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Abstract 

The term alpha one anti-trypsin deficiency (AATD) refers to any qualitative or 

quantitative deficiency of alpha one anti-trypsin (AAT)protein. AATD represents a 

major cause of early onset emphysema and liver failure and is frequently under-

diagnosed. AAT acts as a binding partner of complement protein C3. Cleavage of C3 

by proteases represents the final common step of all 3 described pathways of 

complement activation. 

High levels of the complement fragment C3d has been previously identified in the 

plasma and airways of those with ZZ AATD suggestingdysregulated activation of the 

complement cascade in AATD. The aim of this study was to explore what kind of 

effect C3d was likely to have on monocytes in ZZ AATD and healthy MM controls. 

The receptor for C3d, CR2 was identified on the surface of ZZ and MM monocytes. 

Findings were confirmed using a combination of reverse transcription polymerase 

chain reaction (RT PCR), Flow cytometry, western blotting (WB) and confocal 

microscopy (CM). Multi colour flow cytometry was used to identify CR2 on the 

surface of leucocyte subsets in the airways. Treatment of MM and ZZ monocytes 

resulted in significant increases in the levels of matrix metalloproteinase 9 (MMP-9), 

proteinase 3 (PR3) and soluble CD14 (sCD14) detectable in monocyte supernatants. 

This raises questions about the role C3d signalling through monocytes and 

monocyte-derived macrophages plays in the pathogenesis of AATD lung disease. 

In conclusion, this study confirms the presence of the C3d receptor CR2 on the 

surface of monocytes. Results presented facilitate the generation of hypotheses that 

expand our understanding of the role monocytes play in the pathogenesis of ZZ 

AATD 
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1.1 Alpha One Anti-Trypsin Deficiency 

1.1.1 Background 

Alpha one anti-trypsin deficiency (AATD) is an inherited disorder that classically 

presents with early onset pulmonary, liver and skin disease.  Mutations in the 

SERPINA1 gene located on the long arm of chromosome 14, locus 14q3-32.1 are 

responsible for transmission of AATD between generations(2). The inheritance 

pattern of SERPINA1 mutations is autosomal co-dominant meaning that 2 distinct 

variants of an allele may be expressed with both versions contributing to the genetic 

trait observed. The normal allele is termed óMô, with óMMô denoting a healthy 

homozygote.  The prefix óPi*ô is commonly used to denote variants of AATD and 

refers to the historical name for AAT ñProtease Inhibitorò. Wild type AAT protein is 

denoted as PiMM or more often simply óMMô. To date, over 150 allelic variants giving 

rise to AATD have been described(3). AAT was originally named for its ability to 

inhibit pancreatic derived trypsin(4). In the 60 years since its discovery, it has been 

recognised to inhibit a broad spectrum of proteases in addition to functioning as an 

effective immunomodulatory agent.  Anti-protease and anti-inflammatory effects of 

AAT will be discussed in further detail in sections 1.1.7 and 1.1.8.  

Though historically considered to be a rare disease, an emerging evidence base 

suggests that AATD is frequently over-looked in clinical practice.  Delays between 7 

and 10 years from presentation to diagnosis have previously been reported(4). 

Data from studies of lung transplant recipients suggest that disease prevalence is 

likely underestimated and confirm that AATD is currently the 5th most common 

reason for lung transplant worldwide(5). Since the original description of AAT in 1963 

by Laurell and Eriksson (6), repeated efforts have been made to ascertain the true 

incidence and prevalence of AATD.  Such efforts have been hampered by 
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considerable heterogeneity in epidemiological study methodology. Scandinavian 

studies from the 1970s employed prospective screening of neonates, while others 

have directed their efforts towards targeted screening of at risk populations(7).  A 

2002 meta-analysis reported the highest prevalence of the most severe Pi*Z variant 

in northern and western European countries (mean gene frequency 0.0140)(4). A 

2004 update estimated global prevalence of MZ and MS heterozygotes at 116 million 

and the prevalence of ZZ, SS and SZ at 3.4 million(8). 

 

Whilst the rate of detection of clinically significant genotypes may be low, the 

evidence suggests that severe AATD is overrepresented in certain populations. 

Targeted detection has been used to determine the prevalence of AATD in 

symptomatic cohorts and is estimated to be present in as many as 2% of patients 

with chronic obstructive pulmonary disease (COPD)(9). As Ireland has amongst the 

highest prevalence, mortality and hospital admission for COPD in the organisation 

for economic co-operation and development (OECD) ascertaining the contribution of 

AATD to this has been a topic of great interest in recent years(10). In addition to its 

high prevalence in COPD cohorts, AATD has also been linked to the development of 

auto immune diseases including rheumatoid arthritis (RA) and systemic lupus 

erythematosous (SLE)(11). 

 

Irish data on the epidemiology of AATD in Ireland was published for the first time in 

2011(12). Carroll and colleagues took samples from 3000 Irish patients with COPD, 

refractory asthma, cryptogenic liver disease and first-degree relatives of known 

AATD patients.  In addition, they tested 1100 samples from the Trinity College Dublin 
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biobank. This cohort was randomly selected from the electoral register and was 

thought to be more representative of the general population. A prevalence of 0.054 

for the S allele and 0.024 for the Z allele was determined, which is amongst the 

highest previously reported.  From this data we can extrapolate that 9.8% of the 

population carry the S allele and 4.6% will have a Z variant. It is probable that 1 in 

2,104 Irish people are ZZ (approximately 2200 individuals), though only a fraction of 

these have been identified. 

 

1.1.2 Alpha One anti-trypsin protein 

Alpha one anti-trypsin (AAT) is a 52 kDa plasma glycoprotein encoded by the 

SERPINA1 gene on chromosome 14q32.1-32.2(13). Ninety percent of AAT protein is 

synthesised by hepatocytes (Koj et al 1978) with smaller contributions made by 

monocytes (14), macrophages (15),neutrophils (16), pulmonary alveolar cells and 

intestinal epithelial cells (17).   

Mature AAT is a polypeptide chain composed of 394 amino acids. The secondary 

structure comprises 3 ɓ-sheets and 9 Ŭ-helices that support a mobile reactive central 

loop (RCL) at the C terminal region (18). The action of AAT is often likened to that of 

a mouse trap. The exposed central loop presents a methionine residue (met 358) to 

a target protease.  Cleavage of the Met 358 residue by the protease results in 

linkage of the serpin (AAT) carboxyl group and the serine hydroxyl of the protease. 

This binding event results in a structural rearrangement of the AAT protein (19).  The 

ɓ sheets loosen and an irreversible insertion of the RCL into the ɓ sheets of the 

protein occurs(20). This distorts the protease binding site and resulting in its 

inactivation. Oxidation of the Met 358 and Met 351 residues results in loss of the 

anti-protease activity of AAT -an effect that is exaggerated by cigarette smoking (21). 
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The structure of mature AAT protein is depicted in Figure 1.1. Post translational 

modification of AAT includes the addition of glycan residues which will be discussed 

further in section 1.1.3. 

Newly synthesised AAT protein is transported to the endoplasmic reticulum (ER) 

where it is folded and assembled for function.  The most commonly described 

mutations in SERPINA1 result in misfolding of AAT, formation of polymer aggregates 

and sequestration within hepatocytes(22) The most common variants include the Z 

(Glu342Lys) and S (Glu264Val) mutations (23), which will be described in greater 

detail in section 1.1.4. 

AAT is found in abundance in plasma. Normal concentration is between 0.9-1.75 g/L 

(13). As AAT is an acute phase reactant, levels rise during any period of intercurrent 

illness. Thus, care must be taken, and consideration given to the clinical context 

when interpreting a ónormalô plasma AAT level.  Many AAT genotypes associated 

with moderate to severe deficiency (PiMZ, PiSS, PiSZ) may demonstrate levels 

suggestive of normal AAT status if tested during an acute inflammatory illness (9). 

The level of C-reactive protein (CRP) is commonly used in clinical practice to follow 

levels of inflammation.  AAT levels greater than 1g/L are seen in as many as 80% of 

patients with moderate AAT deficiency in the setting of a mild increase in CRP 

(>8mg/L) (24).  Conversely, levels of >1.1g/L in the setting of normal CRP all but rule 

out a deficient genotype (25).   

Once released into the peripheral circulation AAT protein has a half-life of 4-5 days. 

80% of circulating AAT diffuses into tissues with between 0.5 and 10% eventually 

reaching pulmonary alveolar fluid(4).   
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Figure 1.1: AAT Structure with asparagine residues and attached glycans 

The main structure of the AAT protein is represented in green. The reactive centre 

loop with the Methionine at residue 358 (Met 358) is depicted in red. Attached glycan 

side chains are shown in blue. 

Adapted from McCarthy C et al, The role and importance of glycosylation of acute 

phase proteins with focus on alpha-1 antitrypsin in acute and chronic inflammatory 

conditions. J Proteome Res. 2014;13(7):3131-43. 
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1.1.3 Glycosylation of AAT 

Under normal conditions, AAT undergoes post translation modification by 

glycosylation within the ER. Aberrant glycosylation has been previously linked to the 

development of inflammatory disorders and malignancy (26). 

 Addition of glycan residues to AAT serves to protect the protein from proteolysis 

thereby extending its half-life and preventing protein aggregation within the ER and 

resultant down-stream ER stress. Within the ER, AAT is modified by the addition of 3 

N-glycosidically linked oligosaccharides at asparagine sites 70, 107 and 271 (Figure 

1.1). Each N-glycosylation site feature biantennary structures in addition to 

diantennary and traces of tetraantennary N-glycans(27). Variations in glycan 

residues result in differing protein charges. Owing to this, 7 different glycoforms of 

AAT designated as M0-M8 are identifiable on isoelectric focusing gels (IEF) (28)  

(Example provided in Figure 1.2). The technique of IEF is discussed further in 

section 1.1.5. Briefly, IEF uses electrophoresis to separate analytes based on their 

isoelectric point (29). Mutation-causing base pair substitutions such as Glu342Lys 

and Glu264Val that encode for Z and S AAT respectively alter the net charge of the 

protein. Movement through the IEF polyacramide gel occurs at different rates 

resulting in the generation of distinctive patterns that allow distinction between 

phenotypes(9).  

