CD32 knockdown in K562 cells

[A] Endogenous CD32 expression was knocked down in K562 cells following 

stable transfection with anti-CD32 shRNA-expressing plasmid vectors and 

surface expression was assessed by flow cytometry. Isotype represents 

isotype-matched control. Results are presented as the mean of four 

independent experiments. Error bars indicate SD. (B) Representative flow 

cytometry histograms of CD32 expression in wild type (WT] and shRNA-
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transfected (shRNA) K562 cells. Control indicates isotype-matched control. (C) 

Representative flow cytometry histograms of IgG complex binding (BxB, 

mlgGl; 10 pg ml-1) to wild type or shRNA-transfected K562 cells (shRNA). 

Control indicates cells not incubated with IgG complexes to determine 

background fluorescence.
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Figure 6.25.: Design and generation of GPI-anchored CD32 (CD32/55)

(A) DNA sequencing chromatograph of wild type (WT) and mutated (shRNA 

mm] CD32, which contained silent mutations within the shRNA-recognising 

sequence of the pLKO.l-TRCN029578 shRNA vector. (B) Schematic 

representation of the wild type CD32 (top) and a generated mutant form of 

CD32 (CD32/55; bottom), which included the extracellular, IgG binding 

domains of CD32, followed by the GPI modification consensus sequence of the 

GPI-anchored CD55 that is predicted to be primarily localised within lipid raft 

microdomains. (C) Wild type CD32 (shRNA mm) and CD32/55 chimaeric 

receptor were stably expressed in shRNA-transfected K562 cells (shRNA).

CD32 expression was measured by flow cytometry as described in Section 

11.6. Results are presented as the mean (± SD) of three independent 

experiments. (D) Representative flow cytometry histogram of CD32 expression 

in shRNA-K562 cells that were stably transfected with either the wild type, 

full-length CD32 (with synonymous mutations in the shRNA target region), or 

the CD32/55 chimaeric construct. Isotype indicates isotype-matched control. 

(E) To determine whether CD32/55 is processed as GPI-anchored protein, 

CD32/55-transfected K562 cells were treated with or without PI-PLC (0.1 U 

ml'1; 20 min, 37°C) and CD32 expression was measured by flow cytometry. 

Representative flow cytometry histogram of CD32 expression in control (-PI- 

PLC) and PI-PLC-treated (+PI-PLC) K562 cells expressing CD32/55.
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Figure 6.26.: Association o f CD32/55 chimaeric protein with lipid rafts -  confocal- 

immunofluorescence analysis

(A) Analysis of CD32-GM1 colocalisation in CD32 and CD32/55-expressing 

K562 cells by confocal immunofluorescence microscopy. Cells were prepared 

and analysed as described in Section 11.22.2 and are presented as extended 

focus three-dimensional reconstructed images. Scale bar: 5 pm. (B) 

Quantification of co-localisation of CD32 with GM1 to determine receptor 

association with lipid rafts. Co-localisation was calculated as described in 

Section 11.22.2. **p<0.05.
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Figure 6.27.: Association of CD32/55 receptor with iipid rafts -  DRM isolation and 

analysis

(A] DRM extraction and analysis of CD32 distribution in CD32 (WT) and 

CD32/55-expressing K562 cells was performed using cold detergent 

extraction followed by ultracentrifugation in density gradient media, as 

described in Section 11.22.1 to determine receptor localisation following IgG 

complex binding (hHAIgG; 10 pg mb1). Transferrin receptor (TfR/CD71) and
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flotillin-1 distribution were assessed as markers for raft-excluded or raft- 

associated proteins, respectively. (B) Quantification of the percentage of CD32 

present in each fraction was performed using ImageJ software.
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Figure 6.28.: IgG complex binding to CD32/55-transfected K562 cells

(A) Measurement of IgG complex (hHAIgG] binding to CD32 (WT) and 

CD32/55-transfected K562 cells that were treated with or without 10 mM 

M(3CD (15 min, 37°C). Results are presented as the mean of four independent 

experiments. Error bars indicate SD. *p<0.05; **p<0.01. (B) IgG complex
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binding (BxB, mlgGl) to K562 cells stably transfected with wild type CD32 

(WT) or CD32/55 was assessed by flow cytometry Results represent the mean 

(± SD) of three independent experiments. *p<0.05 (C) Representative flow 

cytometry histogram overlay of IgG complex binding (hHAIgG; 10 pg ml-1) to 

wild type CD32 (WT) or CD32/55-expressing K562 cells. CD32: grey filled; 

CD32/55: unfilled, bold line; Control (not incubated with IgG complexes): 

unfilled, grey line. (D) CD32-mediated IgG complex binding was determined in 

CD32/55-expressing K562 cells using anti-CD32 function blocking antibodies 

(AT-10 F(ab')2; 10 pg ml"1), as described in Section 11.10.2. Results are 

presented as the mean (± SD) of three independent experiments.
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6.4. Discussion

We have demonstrated in Section 5.2.1 that IgG complex binding to CD32 is 

suppressed in several myeloid cell types, including monocytes and 

neutrophils, but the molecular mechanisms of suppression are poorly 

characterised. Based on our findings that disruption of lipid raft architecture 

using chemical agents, like MpCD or nystatin resulted in decreased levels of 

IgG complex binding, we have tested the hypothesis that association of CD32 

with lipid rafts is required for IgG complex binding and that exclusion of CD32 

from lipid rafts acts to inhibit IgG complex binding to myeloid cells.

The presence of variable-sized domains with distinct density and lipid 

composition within the plasma membrane can influence the function of 

membrane-bound proteins and control their interaction with downstream 

signalling components (Rajendran and Simons, 2005; Simons and Ikonen, 

1997). For this reason, the association of a protein with lipid rafts is a highly 

regulated, dynamic process and several determinants for the control of this 

process have already been described, including the transmembrane domains. 

Interactions of the amino acid residues of these domains with complexes of 

cholesterol and sphingolipids present in lipid rafts influences the affinity for a 

protein for lipid rafts. Mutations within the transmembrane domains had an 

impact on their association with lipid rafts, possibly due to alterations in the 

overall three-dimensional structure (Anderson and Jacobson, 2002).
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For CD32, it has been demonstrated that alanine 224 within the 

transmembrane region of CD32 has a role on the receptor partitioning within 

the plasma membrane following crosslinking and mutation of this residue 

(A224S) resulted in decreased association with lipid rafts (García-García et al., 

2007). Decreased levels of IgG complex binding to CD32S224-expressing CHO 

cells when compared with the wild type receptor suggest that association of 

CD32 with lipid rafts is necessary for IgG complex binding. Association of 

CD32 with lipid rafts may also be determined by a palmitoylation site that 

increases the affinity of CD32 for lipid rafts (Barnes e ta l ,  2006). We have 

clearly demonstrated that mutation of this site or inhibition of palmitoylation 

using chemical inhibitors results in decreased binding of IgG complexes; an 

effect that was attributed to the exclusion of CD32 from lipid rafts, further 

highlighting the role of lipid rafts in the regulation of IgG complex binding to 

CD32. The existence of a functional palmitoylation site clearly suggests that 

CD32 -lipid raft interactions play a key role in the regulation of receptor 

activity and function.

Although the available techniques for the study of lipid rafts have their 

respective strengths and weaknesses, in the present study we have used two 

well-characterised approaches to study association of CD32 with lipid rafts: 

confocal immunofluorescence using cholera-toxin B subunit that is known to 

specifically interact with the ganglioside GM1, a characteristic component of 

lipid rafts, as well as cold non-ionic detergent extraction and fractionation. In 

addition, the efficiency of the DRM fractionation was validated by assessing
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the localisation of known lipid raft associated (caveolin-1, flotillin-1] and non

raft associated (transferrin receptor) marker proteins.

Previous studies focussing on the importance of lipid raft domains in the 

regulation of CD32 effector functions have demonstrated that either chemical 

disruption of lipid rafts or mutants (in the transmembrane domain or in the 

palmitoylation site) with decreased affinity for lipid rafts impair signalling 

responses (Barabé et al., 2002; Barnes et al., 2006; García-García et al., 2007; 

Katsumata e ta l ,  2001; Kwiatkowska e ta l ,  2003; Kwiatkowska and Sobota, 

2001; Rollet-Labelle etal., 2004). However, these studies did not directly 

measure binding of IgG complexes and any impairment in receptor effector 

functions could also be attributed to reduced ligand binding to CD32. 

Furthermore, studies in which crosslinking of CD32 molecules with antibodies 

or measuring the uptake of particles coated with anti-CD32 antibodies as a 

surrogate of receptor engagement and activity may not represent a good 

model of the multivalent, low affinity interaction of CD32 with IgG complexes. 

High affinity binding of the Fab portion of anti-CD32 antibodies to their 

antigen (CD32) via monovalent interactions would display different kinetics of 

binding that may bypass physiological regulatory mechanisms. This may be 

particularly relevant in myeloid cell types that display suppressed IgG complex 

binding, where multivalent interactions between IgG complexes and CD32 

molecules are required for efficient and stable binding with multivalent ligand.

A surprising observation of this study was the cell type-specific regulation of 

IgG complex binding to CD32. We have shown that for a range of myeloid cell
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types, CD32 has limited capacity for IgG complex binding, despite being 

expressed at levels, which confer significant IgG complex binding in non- 

myeloid cells. Since expression of a constitutively lipid raft-associated form of 

CD32 (GPI-anchored CD32) confers high levels of IgG complex binding relative 

to wild type CD32, we propose that CD32 is actively excluded from lipid rafts 

in myeloid cells. Given the role of lipid rafts in the regulation IgG complex 

binding we have already shown here, this exclusion may affect the stability of 

the CD32-IgG interactions. Cell type-specific association of molecules with 

lipid rafts has been previously described for the P2 integrin, LFA-1 (Cambi et 

al., 2006). LFA-1 functional activity is dependent on its association with lipid 

rafts and differential binding capacity for ICAM-1 was observed in monocytes 

and in dendritic cells (Cambi etal., 2006; Marwali etal., 2003). The ability of 

LFA-1 to become organised in nanoclusters within lipid raft domains was 

suggested to augment LFA-1 affinity for ligand. We propose that a similar 

principle applies also for the regulation of ligand binding to CD32, which in 

myeloid cells is excluded from rafts and thus unable to oligomerise and 

associate with high-order lipid rafts, reducing stability of CD32-IgG complex 

interactions.

Although our results clearly suggest that CD32 association with lipid rafts is a 

key event for IgG complex binding, the mechanisms by which lipid rafts 

regulate IgG complex binding and why failure of CD32 to become translocated 

to lipid rafts results in decreased IgG complex binding are not known. Based 

on recent studies on the dynamics of lipid rafts, a model of lipid raft
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involvement in control of IgG complex binding could be proposed (Harder et 

al., 1998; Simons and Toomre, 2000). In the absence of IgG complexes, CD32 

displays reduced affinity for rafts, existing as a monomeric protein residing 

predominantly in the non-raft regions of the membrane with a small fraction 

of protein being associated with small-scale rafts (Figure 6.29 A], Following 

IgG complex binding to CD32, multiple low affinity interactions with 

multivalent IgG complexes trigger receptor oligomerisation and high avidity 

binding, thereby stabilising IgG complex binding to CD32 (Figure 6.29 B). As a 

consequence, the overall affinity of the receptor for lipid rafts will be 

eventually increased, as small scale rafts will be merged forming larger and 

more stable rafts that are resistant to detergent extraction and observed as 

DRM fractions. Stabilisation of weak interactions between IgG and CD32 by 

multivalent interactions results in further redistribution of CD32 to large lipid 

raft domains that contribute to the overall avidity and strength of the 

interaction.

The clustering of CD32 molecules within these domains that are enriched in 

signalling molecules is essential for the initiation of signalling cascades 

following receptor engagement. It is therefore highly possible that binding of 

IgG increases receptor localisation to lipid rafts and as a consequence, lipid 

raft-associated CD32 would enhance IgG binding.

Several regulatory mechanisms could restrict the association of CD32 with 

lipid rafts in myeloid cells, including the alteration of membrane lipid 

composition, protein palmitoylation, interaction of CD32 with membrane
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proteins with low affinity for lipid rafts or association of CD32 with 

cytoskeletal adaptor proteins, linking CD32 with non-raft domains of the 

membrane (Allenspach et al., 2001; Linder and Deschenes, 2007; Simons and 

Toomre, 2000; Viola and Gupta, 2007). Furthermore, it is likely that variations 

in the lipid composition of raft domains between different cell types might 

regulate the ligand binding activity of CD32. Preliminary analysis of the 

cholesterol content of lipid membranes of K562 and CHO cells (described in 

Section 11.23) revealed no major differences between these two cell types 

(K562: 3.7 ±0.33 pg/106 cells; CHO: 4.2 ±0.68 gg/106 cells). Similarly, previous 

studies on platelets and CHO cells -two cell types that display differential CD32 

ligand binding activity- revealed similar cholesterohphospholipid ratios 

(Boesze-Battaglia and Schimmel, 1997; Sandhoff et al., 1999). Although 

membrane cholesterol content may be unlikely to have a regulatory role in the 

IgG binding to CD32, the amount of specific phospholipid and glycolipid 

species within the lipid raft domains of different cell types might be an 

important determinant for the ligand binding activity of CD32, as well as for 

other raft-associated proteins.

Our data suggest that the mechanisms responsible for the exclusion of CD32 

from lipid rafts are likely to be common in many myeloid cell types, including 

neutrophils, monocytes and platelets, acting as an important regulatory 

component that limits IgG complex binding to these cells. Since myeloid cells 

are the first type of cells that encounter IgG complexes during an inflammatory 

response, one possibility is that lipid raft-mediated regulatory control of
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receptor activity has evolved to restrict IgG complex binding, preventing 

inappropriate cell activation by low levels of IgG complexes. Following 

engagement of multiple receptors with ligand, clustering of CD32 molecules 

within these domains that are enriched in signalling molecules would be 

required for the initiation of signalling cascades.

Data from studies relating to the regulation of FcsRI, a receptor for high 

affinity for IgE expressed in basophils and mast cells provide a clear model of 

the precise molecular steps that precede receptor activation and are similar to 

those we describe here for CD32 (Baird et al., 1999; Holowka et al., 2005; 

Holowka et a l, 2000; Sheets et al., 1999a; Sheets et al., 1999b). In contrast to 

CD32, FceRI is able to bind to monomeric IgE with high affinity under resting 

conditions. The receptor displays very low affinity for lipid rafts having short 

residency time or being localised preferentially outside rafts. Receptor 

activation requires binding of oligomeric antigens to the receptor-bound IgE, a 

process that crosslinks multiple FcsRI receptors together, leading 

consequently to their recruitment into high-order lipid rafts. Altered receptor 

partitioning would result in increased phosphorylation of ITAM motifs of the p 

and y chains either through their interaction with raft-associated Lyn kinases 

or through the exclusion of phosphatases from lipid raft domains (Sheets e ta l,  

1999a; Young et al., 2003).

For CD64, the high affinity receptor for IgG expressed predominantly in 

monocytes and macrophages, association with lipid rafts and changes in 

receptor partitioning to membrane microdomains may regulate IgG binding
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(Beekman et al., 2008). Similarly, the redistribution of FcyRIIla (CD16a) 

following ligand binding and its co-localisation with the IL-12 receptor has 

been reported to be a key step in the initiation of intracellular signalling 

cascades, including ERK phosphorylation and in triggering subsequent effector 

functions, such as IFN-y production (Kondadasula e ta l ,  2008). Furthermore, 

recent studies characterised a polymorphism (1232T) within the 

transmembrane domain of CD32b, an isoform of CD32 that contains an 

inhibitory ITIM (immunoreceptor tyrosine inhibitory motif) motif with 

decreased affinity for lipid rafts and defective signalling (Floto etal., 2005; 

Kono et al., 2005). Interestingly, increased frequency of the T232 

polymorphism was noted in patients with systemic lupus erythematosus 

presumably because CD32bT232 fails to localise to lipid rafts and therefore to 

exert inhibitory activity upon autoimmune responses.

In conclusion, in this study we have presented a novel regulatory role for lipid 

rafts as an integral and important component for IgG complex binding to 

CD32. Disruption of lipid raft structure or alteration of receptor affinity for 

lipid rafts is associated with impaired IgG complex binding to CD32. In 

addition, we have shown that myeloid cells exhibit suppressed CD32 activity in 

terms of IgG complex binding and this effect clearly arises from the active 

exclusion of CD32 from lipid rafts in these cells.
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Non-Raft

Figure 6.29.: Schematic representation of the proposed model o f control of IgG 

complex binding to CD32 by lipid raft domains

(A) Under resting conditions, CD32 exists as a monomeric protein either being 

associated with small-scale rafts or residing predominantly in the non-raft 

fraction of the membrane. (B) Following recognition and binding of IgG 

complexes, multiple low affinity, high avidity multivalent interactions occur 

between CD32 molecules and the Fc region of IgG complexes that induce 

receptor oligomerisation leading consequently to increased affinity of CD32 

for lipid rafts and its redistribution to larger and more stable lipid rafts. During 

this process, the weak interactions between IgG and CD32 that occur during
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the initial phase of the binding (A) become greatly stabilised following 

multivalent interactions and organisation of CD32 to high order lipid raft 

domains. Clustering of CD32 within these domains that are enriched with 

signalling molecules is essential for the interaction of the ITAM domains of 

CD32 with kinases (like Syk kinase) leading to the initiation of signalling 

cascades following receptor engagement.
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7. Id io p a t h ic  P u l m o n a r y  F ib r o s is

7.1. Clinical Features and Diagnostic Criteria

Diffuse parenchymal lung diseases (DPLDs) comprise a number of diverse 

respiratory disorders that account for almost a quarter of cases in current 

respiratory practice (Bradley et al., 2008). Idiopathic interstitial pneumonias 

(IIPs) are a significant heterogeneous group of non-neoplastic respiratory 

disorders that belong to DPLDs and result from damage to the lung 

parenchyma by varying patterns of inflammation and fibrosis (Table 7.1). As 

their name suggests, IIPs are often of unknown cause (hence idiopathic) 

(Crystal et al., 1984). Although they are termed interstitial, these disorders 

affect not only the interstitial space, which is considered to be the initial injury 

site, but also the alveolar space, peripheral airways and the epithelial and 

endothelial cells of the pulmonary vessels.

Idiopathic pulmonary fibrosis is the most common clinical entity within the 

group of IIPs accounting for up to 60%  of diagnosed cases (Coultas et al., 1994; 

Gribbin etal., 2006 )[Table 7.1). IPF is associated with the worst prognosis 

among other IIPs, with a median survival length of 3-5 years from the time of 

diagnosis (Latsi et al., 2003b). A recent estimate suggested that in the United 

States, IPF has a prevalence ranging from 14 to 43 cases per 100,000, 

depending on the diagnostic criteria and its yearly incidence is estimated at 

7-16 new cases per 100,000 (Raghu etal., 2006). Recent demographic data 

suggested a significant increase in IPF mortality and incidence at least in the
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United States, with a similar increasing incidence in the United Kingdom 

(Marshall et al., 2000; Olson et a l, 2007).

The usual clinical presentation for IPF is gradual onset of dyspnoea, 

respiratory failure and fine basal crackles on lung auscultation (Selman etal.,

2004). It is usually accompanied by non-productive, often paroxysmal cough. 

The usual clinical course of IPF often involves a slow progressive state that 

eventually leads to respiratory failure and death after several years; however, 

some patients remain stable for many years until they enter a period of rapid 

decline in respiratory function, which is often fatal. Demographic data suggest 

that the patient's age at symptom onset is over 50 and it affects primarily 

males (60% ) (Raghu etal., 2006). Usually, IPF diagnosis is based on clinical, 

radiological and histological grounds, as established by the American Thoracic 

Society (ATS) and the European Respiratory Society (ERS) international 

multidisciplinary consensus criteria (ATS/ERS, 2002)(Bradley et al., 2008) 

[Table 7.2).

The histological profile of IPF is usual interstitial pneumonia, which is 

characterised by heterogeneous areas of fibrosis, comprised of myofibroblasts, 

fibroblasts and collagen, creating characteristic fibroblastic foci (Flaherty et 

al., 2001b )[Figure 7.1). In addition, alterations in the alveolar architecture and 

honeycombing with minimal inflammatory involvement are evident (Flaherty 

et al., 2001b; Qunn et al., 2002). The most common radiologic features for IPF 

on chest radiographs include diffuse reticular opacities mainly observed at the 

basal zones accompanied by volume loss at the lower lobes (Muller and Coiby,
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1 9 9 7 )(Figure 7.1). In high resolution computed tomography (HRCT) scans, 

areas of bilateral peripheral and sub-pleural reticular abnormalities are typical 

for 1PF without extensive ground-glass opacities (Bradley et al., 2 0 0 8 ) [Figure 

7.1).

In IPF patients, pulmonary function measurements usually display a mild 

restrictive ventilatory defect, which is accompanied by reduced gas transfer 

(Latsi et al., 2003b). Although pulmonary function tests are not useful for the 

determination of IPF diagnosis, baseline and serial measurements during the 

first 6-12 months constitute a great prognostic tool, as they can determine 

disease severity and aggressiveness (Flaherty et al., 2003; Flanson et al., 1995; 

Latsi e ta l ,  2003b). For example, reduced DLco (diffusing capacity for carbon 

monoxide) values (<40% of predicted) at presentation usually reflect a more 

accelerated and progressive disease, associated with poorer prognosis 

(Bradley et al., 2008; Flaherty et al., 2003). Similarly, a decline of 10%  in forced 

vital capacity (FVC) or 15% in DLco is indicative of patients with higher 

mortality and is currently used by many pulmonary clinicians, as a reliable and 

accurate marker of disease progression (Latsi etal., 2003b).
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Table 7.1.: Categories of Diffuse Parenchymal Lung Diseases

Abbreviations: DPLD: diffuse parenchymal lung disease; RA: rheumatoid 
arthritis; CTD: connective tissue disease; LAM: lymphangioleiomyomatosis; HX: 
histiocytosis X; IPF: idiopathic pulmonary fibrosis; RB-ILD: respiratory 
bronchiolitis-associated interstitial lung disease; NSIP: Non-specific interstitial 
pneumonia; COP: cryptogenic organising pneumonia; DIP: desquamative 
interstitial pneumonia; LIP: lymphocytic interstitial pneumonia; AIP: acute 
interstitial pneumonitis.
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Table 7.2.: Diagnostic Criteria of Idiopathic Pulmonary Fibrosis

M ajor Criteria M inor Criteria
Exclusion of other known causes of ILD such as 
certain drug toxicities, environmental exposures, 
and connective tissue diseases

Age >50 yr.

Abnormal pulmonary function studies that 
include evidence of restriction (reduced VC, often 
with an increased FEVi/FVC ratio) and impaired 
gas exchange [increased P(A-a)0 2 , decreased 
Pac>2 with rest or exercise or decreased DLco]

Insidious onset of otherwise 
unexplained dyspnea on 
exertion

Bibasilar reticular abnormalities with minimal 
ground glass opacities on FIRCT scans

Duration of illness >3 months

Transbronchial lung biopsy or BAL showing no 
features to support an alternative diagnosis

Bibasilar, inspiratory crackles 
(dry or "Velcro"-type in quality)

Abbreviations: BAL, bronchoalveolar lavage; FEVi, forced expiratory volume In 1 
sec; FVC, forced vital capacity; FIRCT, high resolution computed tomography; ILD, 
interstitial lung disease; P(A-a)c>2, difference between alveolar and arterial 
pressure; Pac>2, arterial oxygen tension; D l Co, carbon monoxide transfer factor; VC, 
vital capacity.

In the immunocompetent adult the presence of all of the major diagnostic criteria 
as well as at least three of the four minor criteria increases the likelihood of a 
correct clinical diagnosis of IPF.
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Figure 7.1.: Radiological and histological features of idiopathic pulmonary fibrosis

(A) Chest X ray (CXR) of IPF patient showing fibrotic changes in the mid and 

lower zones bilaterally. (B) High resolution computed tomography (HRCT) 

scan of IPF patient displaying bibasal sub-pleural reticulation with 

accompanied honeycombing with minimal ground glass opacities. (C-D) 

Histological lung biopsy sections demonstrating distinct areas of fibrosis 

organised in fibroblastic foci (arrow) with evidence of a mild chronic 

inflammatory cell infiltrate. This histological profile is typical of usual 

interstitial pneumonia. (C -  low power field (xlOO); D -  high power field 

showing a fibroblastic focus (x400)).
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7.2. Pathogenic M echanism s

7.2.1. Role of Inflammatory Processes

Although the precise pathogenic mechanisms of IPF are currently unclear, 

recent advances in our understanding for IPF pathogenesis and progression 

have provided several clues on the processes that take place during the earlier 

stages of the disease. The histological profile of IPF involves areas of fibrotic 

foci of various ages interspersed within normal lung that reflect the natural 

history of the disease (Selman et al., 2001b). This pattern of disease could be 

explained by repeated episodes of lung injury separated in time and place 

followed by an abnormal or uncontrolled wound healing response, which is 

characterised by excessive fibrosis. However, there is much debate on the 

involvement of inflammatory and immunological processes, especially during 

the initial stages of the disease. This mainly reflects our limited knowledge on 

the causative agents and pathogenic determinants of IPF.

Currently, two main suggestions exist: one that supports a limited role for 

inflammation, while the other suggests a strong inflammatory component, 

which in both cases, is followed by an aberrant and uncontrolled wound 

healing response (Bringardner e ta l,  2008; Piguet, 2003; Strieter, 2002; 

Thannickal et al, 2004). Several lines of evidence equally support both 

hypotheses. For example, a notable argument against the inflammatory 

hypothesis is the disappointing efficacy of corticosteroids and other anti

inflammatory and immunomodulatory drugs used as therapeutic mediators to
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control IPF, with the exception of a few studies that reported enhanced 

survival (Davies etal., 2003; Douglas etal., 1998; Flaherty eta/., 2001a; 

Richeldi et al., 2003; Selman et al., 2001b; Zisman et al., 2000). A reasonable 

counter-argument against this assumption would be that for most patients, 

treatment with anti-inflammatory and immunosuppressive drugs starts after 

disease diagnosis, which is normally several months following the symptom 

onset. Thus, any therapeutic intervention might not be adequate to prevent or 

dampen any acute inflammatory processes that primarily occur during the 

early phase of the disease and particularly before disease manifestation. 

Further evidence against a role of inflammation in IPF pathogenesis is the 

ability of transforming growth factor-(3 (TGF-(3) produced by epithelial cells to 

initiate a pro-fibrotic response even in the absence of inflammation that 

readily results in enhanced collagen deposition in the lung interstitium as well 

as increased fibroblast proliferation (Gauldie, 2002; Gauldie etal., 2007; Khalil 

etal., 1996; Murray et al., 2008; Sime and O'Reilly, 2001; Strutz etal., 2001; Xu 

etal., 2003). Despite this reasonable argument, the role of other pro- 

inflammatory mediators in the pathogenesis of IPF should not be discounted 

mainly in view of the ever-increasing evidence that supports a clear role for 

inflammatory processes in pulmonary fibrosis.

Indeed, in the context of IPF, the involvement of inflammation in disease 

pathogenesis could be highlighted by a number of arguments. Firstly, given 

that for most patients, symptoms have been present for more than 6 months 

before presentation, it is highly possible that the acute phase of inflammation,
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which occurs during the initial phases of IPF pathogenesis, would be 

undetected or misrepresented in the bronchoalveolar lavage (BAL) fluid or 

biopsy specimens. Secondly, a number of studies have demonstrated 

inflammatory cell infiltration and continuous cytokine and chemokine 

production in IPF patients indicative of a chronic underlying inflammatory 

component. In particular, pro-inflammatory cytokines, including IL-1(3, TNF-a, 

IL-18, chemokines, such as IL-8 and MCP-1, and Th2-type cytokines and their 

receptors have been detected in lung biopsies or in the BAL of patients with 

IPF (Agostini and Gurrieri, 2006; Antoniades etal., 1990; Antoniou etal., 2004; 

Car et al., 1994; Furuie et al., 1997; Jakubzick et al., 2004; Pan et al., 1996; 

Selman etal., 2004; Standiford etal., 1993). Similarly, neutrophils, eosinophils, 

lymphocytes and macrophages are usually present in the BAL fluid of IPF 

patients (Muller and Coiby, 1997). But, the question remains how could these 

inflammatory cells promote a dysregulated wound healing response, 

characterised by increased pro-fibrotic activity leading to the development of 

IPF.

In response to an initiating tissue injury, which in the case of IPF is unknown, 

the early inflammatory events in IPF involve the recruitment of leukocytes 

predominantly neutrophils and, to a lesser extent, eosinophils and 

lymphocytes to the lung parenchyma. Inflammatory cell recruitment could not 

only amplify tissue destruction by sustaining or exacerbating the local 

inflammatory response, but also contribute to the pro-fibrotic and wound 

healing response by producing cytokines and chemokines including TGF-p,
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IL-13 and IL-4, which have been previously shown to exert potent pro-fibrotic 

activity (Elovic et al., 1998; Hunninghake et al., 1981; Wenzel et al., 2002;

Zagai et al., 2007; Zhang et a!., 1993). Under normal conditions, the 

immunological response of the host to the antigen is mainly determined by the 

nature of the initiating insult, resulting in either T h l or Th2-type responses. In 

the case of IPF, no specific causative agent is known and therefore, it is almost 

impossible to predict or determine the type of immunological response and 

the cytokine profile elicited by the infiltrated leukocytes. Several studies have 

demonstrated that IPF patients usually present a pro-inflammatory cytokine 

profile including IL-la, IL-ip, IL-8, TNF-a, MCP-1, TGF-(3, IL-4, IL-13, PDGF 

(platelet-derived growth factor); many of them also detected in other chronic 

pulmonary fibrotic disorders (Antoniades eta!., 1990; Antoniou e ta l, 2004; 

Car et al., 1994; Furuie et al., 1997; Jakubzick et al., 2004; Pan et al., 1996; 

Standiford etal., 1993; Zhang etal., 1993). Although each one of these 

molecules drives a strong pro-fibrotic response, either directly or indirectly, a 

number of studies have focused particularly on the activity of TGF-(3, IL-4 and 

IL-13.

The most widely studied among these cytokines is TGF-(3, which is produced 

by almost all leukocytes and exerts pleiotropic pro-fibrotic activity, by 

inducing fibroblast proliferation and extracellular matrix protein synthesis 

(Assoian etal., 1987; Elovic etal., 1998; Letterio and Roberts, 1998; Minshall 

et al., 1997; Ohno et al., 1996; Wenzel et al., 2002). In addition, it acts as potent 

leukocyte chemoattractant and immunomodulatory molecule, as it has been
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demonstrated to promote the recruitment of monocytes and macrophages 

through the production of MCP-1, and to suppress T cell responses 

(Grotendorst et al., 1989; Wahl et al., 2004). In animal models of lung fibrosis, 

overexpression of active TGF-p resulted in the development of a fibrotic 

phenotype in the interstitial and pleural tissue, characterised by the presence 

of myofibroblasts and is accompanied by increased deposition of collagen, 

extracellular matrix proteins, fibronectin and elastin (Baran etal., 2007; Ishida 

et al., 2007; Sime et al., 1997; Trujillo et al., 2008). In addition, attempts to 

inhibit TGF-fB activity resulted in a significant reduction of fibrosis in a number 

of animal models, including those affecting the lungs or the kidneys (Bonniaud 

et al., 2004; Border et al., 1992; Inazaki et al., 2004; Sato et al., 2003; Zhao et 

al., 2002).

Apart from TGF-(B, IL-4 has been shown to play a key role in the initiation of a 

pro-fibrotic response, common to pulmonary fibrosis. Although IL-4 is 

classically considered as the major cytokine in driving Th2-type T cell 

responses, its role is also extended to other cell types, and more importantly to 

macrophages and fibroblasts. Indeed, IL-4 can indirectly induce the alternative 

activation of macrophages, which are strongly associated with increased TGF-p 

production as well as upregulated mannose receptor expression (Lee etal., 

2005; Liu etal., 2004; Pauleau etal., 2004; Song etal., 2000). Alternatively 

activated macrophages have been also linked to the development of a number 

of fibrotic conditions, mainly due to their pro-fibrotic potential and have been 

detected and isolated from the BAL fluid of IPF patients, further highlighting
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their pathogenic role (Baran et al., 2007; Ishida et al., 2007; Prasse et al., 2006; 

Trujillo et al., 2008). Apart from macrophages, IL-4 can directly regulate 

fibroblast activity and collagen production. Indeed, receptors for IL-4 are 

expressed by lung fibroblasts and IL-4-mediated signalling can elicit collagen 

and extracellular matrix protein production by fibroblasts, with more potent 

activity than TGF-p (Sempowski et al., 1994). In addition, IL-4-mediated 

differentiation of T cells into Th2 cells also results in the enhanced release of 

Th2 cytokines, which can promote a strong wound healing response, mainly 

due to their pro-fibrotic, tissue-repairing properties (Wallace et al., 1995). Th2 

cytokines and their receptors have been detected in biopsy specimens and in 

the BAL fluid of patients with IPF, clearly suggesting their involvement in 

disease development (Agostini and Gurrieri, 2006).

Among Th2 cytokines, IL-13 has been demonstrated to play a major role in 

several fibrotic conditions and to exert pro-fibrotic effects, independently of 

TGF-p, both in vitro and in vivo (Wynn, 2003). Studies of the role of IL-13 

revealed its ability to promote fibroblast proliferation and differentiation to a- 

smooth muscle actin (a-SMA) -producing myofibroblasts (Ingram e ta l,  2004; 

Munitz etal., 2008). In vivo animal models of IL-13 overexpression displayed 

significant sub-epithelial fibrosis with extensive inflammation and more 

importantly, isolated lung fibroblasts from patients with IPF demonstrated 

hyper-responsiveness to IL-13, suggesting a clear role of this cytokine in 

disease pathogenesis (Murray etal., 2008; Zhu etal., 1999). Collectively, all 

these studies provide a clear and undoubted role for inflammatory cells and
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for a wide spectrum of cytokines and chemokines in disease development, 

highlighting the strong inflammatory component of IPF.

7.2.2. Role of Immune Complexes as Initiators of Lung Injury

For many interstitial lung diseases, which are characterised by pulmonary 

fibrosis, the initiating factors for lung injury are well-defined and might 

include allergens, infection, or exposure to environmental particles. Although 

in some ways IPF resembles lung disease induced by inhaled inorganic dusts 

(e.g. asbestos), epidemiology has failed to identify a causative link to 

environmental exposure. In contrast, in the case of IPF, no specific causative 

agents that account for the initial lung injury have been identified.

In line with the hypothesis that suggests a strong inflammatory component in 

the pathogenesis of IPF, several lines of evidence support a clear role for 

immune complexes as mediators of lung injury in IPF. Immune complexes are 

aggregates of antibody (immunoglobulin) and antigen that are normally 

formed during an immune response. Most of the immune complexes in the 

bloodstream bind to the surface of red blood cells and are eventually cleared 

in the liver and spleen by tissue-resident phagocytes (Williams, 1981). 

However, their ineffective clearance from circulation during the resolution 

phase of an immune response results in their deposition in tissues, especially 

on the vascular endothelium. Deposition of immune complexes initiates 

inflammatory processes, by recruiting inflammatory cells, promoting tissue 

destruction and consequently further exacerbating local inflammatory
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responses (Ward, 1979; Williams, 1981). Indeed, elevated levels of circulating 

immune complexes as well as extensive deposition to peripheral tissues have 

been detected in a wide spectrum of immune diseases, predominantly 

autoimmune in nature, providing evidence for a clear pathogenic role for 

immune complexes. Such diseases include systemic lupus erythematosus, 

glomerulonephritis, vasculitis, heparin-induced thrombocytopenia, syphilis- 

and malaria-associated nephrotic syndrome, Staphylococcus aureus-induced 

endocarditis, Epstein Barr virus-related Burkitt lymphoma and Hepatitis B 

virus-induced polyarteritis (Bodi et al., 1998; Digeon et al, 1979; Gocke et al., 

1971; Houba, 1979; Kohler, 1973; Levy and Hong, 1973; Robinson et al., 1993; 

Tarzi and Cook, 2003; Wood e ta l ,  1996).