Factors including age, gender, smoking status, and levels of the pro-inflammatory 

cytokine IL-6 have been previously shown to influence the degree to which AAT 

undergoes glycosylation (30). Within our laboratory, studies of subjects with 

resolving community acquired pneumonia (CAP) demonstrate that AAT protein 

becomes more heavily endowed with negatively charged glycans during the 

resolution phase of CAP (31). This heavily sialylated AAT complexes with greater 
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affinity to the pro inflammatory cytokine interleukin 8 (IL-8) when compared to normal 

AAT produced during the acute phase. Under normal conditions IL-8 signals though 

the neutrophil surface receptor CXCR1 mediating neutrophil chemotaxis.  Binding of 

AAT to circulating IL-8 allows for enhanced inhibition of CXCR mediated neutrophil 

chemotaxis and more rapid resolution of the inflammatory response (32). 
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Figure 1.2 AAT phenotypes assessed by Isoelectric focusing (IEF) 

 Phenotyping for AATD is performed using IEF on a polyacramide pH-gradient gel. 

PiMM (lane 1), PiMS (lane 2) and PiZZ (lane 3) controls are included for reference. 

The major bands (M2,4, 6, 7 and 8) that correspond to the main glycoforms of M 

AAT are labelled. 

Here, PiMS (lane 8), PiMZ (lanes 4,6-7,10-12,14-15), PiSS (lane 18), PiSZ (lane 17) 

and PiZZ (lanes 5, 16) are detected. 
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1.1.4 Genetics of AAT deficiency 

As alluded to previously, AATD occurs due to autosomal co-dominant inheritance of 

mutations in the SERPINA1 gene on chromosome 14 (locus 14q32.1) (33).  The 

most common and severe form of AAT deficiency occurs as a result of the Z 

mutation. The Z mutation is a single point mutation caused by substitution of a lysine 

for a glutamic acid residue at position 342 (Glu342Lys). This mutation occurs at the 

hinge-point of AAT and results in a conformational change in the shape of the AAT 

protein; the ɓ sheet A opens which leaves it susceptible to interaction with other AAT 

molecules forming dimers or polymers (22). Mis-folding of AAT protein leads to its 

retention and sequestration within the ER of hepatocytes. This has two major 

downstream effects- activation of an ER stress response within hepatocytes and 

reduced secretion of AAT into the circulation. The former is associated with the 

development of cirrhosis (34) whilst the later reduces the anti-protease capacity of 

AAT in biologic fluids and reduces neutrophil elastase (NE) inhibition (19-21). 

Other commonly encountered genotypes include Pi*MZ, Pi*ZZ, Pi*SZ and Pi*MS. As 

well as Pi*ZZ individuals, compound heterozygotes such as Pi*SZ and Pi*MZ are 

also at increased risk of emphysema (35, 36). The S mutation is a point-mutation 

with substitution of a valine for a glutamic acid at position 264 (Glu264Val) (37).  

óNullô variants are SERPINA1 mutations that arise as a result of a premature stop 

codon(38).  Homozygotes for these variants have undetectable AAT levels and a 

particularly high risk of emphysema(39). Interestingly, these cohorts do not go on to 

develop AATD-related liver disease. Liver disease in AATD is attributable to a toxic 

ógain of functionô effect seen in hepatocytes where abnormal AAT protein in 

sequestered in the ER(40). This triggers a series of stress reactions collectively 

referred to as the unfolded protein response (UPR) (discussed further in section 
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1.1.10). As those with null variants fail to produce any AAT protein this effect is not 

observed in these cohorts. 

 

1.1.5 Diagnosis of AATD 

Though several laboratory techniques can be used to diagnose AATD, most 

physicians will initially opt for a quantitative measurement of serum AAT levels 

commonly carried out by nephelometry or turbidimetry (41). Quantification of plasma 

levels of AAT is useful for screening populations for whom the index of suspicion of 

AATD is low. The hallmark of AATD is the presence of low circulating levels of AAT 

protein in blood.  Levels exceeding 1Ā04g/L have been shown to have a 99Ā8% 

negative predictive value for the presence of the PiZZ genotype (42). This holds true 

even amongst those patients with symptoms of AATD related disease.  

As previously mentioned AAT levels >1g/L are observed in as many as 80% of 

patients with moderate AATD in the setting of a CRP greater than 8mg/L (43). 

Combined measurement of CRP and AAT levels can be used to screen for milder 

variants of AATD. Levels   >1.1g/L together with a normal CRP have been shown to 

reliably out-rule the PiMZ genotype (24, 44). If low circulating levels are detected, 

samples should be sent for further analysis including phenotyping and genotyping.  

Phenotyping using isoelectric focusing (IEF) enables visual identification of specific 

AAT isomers in circulating plasma(45). In this manner it can be regarded as an 

imperfect surrogate for genetic testing. Each allele is allocated a letter code based 

on the pattern observed when the protein is separated out in pH gradient gel. IEF is 

performed by loading the samples of interest on to the gel alongside three known 

control phenotypes.  The distinct migration patterns of the AAT proteins in each 



 

41 
 

sample are compared to the controls and allow determination of the biochemical 

phenotype. IEF allows for the detection of multiple AAT variants in one assay but 

interpreting the result requires a degree of expertise and is best performed in 

specialist centres(9). An example of an AAT phenotyping by IEF is shown in Figure 

1.2. 

Genotyping provides definitive identification of the AAT allelic combinations that give 

rise to misfolded AAT protein in the circulation. DNA is collected and probed for 

mutations in the SERPINA1 gene using polymerase chain reaction (PCR). PCR 

multiplies PiZ-mutation containing regions of the gene. Amplicons generate 

distinctive ñmelt-curvesò that are unique to each genotype(46). Whilst results of PCR 

gene sequencing are less open to interpretation than those obtained with IEF it has 

some limitations. PCR amplifies only those genes which are deliberately sought. This 

means that rare mutations can be falsely reported as normal. In cases where there is 

discordance between the IEF and genetic analysis, consideration should be given as 

to whether a rare mutation is responsible for the findings on IEF.   

 

1.1.6 Rationale for diagnostic testing  

Current European and North American guidelines recommend testing for AATD in 

those with COPD, bronchiectasis, cryptogenic liver disease, panniculitis or vasculitis 

(44, 47). The World Health Organisation (WHO) advocate phenotyping for first 

degree relatives of index AATD cases (48).  

 Work by Thelin and colleagues in 1996 confirmed that individuals who are aware of 

their AATD status are less likely to smoke in adulthood(49). Sixtyone patients 

previously identified through neonatal screening and their parents were followed up 
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at 5-7 and 18-20 years. Whilst smoking rates amongst parents were unchanged 

between the AATD group and matched controls, smoking rates amongst 18-20 

AATD patients were significantly reduced (p<0.05). This presents a powerful 

argument in favour of screening. 

Diagnosis of AATD can be achieved by any one of three means: screening in high 

risk cohorts, selected population screening, or as was the case leading to its 

discovery, by serendipitous detection (50). In recent years cases have also been 

identified as a result of commercially available genetic testing kits (51). 

 

1.1.7 Anti-protease effects of AAT 

AAT was originally named for its ability to inhibit pancreatic derived trypsin(52) and 

its action as an inhibitor of proteases is described at length in the literature(13, 18). 

Proteases can be categorised based on their catalytic residues. The 4 major groups 

of proteases described to date are the serine proteases, cysteine proteases, 

metalloproteases (MMPs) and aspartic acid proteases. AAT is considered to be the 

archetype of the serine protease inhibitor (SERPIN) superfamily and preferentially 

inhibits the actions of serine proteases such as NE (53), Cathepsin G and Proteinase 

3 (PR3) (54). The mature forms of each have been previously identified as being 

stored in the azurophilic granules of neutrophils(55). Serine proteases can act both 

intra and extra cellularly. Within cells, they play a role in degrading microbial proteins 

within phagosomes. Extracellularly, they act to degrade an array of proteins that 

collectively form the extracellular matrix (ECM) (56).  

Of all the serine proteases, AAT has the greatest specificity for NE to which it binds 

in an equimolar ratio (57). The RCL at Met 358 residue has been previously shown 
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to determine protease specificity (58). As previously alluded to, SERPINs inhibit 

proteases using a ómouse trapô like complex. The exposed RCL presents Met 358 for 

cleavage by the target protease. Cleavage results in irreversible linkage of the serpin 

(AAT) carboxyl group and the serine hydroxyl of the protease ultimately causing 

structural rearrangement and inactivation of the AAT protein (14).  This binding event 

exposes a binding site on the AAT-protease complex that is recognised by serpin-

enzyme receptors on hepatocytes facilitating removal from the circulation (32). 

Increased recognition of AAT-protease complexes by hepatocytes sets up a positive 

feedback loop that increases AAT gene expression thereby maintaining circulating 

levels of AAT during times of high demand (33). Published data has shown activity of 

AAT across a variety of proteases including mast cell derived tryptase and chymase 

(59), lymphocyte derived granzyme B(60) and matripase localised to the membrane 

of epithelial cells (61). More recent evidence suggests that AAT is capable of 

inhibiting other classes of proteases including the MMP ADAM-17 (62) and aspartic 

cysteine proteases (63).  

Mutations in the SERPINA1 result in the production of abnormal variants of AAT 

protein which do not display the same affinity for proteases as MM-AAT protein. Z-

AAT has previously been reported as being 5-fold less efficient at inhibiting NE than 

M protein (34). Lung disease in AATD is in part attributable to an imbalance between 

proteases and anti-proteases. Without the inhibitory influence of AAT, lung tissue is 

left vulnerable to the unopposed proteolytic effects of proteases. Hubbard and 

colleagues have previously described increased numbers of neutrophils and high 

chemotactic indices of neutrophils in the airway of those who are hetero or 

homozygous for the Z mutation compared to heathy controls (64). Without the 

protective effect of AAT, the unopposed action of NE has also been shown to 
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stimulate release of leukotriene B4 from airway macrophages which serves to recruit 

more neutrophils to the airways exacerbating tissue loss through proteolysis (65). 