In the context of 1PF, there are a number of studies that highlight the 

pathogenic role of immune complexes in disease development. Firstly, 

although the exact mechanisms for neutrophilic accumulation in the alveolar 

spaces, which is a typical feature of early disease stages, are unknown, there is 

substantial evidence that supports a role for immune complexes as mediators 

for neutrophil recruitment. For example, increased levels of circulating 

immune complexes in subsets of IPF patients have been reported to be 

associated with a more aggressive disease phenotype, which could be partly 

explained by enhanced monocyte-induced neutrophil accumulation to the 

alveolar spaces (Gadek et al., 1979; Hunninghake et al., 1981). Secondly, lung 

fibrosis indistinguishable from IPF occurs in patients with autoimmune 

rheumatic diseases, such as rheumatoid arthritis and connective tissue
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disease, which are characterised by enhanced deposition of immune 

complexes to tissues, along with increased levels of circulating immune 

complexes. In addition, end-stage lung fibrosis may ensue in patients with 

chronic hypersensitivity pneumonitis, the archetypal immune complex- 

mediated interstitial lung disease. Thirdly, pulmonary fibrosis and lung 

inflammation has been induced in animals by administration of immune 

complexes (Bellon et al., 1982; Ward, 1979). Finally, circulating immune 

complexes have been detected in the serum of patients with IPF and there is 

substantial evidence of immune complex deposition in the lungs of IPF 

patients that could act as the initiating causative factor for lung injury 

(Dall'Aglio etal., 1988; Dobashi etal., 2000a; Dobashi etal., 2000b; Dreisin et 

al., 1978; Gadek et al., 1979; Gelb et al., 1983; Haslam et al., 1979; Martinet et 

al., 1984; Takahashi et al., 2007; Wallace et al., 1994).

In summary, despite the disappointing efficacy of immunosuppressive drugs in 

the treatment of IPF, a number of clinical studies as well as animal models of 

pulmonary fibrosis have provided substantial evidence in favour of a strong 

immunological component in the pathogenesis of IPF. In addition, immune 

complexes have been described to play a critical role in all the stages of 

disease initiation and progression and might represent the initial determinant 

for lung injury.
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7.3. Genetic Determ inants of IPF

7.3.1. Familial Forms of IPF

Despite the unknown aetiology of IPF, a significant genetic component that 

confers disease susceptibility or determines the progression and 

aggressiveness of IPF has been described, mainly due to the existence of 

familial clustering of IPF, even in individuals that were raised in different 

environments (Loyd, 2003). Indeed, there is increasing evidence from clinical 

practice that a small percentage of total IPF cases, exists in the form of familial 

cases, involving two or more affected members of the same family (Bitterman 

e ta l ,  1986; Grutters and du Bois, 2005; Hodgson etal., 2002; Loyd, 2003). In a 

hallmark study from Marshall and co-workers (2000), one of the largest 

cohorts of familial IPF has been described comprising 25 families from the 

United Kingdom that included 67 cases of familial IPF. Based on this analysis, it 

is estimated that over 2% of total IPF cases exist as familial cases, whereas 

others reported that this percentage might be even higher, reaching levels of 

up to 10% (Loyd, 2003). Analysis of the mode of inheritance of familial IPF 

revealed that it possibly follows an autosomal dominant pattern with reduced 

penetrance (Bitterman et a l, 1986; Thomas et al., 2002).

The presence of distinct familial IPF cases prompted a number of groups to 

attempt the identification and characterisation of the candidate loci that 

confer susceptibility to IPF, accounting at least for familial IPF cases. However, 

many of these attempts were surprisingly unsuccessful, with the exception of a

240



few reports that identified specific mutations within the gene encoding the 

surfactant protein C (SP-C) (Loyd, 2003; Musk et al., 1986; Thomas et al.,

2002). However, only a fraction of the total familial 1PF cases could be directly 

attributed to SP-C mutations (Nogee etal., 2001). One of these mutations is the 

G to A substitution of the first base of intron 4 (IVS4+1 G>A) (Nogee etal., 

2001). This substitution results in the skipping of exon 4, which results in a 

deletion of 37 amino acids in the putatively encoded protein. Within this 37- 

amino acid region, a cysteine residue is present, which has been demonstrated 

to be important for disulphide-mediated protein folding, resulting in protein 

aggregation and thus impaired protein expression. This is consistent with the 

observation that in patients carrying this mutation (IVS4+1 G>A), no 

detectable levels of SP-C were evident in the BAL fluid or lung tissue. As 

previously suggested for familial 1PF, autosomal dominant mode of inheritance 

was observed for this mutation (IVS4+1 G>A), as even the presence of one 

allele of this mutation resulted in the development of familial IPF (Wang et al.,

2003).

Apart from IVS4+1 G>A, another mutation has been described within the SP-C 

gene that is associated with the familial form of IPF (Thomas et al., 2002). This 

mutation involves a non-synonymous substitution of a glutamine residue to 

leucine at position 188 within exon 5 of the SP-C gene. This substitution from a 

polar to a neutral amino acid residue has been suggested to have a great 

impact on protein folding and its tertiary structure. Therefore, both the IVS4+1 

G>A and the Q188L mutations could potentially trigger epithelial cell injury,
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initiating the pathogenic process of IPF. In particular, accumulation of 

misfolded SP-C within the alveolar space could promote pro-inflammatory 

responses to misfolded protein aggregates, leading consequently to epithelial 

cell damage (Baatz et al., 1992). Alternatively, consistent with the observation 

in patients with familial IPF, in which SP-C expression was minimal, these 

mutations could lead to diminished expression of SP-C (Amin e ta l ,  2001). In 

this case, the absence of a critical surfactant protein, like SP-C could result in 

abnormally high shear forces generated during the respiratory process, 

causing mechanical stress and consequently damage to the delicate 

respiratory epithelial surfaces, contributing to the development of familial IPF.

7.3.2. Sporadic IPF Cases

Although familial cases of IPF represent the most attractive opportunity to 

investigate the genetic factors that contribute to the development of IPF, they 

only constitute a minor percentage of the total IPF cases, as the majority of IPF 

patients lack family history of pulmonary fibrosis (Grutters and du Bois,

2005). It is therefore anticipated that specific mutations might not account for 

these sporadic cases of IPF. Instead, multiple genetic factors in combination 

with other environmental and immunological triggers can influence 

predisposition to the disease. For this reason, several studies have particularly 

focused on the identification of genetic variants that might affect susceptibility 

or progression of IPF by altering the activity of molecules involved in 

inflammatory and pro-fibrotic pathways. Indeed, association of IPF with a 

number of polymorphic variants has been reported in several case-control
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studies, mainly in genes involved in pro-inflammatory pathways (Checa et al., 

2008; Kim et ah, 2003; Latsi et al., 2003a; Molina-Molina et al., 2008; 

Mushiroda et al., 2008; Pantelidis e ta l,  2001; Renzoni e ta l ,  2000; Riha e ta l ,  

2004; Selman et al., 2003; Vasakova et al., 2007; Vasakova et al., 2006; 

Whittington etal., 2003; Xaubet etal., 2003; Zorzetto etal., 2005; Zorzetto et 

al., 2003). These studies were based on our understanding of the pathogenic 

mechanisms of IPF and therefore, several candidate genes with clear and well- 

established role in the inflammatory and wound-healing response have been 

identified and extensively studied. Although for the majority of genes no 

association with IPF was evident, some of them were found to be positively 

linked with either susceptibility to IPF or disease progression.

Examples of such genes include those of pro-inflammatory pathways such as 

cytokines IL-la, IL-1(3 and TNF-a, and those involved in fibrotic cascades 

including TGF-(B (Hutyrova et al., 2002). The activity of IL -la  and IL-lp is 

controlled by the expression of naturally occurring IL-1 receptor antagonist 

(IL1RN). A polymorphic variant within the IL1RN gene (2 0 1 8 O T )  has been 

shown to be associated with higher risk of IPF in British and Italian cohorts 

(Whyte etal., 2000). Similarly, within the promoter region of the gene coding 

for TNF-a, the polymorphic allele -308A has been shown to be associated with 

IPF susceptibility in three ethnically different cohorts of IPF patients 

(Pantelidis etal., 2001; Riha etal., 2004; Whyte etal., 2000). In addition, 

Zorzetto and co-workers (2003) reported a strong association between a 

single nucleotide polymorphism (C5507G) within the coding region of the
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complement receptor 1 (CR1/CD35) gene. In particular, increased frequency 

of the GG genotype has been noted in the IPF cohort and the G5507 variant 

demonstrated decreased levels of expression of CR1 on erythrocytes, which 

might be implicated in impaired immune complex clearance by erythrocytes. 

Examples of other polymorphic variants identified as risk factors for the 

development of IPF include those in the promoter regions of the genes 

encoding IL-8 and MMP-1 (Checa etal., 2008; Vasakova etal., 2006).

Apart from disease susceptibility, genetic variation within a number of genes 

mainly those involved in pro-inflammatory pathways has been extensively 

studied for association with disease progression and aggressiveness. In this 

respect, several polymorphic variants have been identified to be strongly 

associated with impairment in gas transfer and even in some cases with a 

respiratory function in general. A striking example is an adenine to guanidine 

(A>G) substitution within an intronic region (intron 4 )  of the IL-6 gene, which 

has been associated with impairment in gas transfer as evidenced by reduced 

DLco levels in carriers of the G allele (Pantelidis etal., 2 0 0 1 ) .  Similar 

association of IPF disease progression has also been evident in other 

polymorphic variants of the IL-la, TGF-(3 and angiotensinogen gene (Hutyrova 

etal., 2 0 0 2 ;  Morrison etal., 2 0 0 1 ;  Riha etal., 2 0 0 4 ;  Xaubet etal., 2 0 0 3 ) .  In 

summary, all these studies suggest that a wide spectrum of diverse genes 

mainly with a strong pro-inflammatory potential constitute multiple genetic 

risk factors that each contributes to a modest extent to susceptibility to IPF 

pathogenesis. Furthermore, based on these findings, a substantial genetic
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component that confers susceptibility to 1PF and could affect disease 

progression is clearly highlighted.
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8. Fe R e c e p t o r  G e n e t ic  V a r ia t io n

8.1. Types of Genetic Variants

8.1.1. Single Nucleotide Polymorphisms (SNPs)

The vast majority of the Fc receptor encoding genes display genetic variation 

either in the form of single nucleotide polymorphisms (SNPs) or alteration in 

their copy number. Although many SNPs have been identified for Fc receptors, 

for most of them, their precise impact upon receptor function remains 

unknown. Functionally relevant genetically determined SNPs can be 

categorised into three main types based on the effect they have on receptor 

function: (a) augmenting the affinity of Fey receptors for particular IgG 

subclasses, (b) altering the receptor function and consequently downstream 

effector events, and (c) affecting transcriptional promoter activity or 

mechanisms that alter the levels of receptor expression (Tables 8.1 and 8.2).

One of the first functional SNP identified for Fc receptors was the R131H allelic 

variant for the low affinity Fey receptor FcyRIla. This point mutation (519G>A) 

results in an amino acid substitution (arginine (R) to histidine (H)) at the 

position 131, which is located in the membrane proximal immunoglobulin-like 

domain of the extracellular region (Clark et ah, 1989). Recent crystallographic 

studies, along with previous mutational analyses indicated that this region is 

involved in the receptor interface interacting with the Fc portion of IgG and the 

R131H variant determines the affinity of FcyRIla for human IgG2 (Maxwell et
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al., 1999). In particular, while the R131 variant is not able to interact with 

hIgG2, H131 has been previously shown to bind and enable phagocytosis of 

higG2-coated particles (Warmerdam et ah, 1990). The H131 variant might be 

particularly important in conditions characterised by high IgG2 antibody 

responses, where it may confer enhanced leukocyte activation by IgG2 and 

increased capacity for clearance of circulating IgG2 complexes.

SNPs affecting the binding affinity for IgG subclasses have also been 

characterised for FcyRlII (Table 8.2). There are two co-dominantly expressed 

allelic variants of FcyRIIla having either a valine (V) or a phenylalanine (F) at 

position 158. This single amino acid substitution has been demonstrated to 

increase the affinity of the V158 allotype for IgGl and IgG3 compared to F158 

and induce capacity for IgG4 binding (Koene et al., 1997; Wu et al., 1997). 

Furthermore, IgG-induced NK cell activity has been found to be significantly 

increased in 158V/V rather than in 158F/F individuals.

FcyRIIIb is characterised by the presence of the human neutrophil antigen 

(HNA or NA), a polymorphic variant that comprises four non-synonymous and 

one synonymous mutation within the membrane distal immunoglobulin-like 

domain of the receptor. The four amino acid differences between the two NA 

allotypes (NA1 or HNA-la and NA2 or HNA-lb) have an impact on the AMinked 

glycosylation of the receptor, and as a consequence affect the affinity for IgG 

subclasses. In particular, the NA1 allotype displays increased binding and 

phagocytosis of IgGl and IgG3-coated particles and it has been shown to 

exhibit higher affinity for IgG3 compared to the NA2 allotype (Salmon et al.,
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1990) (Table 8.2). Apart from the NA1 and NA2, the SH polymorphism (also 

termed as HNA-lc) has been added to the NA family of FcyRlllb 

polymorphisms (Bux et al., 1997). The SH allele determines the substitution of 

alanine at position 78 to aspartic acid (A78D) and it is mainly linked to the 

NA2 allele; however the precise role of this polymorphism in IgG binding is 

unknown.

In addition to the polymorphisms augmenting receptor affinity for IgG 

subclasses, SNPs that have a profound impact on the functional effector 

responses of Fc receptors following immunoglobulin binding have been 

described. For example, in the case of the inhibitory Fey receptor FcyRIIb, it 

has been demonstrated that a change of a non-polar isoleucine to a polar 

threonine at position 232 (1232T) within the transmembrane region could 

affect receptor activity. The T232 variant has been shown to be less efficiently 

translocated to membrane domains rich in cholesterol and sphingolipids, 

termed as lipid rafts (Floto et al., 2005; Kono et al., 2005). As a consequence, 

reduced inhibitory activity was observed for the T232, possibly due to 

impaired interaction with protein kinases that preferentially reside in lipid raft 

membrane domains.

A recently identified functional polymorphism in FceRII is the arginine (R) to 

tryptophan (W) substitution at position 62 (R62W). In contrast to the R62 

variant, the W62 variant is resistant to proteolytic shedding following 

treatment with a broad range of different proteases, which might influence 

receptor function and mitogenic role (Meng et al., 2007). Finally, a relatively
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common polymorphism identified in the coding region of FcaRI is associated 

with impaired capacity to trigger mechanisms such as cytokine release (Wu et 

al, 2007). This polymorphism (844A>G) involves the change of serine 248 to 

glycine (S248G) within the cytoplasmic domain of the receptor's a chain (Jasek 

etal., 2004). IgA-mediated crosslinking of FcaRI on neutrophils from 

individuals homozygous for the G248 variant triggered significantly more IL-6 

release than equivalent crosslinking of receptor on neutrophils from donors 

homozygous for the S248 variant. In fact, the G248 form, unlike the S248 

variant, is capable of inducing cytokine release in the absence of the Fc 

receptor y chain. This capacity is presumed to be due, at least in part, to its 

ability to interact directly with the Src family member Lyn, an important 

component of the FcaRI signalling cascade (Wu etal., 2007).

A number of SNPs have been characterised that play a regulatory role in the 

expression of particular Fey and Fes receptors. For example, within exon 3 of 

the FCGR2C gene, a single nucleotide substitution at position 202, results in 

the change of a glutamine residue to a stop codon at position 57 (Q57X), 

resulting in the production of a non-functional, truncated protein.

Furthermore, NK cells from heterozygous 57Q/X donors displayed reduced 

expression compared to 57Q/Q donors, while homozygous 57X/X donors 

were negative for NK cell surface receptor expression (Breunis etal., 2008).

Another determinant of the levels of receptor expression are SNPs within the 

upstream promoter sequences that may affect the transcriptional activity of 

the promoter. For example, two SNPs, -386G>C and the -120T>A, have been
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identified within the almost identical promoter regions of the genes encoding 

the FcyRIlb and FcyRIIc receptors (Breunis etal., 2008; Su et al., 2004b). Using 

in vitro promoter activity assays, it has been shown that the less frequent 

-386C and -120A haplotypes exhibit enhanced transcriptional activity 

compared to the -386G and -120T ones, mainly due to the differential binding 

of GATA-4 and Yin-Yang 1 (YY-1) transcription factors (Su etal., 2004a; Su et 

al., 2004b). In addition, genetic linkage was observed between the -386C and 

-120A alleles. Furthermore, an additional polymorphic site (G to C substitution 

at the -343 position; -343G>C) within the promoter of the FCGR2B gene 

enables the interaction of the YY-1 transcription factor, leading to 

transcriptional repression of FCGR2B via competition for binding with the c- 

Jun/AP-1 transcription complex (Blank et al., 2005; Olferiev et al., 2007). Given 

the high sequence similarity between the FCGR2B and the FCGR2C gene 

promoters, the -343G>C polymorphism would also be predicted to be present 

within the FCGR2C promoter.

Similarly, within the promoter of the gene coding for the a  chain of the FceRI 

[FCER1A), a number of SNPs, including -66T>C, -315C>T and -335C>T, have 

been shown to regulate receptor expression through differential binding and 

transactivation of transcription regulatory factors. For example, the -66T 

variant displayed increased in vitro transcriptional activity compared to the 

-66C form, because the former has an additional GATA-1 binding motif 

(Hasegawa etal., 2003). Similarly, the C to T substitution at position -315 (also 

referred as -344) was associated with significantly higher promoter activity;
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an effect that was attributed to the binding of Sp l transcriptional regulator 

(Kanada etal., 2008). Similar SNPs have been identified in the promoter 

regions of the gene encoding for the (3 chain of the FceRI receptor (Hizawa et 

al., 2006; Hizawa et al., 2000; Hizawa et al., 2001). Increased binding of YY-1 

and consequently higher promoter activity has been observed for the -426C 

and -  654T haplotypes, compared with the -426T and -654C (Nishiyama etal.,

2004).