Within the lungs, degradation of the ECM manifests as emphysema in addition to 

thickening of the small airways attributable to ongoing inflammation.  

 

1.1.8 Anti-inflammatory effects of AAT 

Early theories of disease pathogenesis in AATD centred around the protease-anti 

protease hypothesis (13). This theory dictated that disease in AATD, particularly 

development of early onset emphysema was attributable to an imbalance between 

levels of proteases such as NE and endogenous inhibitors. Since the original 

description of AATD in 1963, our understanding of the pathogenesis of disease 

within and outside of the lungs has evolved considerably (54). More recent studies 

have suggested a dysregulated inflammatory response in AATD in addition to 

elucidating some of the anti-inflammatory properties of AAT protein.  

AAT has been previously shown to inhibit neutrophil chemotaxis through a number of 

distinct, mechanisms working in parallel. Bergin et al have shown that glycosylated 

AAT protein binds with greater affinity to the pro inflammatory cytokine IL-8 than non-

glycosylated protein (32). Binding of AAT to IL-8 prevents engagement of IL-8 with 

its target receptor chemokine C-X-C motif receptor 1 (CXCR1) mitigating resultant 

CXCR1 mediated neutrophil chemotaxis. Furthermore, they showed that AAT also 

inhibits soluble immune complex induced neutrophil chemotaxis by inhibiting the 

action of the MMP, ADAM metallopeptidase domain 17 (ADAM-17). Inhibition of 

ADAM-17 prevents cleavage of the Fc receptor FcɔRIIIb/ CD16 from the cell 

membrane and resultant chemotaxis. Data from in vivo work examining individuals 

with ZZ AATD receiving intra venous (IV) AAT augmentation therapy showed 
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increased serum levels of AAT bound IL-8ï and normal levels of membrane 

expression of CD16 on neutrophils, with normalized neutrophil chemotactic 

responses(62, 66). 

The anti-inflammatory properties of AAT are further demonstrated by the interaction 

between AAT and leukotriene B4 (LTB4).  High levels of NE, as seen in the airways of 

those with AATD can stimulate release of LTB4 by neutrophils and 

macrophages(67). LTB4 has been previously shown to play a role in neutrophil 

chemotaxis(68), adhesion(69) and degranulation. The presence of a central 

hydrophobic pocket on the surface of LTB4 facilitates binding of AAT and 

competitively blocks receptor engagement by alternative ligands mitigating the down-

stream effects of LTB4 (70).  

The anti-inflammatory properties of AATD are further demonstrated by its effects on 

the pro-inflammatory cytokine TNFŬ. Bergin et al have previously identified 

increased levels of TNFŬ on the surface of neutrophils obtained from the circulation 

of individuals with ZZ AATD (66). They showed binding of AAT to the TNFŬ surface 

receptor with resultant decrease in release of tertiary and secondary granule 

proteases.  

Studies using mouse models confirm that AAT also acts to inhibit the óexecutionerô 

caspases 3, 6 and 7 which mediate apoptosis (71). In human studies, Hurley and 

colleagues have previously demonstrated the rate of neutrophil apoptosis is 2-fold 

higher in individuals who are homozygous for the Z mutation compared to healthy 

MM controls (72). They attributed this effect to sequestration of misfolded AAT within 

the ER and resultant ER stress response that includes increased expression of pro-

apoptotic signals including TNFŬ. This effect was abrogated by AAT augmentation 

therapy which was shown to decrease ADAM-17 activity and apoptosis in vivo. 
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Bucurenci and colleagues showed that AAT can down-regulate the inflammatory 

response by inhibiting the neutrophil respiratory burst (73). They demonstrated 

reduced superoxide production by neutrophils treated with AAT following exposure to 

a variety of pro-inflammatory stimuli.  

Though much of the early research base has focused on the role of the neutrophil in 

AATD, increasing light is being shed on the role monocytes play in driving 

inflammation in AATD. Monocytes in AATD have been shown to be primed for 

generating an excessive cytokine response following exposure to a pro inflammatory 

stimulus. Janciauskiene and colleagues have shown that in vitro, AAT inhibits 

release of TNFŬ from monocytes exposed to bacterial endotoxin.  Furthermore, AAT 

enhanced the production of the anti-inflammatory cytokine IL-10 an effect thought to 

be mediated by increase cAMP and activation of cAMP dependent protein kinase A 

(74).  

 

1.1.9 Pro-inflammatory milieu of AATD 

Considering the expansive evidence base exploring the anti-inflammatory properties 

of AAT, it is perhaps unsurprising that AATD is considered to be pro-inflammatory 

state. Carroll and colleagues have previously shown that ZZ monocytes are 

intrinsically abnormal in their cytokine responses. They demonstrated increased 

production of IL-6 and IL-8 in addition to lower levels of IL-10 production by ZZ 

monocytes compared to MM controls exposed to lipopolysaccharide (LPS)(13). The 

authors attribute this to activation of an ER stress response triggered by 

sequestration of misfolded protein in the ER of individuals with ZZ AATD. Evidence 

for this is provided by the observation that genes involve in the ER UPR are 

upregulated in AATD. 
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Furthermore, it is well established that polymers of ZZ protein are themselves 

intrinsically pro-inflammatory. Polymers of ZZ protein have previously been detected 

in bronchoalveolar lavage (BAL) fluid(75) and parenchymal samples of the lungs of 

individuals with ZZ AATD (76). ZZ polymers influence neutrophil chemotaxis and 

drive inflammation with levels of activity comparable to that of IL-8 and the 

anaphylatoxin, complement fragment C5a (77).  

OôBrien et al also point towards dysregulated inflammation in AATD (78). They 

identified increased levels of the complement fragment C3d in the plasma and 

airway samples of the those with ZZ AATD. C3d is a reliable marker of overall 

complement activation (79) and its increased presence in AATD suggests ongoing 

activation of the complement cascade and dysregulated inflammation. They found a 

correlation between levels of C3d and severity of emphysema suggesting a role for 

C3d as biomarker for lung disease in AATD (78). 

 

1.1.10 AATD lung disease 

The first trials linking AATD to lung disease are attributed to Laurell and Erikkson  

who in 1963 described the electrophoretic pattern of alpha one globulin on an 

agarose gel(80). Further studies of relatives of patients with AATD established a 

definitive connection between AATD and emphysema (50). Emphysema refers to 

pathological, permanent dilatation of the terminal airspaces. Though historically 

explained by the protease anti protease hypothesis, factors contributing to the 

development of emphysema include an increase in neutrophil and macrophage 

burden within the airways, increased alveolar cell death, chronic inflammation and 

increased oxidative stress (81). Emphysema can be diagnosed using CT imaging of 

the lungs. Though biopsy findings of emphysema are distinctive, in practice biopsy is 
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not used to identify emphysema owing to the widespread availability of effective, 

non-invasive tests such as CT scanning and pulmonary function testing. Findings 

suggestive of emphysema on PFTs include a reduction in the diffusion capacity of 

carbon monoxide usually accompanied by obstruction to expiratory airflow. An 

increased total lung capacity (TLC) and residual volume (RV) attributable to 

hyperinflation of emphysematous lungs may be evident in later stages of disease. 

Emphysema is best considered as a component of chronic obstructive pulmonary 

disease (COPD) and usually co-exists with inflammatory changes in the small 

airways. The global initiative for obstructive diseases (GOLD) defines COPD as an 

ñinflammatory disorder of the airways and lungsò resulting in damage to lung tissue 

and progressive obstruction to expiratory airflow. COPD is a common and largely 

preventable disease affecting approximately 440,000 people in Ireland. It is 

estimated that approximately half of those with COPD have been formally 

diagnosed. Individuals with AATD, particularly those who smoke develop an 

accelerated form of COPD.  AATD is currently the only readily identifiable hereditary 

cause of COPD.   

A finding of emphysema on radiological imaging of the thorax is ubiquitous in Pi*ZZ 

patients who smoke (82). Emphysema in this group occurs earlier that MM matched 

smokers often appearing in the 4th and 5th decade of life (80).  Furthermore, the 

pattern of distribution of emphysema in AATD is notable for its basal predominance 

and pan acinar distribution (83). Under normal conditions, smoking in healthy MM 

individuals induces a low grade, repetitive inhalational injury to lung tissue. As the 

upper zones are preferentially ventilated (relative to their perfusion), emphysema in 

MM smokers affects the upper lobes predominantly with basal involvement indicative 

of very advanced disease (84). Smoke is conducted through the small airways to the 
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respiratory bronchioles and eventually the alveoli giving the classical centrilobular 

appearance to emphysema on a CT scan. The functional unit of gas exchange within 

the lung includes the terminal respiratory bronchiole and all attached alveoli- 

collectively referred to as the acinus(84). Emphysema in AATD involves the acinus in 

its entirety -resulting in the classical ópan-acinarô appearance on CT scan. An 

example of the classical appearance of basal predominant emphysema on the CT of 

an individual with ZZ AATD is shown in Figure 1.3. 

Lung disease in AATD is heavily influenced by smoking exposure which remains the 

most important risk factor for development (85). Registry based studies of AATD 

confirm accelerated loss of FEV1 in active smokers with AATD compared to non-

smoking controls (86, 87). An analysis of a Danish registry showed that median life 

expectancy in ZZ AATD was reduced by 20 years compared to non-smokers (86). 

Non-smokers with ZZ AATD have previously been shown to have a similar life 

expectancy to life long non-smokers (88). A recent meta-analysis examining the risk 

of lung disease in AATD highlighted that passive smoking and environmental 

exposure to smoke can also accelerate the loss of lung function and development of 

symptoms in those with more moderate and severe AATD variants (85). 

Other lung diseases including bronchiectasis and asthma are seen with increased 

prevalence in AATD cohorts (42). Bronchiectasis is a disease of the airways. 