Table 8.1.: Functional Effects of Genetic Variants of Fc Receptors

Receptor Gene Variant Effect Reference
FcyRNa FCGR2A R131H H131: Higher affinity for lgG2 (Warmerdam et al., 1990)
FcyRNb FCGR2B I232T T232: Lower affinity for lipid (Floto et al., 2005; Kono

rafts/decreased inhibitory 
activity

-386G>C -386C: Higher promoter 
activity

-343G>C -343C: Loss of AP-1 binding 
site/ transcriptionally 
repressed

-120T>A -120A: Higher promoter 
activity

FcyRllc FCGR2C Q57X Truncated non-functional
protein

-386G>C -386C: Increased promoter 
activity

-120C>A -120A: Linked with higher 
transcriptional activity

CNV
FcyRllla FCGR3A V158F V158: Higher affinity for IgGl (Wu et al., 1997)

and 3, binds lgG4
CNV

FcyRHIb FCGR3B NA1/2 NA1: Higher affinity for IgGl (Salmon et al., 1990)
and 3

SH/A78D Unknown -  linked to the NA2 (Bux et al., 1997) 
allele

CNV (Aitman et al., 2006;
Willcocks et al., 2008)

et al., 2005)

(Su et al., 2004a) 

(Blank et al., 2005)

(Su et al., 2004a)

(Breunis et al., 2008)

(Breunis et al., 2008)

(Breunis et al., 2008)

(Breunis et al., 2008) 
(Wu etal., 1997)

(Thabet et al., 2008)
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Table 8.1.: Functional Effects of Genetic Variants of Fc Receptors

FceRI 
a chain

FceRI 
3 chain

FceRI I

plgR

FcaRI

FCER1A -66T>C 

-315C>T

-335T>C 
MS4A2 -426T>C

-654C>T

-109C>T 

E237G 

1181L 

V183L 

FCER2 R62W 

PIGR A580V

FCAR S248G

-66T: Higher promoter activity (Flasegawa et al., 2003)
-additional GATA-1 binding site
-315T: Increased (Kanada et a!., 2008)
transcriptional activity -  Spl
site
-335C: Increased expression? (Shikanai et al., 2002) 
-426C: Increased promoter 
activity
-654T: Increased promoter 
activity- 
YY-1 binding 
-109T: Unknown/higher 
receptor expression
G237: Associated with higher (Green et al., 1998) 
expression
L181: Unknown/higher 
expression?
L183: Unknown/higher 
expression?
W62: Resistant to proteolytic (Meng et al., 2007) 
cleavage
V580: Near endoproteolytic (Obara et al., 2003) 
cleavage site/reduced 
efficiency of IgA release?
G248: Enhanced IgA-mediated (Wu et al., 2007) 
responses; increased cytokine 
release

(Nishiyama et al., 2004)

(Flizawa et al., 2006; 
Nishiyama et al., 2004)

(Flizawa et al., 2006)

(Green et al., 1998) 

(Green et al., 1998)

Table 8.2.: Impact of Fey Receptor SNPs on IgG Subclass Affinity

Variant
IgG 1

IgG Subclass
lgG2 lgG3 lgG4

Reference

FcyRlla R131 +++ + ++++ + (Salmon et al., 1992)
H131 +++ +++ ++++ +

FcyRllla V158 ++++ + ++++ +++ (Koene et al., 1997)
F158 +++ + +++ +

FcyRlllb NA1 ++++ + ++++ + (Salmon et al., 1992)
NA2 +++ + +++ +
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Apart from SNPs, a number of recent studies have demonstrated that genes 

coding for Fey receptors exhibit variation in their copy numbers. Early 

evidence of copy number variation (CNV) in the human genome came from the 

observation that deletions or duplications of relatively large genomic regions 

(>1 Mb) were associated with hereditary traits (Chance et al., 1993; Hurles, 

2004; Lupski etal., 1991; Lupski and Stankiewicz, 2005). However, it was only 

recently that advances in genomic analysis techniques have allowed the 

precise characterisation of CNV loci with relatively high resolution and 

accuracy. Indeed, in 2004, using different genome-wide analysis strategies, 

two independent studies reported that a number of large genomic segments 

are characterised by extensive variation in copy number (Iafrate et al., 2004; 

Sebat et ah, 2004). Similarly, Redon and colleagues (2006) performed whole 

genome scans using high-resolution arrays in the 270 HapMap individuals 

from different ethnic groups and constructed the first CNV map of the entire 

human genome. This study revealed that an astonishing fraction of over 12% 

of the human genome displays copy number variation, accounting for a great 

proportion of genetic diversity between individuals, which might be 

significantly higher than that attributed to SNPs. Currently, in the database of 

genomic variants (http: //proiects.tcag.ca/variation/). there are over 8,000 

CNV loci with about 30,000 copy number variants, many of those comprising 

genes and gene regulatory elements with a key role in several aspects of 

human physiology (Iafrate etal., 2004). It is therefore anticipated that CNV of 

these genes could influence their expression and induce phenotypic changes.

8.1.2. Copy Number Variation
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As a consequence, gene CNV might constitute a significant genetic risk factor 

for a number of diseases, especially those sensitive to gene dosage (Schaschl et 

al., 2009). Indeed, over the last few years, there are several reports of disease 

association with CNV in a number of genes (Table 8.3). For instance, increased 

CNV in the DEFB gene, which codes for p-defensin was reported to be 

associated with susceptibility to psoriasis in two independent patient cohorts 

(Hollox e ta l ,  2008).

Astonishingly high variation has also been noted within the Fey receptor locus, 

but not within the loci where the genes coding for other Fc receptors are 

mapped (Redon etal., 2006) (Figure 8.1). Copy number variation has been 

demonstrated for FCGR3B, FCGR2C and FCGR3A genes, but not for FCGR2A or 

FCGR2B. For FCGR3B, Willcocks and co-workers (2008) have recently 

demonstrated association between gene copy number and surface expression 

of FcyRIIIb in neutrophils. In addition, neutrophils isolated from donors with 

>2 gene copies displayed enhanced IgG-induced effector responses as well as 

increased cell adherence in IgG-coated surfaces compared with those from 

donors with <2 (Willcocks etal., 2008). Similarly, NK cells from individuals 

with two or three copies of FCGR3A tend to express higher levels of receptor 

and exhibit greater antibody-dependent killing capacity than those from 

individuals with one copy of the gene (Breunis etal., 2008). Based on these 

findings, it is anticipated that higher copy numbers of the FcyRIIc gene may be 

associated with increased levels of surface receptor expression and 

potentiation of responses following stimulation with IgG. Although a number
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of studies have made use of well-validated complementary techniques for the 

assessment of copy number variation, there remains controversy relating to 

the accuracy and sensitivity of some of these techniques, as they are still at an 

early stage of technical development (Schaschl et al., 2009).

Table 8.3.: Disease Association of Copy Number Variants
Disease Gene CNV Reference
SLE FCGR3B Low (Aitman et al., 2006; Fanciulli et al., 2007; 

Willcocks et al., 2008)
C4 Low (Yang et al., 2007)

CCL3L1 Low/High (Mamtani eta/., 2008)
Lupus Nephritis FCGR3B Low (Fanciulli et al., 2007)
ANCA positive FCGR3B High (Willcocks et al., 2008)
vasculitis
ITP FCGR2C High (Breunis et al., 2008)
HIV susceptibility CCL3L1 Low (Gonzalez et al., 2005)
Crohn Disease DEFB4 Low (Bentley et al., 2010; Fellermann et al., 2006)
Psoriasis DEFB High (Hollox et al., 2008)
RA CCL3L1 Low (McKinney et al., 2008)
Pancreatitis PRSS1 High (Masson et al., 2008)
Parkinson Disease SNCA High (Nuytemans et al., 2009)
Abbreviations: SLE: systemic lupus erythematosus; CNV: copy number variation; 
ANCA: anti-neutrophil cytoplasmic antibodies; UP: idiopathic thrombocytopenia 
purpura; RA: rheumatoid arthritis.
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Figure 8.1.: Copy Number Variation of the Fey Receptor Locus Revealed by 

Genome-wide Analysis

Array comparative genome hybridisation data from the Whole Genome 

TilePath (WGTP) project of the Sanger Institute (based on Redon etal., 2006 

available at http://www.sanger.ac.uk/humgen/cnv/data/). [A] Log intensity 

ratios from 270 HapMap samples for 9 probes within the lq23  region of 

chromosome 1, where the Fey receptor locus is mapped. Contrary to other 

probes, distinct clusters of intensity ratios within the Fey receptor probe
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[8H4] reveal extensive gene copy variation ranging from 0 -  >3 copies. (B) 

Graphical representation of the position of the 9 TilePath probes within the 

region that includes the Fey receptor locus (lc/22-24).
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8.2. Fc Receptor Genetic Variants as Risk Factors for Chronic 

Inflam m atory Diseases

The link between Fc receptor genetic variants and disease pathogenesis has 

been the subject for intensive investigation for a number of decades and it is 

widely accepted that they play a crucial role in the pathogenesis of a range of 

chronic inflammatory diseases, constituting significant genetic risk factors for 

disease development and prognosis. Based on the functional implications of 

the Fey receptor polymorphic and copy number variants, they can be 

categorised into either low or high responder variants. Low responder 

polymorphic variants of Fey receptors, for example R131, F158 and NA2 for 

FCGR2A, FCGR3A and FCGR3B, respectively, as well as low number of genomic 

copies are usually associated with autoimmune pathologies that are 

characterised by the presence of circulating IgG complexes (Karassa et al., 

2003; Karassa etal., 2002; Thabet etal., 2008). Reduced efficiency of IgG-Fc 

interactions with these low responder variants may compromise clearance of 

IgG complexes from circulation, leading to their deposition in peripheral 

tissues; a process that initiates or exacerbates inflammatory processes with 

detrimental effects. Alternatively, high responder variants are linked to chronic 

inflammatory disorders characterised by excessive or inappropriate leukocyte 

activation (Dijstelbloem etal., 1999; Gavasso etal., 2005; Morgan etal.,

2006b). These variants may result in more efficient and prolonged Fc-IgG 

interactions. Reduced threshold for IgG-mediated cellular effector responses 

could promote leukocyte infiltration into tissues together with the release of 

histotoxic and cytotoxic compounds that amplify inflammatory cell-mediated
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tissue damage (Nathan, 2006; Weiss, 1989). Chronic inflammatory diseases 

(summarised in Table 8.4) that have been shown to be associated with Fey 

receptor genetic variants include (but are not limited to) autoimmune 

pathologies, such as systemic lupus erythematosus (SLE), rheumatoid 

arthritis, and myasthenia gravis, certain neuropathies, acute allograft 

rejection, as well as vascular inflammatory and thrombotic disorders, like 

coronary artery stenosis, peripheral atherosclerosis and vasculitis (Balada et 

al, 2006; Berdeli et al, 2004; Blank et al., 2005; Brun et al., 2002; Carlsson et 

al, 1998; Chen et al., 2006a; Chen et al., 2006b; Chu et al., 2004; Dijstelbloem 

et al., 2000; Foster et al., 2001; Fujimoto et al., 2001; Gavasso et al., 2005; 

Gonzalez-Escribano et al., 2002; Gruel et al., 2004; Hatta et al., 1999; Jonsen et 

al., 2007; Karassa e ta l,  2002; Kastbom e ta l ,  2005; Khoa e ta l ,  2003; Koene et 

al., 1998; Kono etal., 2005; Kyogoku etal., 2002a; Kyogoku etal., 2004; Lee et 

al., 2002; Lee etal., 2008b; Magnusson etal., 2004; Morgan etal., 2000;

Morgan et al., 2006b; Norsworthy et al., 1999; Olferiev et al., 2007; Raaz et al., 

2009; Raknes et al., 1998; Sato et al., 2001; Siriboonrit et al., 2003; Song et al., 

1998; Su et al., 2004b; Tackenberg et al., 2009; Thabet et al., 2008; Tse et al., 

2000; Tsuchiya and Kyogoku, 2005; Van Der Meer et al., 2004; van der Pol et 

al., 2003; van der Pol et al., 2000; van Sorge et al., 2005; Vedeler et al., 2000; 

Williams et al., 1998; Wu et al., 1997; Yuan et al., 2004; Zuniga et al., 2001).

Although there is substantial evidence for the role of Fey receptor variants 

with susceptibility to all these diseases, SLE represents a prototype, multi

organ, antibody-mediated autoimmune disorder, classically characterised by
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elevated circulating IgG complexes. SLE has been shown to be strongly 

associated with nearly all known Fey receptor polymorphic and copy number 

variants. Several groups have reported increased frequency of the low 

responder allele of FcyRIlIa, F158, among SLE patients (Chu et al., 2004; 

Jonsen et al., 2007; Koene et al., 1998; Magnusson et al., 2004; Seligman et al., 

2001; Wu et al., 1997; Yun e ta l,  2001; Zuniga e ta l ,  2001]. Furthermore, this 

allele displays preferential segregation with affected individuals from 

multiplex SLE families, clearly indicating that it represents a significant risk 

factor for SLE susceptibility (Edberg et al., 2002]. For FcyRIIa, the R131 allele 

has been shown to be associated with SLE in several ethnic groups, an 

observation that was further confirmed by recent meta-analyses (Karassa et 

al., 2002; Yuan et al., 2008], Likewise, increased frequency among SLE patients 

of the low responder allele of FcyRIIIb, NA2, has been reported widely 

(Gonzalez-Escribano et al., 2002; Hatta et al., 1999; Siriboonrit et al., 2003]. It 

should be noted that there have been several reports that describe the lack of 

association of these polymorphisms with SLE, possibly due to the high genetic 

variation of these polymorphisms in populations of different origin (Botto et 

al., 1996; Gonzalez-Escribano et al., 2002; Jonsen et al., 2007; Koene et al.,

1998]. In addition, although autoantibodies of all three major subclasses 

(IgGl, IgG2 and IgG3] can be detected in SLE patients, heterogeneity of the 

antibody subclass responses and differential clinical exacerbations among 

these patients could also constitute an additional determinant that accounts 

for the lack of association between particular Fey receptor polymorphisms 

with disease susceptibility.
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A number of polymorphisms within the FCGR2B coding and promoter regions 

that are linked to the development of SLE have been identified. Many of these 

variants exhibit decreased activity or expression of FcyRIIb that would 

probably affect B cell function and antibody production, as well as the activity 

of other cell types such as monocytes and macrophages. A notable example is 

the transmembrane polymorphism T232, which displays lower affinity for 

lipid rafts and as a consequence exhibits decreased inhibitory activity, has 

been shown to be associated with SLE, at least in Asian populations (Chen et 

al., 2006b; Chu et al, 2004; Kono et al., 2005; Kyogoku et al., 2002a; Siriboonrit 

etal., 2003; Tsuchiya and Kyogoku, 2005). Similarly, the -343C allele that 

displayed repressed FCGR2B promoter activity was enriched among SLE 

patients, compared to disease-free controls (Blank etal., 2005; Olferiev etal., 

2007). Other SNPs within the promoter of FCGR2B are -386G>C and -120T>A 

that exhibit genetic linkage. Interestingly, Su and colleagues (2004b) reported 

that the frequency of the -386C and -120A alleles, which exhibit enhanced 

transcriptional activity was increased in Caucasian patients with SLE 

compared to ethnically matched controls. The functional relevance of this 

finding remains to be determined but one possibility is that these 

polymorphisms (-386G>C, -120T>A) might be genetically linked to other as 

yet unidentified polymorphisms associated with SLE, or their over

representation in the SLE cohort to be due to their low haplotype frequency in 

the tested population. Finally, variation in the copy number of FCGR3B has 

been identified as an additional determinant for the development of SLE. In 

two independent studies, low copy number of the FCGR3B gene was strongly
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associated with SLE, as the percentage of individuals with <2 genomic copies 

of FCGR3B was significantly higher in the SLE compared to the control study 

cohort (Fanciulli etal., 2007; Willcocks e ta l,  2008). Reduced surface 

expression of FcyRIIIb in these individuals may compromise clearance of IgG 

complexes, increasing the risk for the development of SLE.

Apart from Fey receptors, polymorphism within FcaRI has been associated 

with SLE, as the pro-inflammatory G248 allele has been found to be enriched 

in SLE populations (Wu et al., 2007) (Table 8.5). In addition, several Fee 

receptor polymorphisms have been linked with the development of allergy- 

related chronic inflammatory diseases and new associations continue to be 

reported (Weidinger etal., 2008) (Table 8.5). In particular, polymorphisms 

within the gene coding for the (3 subunit of the FccRI (MS4A2) have been 

shown to be strongly associated with atopy, asthma, airway hyper

responsiveness, allergic rhinitis, serum IgE levels, atopic asthma and atopic 

dermatitis (Cui etal., 2003; Green etal., 1998; Hill and Cookson, 1996; Hizawa 

etal., 2006; Hizawa etal., 2000; Hizawa etal., 2001; Kim etal., 2007; Laprise et 

al., 2000; Li and Hopkin, 1997; Nagata etal., 2001; Rigoli etal., 2004;

Shirakawa etal., 1996; Zhang etal., 2004). The extent of the impact of these 

polymorphisms on receptor function and signalling is under investigation. 

Many atopy-associated SNPs within the promoter of FCER1A have been 

reported to determine transcriptional activity and subsequently receptor 

expression. In particular, the -66T, -315T and -335C alleles, which differ in 

their frequency between atopic and non-atopic subjects, at least in some
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populations, were strongly associated with increased serum IgE 

concentrations (Bae et al., 2007; Hasegawa e ta l ,  2003; Kanada et al., 2008). 

As the levels of IgE in circulation are greatly correlated with the surface 

expression of FceRI, these polymorphisms might directly or indirectly affect 

receptor expression and consequently the effectiveness of IgE-mediated 

cellular responses.