Repetitive cycles of inflammation and infection within the airways leads to structural 

changes in the airways seen as enlargement and dilatation on CT imaging.  The 

bronchial wall is typically thickened by an inflammatory infiltrate of lymphocytes and 

macrophages which form lymphoid follicles (89).  Classically, bronchiectasis 

presents with a chronic productive cough. This symptoms profile has been described 

in 40% of those with AATD (90). Clinically significant bronchiectasis that is evident 
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on CT imaging and causing symptoms has been reported in up to 27% of patients 

with Pi*ZZ AATD (91).  

Asthma is a heterogenous disease of the small airways characterised by 

inflammation and bronchial hyperresponsiveness that is fully or partially reversible by 

bronchodilators. Asthma is one of the most common respiratory diseases 

encountered in clinical practice. Published data suggests a prevalence of physician 

diagnosed asthma in Ireland of 7-9.4% amongst adult populations (92). Rates in 

paediatric populations are higher again with an estimated prevalence of 21.5%. 

Lorenzo et al have previously reported a high prevalence of AATD in individuals with 

allergic type asthma. In a cross-sectional study of 643 patients with a diagnosis of 

asthma they identified an S or Z allele in 22.4%(93). No correlation between 

phenotype and asthma severity was identified. 
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Figure 1.3 Coronal CT of the thorax in a patient with ZZ AATD.  

CT imaging demonstrates extensive emphysematous disease with a basal 

predominance suggestive of severe AATD. 
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1.1.11 AATD liver disease 

The pathogenesis of liver disease in AATD differs substantially from that of lung 

disease. If lung disease represents a óloss of functionô effect attributable to unfettered 

action of proteases, liver disease is best considered a ógain of functionô stress 

reaction triggered by aberrant retention of misfolded protein in the ER of hepatocytes 

(13). A schematic delineating the differences between the pathophysiology of lung 

and liver disease in AATD is provided in Figure 1.4. 

Within the liver, retained Z AAT protein forms polymer aggregates that stain positive 

for periodic acid Schiff (PAS)(94) and are readily identifiable on liver biopsy (Figure 

1.5).  Retention of misfolded AAT protein in the ER triggers an ER stress responsive 

referred to as the UPR (13).  The UPR is a protective mechanism that results in 

translation attenuation of protein synthesis, transcriptional induction of ER resident 

chaperones and ER associated protein degradation (ERAD).  

Available evidence suggests a bimodal peak for liver disease in AATD- early life (0-5 

years) and a later peak at 60-65 years(95). Individuals with alleles that tend towards 

polymerisation in the ER can develop a spectrum of liver disease ranging from acute 

hepatitis to cirrhosis with or without the attendant complication of hepatocellular 

carcinoma (95). A 2018 systematic review of 47 studies examining AATD related 

liver disease found that 10% of those with polymerogenic phenotypes developed 

clinically meaningful liver disease i.e. cirrhosis with 14.7% requiring liver 

transplantation (95). 

As most of those with polymerogenic phenotypes do not go on to develop liver 

disease, much attention has been directed at examining the role of the ó2 hitô 

hypothesis in AATD. The 2 hit hypothesis proposes that environmental and 

epigenetic changes during the course of a lifetime may induce pathology in an 
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individual who is óat riskô owing to their genetic make up. In children prolonged or 

recurrent elevation in the liver enzymes aspartate aminotransferase (AST) and 

gamma glutamyl transferase have been previously identified as predictors of future 

liver disease (7). Predictors in adults include excessive alcohol consumption, high 

BMI and co-existence of non alcoholic steatohepatitis (NASH) (96). Male gender 

correlates with a need for transplant and mouse models provide some interesting 

insights into the role testosterone may play in disease pathogenesis. In this regard, 

Rudnick and colleagues (2004) injected testosterone into female mice and found an 

increase in the number of polymers containing hepatocytes in liver sections of 

treated mice (97). 

The only currently available, effective treatment for liver failure arising from AATD is 

liver transplantation. In the USA 1.5% of liver transplants performed annually are for 

a primary diagnosis of AATD (98). Outcomes following liver transplant are favourable 

with a 72% 10-year survival rate for those with AATD (99). This is compared to a 

50% 5-year survival seen in those who undergo lung transplant (100).  
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Figure 1.4 Pathophysiology of lung and liver disease in AATD 

Cirrhosis of the liver arises from retention of misfolded Z-AAT polymers within 

hepatocytes (ógain of functionô). Within the lungs, increased neutrophil chemotaxis 

and the unopposed actions of neutrophil derived proteases cause emphysema and 

COPD (loss of function). 
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Figure 1.5 Liver biopsy slide showing PAS positive inclusion bodies from an 

individual with ZZ AATD 

Arrows indicate PAS positive inclusion bodies formed by retention of ZZ polymers 

within hepatocytes. Adapted from Janciauskiene et al, 2011(1) 
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1.1.12 AATD skin disease 

Panniculitis refers to inflammation of the subcutaneous adipose tissue and likely 

reflects the unopposed action of proteases in the skin.  To date, just over 100 cases 

of panniculitis have been described in the literature (101). Prevalence as a 

complication of AATD is estimated to be 0.1% (54).  Clinically, panniculitis can 

present as a widely disseminated, relapsing, painful inflammation of the skin.  

Though encountered infrequently, identification of panniculitis is clinically important 

as skin changes are sensitive to treatment in the form of intravenous (IV) AAT 

augmentation (102).  

Several pathogenetic mechanisms for the development of panniculitis have been 

proposed. Smith et al implicate a lack of membrane bound serine proteases,and 

enhanced elastin degradation(103).  Excessive complement activation(78), 

neutrophil accumulation and release of serine proteases, and oxidation of the active 

site of AAT by myeloperoxidase (MPO) have also been implicated in the 

development of skin disease(103). Gross et al have shown deposition of ZZ 

polymers in skin lesions associated with panniculitis(104). 

Administration of IV AAT has been shown previously to ameliorate symptoms and 

reduce the frequency of disease flares(104). In the majority of cases, no identifiable 

trigger for the development of panniculitis is identified. If left untreated, it can 

progress to a chronic phase characterised by focal lesions with proliferation of fat 

filled histiocytes(105). 
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1.1.13 AATD vasculitis 

Several studies have highlighted the over representation of certain AATD 

phenotypes in cohorts with anti-neutrophil anti cytoplasmic (ANCA) associated 

vasculitides (AAVs)(106). ANCAs are autoantibodies that are specific for neutrophil 

granule proteases such as PR3 or MPO. AAVs are systemic diseases characterised 

by inflammation in blood vessels. Small, medium and large vessels may be involved, 

and single or multiple organs involved simultaneously or sequentially.  Measurement 

of specific ANCA anti bodies such as ant-PR3, anti-MPO, or anti BPI are routinely 

used as part of the diagnostic work up of patients with suspected vasculitis(107). 

ANCAs have been described in cases of necrotising vasculitis such as eosinophilic 

granulomatous with polyangiitis (EGPA) and granulomatosis with polyangiits 

(GPA)(107). 

The role of the PiZ phenotype in the development of AAVs has been highlighted 

repeatedly and is a known risk factor for the development of AAV(108).  The 

American Thoracic Society recommends measurement of AAT levels in all cases of 

anti-PR3 vasculitis(44).  Bergin and colleagues showed that excessive neutrophil 

degranulation in AATD contributes to the development of ANCAs against other 

granule contents such as lactoferrin(66). ANCAs cause further activation of 

neutrophils by targeting surface bound antigens. Signalling of ANCAs triggers a 

number of down-stream effects including ROS production and protease release that 

perpetuate tissue damage (109).  

The mechanisms underlying the development of auto anti-bodies to PR3 in AATD is 

unclear. Some authors have hypothesised that it may be a function of increased 

levels of unbound PR3 stimulating auto anti body production. AAT protein has been 

shown to inhibit anti-PR3 IgG from binding to its target antigen reducing the oxidative 
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burst in primed neutrophils(110). In a similar series of experiments, Bergin and 

colleagues showed that administration of exogenous AAT attenuated neutrophil 

degranulation and auto antibody formation. Owing to this, administration of plasma 

purified AAT has been used as rescue therapy for those with drug resistant vasculitis 

causing end organ failure(111). 

 

1.1.14 Treatment of AATD 

Treatment of AATD requires correction of the underlying deficiency in addition to 

supportive therapies such as inhaled bronchodilators commonly used in the 

management of COPD. Administration of IV AAT protein, referred to as 

augmentation therapy, has been shown to correct both serum and lung epithelial 

protein deficiencies (112-114).  

Studies from the 1980s established that weekly IV augmentation with pooled human 

AAT increased serum levels to above 1g/L(113). Furthermore, day seven nadir 

values confirmed levels remained above a protective threshold of 0.5gL(115). 

Following the success of early trials, augmentation therapy was introduced in the 

`1980s as a way of correcting the biochemical deficiency without reference to clinical 

effects. Multiple attempts were made to clarify the magnitude of clinical benefit in the 

latter part of the 1980s and on to the 1990s. Designing trials that were sufficiently 

powered to detect a difference was challenge in view of the perceived rarity of AATD 

at the time.  

The largest prospective cohort study was undertaken by the National Heart, Lung 

and Blood institute (NHLBI) in 1988. Hubbard and colleagues published their results 

in 1998 having shown a slower rate of decline in FEV1 in the subgroup of patients 
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with advanced emphysema receiving therapy(112).  The hazard ratio for death was 

reduced at 0.64 (p=0.02) in the augmentation group.  This finding appeared to be 

supported by a Danish study from 1997. Seersholm and colleagues compared rates 

of decline in FEV1 amongst former smokers with AATD to an age-matched German 

cohort receiving augmentation therapy (116).  They reported a modest but 

statistically significant decrease in the rate of decline in FEV1 in the treatment group 

( -53ml/year versus -75ml/year, p=0.02). 

Though results of early clinical trials using FEV1 as a primary outcome measure 

were encouraging, they were by no means conclusive. The EXACTLE trial eschewed 

the use of FEV1 in favour of a novel primary end point- changes in lung density 

scores as measured by CT scanning(117). 77 patients were randomised to receive 

either augmentation or placebo over a 2-and-a-half-year period. Results showed an 

attenuated loss of lung density over time and a reduction in the severity of 

exacerbations.  In view of the small number of patients included in the study, 

questions were raised about the trial was sufficiently r powered to detect a clinically 

meaningful difference. This shortcoming was addressed by the RAPID trial.  

RAPID recruited 180 PI*ZZ patients and randomised them to either weekly 

intravenous infusion of 60mg/kg purified AAT or placebo(118). At the end of a 2-year 

trial period results showed a significant attenuation of the decline in lung density in 

the intervention group (-1.45 g/L/yr vs. -0.74 g/L/yr, p=0.03). A subsequent open 

label extension of this trial, RAPID-OLE, confirmed that this benefit was maintained 

over a further two years(119). Furthermore, subjects who crossed over to active 

treatment had significant reduction in disease progression. 
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1.2 Monocyte Physiology in AATD 

1.2.1 Introduction 

This project is focused on exploring an interaction between monocytes and the 

complement fragment C3d which has been shown to be increased in the plasma and 

airways of individuals with ZZ AATD (78). Our interest in monocytes was prompted 

largely by observations from Carroll and colleagues who showed that ZZ monocytes 

are intrinsically programmed to generate an excessive cytokine response following 

exposure to a pro-inflammatory stimulus (12). Van Wout et al (2015) subsequently 

found contrasting results and showed no significant differences in the cytokine levels 

produced by MM and ZZ monocytes (120). Van Wout went a step further and used 

granulocyte macrophage colony stimulating factor (GM-CSF) and macrophage CSF 

(M-CSF) to induce differentiation to a pro and anti-inflammatory monocyte derived 

macrophage phenotype. Again, they identified no significant difference in cytokine 

levels produced by MM and ZZ cells. Interpreted collectively, these results suggest 

that there is some ambiguity over whether the cytokine response of monocytes is 

altered in ZZ AATD that warrants further exploration. 

 Monocytes represent a heterogenous cell population and our understanding of 

monocyte ontogeny has evolved considerably over the past decade. In consideration 

of this, we will now review what is known about the monocytes and their derivative 

cells and highlight gaps in the current knowledge base. 
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1.2.2 The monocyte 

Monocytes, also referred to as mononuclear phagocytes, are a type of leucocyte and 

form part of the mononuclear phagocyte system (MPS). The MPS is comprised of 3 

cell lines; monocytes, macrophages and follicular dendritic cells (FDC) in addition to 

their bone marrow (BM) progenitors(121).  

Monocytes contribute to immunity via three main functions: phagocytosis, antigen 

presentation and the production of cytokines. Monocytes use several different 

mechanisms to carry out phagocytosis including the utilisation of intermediary 

óopsonisingô proteins such as antibodies or complement present on the surface of the 

pathogen(121). In addition, monocytes are capable of binding directly to a microbe 

directly using receptors on its own surface that recognise those on the invading 

pathogen. In some cases, monocytes may kill a host cell via anti-body dependant 

cell mediated toxicity. 

To date, three separate monocyte subsets have been identified in human circulation- 

classical (CM), intermediate (IM) and non-classical monocytes (NCM)(122). 

Collectively, monocytes represent a highly plastic cell population with context 

dependent functions that vary between subsets. The function of different monocyte 

subsets has been studied extensively in mice and human models. Though murine 

studies provide a useful basis for the study of monocytes several key differences 

exist between species. Most notably, mice have only 2 phenotypically and 

functionally distinct monocyte populations in blood- classical (Ly6C hi) and non-

classical (Ly6C low) whilst humans have a third intermediate subset(123). In mice 

and humans CMs are known to circulate in the blood and are recruited to sites of 

inflammation where they are capable of differentiation into macrophages and 

dendritic cells (DCs). NCM monocytes of both species demonstrate a crawling 
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behaviour along the luminal surface of blood vessels and represent of the first lines 

of defence against invading pathogens(124).  

 

1.2.3 Monocyte structure 

Monocytes are the largest of circulating leucocytes measuring between 15-20µm in 

diameter(125).  Considerable heterogeneity in size is attributable to differences in 

maturity and activation of circulating cells. In addition to their size, monocytes can be 

distinguished from other leucocyte populations by the presence of a large ellipsoidal 

or ókidney beanô shaped nucleus. The nuclear membrane is not furcated into lobes 

distinguishing the monocyte from other polymorphonuclearcytes (PMNs). The 

nucleus is surrounded by a relatively scant amount of cytoplasm that has a 

characteristic óground glassô appearance on light microscopy(126). 

The surface of monocytes possesses microvilli on an undulating cell membrane. 

Embedded within this membrane are cell surface receptors. Relative expression of 

different receptors allows distinction between mature and immature cells to be made 

in addition to providing information on the state of activation and the function of the 

monocyte(127). Monocyte surface receptors are characterised by their ability to bind 

to specific antibodies. Receptors expressed constitutively on the membrane of 

monocytes include CD11b, CD11c (an Ŭ integrin and subunit of complement 

receptor 4 (CR4), CD14 in humans, CD16 (an Fc receptor) and CD11b (128). 

In addition, monocytes possess receptors for other peptides and small molecules 

such as toll like receptors (TLRs) and complement receptors. 

 Fc receptors (FcRs) for IgG are expressed on the surface of all mononuclear cells 

and can be divided into three subclasses: FcR1, 2 and 3. FcR1 (also known as 
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CD64) binds monomeric IgG through the Fc portion of the molecule and is 

ubiquitously expressed in monocytes. Expression is upregulated when monocytes 

are activated by an LPS trigger. Binding of an IgG-antigen complex to FcR1/CD64 

triggers endocytosis and facilitates antigen presentation to T cells(129). It also 

triggers cytokine release and the generation of reactive oxygen species.   

FcR2 (or CD32) is capable of binding complexed IgG as opposed to the FcR1 

mediated binding of monomeric IgG (130).  FcR3 (or CD16) is expressed by 

monocytes, macrophages, natural killer cells and neutrophils(121).  CD16 binds 

complexed Ig and Ig bound to the surface of cells and is the FcR implicated in 

antibody dependent cell toxicity. As alluded to previously, the level of expression of 

CD16 relative to expression of CD14 has been used to identify three distinct subsets 

of monocytes in the circulation(107).  

 

1.2.4 Human monocyte subsets 

To date, 3 subclasses of monocytes have been described; classical, non-classical 

and intermediate with each subtype distinguishable by their relative expression of the 

cell surface markers CD14 (an LPS receptor) and CD16 (an Fc receptor involved in 

signal transduction)(121). In humans, these subsets exist in a state of dynamic 

equilibrium. The classical monocyte is identifiable by high levels of the CD14 

receptor on the cell membrane(131).  The non-classical monocyte displays low 

levels of surface CD14 expression but high surface expression of the receptor CD16. 

The intermediate monocyte expresses high levels of CD14 and low levels of 

CD16(128).  
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Classical monocytes account for 85% of the circulating monocyte population and 

function primarily as drivers of the inflammatory response via the production of 

cytokines such as tumour necrosis factor alpha (TNFŬ), Interleukin1 beta (IL1ɓ) and 

IL-8(131). In contrast to the pro-inflammatory role of the classical monocyte, non-

classical subsets display a patrolling behaviour and are responsible for ensuring the 

integrity of the vascular endothelium is not breached by invading pathogens.  

Stimulation of this subset with microbial products leads to the production of large 

amounts of pro inflammatory cytokines such as tumour necrosis factor (TNF) and 

interleukin-12 (IL-12)(131). A study by Bianchini et al. showed that non-classical 

monocytes show a predilection for expression of the programmed death ligand one 

(PDL-1)(132). PDL-1 staining can be used to identify and study this subset in 

isolation. Targeting of PDL-1 has been a topic of much interest in recent years 

specifically for its use as a therapeutic target in the treatment of lung, colorectal , 

cervical cancer and metastatic malignant melanoma(133). 

The origins of different monocyte subsets have been debated heavily in published 

literature(131). Several studies of monocytes under steady state conditions using 

murine models suggest monocyte subsets represent different stages of a single 

developmental sequence(134). CD14++ murine classical monocytes develop a non-

classical profile of altering CD14/CD16 expression over time(135).  Others have 

proposed that rather than being a developmental step in monocyte differentiation, 

intermediate monocytes are best considered as a separate and unique 

subpopulation of monocytes(136). This theory is supported by the observation of 

high levels of expression of receptors such as vascular endothelial growth factor 

receptor 1 and 2 (VEGF-1 and 2), CXCR4 and Tie-2(137). This pattern of surface 

marker expression suggests that intermediate monocytes are functionally distinct 
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from other subsets and have been identified as playing a role in reparative 

processes such as wound healing and angiogenesis(137). 

Whilst murine models are useful for studying the classical and non-classical subsets, 

rodents lack an intermediate subset equivalent and significant gaps exist in our 

understanding of the development and function of intermediate monocytes. Though 

much has yet to clarified about the life cycle of monocytes subsets in the circulation, 

what is clear is that alterations in the pattern of relative expression of surface 

markers and proportional representation of different monocyte subsets, has 

important clinical implications.  

An increase in the proportion of circulating intermediate monocytes has been 

observed in those with rheumatoid arthritis (RA). Radwan et al demonstrated an 

increase in number of intermediate CD14++ CD16+ subset in RA(138). This 

correlated with increased levels of the cytokine IL-17 which may serve as an 

attractive target for future therapies. Other studies showed a similar increase in the 

number of IMs in circulation in the 48 hours following an ischemic stroke(139). In the 

same study, Urra and colleagues identified high levels of circulating classical 

monocytes as being predictive of poor outcome following stroke. Circulating 

monocytes from patients with the chronic, granulomatous inflammatory condition 

sarcoidosis express higher levels of Fc receptors including CD16 and complement 

receptors, priming them for enhanced phagocytic activity(140).   