In summary, Fc receptors have a key role in the regulation of immune cell 

function and the polymorphic and copy number variants identified so far 

undoubtedly contribute to the development of a number of chronic 

inflammatory diseases. Apart from these diseases, Fc receptor polymorphisms 

have also been shown to be strongly associated with susceptibility to 

pathogens, constituting a major genetic risk factor for a number of infectious 

diseases, including periodontitis and meningococcal infections (Cooke et al., 

2003; Forthal etal., 2007; Platonov etal., 1998a; Platonov etal., 1998b; van 

der Pol et al., 2001; Yoshie et al., 2007). Furthermore, recent advances in the 

therapeutic use of intravenous immunoglobulins have highlighted the role of 

Fc receptor polymorphisms in the clinical outcome and therapeutic 

responsiveness for a number of diseases (Binstadt et al., 2003; Nimmerjahn 

and Ravetch, 2008a). One of the future challenges is to determine the precise 

role of the different classes of human Fc receptors in the control of innate and 

acquired immune responses and define how the observed genetic variation 

contributes to disease pathogenesis.
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Table 8.4.: Association of FcyR Variants with Chronic Inflammatory Diseases

Gene Variant Disease
FCGR2A H131 GBS

R131 Acute renal allograft
rejection, APS, giant cel 
arteritis, HIT, ITP, IgA 
nephropathy, lupus 
nephritis, MG severity, 
peripheral 
atherosclerosis, RA 
severity, RF, SLE, WG

FCGR2B -120A SLE, CIDP

-343C SLE

-386C SLE, CIDP

T232 SLE

Reference
(van der Pol et al., 2000)

(Balada et al., 2006; Bazilio et al., 
2004; Berdeli et al., 2004; Brun et al., 
2002; Carlsson et al., 1998; 
Dljstelbloem et al., 2002;
Dljstelbloem et al., 1999; Dults et al., 
1995; Gelmetti et al., 2006; Jönsen et 
al., 2004; Karassa et al., 2003; Karassa 
et al., 2002; Khoa et al., 2003; Lee et 
al., 2003; Magnusson et al., 2004; 
Morgan et al., 2006b; Norsworthy et 
al., 1999; Raaz et al., 2009; Salmon et 
al., 1996; Sato et al., 2001; Siriboonrlt 
et al., 2003; Song et al., 1998; Tanaka 
et al., 2005; Van Der Meer et al.,
2004; van der Pol et al., 2003; 
Williams et al., 1998; Yuan et al.,
2004; Yuan et al., 2008; Yun et al., 
2001; Zuniga et al., 2003; Zuniga et 
al., 2001)
(Su et al., 2004b; Tackenberg et al., 
2009)
(Blank et al., 2005; Olferlev et al., 
2007)
(Su et al., 2004b; Tackenberg et al., 
2009)
(Chen et al., 2006b; Chu et al., 2004; 
Kono et al., 2005; Kyogoku et al., 
2002a; Siriboonrlt et al., 2003; 
Tsuchiya and Kyogoku, 2005)

FCGR2C High CNV ITP (Breunis et al., 2008)

FCGR3A F158

V158

Coronary artery 
stenosis, giant cell 
arteritis, lupus nephritis, 
SLE, WG

ACPA-positive RA, 
allergic rhinitis, 
bronchial asthma, HIT, 
ITP, IgA nephropathy 
severity, rheumatoid 
factor production, RA

(Chu et al., 2004; Dijstelbloem et al., 
1999; Gavasso et al., 2005; Jönsen et 
al., 2007; Koene et al., 1998; Kyogoku 
et al., 2002b; Magnusson et al., 2004; 
Morgan et al., 2006b; Seligman et al., 
2001; Wu et al., 1997; Yun et al.,
2001; Zuniga et al., 2001)
(Chen et al., 2006a; Fujlmoto et al., 
2001; Gruel et al., 2004; Kastbom et 
al., 2005; Lee et al., 2008b; Morgan et 
al., 2006a; Morgan et al., 2000;
Tanaka et al., 2005; Thabet et al., 
2008; Zeyrek et al., 2008)
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Table 8.4.: Association of FcyR Variants with Chronic Inflammatory Diseases

FCGR3B NA1 ANCA vasculitis, ITP, MG (Foster et al., 2001; Raknes et al., 
severity 1998; Tse et al., 2000)

NA2 GBS severity, lupus (Gonzalez-Escribano et al., 2002;
nephritis, SLE Hatta et al., 1999; Siriboonrit et al.,

2003; van Sorge et al., 2005; Vedeler 
et al., 2000)

High CNV ANCA-positive vasculitis (Willcocks et al., 2008)

Low CNV SLE, lupus nephritis (Aitman et al., 2006; Fanciulli et al.,
 ________________________________2007; Willcocks et al., 2008) ___
Abbreviations: ACPA: anti-citrullinated protein/ peptide antibodies; ANCA: anti
neutrophil cytoplasmic antibodies; APS: anti-phospholipid syndrome; CIDP: 
chronic inflammatory demyelinating polyneuropathy; GBS: Guillain-Barre 
syndrome; HIT: heparin-induced thrombocytopenia; ITP: idiopathic 
thrombocytopenia purpura; MG: myasthenia gravis; RA: rheumatoid arthritis; RF: 
rheumatic fever; SLE: systemic lupus erythematosus; WG: Wegener's 
granulomatosis.

Table 8.5.: Role of IgE, IgA and IgM receptor SNPs in Disease Pathogenesis

Receptor SNP Disease Reference

FceRI -66T>C Atopy, high IgE levels in (Hasegawa et al., 2003)
a chain asthma

-315C>T Aspirin-intolerant (Baeet al., 2007)
chronic urticaria, high
IgE levels

-335T>C High IgE levels (Shikanai et al., 2002)
FceRI E237G Atopic asthma, high IgE (Cui et al., 2003; Green et al., 1998; Hill
ß chain levels, atopy, airway and Cookson, 1996; Kim et al., 2007;

hyperresponsiveness, Laprise et al., 2000; Lee et al., 2008a;
allergic rhinitis, asthma Nagata etal., 2001; Rigoli et al., 2004;

Shirakawa et al., 1996; Zhang et al.,
2004)

1181L Atopy, asthma (Green et al., 1998; Li and Hopkin, 1997)
-109C>T High IgE levels (Cui et al., 2003; Hizawa et al., 2006; 

Hizawa et al., 2000; Hizawa et al., 2001)
FcaRI S248G SLE (Wu et al., 2007)
plgR A580V IgA nephropathy (Obara et al., 2003)
Abbreviations: SLE: systemic lupus erythematosus; SNP: single nucleotide 
polymorphism.
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9. Fey R e c e p t o r  G e n e t ic  V a r ia n t s  a s  R is k  Fa c t o r s  f o r  IP F

9.1. Introduction

Despite the unknown aetiology for IPF, a significant genetic component that 

confers disease susceptibility has been suggested, mainly due to the existence 

of familial clustering of IPF, even in individuals that were raised in different 

environments (Loyd, 2003]. In addition, association of IPF with a number of 

polymorphic variants has been reported, mainly in genes involved in pro- 

inflammatory pathways (Checa et al., 2008; Molina-Molina et al., 2008; 

Pantelidis et al., 2001; Riha et al., 2004; Selman et al., 2003; Vasakova et al., 

2007; Vasakova e ta l,  2006; Whittington e ta l ,  2003; Whyte etal., 2000;

Xaubet et al., 2003; Zorzetto et al., 2003). These studies provide further 

evidence on the role of pro-inflammatory processes in IPF disease 

pathogenesis.

Indeed, during the early stages of IPF, there is aberrant infiltration of 

leukocytes, especially neutrophils to the pulmonary interstitium that play a 

major role, as they initiate and sustain local inflammatory responses (Gadek et 

al., 1979; Hunninghake etal., 1981). Furthermore, several lines of evidence 

support a clear role for immune complexes (IgG-antigen complexes) that 

initiate or exacerbate lung injury in IPF. For example, pulmonary fibrosis can 

be stimulated by immune complex-mediated lung injury in animal models 

(Bellon etal., 1982; Ward, 1979). Similarly, circulating immune complexes 

have been reported in the serum of patients with IPF, strongly implicating such
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complexes in disease manifestation and progression (Dall'Aglio e ta l ,  1988; 

Dobashi et al., 2000a; Dobashi et al., 2000b; Dreisin et al., 1978; Gadek et al., 

1979; Gelb et al., 1983; Haslam et al., 1979; Martinet et al., 1984; Takahashi et 

al., 2007; Wallace etal., 1994]. Engagement of leukocyte Fey receptors by 

immune complexes triggers a range of pro-inflammatory cascades that lead to 

cell activation and the production and release of histotoxic and cytotoxic 

compounds (Nathan, 2006; Weiss, 1989). As a consequence, ensuing damage 

to the alveolar walls and to the pulmonary interstitium initiates a strong pro- 

fibrotic response, which includes fibroblast proliferation and collagen 

deposition, with profound implications in gas exchange efficiency.

Given the ever-increasing role of pro-inflammatory processes, along with 

immune complexes in the development of IPF, we hypothesised that genetic 

variation within the Fey receptor locus is a major genetic determinant for 

disease susceptibility. Substantial genetic variation mainly in the form of single 

nucleotide polymorphisms (SNPs) and of copy number variants has been 

described for a number of Fey receptor genes and their association with 

several chronic inflammatory and autoimmune diseases has been reported 

(reviewed in Bournazos etal. (2009b)). Such variants determine receptor 

expression and affinity for particular IgG subclasses and include: for FCGR2A, 

the R131H polymorphism, and for FCGR3B, variation in gene copy number, as 

well as the NA1/NA2 polymorphism. Based on the functional consequences of 

these variants, as well as their association with a number of chronic
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inflammatory and autoimmune disorders, we aimed to determine their role in 

IPF disease susceptibility and progression.

9.2. Results

9.2.1. IPF is associated with increased frequency of the NA1 allele

In this study, 142 patients with IPF were recruited and diagnosis was based on 

the American Thoracic Society (ATS)/European Respiratory Society (ERS) 

criteria (ATS/ERS, 2002; Bradley e ta l,  2008). Pulmonary function was 

assessed at the time of diagnosis (baseline) and the baseline characteristics of 

the IPF cohort are summarised in Table 9.1. FcyRIIIb NA1/2 genotypes were 

determined by PCR amplification of genomic DNA using allele-specific primer 

pairs (Figure 9.1, Section 11.24.1). The specificity and efficiency of the PCR- 

based genotyping was validated by direct sequencing (Figure 9.1 C] and by 

immunolabelling of isolated neutrophil granulocytes using monoclonal 

antibodies that specifically recognise the epitopes of the NA1 and NA2 alleles 

(Salmon etal., 1990; Trounstine etal., 1990) (Figure 9.2).

There was agreement between genotypes observed and those predicted by the 

Hardy-Weinberg equilibrium in the control population (x2=0.53, p=0.47)

[Table 9.2). Similarly, the IPF group was in Hardy-Weinberg equilibrium 

(X2=0.03, p=0.86). Significant skewing in the distribution of the three FcyRIIIb 

genotypes (NA1/1, NA1/2, NA2/2) was observed between IPF patients and 

control subjects. In particular, in the IPF cohort there was higher frequency of
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the NA1/NA1 genotype (0.19 vs. 0.07), as well as decreased NA2/NA2 

genotype frequency (0.31 vs. 0.50; x2=17.71, d/2, p<0.001 ){Table 9.3).

In addition, the frequency of the NA1 allele was increased in IPF patients 

compared to controls (0.44 vs. 0.29; Fisher’s exact test, p<0.0001, odds ratio 

(OR) 1.93, 95%  confidence interval (Cl) 1.42-2.64). Heterozygous and 

homozygous carriers of the NA1 allele (NA1/NA1+NA1/NA2) were associated 

with higher risk of IPF (OR 2.19, 95%  Cl 1.40-3.41, p=0.0005), while the 

presence of the NA2 allele had a protective effect against IPF (OR 0.34; 95%  Cl 

0.17-0.65, p=0.0014). Risk analysis of the NA1 allele revealed an additive 

association of this allele with disease susceptibility, with NA1 homozygous 

carriers being at higher risk than NA1/2 heterozygous ones (NA1/1 vs. NA2/2: 

OR 4.14, 95% Cl 2.03-8.43, p=0.0001; NA1/2 vs. NA2/2: OR 2.23, 95%  Cl 

1.12-4.45, p=0.0257). In summary, IPF is characterised by higher prevalence of 

the NA1/NA1 genotype and increased frequency of the NA1 allele, suggesting a 

major role for the FcyRIIIb NA1/NA2 polymorphisms in disease susceptibility.
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Table 9.1.: Characteristics and Baseline Pulmonary Function of IPF Patients

Patients, n 142
Age, y (range) 7018.8 (50-87)

Gender, F/M (%) 47/95 (33.1/66.9)
Absolute Value % Predicted

FEVi, L 2.1610.6 87.52120.0
FVC, L 2.7610.8 87.651 19.6

FEVi/FVC, % predicted 79.0719.9
TLC, L 4.3011.0 74.201 15.3

DLco, ml min 1 mmFIg 1 4.111 1.4 52.751 15.9
Kco, ml min 1 mmHg'1 L'1 1.1010.3 82.47 1 22.8

Values as mean ± SD Abbreviations: IPF: idiopathic pulmonary fibrosis; F: female; 
M: male; FEVi: forced expiratory volume in 1 second; FVC: forced vital capacity; 
TLC: total lung capacity; DLco: Diffusing capacity of the lung for carbon monoxide; 
KCo: DLco corrected for lung volume.

Table 9.2.:

FcyRlllb Genotype
NA1/NA1
NA1/NA2
NA2/NA2

FcyRlllb NA1/2 Hardy Weinberg Equilibrium Testing for
Control and IPF Cohorts

Control (n=218) 
Observed Expected

16 18
94 90

108 110
X2: 0.53, dfl, p=0.47

IPF (n=142) 
Observed Expected 

27 28
71 70
44 45

X2: 0-03, dfl, p-0.86
Values as n; Abbreviations: IPF: idiopathic pulmonary fibrosis; df\ degrees of 
freedom

Table 9.3.: FcyRlllb NA1/2 Genotype and Allele Frequencies in Control and IPF

Control (n=218) IPF (n=142)
NA1/NA1 16(7) 27 (19)
NA1/NA2 94 (43) 71 (50)
NA2/NA2 108 (50) 44 (31)

x2-=17.71, dfl, p<0.001
NA1
NA2

126(29) 125(44)
310(71) 159(56)

pcO.OOOl, OR 1.93, Cl 95% 1.4-2.6
Values as n (%), Abbreviations: IPF: idiopathic pulmonary fibrosis; df: degrees of 
freedom; OR: odds ratio; Cl: confidence interval
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NA1 Arg Leu Asn Asp Val
AGG CTC AAC GAC GTC
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Figure 9.1.: Determination of FcyRiiib NA1/NA2 polymorphisms

(A) FcyRIIIb NA1/NA2 polymorphism DNA and protein sequence. Schematic 

representation of FCGR3B map showing the relative position of the nucleotide 

changes within the ORF. (B) FcyRIIIb NA1/2 genotypes were determined by 

PCR amplification of genomic DNA using allele-specific primer pairs, as 

described in Section 11.24.1. Representative agarose gel of PCR amplification 

products from NA1/1, NA1/2, and NA2/2 individuals. Allele-specific primer 

pair is given for each PCR reaction [1: NAl-specific primers; 2: NA2-specific
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primers). (C) The specificity and efficiency of the PCR-based genotyping was 

validated by direct sequencing (described in Section 11.24.2).

Figure 9.2.: Immunolabelling of neutrophils with NA1/2 allotype-specific 

monoclonal antibodies

PCR-based NA1/2 genotyping was validated by immunolabelling of 

neutrophils from donors previously typed as NA1/1, NA1/2, and NA2/2, using 

allotype-specific antibodies, as described in Section 11.24.3. Representative

272



flow cytometry histogram overlays of CD16 expression in neutrophils 

immunolabelled with allotype-specific monoclonal antibodies (for NA1: CLB- 

gran/11 (bold line); for NA2: GRM-l(grey filled)).
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9.2.2. NA1/2 polymorphisms have no effect on IPF disease progression

In IPF, pulmonary function measurements in the first 12 months following 

diagnosis constitutes a great prognostic tool to identify patients with poorer 

prognosis and higher mortality. In particular, it is generally anticipated that a 

fall from baseline of >10% in FVC or >15%  in DLco (indicative for airway 

restriction and gas exchange capacity, respectively) in the first 6-12 months is 

strongly associated with much higher mortality and with a more aggressive 

form of IPF (Bradley et al., 2008; Flaherty et al., 2003; Hanson et al., 1995;

Latsi et al., 2003b). We have therefore investigated whether the FcyRIIIb 

NA1/2 polymorphisms are linked to disease progression and prognosis. For 

this reason, serial pulmonary function measurements were obtained at 6 and 

12 months following baseline measurement. Patients were then categorised 

into either progressive (n=49) or non-progressive (n=72) groups, based on 

whether they displayed a fall from baseline in >10% in FVC or >15% DLco in 12 

months. Despite the accelerated deterioration in lung function in patients from 

the progressive disease group, none of the baseline measurements (all tested 

parameters) in this group were significantly different compared to those 

obtained from the non-progressive group (Table 9.4).

More importantly, no significant skewing in the genotype distribution was 

noted between progressive and non-progressive groups (x2=0.32, d/2, p=0.85) 

and both groups displayed similar genotype frequencies (Table 9.5). Both in 

the progressive and the non-progressive groups, the FcyRIIIb genotype
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frequencies were in Hardy-Weinberg equilibrium [For progressive control: 

X2<0.001, p=1.00; for the non-progressive group: x2=0.73; p=0.39) [Table 9.6).

Similarly, when we compared the percent change in FVC or Dlco observed in 

12 months [without first categorising into progressive and non-progressive 

groups), no significant differences were observed between the three FcyRIIlb 

genotypes [Figure 9.3). Collectively, our findings clearly suggest that although 

the FcyRIIIb NA1/2 polymorphisms represent a genetic risk factor for IPF, they 

are not implicated in disease progression and aggressiveness.