Factors known to alter the expression CD14 and CD16 include AAT, LPS, Lipid A, E 

coli and components of gram-positive bacterial cell walls(141-143). A summary of 

monocyte subsets is provided in Table 1.1. 
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Table 1.1: Overview of monocyte subset surface markers, proportional 

representation, cytokine profiles and function in the circulation. 

CD14/CD16 

levels 

% Total Cytokine 

Profile 

Subset  Life 

span 

Function 

CD14++ 

CD16- 

85%(127)  IL-6, IL-

8, CCL2, 

CCL3, 

and 

CCL5 

Classical 24 

hours 

Phagocytosis, 

adhesion(124), 

migration, anti-

microbial responses 

CD14++ 

CD16+ 

7.5%(127) TNF-Ŭ, 

IL-1ɓ, IL-

6, CCL3, 

IL-10 

Intermediate 4.3-5 

days 

Antigen presentation, 

regulation of 

apoptosis(137), 

transendothelial 

migration(144) 

CD14- 

CD16++ 

7.5%(127) TNFŬ, 

IL-1ɓ(lo) 

IL-6 (lo) 

Non-

Classical 

7 

days 

Complement and Fc 

mediated 

phagocytosis(145, 

146), 

(147)transendothelial 

migration, 

adhesion(124), anti-

viral responses 
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1.2.5 Monocyte life cycle 

Understanding the life cycle of the monocyte is key to understanding how they 

contribute to disease pathogenesis, particularly within the lungs. Up until the early 

20th century the origin of monocytes was debated.  The eminent 19th century 

pathologist Virchow postulated that monocytes arose from mesenchymal cells(148). 

Development of radioautography and chromosome marker techniques in the 1960s 

shifted popular theory away from the mesenchymal origin story and confirmed that 

monocytes began their life cycle as a rapidly proliferating pool of precursor cells in 

the bone marrow (BM)(125). Development of monocytes within the BM commences 

during early embryogenesis and continues throughout adulthood with production 

increasing in response to inflammatory stimuli (74).   

The life cycle of monocytes is depicted in Figure 1.6 Monocytes are derived from 

haematopoietic stem cells (HSC). When activated towards the myeloid lineage they 

form common myeloid progenitors.  Further differentiation results in the formation of 

granulocyte macrophage progenitors (GMPs) followed in turn by macrophage 

dendritic progenitors (MDP). It from these MDPs that mature circulating monocytes 

arise. Differentiation into myeloid dendritic cells results in the formation of monocyte 

derived antigen presenting cells (APCs)(149). APCs are responsible for presenting 

antigens to T cells. Phagocytosed microbial fragments are incorporated into 

membrane histocompatibility complex (MHC) molecules and trafficked to the cell 

surface where they are identified by T cells. This interaction leads to the activation of 

a specific immune response against the antigen(149). 

 Monocytes account for only 1-2% of the total population of nucleated cells within the 

BM. Release from the BM is dependent on the expression of CCR2, the expression 

of which is confined to the classical subset(150). Patel and colleagues used a non-
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toxic stable isotope (deuterium) approach and cell sorting to characterise human 

subset kinetics under steady state and inflammatory conditions(122). They noted an 

absence of deuterium labelled monocytes for the first 24 hours (h) following injection. 

They hypothesised that under steady state conditions monocyte BM precursors 

undergo a post mitotic maturation phase within the BM. Furthermore, they noted 

early integration of deuterium in classical subsets which peaked at day 3. In contrast, 

labelling was not apparent in non-classical subsets until day 7. Taken together this 

suggests that in a pattern similar to that seen in mice, classical monocytes may 

convert to a non-classical subset over time(122).  

CMs in circulation have a relatively short half-life (24 hours) in the circulation after 

which they migrate to tissues where further differentiation to macrophages may 

occur. Alternatively, they convert from a classical to an intermediate phenotype with 

increased expression of the Fc receptor CD16(151) This subset has a longer half-life  

of between 4.3-5 days. These in turn transition to a non-classical phenotype which 

has the longest half-life of each subset at 7 days.  

Historically the term óreticuloendothelial systemô referred to monocyte derived tissue 

resident macrophages. Exposure of monocytes to local tissue derived growth 

factors, microbial products, or chemokines triggers recruitment of monocytes and 

differentiation to macrophages or dendritic cells(152). This pattern of migration 

occurs both as part of normal homeostasis and as a result of inflammation (75).  It is 

important to note that though some tissue resident macrophages arise from 

differentiated monocyte subsets it is increasingly recognised that the many resident 

macrophage populations are seeded before birth. This population of tissue 

macrophages is self-sustaining, replenishing themselves via self-proliferation with 

minimal monocyte input under steady state conditions (76-79). Individuals who 
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harbour mutations in the gene encoding GATA2, a haematopoietic and myeloid 

transcription factor, demonstrate an absence of peripheral circulating monocytes with 

preserved alveolar and dermal macrophage populations (74). This suggests an 

alternative source of macrophage development that is independent of monocyte 

precursors. 
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Figure 1.6 Monocyte Lifecycle 

Monocytes are derived from haematopoietic stem cells (HSC) within the bone marrow. When 

activated towards myeloid lineage, sequential differentiation into common myeloid progenitors 

(CMPs), granulocyte macrophage progenitors (GMPs) and macrophage dendritic progenitors (MDP). 

It is from MDPs that mature monocytes arise. Further differentiation into tissue macrophages or 

dendritic cells (DCs) may be triggered by changes in microenvironmental signals.  
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1.2.6 Monocyte differentiation to pulmonary macrophages 

Broadly speaking, lung macrophages can be categorised by their origin or the 

location in which they are found in the lung. When categorised by location two 

populations emerge- alveolar macrophages (AMs) that populate the alveolar space 

and interstitial macrophages (IMs) that local to the interstitium. AMs and IMs can be 

distinguished from one another by differential expression of the surface markers 

CD11b, CD11c and colony stimulating factor receptor (CSFR) subtypes(153). AMs 

preferentially express CSFR2 whilst CSFR1 expression characterises all IM 

subtypes. 

 Sub populations of both AMs and IMs are further distinguishable based on their cell 

of origin ï monocytes recruited from circulation or tissue resident embryonic 

precursors. 75% of the lung macrophage pool comprises tissue resident AMs 

(TRAMs)(154). Under steady state conditions TRAMs are long living cells derived 

from the yolk sac during embryonic development(155). This low turnover population 

seed the lungs shortly following birth and replenish themselves independent of 

circulating monocytes.  

Following diverse mechanisms of lung injury (i.e aging, the development of 

pneumonia, exposure to radiation, exposure to pneumotoxins such as bleomycin 

etc.) tissue resident alveolar and interstitial macrophagess are replaced by the 

recruitment of circulating monocytes capable of differentiation into an AM or IM 

phenotype(155). Recruitment occurs via the CCL2/CCR2 axis(154). Recruited 

populations demonstrate different functional and metabolic profiles from resident 

counterparts. Recruited monocyte derived macrophages are primed for inflammation 

and are enriched for immune (129) signalling (16). They rely on glycolysis and 
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arginine metabolism. This is in contrast to resident macrophage populations  which 

are involved in proliferative processes and characterised by TCA, fatty and amino 

acid metabolic pathways. Recruited monocyte -derived pulmonary macrophages 

have been implicated in a number of disease processes. A 2013 study by 

Osterholzer and colleagues used a mouse model of repetitive injury to type 2 

alveolar epithelial cells to conclusively demonstrate that Ly6C+ monocyte derived 

macrophages are drivers of aberrant fibrosis in the recovery phase(156). It is worth 

noting that this Ly6C+ cell population in mice is analogous to the CD14+/CD16- 

classical monocyte. A schematic highlighting the diversity of lung macrophages 

populations over the course of a lifetime is presented in Figure 1.7.  

In advance of discussing the clinical implications of monocyte recruitment to the 

lungs it is worth revisiting older models of macrophage function.  For many years, the 

function of pulmonary macrophages was seldom considered without reference to the 

M1/M2 or óKill Healô model. This model was developed from studies of monocyte 

behaviour in response to stimulation with interferon gamma and/or IL-4 and 

represents 2 extremes of polarisation(157). M1 refers to a macrophage that is 

functionally active in the response to pathogens and contributes to tissue destruction 

during lung injury. M2 macrophages are implicated less in pathogen response being 

less toxic to microbes. They elaborate an anti-inflammatory cytokine response and 

have been implicated in the development of fibrosis and aberrant reparative 

processes. Though conceptually useful it should be borne in mind that in vivo, 

macrophages are highly plastic and exist in various states of transient activation 

rendering the M1/M2 model less useful than once thought(158). The terminal 

phenotype of a macrophage will be heavily influenced by signals from its 

microenvironment and as discussed, the origin of the cell.  
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Figure 1.7 Heterogeneity of lung macrophage populations  

Foetal monocytes populate the lung during early embryogenesis differentiate into 

alveolar macrophages shortly after birth. These ñtissue-residentò alveolar 

macrophages are long-lived and capable of self-renewal in homeostatic conditions 

(blue line). Environmental exposures including viruses, environmental pollution and 

smoke over the lifespan may induce the recruitment of monocytes that differentiate 

into alveolar macrophages in response to cues provided by the local tissue 

microenvironment in the lung (red line).  
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1.2.7 Monocytes and lung disease 

In a 2020 paper published in Nature Immunology Aegerter and colleagues showed 

that infection with the influenza virus alters the composition of lung macrophage 

(AM) populations due to the emergence of a monocyte derived population of 

AMs(155). This study builds on the work of Halsted and colleagues who had 

demonstrated that infection with influenza virus led to a rapid decline in AM numbers 

and replacement by monocyte derived or recruited AMs(159). Aegeter et al note that 

whilst monocyte derived macrophages have a similar surface phenotype toRAMs, 

they have a unique functional, transcriptional and epigenetic profiles. Using an 

animal model, they showed that monocyte derived AMs produce increased IL-6 

when compared to resident AMs. This increased IL-6 was shown to protect against 

subsequent bacterial superinfection with streptococcus pneumoniae in mice recently 

infected with the influenza virus. The authors confirmed that recruitment of 

monocytes to the airways was CCR2 dependant thus, AMs are derived from 

classical monocytes to which CCR2 expression is largely restricted(160). This raises 

particularly interesting questions as at the time of writing, the novel respiratory 

pathogen SARSCoV2 continues its global march. The anti-IL-6 therapy tocilizumab 

is currently licenced for use in those with COVID19 respiratory failure and high 

circulating levels of IL-6(161).  

The characteristics and behaviour of monocyte derived pulmonary macrophages has 

been a topic of much interest in recent years. Recruited populations have been 

conclusively linked to diseases such as idiopathic pulmonary fibrosis, radiation and 

drug induced fibrosis(162, 163). Results of early studies on CCR2 knockout mice 

were initially encouraging. In 2001 Moore and colleagues demonstrated that CCR2 
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depletion was associated with more rapid recovery from bleomycin induced lung 

injury(162). The work of Gurczynski in 2016 however confirmed that though CCR2 

inhibition is appealing in its simplicity, the reality is much more nuanced. Gurczynski 

showed that loss of CCR2 exacerbated HSV induced pneumonitis and fibrosis 

following bone marrow transplantation(154). This suggests that recruited populations 

may serve different functions depending on the mechanism of lung injury- sterile vs 

pathogen instigated tissue damage. 

Studies of blood monocytes in severe COPD have shown an increase in total 

monocyte number and over representation of the non-classical ópatrollingô subset in 

advanced disease(164). Higher absolute monocyte counts have also been shown to 

be predictive of shortened survival in fibrotic lung diseases including systemic 

sclerosis and myelofibrosis(165). Multi colour flow cytometry has been used to 

characterise the phenotypic profile of individuals subsets in COPD. Cornell et al have 

shown that monocytes in severe COPD develop a ñpre differentiationò profile as 

indicated by increased surface expression of the chemoattractant receptor 

CCR5(164). The authors hypothesise that this represents a population that can be 

recruited more rapidly to the lungs during times of illness. 

 

1.2.8 Monocytes in AATD 

Monocytes in ZZ AATD differ in several aspects from MM controls. Carroll and 

colleagues showed that ZZ monocytes are intrinsically abnormal in their cytokine 

responses(13). Following 24-hour treatment with LPS at a concentration of 20µg/ml 

they measured increased levels of the cytokines IL-6, 8 and 10 in supernatants 

recovered from ZZ monocytes. ZZ monocytes were also shown to produce 4-fold 

less AAT protein than MM controls. Subsequent work by Vôant Wout et al used ZZ 
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monocyte derived macrophages to examine whether a similar cytokine effect could 

be observed(120). ZZ and MM monocytes were cultured in for 6 days and stimulated 

with granulocyte-macrophage (GM) or macrophage colony stimulating factor (M-

CSF) to induce an M1 or M2 phenotype respectively. No differences in the cytokine 

profiles generated by MM and ZZ macrophages in response to an LPS trigger were 

detected.  

Expression of the subset-defining surface marker CD14 has been shown to be 

altered by AAT.  NIta and colleagues isolated peripheral circulating monocytes and 

cultured them with 10ng/ml of pseudomonas LPS in the presence and absence of 

AAT protein(166). Cells treated with AAT, with or without LPS induced rapid release 

of sCD14 whilst LPS alone had no significant effect. Western blot performed at 2 

hours, showed that AAT also increased the expression of mCD14 and blocked the 

ability of LPS to decrease its expression. Whilst the authors do not measure 

proportions of CD14+ and CD16+ monocytes, this study that the phenotype of 

monocytes and the attendant cytokine response may be altered in AATD. 

Flow cytometry has been used to examine monocyte subsets in AATD. Stolk and 

colleagues studied monocyte profiles in patients with ZZ AATD and compared them 

to MM controls with known COPD(142). Baseline characteristics differed across with 

two groups with the MM cohort having a higher diffusion capacity of carbon 

monoxide (DLCO) and a greater smoking history. Interestingly despite a moderate 

reduction in FEV1% in both groups (mean (SD) for MM 47.3% (11.8), ZZ 35% (9)) no 

subject had had an exacerbation in the 6/12 preceding the trial. This is notable as 

the importance of COPD phenotypes i.e. exacerbators and non-exacerbators is 

increasingly being recognised by physicians. In this non-exacerbator cohort, the 

intermediate subset of monocytes had the lowest expression in the ZZ group. Non 
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classical monocytes were almost totally absent in ZZ patients. This raises the 

possibility that AATD patients have a breach in the first line of defence against 

invading pathogens.  

AATD has historically been thought of as a neutrophil driven disease. Reflecting this, 

there is a relative paucity of research examining monocyte behaviour in AATD. What 

is known of key differences between MM and ZZ monocytes from published data is 

summarised in Figure 1.8. With increasing recognition of the immunomodulatory role 

of AAT and emerging insights into monocyte and monocyte derived macrophage 

functions within the lungs, there is reason to hope that the imbalance between what 

is known about neutrophil versus monocyte function in AATD will be addressed. 

Much of the published data on monocyte function in AATD has focused on the 

expression of the surface receptors CD14 and CD16. We will now proceed to 

examine this in further detail. 
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Figure 1.8 Key differences between ZZ and MM monocytes  

Several key differences between ZZ and MM monocytes have been previously 

described in published literature. Expression of mCD14 is upregulated in ZZ 

AATD(167). CD14+/CD16- CMs predominate in ZZ AATD(142). ZZ monocytes are 

also known to produce increased levels of cytokines in response to an LPS trigger 

compared to MM controls(13). 
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1.2.9 Expression of CD14 by monocytes 

Cluster of differentiation 14 (CD14) is a glycolipid anchored glycoprotein found on 

the surface of cells of myelomonocyte lineage including monocytes, macrophages 

and select populations of granulocytes(168). CD14 exists in two forms- soluble 

(sCD14) or membrane bound (mCD14) and is synthesised primarily by hepatocytes.  

Studies using confocal microscopy have identified large intracellular stores of CD14 

in human monocytes(169). CD14 lacks both a transmembrane and intracellular 

domain(170). As a result, it relies on forming a complex between lipopolysaccharide 

binding protein (LBP) and Toll-like receptor 4 (TLR4) to initiate cell signalling. LBP 

targets LPS aggregates and presents LPS monomers to CD14. One complexed to 

TLR4 a number of intracellular signalling events are triggered including activation of 

the NF-ẶB pathway with resultant cytokine production(171).   

Multiple stimuli have previously been shown to alter monocyte expression of CD14. 

Landamann et al showed that expression of mCD14 and sCD14 by human 

monocytes increased in response to stimulation with LPS(141). Maximal 

upregulation of both membrane and soluble forms were observed at 48 hours. A 

similar effect was observed in monocytes treated with Lipid A, heat inactivated E. coli 

and components of the cell wall of the gram-positive coccus Staphylococcus aureus. 

In a separate study, the same group also showed that sCD14 is capable of activating 

monocytes and monocyte like cell lines independent of LPS exposure(172). They 

showed that monocytes and monocyte like cells (THP-1 cells) exposed to sCD14, 

under serum free conditions produced increased levels of TNFŬ. This effect was 

observed to disappear following pre-treatment of recombinant sCD14 with 50% 

plasma or sCD14 depleted serum. 
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1.2.10 Expression of CD14 by monocytes in AATD 

Published data confirms that AAT protein influences the expression of mCD14 by 

monocytes in vitro(173).  Stolk et al have previously suggested that altered CD14 

expression in AATD contributes to a shift in the profile of monocyte subsets in the 

circulation of those with ZZ AATD(142). Using multi colour flow cytometry they 

showed lower levels of intermediate and non-classical monocytes in circulation and 

relative expansion of the classical subset which typically express high levels of 

mCD14. Sandstrom et al have also shown increased levels of both sCD14 and 

mCD14 in the plasma and on the surface of monocytes obtained from individuals 

who are hetero or homozygous for the PiZ mutation(167). Unfortunately, the study 

was not designed to test whether increased levels of both forms of CD14 correlated 

with specific pathophysiological changes between groups examined. It is notable 

however that monocyte expression of mCD14 has also been found to be elevated in 

individuals with ANCA associated vasculitis (AAV)(174). Tarzi et al found a 

correlation between CD14, PR3 and MPO expression on classical monocytes in 

those with active vasculitis and those with PR3-ANCA vasculitis in remission. The 

authors hypothesised that this correlation may reflect monocyte activation and a shift 

towards a pro-inflammatory monocyte phenotype. Of note, a high incidence of ZZ 

AATD has been previously reported in those with AAVs associated with anti-bodies 

against proteinase-3 (PR3)(175). 

 

1.2.11 Expression of CD16 by monocytes 

Increased levels of CD16 by monocytes has been previously documented in patients 

recovering following cardiac surgery(176). This effect was noted to be restricted to 

monocytes and was not observed in natural killer cells or neutrophils isolated from 
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the same subjects. Randolph et al demonstrated that monocytes that highly express 

CD16 are preferentially selected out to differentiate into dendritic cells in response to 

signals in the micro-environment(177). Furthermore, they showed that expression of 

CD16 and the migratory characteristics of CD16+ monocytes could be induced in 

CD16- cells by pre-incubation with TGFɓ1.  

In addition to CD14 and CD16 monocytes possess a vast number of other surface 

receptors that facilitate ligand binding. As monocytes differentiate into macrophages, 

the profile of surface receptors expressed alters along with the function of the cell. 

Considering the central role monocytes play in both the innate and adaptive immune 

responses, it is unsurprising that the surface expression of receptors for complement 

proteins are ubiquitous. The complement network is a biologically ancient network of 

proteins, fragments, co-factors and receptors that ócomplementô the action of anti-

bodies and phagocytes. It will be discussed in greater depth in section 1.3. 