Table 9.4.: Baseline Pulmonary Function of FcyRlllb Genotypes in IPF

FcyRIIIb Genotype P
NA1/NA1 NA1/NA2 NA2/2

Patients, n 27 71 44
Age, y 69.9 ±8 .4 69.8 ±8.6 70.6 ±9 .9 0.875
FEVi, L 2.23 ±0.5 2.16 ±0.7 2.14 ±0 .6 0.872
% predicted 92.6 ±21.9 87.6 ± 19.9 84.4 ± 18.7 0.252
FVC, L 2.82 ±0.6 2.70 ±0.8 2.81 ±0 .7 0.647
% predicted 92.2 ±21.5 86.6 ±20.3 86.7 ± 17.3 0.430
FEVi/VC, % predicted 79.6 ±9.4 80.3 ±7.7 76.8 ± 12.7 0.171
TLC, L 4.36 ± 1.1 4.20 ±1.0 4.43 ± 1.0 0.511
% predicted 77.4 ± 17.9 73.2 ± 14.4 73.9 ± 14.9 0.489
DLco, ml min^mmHg1 3.89 ± 1.2 4.12 ±1.3 4.23 ±1.5 0.623
% predicted 51.0 ± 16.4 52.7 ± 14.3 54.0 ± 18.3 0.760
Kco, mi min^mmHg^L'1 1.01 ±0.3 1.15 ±0.3 1.09 ±0.3 0.149
% predicted 75.9 ±22.4 84.7 ±21.7 83.1 ±24.7 0.249
Values as mean ± SD. Abbreviations: IPF: idiopathic pulmonary fibrosis; FEVi: 
forced expiratory volume in 1 second; FVC: forced vital capacity; TLC: total lung 
capacity; DLCo: Diffusing capacity of the lung for carbon monoxide; KCo: DLCo 
corrected for lung volume.
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Table 9.5.: FcyRIIIb NAl/2 Genotype Frequencies and Pulmonary Function of 
Progressive and Non-Progressive Subgroups of IPF Patients

Progressive Group Non-Progressive Group P value
Patients, n 49 72
Age, y 70.51 ±9.3 69.95 ±8.9 >0.05
Gender, F/M (%) 12/37 (24.5/75.5) 26/46 (36.1/63.9) 0.23
FcyRIIIB NA1/1 12 (16.7) 12 (16.7) X2: 0.32;
Genotypes NAl/2 39 (54.2) 39 (54.2) d/2,
n (%) NA2/2 21 (29.2) 21 (29.2) p=0.85
FEVi, L 2.29 ±0.6 2.19 ±0.6 >0.05
% predicted 90.3 ±20.9 89.2 ± 18.8 >0.05
FVC, L 2.81 ±0.7 2.86 ±0.8 >0.05
% predicted 86.8 ±21.1 91.7 ± 17.8 >0.05
FEVi/FVC, % predicted 81.96 ±9.9 77.05 ±9.5 >0.05
TLC, L 4.33 ±1.0 4.43 ± 1.0 >0.05
% predicted 71.5 ± 15.6 76.8 ± 13.5 >0.05
DLco, ml min^mmHg1 4.13 ± 1.3 4.18 ±1.3 >0.05
%0 predicted 52.2 ± 16.3 53.8 ± 14.3 >0.05
Kco, ml min^mmHg^L'1 1.08 ±0.3 1.10 ±0.3 >0.05
% predicted 82.7 ±22.8 81.7 ±22.8 >0.05
Progression groups were determined based on changes in FVC or DLco. Progressive 
group displayed a >10% decrease in FVC and/or a >15% decrease in DLCo 12 months 
after baseline measurements (Bradley et al., 2008). Values as mean ± SD, P values 
for progressive vs. non-progressive groups (One-way ANOVA for quantitative values, 
contingency tables (2x2 or 3x2) for gender and genotypes). Abbreviations: IPF: 
idiopathic pulmonary fibrosis; df: degrees of freedom; FEVi: forced expiratory 
volume in 1 second; FVC: forced vital capacity; TLC: total lung capacity; DLco: 
Diffusing capacity of the lung for carbon monoxide; Kco: DLco corrected for lung 
volume.

Table 9.6.: FcyRlllb NAl/2 Hardy-Weinberg Equilibrium Testing for Progressive
and Non-Progressive Subgroups of IPF Patients

Progressive (n=49) Non-progressive (n=72)
FcyRlllb Genotype Observed Expected Observed Expected

NA1/NA1 9 9 12 14
NA1/NA2 24 24 39 35
NA2/NA2 16 16 21 23

X2: <0.0001, d/1, p=1.00 X2: 0.73, d/1, p=0.39
Values as n; Abbreviations: IPF: idiopathic pulmonary fibrosis; df\ degrees of 
freedom.
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FcyRIIB Genotype

Figure 9.3.: Role ofFcyRlllb NA1/2 polymorphisms in IPF disease progression

In IPF, a drop of >10% in FVC or >15% in DLco from baseline in the first 12 

months is generally associated with much higher mortality (Bradley et al., 

2008; Hanson e ta l,  1995; Latsi e ta l,  2003b). Serial measurements of FVC and 

DLco were recorded at 12 months following baseline, to determine whether 

FcyRIIIb NA1/2 polymorphisms are associated with deterioration in lung 

function, indicative of disease progression. No significant association between 

the FcyRIIIb genotypes and the percent change in FVC (A) and DlCo (B) at 12



months following baseline was evident (For FVC: p=0.28, non-significant (NS);

Fo r  DLco: p=0.41, NS). Results are presented as mean ± 95%  confidence 

interval (Cl).
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9.2.3. FcyRila R131H polymorphism does not confer susceptibility to IPF

In this study, we clearly demonstrated that IPF is characterised by higher 

prevalence of the FcyRIIIb NA1/NA1 genotype and that the NA1 allele is 

strongly associated with IPF disease susceptibility. We next aimed to 

determine whether the R131H polymorphism of the FcyRIIa, which like 

FcyRIIIb is constitutively expressed by neutrophils, confers susceptibility to 

IPF. Using allele-specific PCR (Figure 9.4), FcyRIIa R131H genotypes were 

determined in a cohort of patients diagnosed with IPF (n=142) and in 

ethnically matched control subjects. The characteristics of the IPF cohort are 

summarised in Table 9.1. The efficiency and specificity of the allele-specific 

PCR reactions was further validated by direct sequencing (Figure 9.4 C).

Both in the control and in the IPF cohort, there was agreement between 

genotypes observed and those predicted by the Hardy-Weinberg equilibrium 

(controls: x2=0.008, p=0.93; IPF: x2=l-83, p=0.18) (Table 9.7). No significant 

differences in the distribution and frequency of the FcyRIIa R131H genotypes 

(RR, RH, HH) were observed between control subjects and IPF patients (RR: 

0.36 for control vs. 0.37 for IPF; RH: 0.48 vs. 0.43; HH: 0.16 vs. 0.20; x2= 1.38, 

d/2, p=0.50). Allelic frequency of R131 and H131 variants in IPF patients was 

comparable to those noted for the control group (R: control vs. IPF, 0.60 vs. 

0.59; H: 0.40 vs. 0.41; p=0.70, non-significant, OR 1.07, 95%  Cl 0.79-1.44) 

[Table 9.8). In summary, our data clearly suggest that the increased affinity of 

the H131 FcyRIIa variant for IgG2-containing immune complexes does not 

constitute a risk factor for IPF.
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Table 9.7.: FcyRlla R131H Hardy-Weinberg Equilibrium Testing
__________________ _______  for Control and IPF Cohorts

Control (n=218) IPF (n=142)
FcyRlla Genotype Observed Expected Observed Expected

RR 79 79 53 49
RH 105 104 61 69
HH 34 34 28 24

-------------------------- X2: 0-008, d/1, p=0.93 y2: 1.83, dfl, p=0.18 _
Values as n; Abbreviations: IPF: idiopathic pulmonary fibrosis; df: degrees of 
freedom.

FcyRlla R131H Genotype and Allele Frequencies
in Control and IPF Patients

Control (n=218) IP F (n=142)
RR 79 (36) 5 3  (37)
RH 1 0 5 ( 4 8 ) 61  (43)
HH 3 4 ( 1 6 ) 2 8  (20)

X2=1.38 ,  dfl, p=0.50
R 2 6 3  (60) 1 6 7  (59)
H 1 7 3 ( 4 0 ) 1 1 7  (41)

p=0.70,  OR 1.07 ,  Cl 95% 0.79--1.44

Values as n (%), Abbreviations: IPF: idiopathic pulmonary fibrosis; df: degrees of 
freedom; OR: odds ratio; Cl: confidence interval.
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Figure 9.4.: Determination of FeyRlla R131H polymorphism

(A) DNA and protein sequence of the FcyRIIa R131H polymorphism. Schematic 

representation of the FCGR2A map showing the relative position of the 

nucleotide changes within the ORR (B) FcyRIIa R131H genotypes were 

determined by PCR amplification of genomic DNA using allele-specific primer 

pairs, as described in Section 11.24.1. Representative agarose gel of PCR 

amplification products from RR, RH, and HH individuals. (C) The specificity 

and efficiency of the PCR-based genotyping was validated by direct sequencing 

(described in Section 11.24.2).
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9.2.4. The FcyRlla H131 variant is associated with more severe pulmonary 

function at presentation

Although no differences in the frequency of the FcyRIIa R131 polymorphism 

were evident between control and 1PF groups, we next investigated whether 

this polymorphism is associated with disease severity. For this reason, we 

compared the R131H genotype frequencies with the pulmonary function 

measurements obtained at presentation. Homozygous carriers of the H allele 

were associated with significantly lower levels of FEVi (forced expiratory 

volume in 1 sec) and FVC compared with the RR homozygotes (Figures 9.5 and 

9.6). In addition, substantially impaired pulmonary gas transfer was observed 

in H131 homozygous patients, as evidenced by reduced levels of Dlco in these 

patients compared to RR homozygotes (Figure 9.7, Table 9.9).

Dlco is the most reliable guide to outcome and values of 40%  or less are 

generally indicative of advanced disease (Bradley etal., 2008; Latsi e ta l,  

2003b). We have therefore categorised the IPF cohort into <40% and >40% 

predicted DLco values (Table 9.10). Significantly increased frequencies of the 

HH and RH genotypes were evident in the <40% subgroup compared to those 

with Dlco >40% (<40% DLco HH: 0.25, RH: 0.56, RR: 0.19; >40% DlC0 HH: 0.18, 

RH: 0.39, RR: 0.43; x2: 6.1, d/2, p=0.04). In addition, the overall frequency of 

the H allele was increased in patients with <40% predicted Dlco compared to 

those with >40% (0.53 vs. 0.38; p=0.03, OR 1.87, 95%  Cl 1.07-3.28). In 

addition, homozygotes and heterozygotes of the H allele were associated with 

<40% Dlco (p=0.01, OR 3.23, 95%  Cl 1.23-8.49). Collectively, these results
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indicate that the H allele is associated with reduced pulmonary function at 

presentation, which might be indicative of a more advanced form of the 

disease.

Table 9.9.: Baseline Pulmonary Function of FcyRlla Genotypes of IPF Patients

FcyRlla Genotype P value

RR RH HH

Patients, n 53 61 28
Age, y 70.1 ±8.9 70.1 ±8.9 69.8 ± 10.5 NS

FEVi, L 2.31 ±0.6 2.12 ±0.6 1.96 ±0.5 0.037
% predicted 93.0 ±22.0 85.7 ± 17.4 81.5 ±19.4 0.031
FVC, L 2.92 ±0.8 2.75 ±0.8 2.43 ±0.6 0.026
% predicted 91.9 ±20.6 87.1 ± 17.4 80.1 ±20.7 0.041
FEVi/VC, % predicted 79.7 ±9.4 77.5 ± 10.2 81.3 ±9.7 NS
TLC, L 4.47 ±0.9 4.82 ± 1.1 3.94 ± 1.0 NS
% predicted 76.7 ± 14.0 72.9 ± 15.8 71.8 ± 16.5 NS
DLco, ml min^mmHg1 4.49 ± 1.4 3.98 ±1.2 3.54 ± 1.4 0.012
% predicted 57.4 ± 15.4 51.4 ± 15.0 45.7 ± 16.4 0.007
Kco, ml min^mmHg^L'1 1.17 ±0.3 1.07 ±0.3 1.06 ±0.3 NS
% predicted 87.6 ±24.6 80.1 ±20.5 76.6 ±22.9 NS
Values as mean ± SD. P values for RR vs. HH comparison (one-way ANOVA). 
Abbreviations: NS: non-significant; IPF: idiopathic pulmonary fibrosis; FEVi: forced 
expiratory volume in 1 second; FVC: forced vital capacity; TLC: total lung capacity; 
DLco: Diffusing capacity of the lung for carbon monoxide; Kco: DLco corrected for 
lung volume.
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Table 9.10.: FcyRlla R131H Genotype Frequencies and Pulmonary Function
in Severe and Non-Severe IPF Patients

SevereIPF Non-Severe IPF P value
Patients, n 32 110
Age, y (range) 70 ±8.6(54-87) 70 ±9.0 (50-87) >0.05
Gender, P/M (%) 13/19(41/59) 34/76(31/69) 0.39
FcyRlla RR 6(19) 47 (43) X2: 6.1; d/2,
Genotypes, RFH 18 (56) 43 (39) p=0.04
n (%) HH 8(25) 20(18)
FcyRlla Alleles,R 30 (47) 137 (62) 0.03
n (%) H 34 (53) 83 (38)
FEVi, L 1.83 ±0.6 2.26 ±0.6 <0.01
% predicted 74.4 ± 17.8 91.5 ±19.0 <0.01
FVC, L 2.40 ±0.9 2.86 ±0.68 <0.01
% predicted 76.5 ±20.5 91.0 ±18.2 <0.01
FEVi/FVC, % predicted 78.0 ±9.9 79.4 ±9.9 >0.05
TLC, L 3.76 ±1.0 4.47 ±1.0 >0.05
% predicted 66.5 ±15.8 76.7 ±14.3 >0.05
DLco, ml min^mmHg1 2.52 ±0.7 4.61 ±1.1 <0.001
% predicted 32.2 ±6.5 59.3 ±11.8 <0.001
Kco, ml min^mmHg'1!:1 0.83 ±2.7 1.19 ±0.3 <0.001
% predicted 61.3 ±19.2 89.2 ±19.6 <0.001

Severity groups were determined based on baseline DLco levels. Severe IPF was 
defined as <40% predicted DLco at presentation (Bradley et o i, 2008). Values as 
mean ± SD, P values for severe vs. non-severe IPF (One-way ANOVA for quantitative 
values (% predicted), contingency tables (2x2 or 3x2) for gender, genotypes and 
alleles). Abbreviations: IPF: idiopathic pulmonary fibrosis; df: degrees of freedom; 
FEVi: forced expiratory volume in 1 second; FVC: forced vital capacity; TLC: total 
lung capacity; DLco: Diffusing capacity of the lung for carbon monoxide; Kco: DLco 
corrected for lung volume.
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Figure 9.5.: Baseline FEVi levels in the different FcyRlla R131H genotypes

FEVi (forced expiratory volume in 1 second) levels (A -  actual values; B - % 

predicted) were determined in IPF patients and their association with FcyRlla 

R131H genotypes was assessed. Data are presented as the mean ± 95%  

confidence intervals (Cl). *p<0.05 RR vs. HH.
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Figure 9.6.: Association of FcyRlla R131H polymorphism with baseline FVC levels

Baseline FVC (forced vital capacity) was measured in IPF patients by 

spirometry as described in Sections 11.4 and 11.26.2 and their association with 

FcyRIIa R131H genotypes was assessed. Data are presented as the mean of
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either FVC levels (A) or percent predicted (B). Error bars indicate 95%  

confidence intervals (Cl). *p<0.05 RR vs. HH.
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Figure 9.7.: Association of FcyRlla R131 genotypes with Dlco levels at 

presentation

DLco (diffusing lung capacity for carbon monoxide) levels were measured in 

IPF patients at presentation by the single breath technique and their 

association with FcyRlla R131H polymorphism was assessed. Data are 

presented as the mean of either actual levels (ml min^mmHg'1; A) or percent 

predicted (B). Error bars indicate 95%  confidence intervals (Cl). *p<0.05 RR 

vs. HH.
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Serial lung function measurements for the first 12 months following baseline 

were obtained and the percent change in FVC or DLco observed in the 12- 

month period, indicative of disease progression, was assessed. A significant 

reduction in FVC was observed in the first 12 months in HH homozygotes, 

compared to homozygous and heterozygous carriers of the R allele (Figure 

9.8). In contrast, no major change in Dlco was evident between the three 

R131H genotypes, despite the lower baseline Dlco values observed in HH 

patients (Figure 9.9).

As previously, patients were then categorised into either progressive (n=49) or 

non-progressive (n=72) groups, based on whether they displayed a fall from 

baseline in >10% in FVC or >15% Dlco in 12 months and their association with 

the FcyRIIa R131H genotypes was investigated (Table 9.11). Both in the 

progressive and the non-progressive groups, the FcyRIIa genotype frequencies 

were in Hardy-Weinberg equilibrium (For progressive control: x2=2.44, 

p=0.12; for the non-progressive group: x2<0.001; p=1.00).

Significant skewing in the distribution of the R131H genotypes (RR, RH, and 

HH) was noted between progressive and non-progressive groups (Table 9.11). 

In particular, in the progressive group, there was higher frequency of the HH 

genotype (0.29 vs. 0.11), as well as decreased RR genotype frequency (0.33 vs. 

0.44; x 2= 6 .1 3 ,  d/2, p=0.047) compared to the non-progressive group. In 

addition, the frequency of the H allele was increased among the progressive

9.2.5. R131H polymorphism is associated with IPF disease progression
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IPF patients compared to non-progressive ones (0.48 vs. 0.33; p=0.023, OR 

1.84, 95%  Cl 1.09-3.12). The presence of the R allele had a protective effect 

against IPF progression, as heterozygous and homozygous carriers of the R 

allele (RH+RR) were strongly associated with the non-progressive patient 

group (OR 3.20, 95%  Cl 1.22-8.37, p=0.017). Collectively, our findings suggest 

that although the FcyRIla R131H polymorphism does not confer susceptibility 

to IPF, it represents a clear genetic risk factor for IPF disease progression and 

aggressiveness.

Table 9.11.: FcyRlla R131H Genotype and Allele Frequencies in
Progressive and Non-Progressive Subgroups of IPF Patients

Progressive Group Non-Progressive Group
Patients, n 49 7 2
FcyRlla Genotypes, RR 16 (32.7) 32  (44.4)

n (%) RH 19 (38.8) 32  (44.4)
HH 1 4 ( 2 8 . 6 ) 8  (11 .1)

X2=6.13,  d/2, p=0.04 7
FcyRlla Alleles, n R 51 (52.0) 96  (66.7)
(%) H 4 7  (48.0) 4 8  (33 .3)

p=0.023, OR 1.84, 95% Cl 1.09-3.12
Disease progression groups were determined based on changes in FVC or DLco. 
Progressive group displayed a >10% decrease in FVC and/or a >15% decrease in 
D Lco 12 months after baseline measurements (Bradley et al., 2008; Hanson et al., 
1995; Latsi et al., 2003b). Abbreviations: IPF: idiopathic pulmonary fibrosis; df: 
degrees of freedom; OR: odds ratio; Cl: confidence interval; DLco: Diffusing 
capacity of the lung for carbon monoxide.
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Figure 9.8.: Association ofFcyRlla R131 polymorphism with changes in FVC over a 

12 month period

Serial lung function measurements were obtained for 1 2 1 IPF patients 12 

months following baseline to assess disease progression (Bradley et al, 2008; 

Hanson et al., 1995; Latsi et ai., 2003b). Change in FVC (forced vital capacity)



levels over the 12-month period was assessed for association with FcyRlla 

R131H genotypes. Data are presented as the mean [A) FVC actual value (L), (B) 

percent predicted at 12 months following baseline or (C) percent change 

during the 12-month period. Error bars indicate 95%  confidence intervals 

(Cl). *p<0.05 RR vs. HH.
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Figure 9.9.: Changes in DlCo levels over a 12-month period in the different FcyRlla 

genotypes

D L c o  levels were measured in IPF patients 12 months following baseline to 

assess disease progression and aggressiveness and their association with 

FcyRIIa R131 polymorphism was determined (Bradley etal., 2008; Hanson et 

al, 1995; Latsi etal., 2003b). Data are presented as the mean (± 95%  

confidence interval ( C l ) )  of ( A )  actual D L c o  values (ml min 1 mmHg'1), (B) 

percent predicted at 12 months following baseline, or ( C )  percent change 

during the 12-month period. *p<0.05 RR vs. HH
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Using a well-validated quantitative PCR-based method, we determined 

FCGR3B copy number in patients diagnosed with IPF and control subjects 

(Aitman etal., 2006; Fanciulli e ta l ,  2007; Willcocks e ta l ,  2008). FCGR3B were 

normalised to the CD36 gene, which exhibits no copy variation (Figure 9.10). 

Melting curve analysis of the PCR products was performed to ensure 

specificity of the amplification reaction (Figure 9.11).

In order to further validate our qPCR-based assay for the determination of 

FCGR3B copy number, array comparative genome hybridisation (aCGH) data 

for the Whole Genome TilePath (WGTP) project (Sanger Institute) were 

obtained (http://www.sanger.ac.uk/humgen/cnv/data/) (Redon etal., 2006). 

Plotting the logj intensity ratios of the probe encompassing the FCGR3B locus 

(8H4) from the 270 HapMap individuals revealed distinct clusters 

corresponding to different copy numbers (0 ,1 , 2, 3, >3). DNA samples from 10 

HapMap individuals (described in Section 11.25.2) were used as template in 

our qPCR-based FCGR3B quantification method and results compared with the 

log2 intensity ratio of the aCGH-based method. Significant correlation in the 

signals between the two methods was evident (r2=0.982, p<0.0001) (Figure 

9.12 A). In addition, when we compared the FCGR3B-.CD36 ratios of the 

HapMap (Coriell Institute for Medical Research/HapMap) individuals with the 

subjects from this study, we observed that both populations were clustered in 

the same pattern, further validating the sensitivity and efficiency of our qPCR- 

based assay (Figure 9.12 B).

9.2.6. Copy number variation of FCGR3B is associated with susceptibility to IPF
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Direct comparison of the FCGR3B-.CD36 ratio revealed significantly higher 

ratios in the IPF cohort compared to controls (p=0.009; Figure 9.15 A). In 

addition, to avoid biases in copy number classification based on a priori 

binning of ratio values to pre-defined thresholds, we employed a recently 

described likelihood ratio-based statistical test, which integrates assignment 

of samples to copy number based on FCGR3B:CD36 ratios and case-control 

association testing (Barnes etal., 2008). Copy number assignment of the 

FCGR3B-.CD36 ratios was performed with two fitting models; principal 

components analysis (PCA) and linear discriminant function (LDF) and the 

posterior probability for each component (3 components used: 1, 2, 3 

corresponding to <2, 2, and >2 copy numbers) was used for copy number 

assignment (Figures 9.13 and 9.14). No differences in the copy number 

assignment were noted between the two methods. Association testing 

confirmed that FCGR3B copy number was associated with IPF susceptibility 

(X2= 8.76; d/1; p=0.003) (Figure 9.15 B).

Furthermore, using this likelihood-based method, we obtained the assigned 

FCGR3B copy number for each subject and performed additional statistical 

analyses to confirm the observed association with IPF. Significant skewing in 

the distribution of the FCGR3B copy numbers was observed between patients 

with IPF and control subjects (Figure 9.15 B; Table 9.12). In the IPF cohort, 

increased frequency of subjects with >2 copies was evident compared to 

controls (0.30 vs. 0.19; x2= 9.27; d/2; p=0.0097). Similarly, the presence of >2 

FCGR3B copies was strongly associated with IPF (p=0.01; OR: 1.914, 95%  Cl:
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1.17-3.12). In summary, these findings support an association between 

FCGR3B copy number and susceptibility to IPF, thereby providing evidence of a 

role for FcyRIIlb in disease pathogenesis.

Table 9.12.: F C G R 3 B  Copy Number in Control and IPF Patients

Control (n=221) IPF (n=142)
F C G R 3 B  Copies <2 24 (10.9) 7 (4.9)

2 155 (70.1) 91 (64.1)
>2 42 (19.0) 44(31.0)

X2=1.38, d/2, p=0.50
Values as n (%), Abbreviations: IPF: idiopathic pulmonary fibrosis; df: degrees of 
freedom.
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Figure 9.10.: Determination of FCGR3B gene copy number by qPCR

Using a well-validated quantitative real time PCR-based method, FCGR3B copy 

number was determined in patients diagnosed with IPF and control subjects. 

FCGR3B was normalised to the CD36 gene, which exhibits no copy number 

variation, as described in Section 11.25.1. Representative PCR amplification 

plots of donors with <2 (A, B), 2 (C, D), and >2 (E, F) FCGR3B gene copy 

numbers.
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A B

Figure 9.11.: Melting curve analysis o f real time PCR amplification products

To ensure specificity of our PCR amplification reactions, melting curve analysis 

was performed, as described in Section 11.25.1. Representative plots of melting 

curve analysis for the CD36- (A, B) and the FCGR3B-specific (C, D) PCR 

amplification products. Data are presented either as sample fluorescence (raw 

-  A, C) or as changes in fluorescence (derivative -  B, D).
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log2 Intensity Ratio

B

Figure 9.12.: Validation of the qPCR-based method fo r FCGR3B copy number 

quantification

Array comparative genome hybridisation (aCGH) data of the Whole Genome 

TilePath (WGTP) project (Sanger Institute) were downloaded from http:// 

www.sanger.ac.uk/humgen/cnv/data / (Redon e ta l ,  2006). Plotting of the log 

intensity ratios of the probe encompassing the FCGR3B locus (8H4) from the 

270 HapMap individuals revealed distinct clusters corresponding to different 

copy numbers ( 0 ,1, 2, 3, >3). DNA samples from 10 HapMap individuals 

(obtained from the Coriell Institute) were used as template in our qPCR-based
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FCGR3B quantification method and results compared with the log2 intensity 

ratio of the aCGH-based method (A). Significant correlation in the signals 

between the two methods was evident (r2: 0.982, p<0.0001). (B) Comparison 

of the FCGR3B:CD36 ratios of the HapMap (Coriell/HapMap) individuals with 

the subjects from this study revealed that both populations are clustered in the 

same pattern.

B

i-------- 1-------- 1---------1
0.5 1.0 1.5 20

pea.signal Idf.signal

Figure 9.13.: Distribution of FCGR3B:CD36 ratios

FCGR3B-.CD36 ratio values from IPF patients and control subjects were 

analysed using a previously described statistical method, as described in 

Section 11.26.4 (Barnes etal., 2008]. Data were transformed based on the 

following fitting models: principal component analysis (PCA) and linear 

discriminant function (LDF). Distribution of (A] PCA- and (B) LPD- 

transformed data for healthy and IPF cohorts.
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Figure 9.14.: Clustering and assignment of copy number using raw ratio data

To avoid biases in copy number classification based on a priori binning of ratio 

values to pre-defined thresholds, a likelihood ratio-based statistical test was 

used, which combines copy number classification and case-control association 

testing. The fitting code was obtained from http://cnv-tools.sourceforge.net/. 

Copy number assignment of the FCGR3B:CD36 ratios was performed with two
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fitting models: principal components analysis (PCA) and linear discriminant 

function (LDF). Output of clustering of PCA (A-B) and LDF-transformed data 

(C-D) for the control (red; A, C) and IPF cohorts (blue; B, D). Coloured lines 

indicate the posterior probability for each component (3 components used: 1, 

2, 3 corresponding to <2, 2, and >2 copy numbers). The scale for the posterior 

probabilities was omitted for clarity but the maximum is 1 and the three 

probabilities always add up to 1. No differences in the copy number 

assignment were noted between the two methods.
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Figure 9.15.: Association of idiopathic pulmonary fibrosis (IPF) with increased 

FCGR3B copy number

FCGR3B copy number was determined by qPCR in control subjects (n=221) 

and IPF patients (n=142). CD36 was used as a single copy control and the 

FCGR3B:CD36 ratio was used to determine FCGR3B copy number. (A) 

Comparison of FCGR3B-.CD36 ratio in control ( ■ )  and IPF ( □ )  cohorts revealed 

that IPF was characterised with significantly increased ratios (*p=0.009; 

Mann-Whitney t-test). (B) FCGR3B copy number classification using raw
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FCGR3B-.CD36 ratios was performed using a likelihood ratio statistical test 

(Barnes et al., 2008). Significant skewing in the distribution of FCGR3B copy 

number was observed between 1PF patients and control subjects and 

increased frequency of >2 FCGR3B copies was noted in the IPF cohort (0.30 vs. 

0.19; x2= 9.27; d/2; p=0.0097).
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9.2.7. FCGR3B copy number variation is correlated with FeyRllib surface 

expression levels

Gene copy number variation is usually associated with changes in their 

expression, which usually reflect the mechanism that copy number variation 

constitutes a genetic risk factor. In order to investigate whether FCGR3B copy 

number variation was also associated with changes in the receptor surface 

expression, neutrophils were obtained from donors previously typed as <2, 2, 

and >2 FCGR3B copies and FcyRIIIb expression was assessed by flow 

cytometry. As control, the expression of CD32 (FcyRII), which does not exhibit 

copy number variation, was measured. While no differences in the levels of 

CD32 expression were evident between different donors, we observed 

substantial variability in the levels of FcyRIIIb expression (Figure 9.16). In 

particular, donors with <2 copies displayed lower levels of FcyRIIIb 

expression, compared with those with >2 FCGR3B copies. These findings 

provide support for the functional significance of FCGR3B copy number 

variation, clearly indicating that FCGR3B copy number is correlated with 

FcyRIIIb surface expression.
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A

Figure 9.16.: Effect of FCGR3B gene copy variation on FcyRlllb surface expression

Neutrophils were isolated from peripheral blood of donors previously typed as 

<2 (red), 2 (green), and >2 (blue) FCGR3B copies and FcyRllb expression was 

assessed by flow cytometry, as described in Section 11.6. As control, the 

expression of CD32 was measured. Representative flow cytometry histogram 

overlay of (A) FcyRlllb and (B) FcyRIIa expression from donors with <2 (red),

2 (green) and >2 (blue) FCGR3B copies.
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We next compared FCGR3B copy number genotypes with pulmonary function 

measurements obtained at baseline and following 12 month follow up period, 

in order to assess disease severity and progression respectively (Bradley e ta l ,  

2008). No significant differences in the baseline pulmonary function were 

evident for the different FCGR3B copy number classes (Table 9.13).

We then obtained serial pulmonary function measurements at 6 and 12 

months following baseline measurement. As previously, patients were 

categorised into either progressive (n=49) or non-progressive (n=72) groups, 

based on whether they displayed a fall from baseline in >10% in FVC or >15% 

D l c o  in 12 months. No significant skewing in the FCGR3B copy number class 

distribution was noted between progressive and non-progressive groups 

(X2=0.74, d/2, p=0.69), and both groups displayed similar copy number 

frequencies (Table 9.14). In addition, the presence of >2 FCGR3B copies was 

not associated with disease progression (p=0.65, non-significant; OR: 1.33, 

95%  Cl 0.6-2.9). Similarly, when we compared the percent change in FVC or 

D l c o  observed in 12 months, no significant differences were observed between 

the FCGR3B copy number variants (Figure 9.17). Collectively, our findings 

clearly suggest that although the FCGR3B copy number variation represents a 

genetic risk factor for IPF, it is not implicated in disease progression and 

aggressiveness.

9.2.8. FCGR3B copy number variation does not influence IPF disease progression
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Table 9.13.: Baseline Pulmonary Function of FCGR3B CNV of IPF Patients

FCGR3B Copies P value
<2 2 >2

Patients, n 7 91 44
FEVi, L 2 .1610 .5 2 .1 9 1 0 .6 2.12 10 .6 0.85
% predicted 87 .91  19.6 8 6 .8121 .2 88 .91  17.9 0.85
FVC, L 2 .8 6 1 0 .6 2 .7 6 1 0 .8 2.7310.8 0.90
% predicted 90.2 1 15.0 8 6 .0120 .5 90 .41  18.5 0.45
FEVi/FVC, % predicted 7 6 .1 1 8 .2 79.5 19 .5 78 .71  10.9 0.64
TLC, L 4 .2 2 1 0 .7 4 .341  1.1 4 .221  1.0 0.80
% predicted 73.81  11.8 74 .01  15.8 74 .61  15.0 0.98
DLco, ml min^mmHg'1 3 .8 4 1 1 .0 4 .191  1.3 3.99 1 1.5 0.65
% predicted 51.2117.0 53 .11  15.3 52 .21  17.1 0.93
Kco, ml min^mmHg1!.'1 1 .0010 .2 1.12 10 .3 1 .0810 .3 0.53
% predicted 74 .11  17.7 84.3 122 .6 80 .21  23.9 0.42
Values as mean ± SD. Abbreviations: IPF: idiopathic pulmonary fibrosis; FEVi: 
forced expiratory volume in 1 second; FVC: forced vital capacity; TLC: total lung 
capacity; DLCo: Diffusing capacity of the lung for carbon monoxide; Kco: DLco 
corrected for lung volume.
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Table 9.14.: FCGR3B Copy Number Variant Frequencies and Pulmonary
Function of Progressive and Non-Progressive Subgroups of IPF Patients

Progressive Group Non-Progressive Group P value
Patients, n 49 72
Age, y 70.51 ±9.3 69.95 ±8.9 >0.05
Gender, F/M (%) 12/37 (24.5/75.5) 26/46 (36.1/63.9) 0.23
FCGR3B <2 2(4) 4(5) X2=0.74,
CNV n (%) 2 33(67) 43 (60) d fl p=0.69

>2 14(29) 25 (35)
FEVi, L 2.29 ±0.6 2.19 ±0 .6 >0.05
% predicted 90.3 ± 20.9 89.2 ± 18.8 >0.05
FVC, L 2.81 ±0.7 2.86 ±0 .8 >0.05
% predicted 86.8 ±21.1 91.7 ± 17.8 >0.05
FEVi/FVC, % predicted 81.96 ±9.9 77.05 ±9.5 >0.05
TLC, L 4.33 ± 1.0 4.43 ± 1.0 >0.05
% predicted 71.5 ±15.6 76.8 ± 13.5 >0.05
DLco, ml min^mmHg'1 4.13 ±1.3 4.18 ±1.3 >0.05
% predicted 52.2 ± 16.3 53.8 ± 14.3 >0.05
Kco, ml min^mmHg^L'1 1.08 ±0.3 1.10 ±0.3 >0.05
% predicted 82.7 ±22.8 81.7 ±22.8 >0.05
Progression groups were determined based on changes in FVC or DLco. Progressive
group displayed a >10% decrease in FVC and/or a >15% decrease in DLCo 12 months 
after baseline measurements (Bradley et a!., 2008). Values as mean ± SD, P values 
for progressive vs. non-progressive groups (One-way ANOVA for quantitative values, 
contingency tables (2x2 or 3x2) for gender and genotypes). Abbreviations: IPF: 
idiopathic pulmonary fibrosis; df: degrees of freedom; FEVi: forced expiratory 
volume in 1 second; FVC: forced vital capacity; TLC: total lung capacity; DLco: 
Diffusing capacity of the lung for carbon monoxide; Kco: DLco corrected for lung 
volume.
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Figure 9.17.: Role of FCGR3B copy number variation in IPF disease progression

In IPF, a drop of >10% in FVC or >15% in D L c o  from baseline in the first 12 

months is generally associated with much higher mortality (Bradley et al, 

2008; Hanson et al., 1995; Latsi et al., 2003b). Serial measurements of FVC and 

D L c o  were recorded at 12 months following baseline to determine whether 

FcyRIIIb NA1/2 polymorphisms are associated with deterioration in lung 

function, indicative of disease progression. No significant association between 

the FcyRIIIb genotypes and the percent change in FVC ( A )  and D L c o  ( B )  at 12 

months following baseline was evident (For FVC: p=0.28, non-significant (NS); 

For D L c o :  p=0.41, NS). Results are presented as mean ± 95%  confidence 

interval (Cl).
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9.3. Discussion

Until recently, IPF was regarded as an inflammatory disease, but the 

disappointing efficacy of anti-inflammatory and immunosuppressive drugs has 

dampened enthusiasm for an inflammatory aetiology (Davies e ta l ,  2003; 

Douglas et al., 1998; Zisman et al., 2000). The most popular current hypothesis 

of IPF disease pathogenesis is probably due to a dysregulated fibrotic response 

to some sort of epithelial injury (Gadek et al., 1979; Hunninghake et al., 1981). 

However, a role for inflammation -both acute and chronic- should not be 

discounted, since a low-grade inflammatory response persisting over many 

years may be difficult to detect. Several lines of evidence support an 

association for immune complexes with IPF disease pathogenesis, as 

deposition on endothelial or epithelial surfaces might mediate lung injury or 

initiate local inflammatory responses. Such evidence includes: i) lung fibrosis 

indistinguishable from IPF occurs in patients with autoimmune rheumatic 

diseases such as rheumatoid arthritis (Bradley etal., 2008); ii) end-stage lung 

fibrosis may ensue in chronic hypersensitivity pneumonitis, the archetypal 

immune complex-mediated lung disease; iii) pulmonary fibrosis can be 

stimulated by immune complex-mediated lung injury in animal models (Bellon 

etal., 1982; Gadek etal., 1979); and iv) circulating immune complexes have 

been reported in the blood of patients with IPF (Dall'Aglio et al., 1988; Dobashi 

et al., 2000a; Dobashi et al., 2000b; Dreisin et al., 1978; Gadek et al., 1979; Gelb 

et al., 1983; Haslam et al., 1979; Martinet et al., 1984; Takahashi et al., 2007; 

Wallace et al., 1994). It is therefore anticipated that pro-inflammatory
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interactions between immune complexes that are present in IPF and leukocyte 

Fey receptors, like FcyRlIa and FcyRIIIb would constitute an additional 

determinant for disease pathogenesis.

For this reason, in the present case-control study, we have investigated the 

association of Fey receptor polymorphic and copy number variants in IPF 

disease susceptibility and progression. Although a number of single nucleotide 

polymorphisms (SNPs) have been described for Fey receptor genes, well- 

established functional significance in terms of disease pathogenesis has only 

been confirmed for only a few (Bournazos et al., 2009b). Among them, the 

FcyRIIa R131H and the FcyRIIIb NA1/2 polymorphisms exhibit differential 

affinity for human IgG subclasses and therefore increase susceptibility for a 

number of chronic inflammatory and autoimmune disorders (Bournazos et al., 

2009b; Koene et al., 1997; Salmon et al., 1990; van der Pol and van de Winkel, 

1998; Warmerdam etal., 1990). We demonstrated that the H131 variant of 

FcyRIIa is associated with IPF disease severity and progression. In detail, 

increased frequency of the H131 allele was observed in patients with a more 

advanced disease (<40% D L c o ) .  Similarly, HH homozygotes displayed 

significantly impaired baseline pulmonary function compared to RR 

homozygotes, with evidence of more severe restriction and gas transfer. In 

addition, significant association of this allele was evident in progressive IPF 

patients (>10% drop in FVC and/or >15% in D l c o ) ,  suggesting a role for the 

H131 variant in disease progression. These findings indicate that the R131H 

polymorphism could be an additional determinant that influences progression
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and aggressiveness of pulmonary disease; however, the exact mechanisms 

remain unclear.

Previous studies on FcyRIIa R131H have provided substantial evidence for the 

functional consequences of this polymorphism. Association of the H131 

variant has been previously reported for a number of chronic inflammatory 

disorders, including periodontitis and Guillain-Barre syndrome (Bournazos et 

al., 2009b; Kobayashi e ta l,  2003; Kobayashi e ta l ,  2000; Kobayashi e ta l ,

2001; van Sorge etal., 2005). This disease association might reflect the 

capacity of the R131H variant for efficient recognition of IgG2. Indeed, H131 

represents the sole Fey receptor variant capable of interacting with and 

mediating phagocytosis of lgG2-coated particles (Salmon etal., 1992; 

Warmerdam etal., 1990). Since the IgG2 antibody response is mainly 

restricted to carbohydrate antigens, the R131H polymorphism may be 

particularly important for immune responses against such antigens, which 

might also be involved in IPF.

FcyRlIa is widely expressed by diverse leukocyte types, including 

macrophages, neutrophils and eosinophils, which are typically present in the 

BAL fluid of IPF patients (Muller and Coiby, 1997; Piguet, 2003; Selman et al., 

2001a; Selman etal., 2004). Like other activatory Fey receptors, engagement of 

FcyRIIa H131 with IgG2 immune complexes initiates a number of leukocyte 

effector responses, including antibody-dependent cellular cytotoxicity, 

phagocytosis, production and release of proteolytic enzymes (e.g. matrix 

metalloproteinases) and generation of reactive oxygen and nitrogen
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intermediates (Nathan, 2003; Nathan, 2006; Weiss, 1989). Ensuing damage to 

the alveolar walls and pulmonary interstitium could lead to fibroblast 

activation and aberrant wound repair responses leading to deposition of type- 

I collagen and generation of fibrotic tissue, which is characteristic of IPF. 

Furthermore, IgG-mediated production and release of pro-inflammatory 

cytokines by FcyRIIa-expressing leukocytes could amplify any local 

inflammatory response, leading consequently to increased leukocyte 

infiltration. Such cytokines have been detected in the BAL fluid of IPF patients 

and include, IL-1(3, IL-4,1L-8,1L-13, TNF-a, TGF-(3; many of them having the 

capacity to elicit the production of key fibrogenic molecules, thereby 

accelerating fibrosis and disease progression (Agostini and Gurrieri, 2006; 

Wallace etal., 1995).

Apart from FcyRIIa R131H polymorphism, we have also examined the role of 

FcyRIIIb NA1/2 polymorphisms, which have been previously shown to exhibit 

differential affinity for particular IgG subclasses (Salmon etal., 1990). We 

observed significant skewing of NA1 /2 genotype frequencies in the IPF cohort. 

Increased frequency of NA1 homozygous carriers along with 

overrepresentation of the NA1 allele was observed among patients with IPF. 

The NA1 allele has been previously shown to mediate increased binding and 

phagocytosis of IgGl and IgG3-opsonised particles compared to the NA2 allele. 

Since FcyRIIIb is expressed exclusively by neutrophils, our findings clearly 

support the pathogenic potential of this leukocyte subset in IPF. Although 

neutrophils are readily recruited to the site of infection or injury in response

311



to pro-inflammatory stimuli, their excessive or inappropriate recruitment and 

activation has been shown to be a pathogenic determinant for a range of 

inflammatory diseases (Nathan, 2006; Weiss, 1989]. Interactions of immune 

complexes, which have been reported to be elevated in IPF, with neutrophils 

through Fcy-mediated binding can trigger a range of effector and 

immunoregulatory functions, including degranulation, phagocytosis and cell 

activation. Such processes consequently lead to the production of histotoxic 

compounds, like proteolytic molecules and reactive oxygen and nitrogen 

intermediates (Nathan, 2003]. The chronic production of these compounds 

within the pulmonary interstitium trigger the damage of the delicate alveolar 

spaces, which results in aberrant scarring and the subsequent deposition of 

fibrotic tissue with profound impact on physiological lung function and gas 

exchange.

In accordance with our study, association of the NA1 allele has also been 

reported for a number of diseases, including vasculitis and periodontitis, 

which share several features with IPF and are characterised by extensive 

tissue damage as a result of chronic and persistent inflammation (Bournazos 

et al, 2009b; Foster et al., 2001; Gonzalez-Escribano et al., 2002; Hatta et al., 

1999; Siriboonrit eta!., 2003], Several genetic association studies of the NA1/2 

variant have suggested a clear model of how this variant could affect disease 

susceptibility, mainly based on the differences in IgG subclass affinity for these 

variants (Salmon etal., 1990]. For example, expression of the NA1 allotype on 

the surface of neutrophils might lower the threshold for neutrophil activation
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upon FcyRIIIb expression, based on its increased affinity for immune 

complexes containing IgGl and IgG3, the two most abundant IgG subclasses in 

serum. Increased neutrophil activation could potentially sustain or even 

exacerbate the local inflammatory response, enhancing tissue damage and 

acting as a key determinant for the establishment and progression of the 

disease.

In addition to FcyRIIa and FcyRIIIb SNPs, we have also investigated the role of 

FCGR3B copy number variation in IPF disease pathogenesis and progression. 

Unlike FCGR2A, FCGR3B exhibits copy number variation and its association 

with chronic inflammatory and autoimmune disorders, e.g. systemic lupus 

erythematosus and systemic vasculitis has been recently reported (Aitman et 

al, 2006; Fanciulli et al, 2007; Willcocks et a l, 2008). In the present study, we 

have determined FCGR3B copy number using a real-time quantitative PCR- 

based method, using CD36 as gene copy control. As there is currently 

controversy relating to the robustness and accuracy of some of the methods 

for the determination of copy number, we have used appropriate controls to 

carefully validate our assay. For example, DNA samples from selected HapMap 

individuals that have been previously analysed for FCGR3B copy number 

variation using array comparative genome hybridisation were used as 

template in our qPCR-based assay (Redon et a l, 2006). We observed strong 

correlation between the FCGR3B:CD36 ratios obtained from the qPCR-based 

assay and the aCGH intensity ratios, validating thereby the accuracy of this 

technique. In addition, melting curve analysis of PCR reaction products was
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performed to ensure amplification specificity. When we determined FCGR3B 

copy number in IPF and control subjects, significantly increased FCGR3B-.CD36 

ratio was evident in the IPF cohort. Also, the presence of >2 FCGR3B copies 

was associated with higher risk of IPF. Analysis of surface FcyRIIIb expression 

in neutrophils revealed correlation with FCGR3B gene copy number. Similarly, 

FCGR3B gene copy number has been recently shown to be correlated with 

neutrophil functional responses, including superoxide production, adhesion 

and IgG-mediated phagocytosis (Willcocks etal., 2008). Based on these 

observations, it is highly possible that in the context of IPF, the observed 

higher FCGR3B copy number could lower the threshold for IgG-mediated 

neutrophil activation, thereby increasing their histotoxic capacity and 

accelerating disease pathogenesis. In addition to the present study, there are 

several reports of disease association with FCGR3B copy number variation 

mainly in autoimmune and chronic inflammatory disorders (Aitman etal., 

2006; Bournazos et al., 2009b; Fanciulli et al., 2007; Schaschl et a l, 2009; 

Willcocks etal., 2008). For example, higher FCGR3B copies were associated 

with susceptibility to ANCA-positive (anti-neutrophil cytoplasmic antibody) 

vasculitis, which is characterised by excessive deposition of IgG complexes that 

triggers damage of the vascular endothelium (Willcocks etal., 2008).

Over the last decade, our understanding of the pathogenesis of IPF has 

broadened to include a strong genetic component for disease susceptibility 

and progression (du Bois, 2006; Grutters and du Bois, 2005). With the 

exception of some reports relating to familial clustering of IPF, even in
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individuals that were raised in different environments, the majority of the 

genetic association studies have focused particularly on the investigation of 

the role of SNPs in disease susceptibility. Indeed, there are reports of 

association of 1PF with a number of genes involved in pro-inflammatory 

pathways, including cytokines, chemokines, their corresponding receptors as 

well as genes having a role in tissue repair and fibrogenesis. These include 

IL-1[3, TNF-a and TGF-p, which clearly highlight the role of pro-inflammatory 

processes in disease pathogenesis (Checa etal., 2008; Molina-Molina etal., 

2008; Mushiroda et al., 2008; Pantelidis et al., 2001; Riha et al., 2004; Vasakova 

et al., 2007; Vasakova et al., 2006; Whittington et al., 2003; Whyte et al., 2000; 

Xaubetetal., 2003). More importantly, polymorphisms in the complement 

receptor 1 (CD35) gene, which is involved in the clearance of circulating 

immune complexes, are associated with IPF, providing further evidence -along 

with the present study- on the role of immune complexes in IPF pathogenesis 

(Zorzetto et al., 2003).

All these studies, along with the findings presented in this thesis, suggest that 

multiple genetic factors in combination with other environmental and 

immunological triggers can influence predisposition as well as disease 

progression. Genetic variation in each of the genes discussed above constitutes 

a unique risk factor that could affect the susceptibility of an individual for IPF, 

clearly highlighting the complexity and heterogeneity of this multi-staged 

pathology. Identification of genetic variants that affect susceptibility or 

progression of IPF by altering the activity of molecules involved in
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inflammatory and pro-fibrotic pathways would provide novel insights into the 

precise pathogenic mechanisms of IPF.
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10 . Su m m a ry  a n d  C o n c lu s io n s

In the present thesis, we have studied the molecular mechanisms that regulate 

IgG complex binding to CD32a. Like all Fey receptors, CD32a plays a central 

role in immunity, as it mediates the specific binding of IgG complexes to 

leukocytes, thereby linking the innate with the adaptive branches of immunity. 

The role of Fey receptors in host immunity and physiology is reinforced by the 

fact that genetic variants of Fey receptors are associated with a number of 

chronic inflammatory and autoimmune diseases (Bournazos et a l, 2009b). 

Indeed, single nucleotide polymorphisms and copy number variants have been 

described for almost all Fey receptors with the potential to affect their 

function, affinity for IgG subclasses and expression (Section 8). Based on the 

previously described disease association of genetic variants of FCGR2A and 

FCGR3B genes, in the present thesis we have examined the role of these 

variants in susceptibility and progression of IPF. We have reported that these 

polymorphic and copy number variants are associated with IPF susceptibility, 

severity and progression. Although there were some previous reports 

implicating immune complexes in the pathogenesis of IPF, this study provides 

novel evidence relating to the role of Fey receptors and immune complexes not 

only in the pathogenesis but also in the progression of IPF. Also, given the 

functional effects of Fey receptor genetic variants examined in this study, 

targeting Fc-mediated interactions in IPF could be a promising therapeutic 

intervention for IPF, altering the balance between pro- and anti-inflammatory 

processes during IPF disease pathogenesis and progression.
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The main focus of our study was the low affinity Fey receptor CD32a, which is 

constitutively expressed by diverse cell types of the myeloid lineage. However, 

CD32-mediated IgG complex binding to these cells was found to be limited. We 

have therefore aimed to determine the regulatory mechanisms that restrict 

CD32a-mediated IgG complex binding in myeloid cells. We have identified a 

number of factors that influence IgG complex binding to CD32a, including 

protease activity, the extent of sialylation and the presence of GPI-anchored 

molecules. Indeed, treatment with serine proteases, like human neutrophil 

elastase, desialylation enzymes, such as neuraminidase and PI-PLC, which 

enzymatically removes GPI-anchored molecules all alter the capacity of CD32 

for IgG binding. Collectively, given the absence of a direct modification of CD32 

by these treatments, these findings raise the possibility that protease- 

sensitive, sialylated, and GPI-anchored proteins might control IgG complex 

binding to CD32.

In the present study, the role of lipid raft microdomains in the regulation of IgG 

complex binding to CD32 was also examined. Based on the findings presented 

in Section 6.3, it is likely that suppression of CD32 ligand binding activity by 

CD32-regulatory proteins in myeloid cells is achieved by the exclusion of CD32 

molecules from lipid rafts (Bournazos etal., 2009a). Therefore, the 

identification of the CD32 regulatory molecules and analysis of their 

interactions with lipid rafts would provide additional evidence on the complex 

regulatory mechanisms that control CD32 ligand binding activity. In addition, 

recent advances in the study of lipid raft structure, composition and dynamics
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would allow the real-time, high-resolution analysis of the events during the 

process of IgG complex binding to CD32 and provide additional insights into 

the regulatory role of lipid rafts in CD32 activity.

Analysis of IgG complex binding during neutrophil apoptosis revealed that 

neutrophil apoptosis is associated with increased levels of CD32a-mediated 

IgG complex binding. Since neutrophil apoptosis is also linked to a generalised 

cessation in a number of cellular functions, such as the processing of proteins 

and carbohydrates, cell adhesion, and cytokine responsiveness, it is highly 

possible that the observed increase in the levels of CD32a-mediated IgG 

complex binding might be due to the loss of the mechanisms that restrict CD32 

ligand binding activity. This assertion could be further supported by the 

finding that neutrophil apoptosis is characterised by the specific 

downregulation in the expression of a number of distinct cell surface 

molecules, mainly as a consequence of proteolytic cleavage, membrane 

blebbing or dysregulated protein synthesis, leading thereby to loss of 

molecules that regulate IgG binding to CD32a (Dransfield et al., 1994; Hart et 

al., 2000; Whyte e ta l,  1993).

Given the role of lipid raft microdomains in the regulation of CD32a ligand 

binding activity presented in this thesis, the observed increase in CD32a- 

mediated IgG complex binding to apoptotic neutrophils could also be 

attributed to alterations in the lipid composition of the plasma membrane 

during cell apoptosis. Indeed, such alterations could result from the loss of 

lipid raft structure or from the mobilisation of intracellular granular vesicles
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during apoptosis, which have been previously reported for neutrophils (Fadok 

et ai, 1992; Nusbaum et al., 2004). In addition, changes in the expression of 

enzymes that are involved in protein palmitoylation (palmitoyl transferases, 

depalmitoylases) during neutrophil apoptosis could alter the palmitoylation 

status of CD32a, and consequently its affinity for lipid rafts. In addition, 

reduced expression of the CD32a-associated molecules that possibly restrict 

the mobilisation of CD32 in lipid rafts in viable neutrophils, could be an 

additional determinant for CD32a-lipid raft interactions during neutrophil 

apoptosis, resulting in increased levels of IgG complex binding. Therefore, 

analysis of lipid raft structure and composition during neutrophil apoptosis 

would provide novel insights into the role of such domains in the regulation of 

plasma membrane-associated molecules and more importantly, into the 

mechanisms that account for increased CD32a ligand binding activity. It is also 

likely that alterations in the lipid raft structure during cell apoptosis would 

result in changes in the activity and function of several raft-associated 

processes in other cell types, with impact on their recognition and clearance 

by macrophages.

Although the precise mechanisms that account for the increased CD32- 

mediated IgG complex binding to apoptotic neutrophils remain yet to be 

determined, in the present study, we have demonstrated that this process has 

significant impact on the clearance of apoptotic neutrophils. Indeed, the 

increased levels of IgG complex binding to the CD32 receptor of apoptotic 

neutrophils significantly augments their uptake by macrophages. This might
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be particularly important during the resolution phase of an inflammatory 

response, which is also characterised by the production of IgG-antigen 

(immune) complexes and their presence in the inflammatory milieu. The 

absence of pro-inflammatory consequences of the uptake of IgG opsonised 

apoptotic neutrophils, as evidenced by the suppressed LPS-induced cytokine 

responses by macrophages, clearly suggests that IgG opsonisation of apoptotic 

neutrophils provides an immunologically-silent and efficient way for the 

clearance of apoptotic neutrophils and immune complexes, preventing thereby 

any Fc-mediated responses. Furthermore, measurement of the uptake of IgG 

opsonised apoptotic neutrophils using a two-colour flow cytometry-based 

phagocytosis assay revealed that the uptake of IgG opsonised apoptotic 

neutrophils also augments the clearance of non-opsonised ones by 

macrophages, further supporting the immunoregulatory and anti

inflammatory impact of IgG opsonisation.

Although Fc-mediated interactions account for the increased uptake of IgG 

opsonised apoptotic neutrophils by macrophages, the involvement of other 

pathways in this process should not be excluded. Indeed, complement binding 

sites and glycosylation residues within the Fc region of IgG might serve as 

additional determinants for the recognition and uptake of IgG opsonised 

apoptotic neutrophils through complement and lectin pathways, respectively. 

Therefore, analysis of the contribution of such pathways in the recognition of 

IgG opsonised apoptotic neutrophils would provide additional insights into the 

impact of IgG opsonisation on apoptotic cell recognition and clearance. Uptake
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