 

1.2.12 Complement receptors on monocytes 

The focus of this project is on exploring an interaction between monocytes and 

fragment of the complement protein C3, C3d that has been previously shown to be 

increased in the plasma and airways of individuals with ZZ AATD (78). In addition to 

high levels of expression of CD14 and CD16, monocytes and macrophages are both 

known to express a variety of surface receptors capable of binding complement 

proteins and fragments. The only known receptor for our complement fragment of 

interest, C3d is the complement receptor CR2 (178). The structure of CR2 will be 

reviewed in further detail in section 1.3.  
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Despite an abundance of complement receptors being identified on the surface of 

monocytes to date, the receptor for our complement fragment of interest C3d, 

remains elusive. A study by Inada et al, (1983) suggested that a receptor for C3d 

may be present on the surface of monocytes. They demonstrated a time dependent 

increase in rosette formation between monocytes and red blood cells coated with 

C3d and cultured on a glass slide. This suggests that CR2 may be present on the 

monocyte surface and capable of binding C3d without providing definitive proof. In 

consideration of this, identifying CR2 on the monocyte surface was identified as a 

key aim of this project. 

As monocytes and monocyte derived macrophages represent one of the first lines of 

defence against pathogen invasion, it is advantageous from an evolutionary 

perspective that they possess multiple receptors for complement proteins on their 

surface.  Broadly speaking, the complement system is an extensive network of 

proteins, protein fragments and their receptors that form an integral part of the innate 

immune response. The importance of the complement system as an executor of 

immune response is underscored by the observation that genes encoding the 

complement protein C3 and the regulatory co-Factor B are identifiable in the genome 

of primitive protosomes (179). This suggests that the complement system first 

emerged over 1 billion years ago(145).  

Activation of the complement ócascadeô results in the generation of multiple 

complement fragments and other ligands that are capable of binding to the surface 

of monocytes via their respective cell surface receptors. Whilst three separate 

pathways of complement activation have been described, formation of the 

complement protein C3 represents a final common step in complement 

activation(180). As formation and subsequent cleavage of C3 represents the point of 
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convergence of all 3 complement activation pathways, it is unsurprising that C3 

signalling in monocytes and other cell types has been reported extensively in the 

literature(145, 180).  

Within monocytes and macrophages expression of the C3 receptor (CR3) is known 

to be critical for facilitating phagocytosis(147).  CR3 is comprised of the integrin 

CD11b and CD18(181). To date 4 separate receptors that bind fragments of C3 have 

previously been described on the surface of monocytes.  CR1 (a.k.a. CD35) binds 

complement fragment C3bi and CR3 (a.k.a. CD11b) binds C3b. Blocking of CR3 in 

monocytes has previously been shown to reduce intracellular viral antigen 

expression of dengue virus suggesting CR3 may serve as an entry port for 

opportunistic viruses. Blockade of CR3 is also known to abrogate expression of TNF 

Ŭ and IFNɔ by monocytes(182).   

Marinhno et al., (2014) have described CR3 and CR4 on the surface of human 

monocytes, They demonstrated down regulation of both CR3 and CR4 on the 

surface of monocytes infected with dengue virus(183).  Other studies have 

demonstrated an increase in CR3 expression in monocytes obtained from those with 

active rheumatoid arthritis (RA). Whilst both CR3 and complement receptor 1 (CR1) 

have been shown to be elevated on monocytes of those with RA and the auto-

immune disease systemic lupus erythematosus (SLE)(184).  Studies of patients with 

pneumonia and respiratory failure because of infection with the SARs-CoV2 virus 

have also shown increased levels of CR3 when compared to controls without 

respiratory failure (185). Gupta et al emphasise that CR3 functions as a fibrinogen 

receptor and hypothesise that itôs over-expression in monocytes tables it as effector 

of the exaggerated thrombotic effects seen in COVID19 pneumonia(185).  
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Other receptors for complement proteins and fragments described on the monocyte 

surface include Cc1qR and the C5a receptor CD88. cC1qR is formed by a complex 

of calreticulin and CD91. Ligands for include C1q and mannose binding lectin 

(MBL)(186). C1q acts as a regulatory protein and is necessary for activation of the 

classical complement pathway. C5a is an anaphylatoxin that has a chemotactic 

effect on monocytes, macrophages and granulocytes(187). Furebring et al have 

previously showed surface expression of the C5a receptor CD88 by monocytes is 

down regulated in severe sepsis(146). 

When we considered collectively the early observations of Inada et al (1983) and the 

above referenced studies highlighting several complement on the surface of 

monocytes and macrophages, we had reasonable hope that peripheral circulating 

monocytes may express a receptor for C3d. Identifying CD21/CR2 was key to the 

success of this project as its identification would confirm a signalling axis for C3d in 

monocytes. The potential impact of this signalling event was unclear at the outset of 

the study but unpublished data from our lab suggested that C3d may induce a 

cytokine response(188).  

 

1.2.13 Cytokine production by monocytes 

Fee et al, (2019) have previously shown that neutrophil like HL-60 cells exposed to 

the complement fragment C3d produced increased levels of the chemoattractant IL-

8(188). As Carroll et al (2011) had demonstrated that ZZ monocytes secrete 

increased levels of IL-8 compared to MM controls(12), this prompted a degree of 

interest in establishing whether C3d might induce a similar effect on monocyte 

production of IL-8 and other pro-inflammatory cytokines. We hypothesised that an 
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interaction between monocytes and C3d may contribute to disease pathogenesis in 

AATD via the production of cytokines.  

The cytokine producing capacity of various monocyte subsets has been well studied.  

In a study examining the ontogeny of the innate immune system, Yerkowich et al 

studied the ability of monocytes at various stages of life to produce IL-6, 10, 12, 18 

and 23, TNF Ŭ in response to stimulation with interferon ɔ and LPS(189). Using 

samples from cord blood through to adulthood they found that all cytokines 

examined followed a similar developmental pattern. Though slow up-regulation from 

the neonatal stage of life to adulthood was observed for most cytokines, levels of IL-

6, IL-10, TNFŬ and IFNɔ demonstrated similar increases in samples taken from cord 

blood to adult samples. This effect was lost at 2 months and thought to be 

attributable to variations in TLR4 expression which was found to highest on neonatal 

monocytes post LPS stimulation. Brichard et al have previously shown that immature 

and early cord blood monocytes also have less capacity to generate the pro-

inflammatory cytokine IL-1ɓ(190) which is produced prodigiously by intermediate and 

classical monocytes treated with LPS(191).  The profile of cytokines and propensity 

for chemotaxis and phagocytosis changes with age. Ginaldi et al have previously 

identified depressed antigen processing and presentation as a feature of monocytes 

obtained from older adults(192). Furthermore, they note that from a biochemical 

paradox, aging represents something of a paradox. Though antigen presentation and 

processing by monocytes is depressed in older age, monocyte activation and 

production of cytokines IL-1, IL-6 and TNFŬ increase. 

Schutte et al have previously examined the pro and anti -inflammatory cytokine 

profiles elaborated by monocytes and macrophages at various stages of 

differentiation and culture(193). A monocyte like cell line, THP-1 cells were seeded 
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onto various biomaterials and left untreated, exposed to PMA or LPS. Levels of TNF-

Ŭ, MCP-1, MIP-1Ŭ, IL-8, IL-1ɓ, IL-6, VEGF, IL-1ra, and IL-10 were measured in 

supernatants at 24 and 48 h. The highest levels of cytokines were observed in those 

treated with PMA for 48 h. The authors also noted phenotypic changes in PMA 

treated cells that were not apparent in untreated and LPS treated cells. Using phase 

contrast microscopy, they observed that PMA treated cells were larger, with 

extended filopodia and less clustering apparent in their growth pattern. Flow 

cytometry also showed increased surface expression of the integrin CD11b. 

Collectively these findings suggest that THP-1 monocyte like cells were 

differentiating towards a macrophage phenotype in response to prolonged exposure 

to PMA. Stimulated monocytes can produce large concentrations of reactive oxygen 

species, complement factors, prostaglandins; nitric oxide (NO) and cytokines such 

as TNF-Ŭ, IL-1ɓ, CXCL8, IL-6, and IL-10; vascular endothelial growth factor; and 

proteolytic enzymes such as metalloproteinases(144, 194, 195).  

Published data suggests that monocytes are primed towards a more inflammatory 

profile in certain disease states. Patel et al identified higher levels of pro 

inflammatory cytokine production by intermediate and non-classical monocyte 

subsets from individuals with dyslipidemia (196). They identified higher levels of 

TNF-Ŭ, IL-1ɓ and IL-6 production and greater expression of the M1 marker CD86 

compared to classical subsets. This finding overrides the usual functional distinction 

between subsets and implicates all monocyte sunsets in the development of 

coronary artery disease in this cohort. 

 In AATD the cytokine response generated by stimulated monocytes has also been 

shown to be altered. Carroll and colleagues demonstrated that ZZ monocytes exhibit 

enhanced cytokine production and activation of the NF-kB pathway when compared 
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with MM monocytes(13)- a finding that likely contributes to the inflammatory 

phenotype observed in AATD. 

 

1.2.14 Protease production by monocytes 

In addition to their capacity to generate cytokines, monocytes and macrophages are 

known to produce a number of different proteases. Broadly speaking, proteases 

cleave proteins into polypeptides or amino acids. Sub types of proteases are 

identifiable by the expression of different catalytic residues.  The 4 groups or 

ósuperfamiliesô of proteases categorised to date are the serine proteases, cysteine 

proteases, metalloproteases and aspartic acid proteases(197). 

Under homeostatic conditions proteases are necessary to regulate tissue 

regeneration and repair. Diseases such as AATD or Cystic Fibrosis (CF) reflect an 

imbalance between protease and anti-protease activity. The former is characterised 

by low circulating levels of the serpin inhibitor AAT permitted unfettered action of 

proteases such as NE that degrade the extra cellular matrix. In CF thick, tenacious 

mucus within the airways perpetuates cycles of infection and inflammation.  

Production of cytokines such as the neutrophil chemoattractant IL-8 facilitates 

neutrophil recruitment to the lung(198). The cell population within epithelial lining 

fluid (ELF) becomes dominated by neutrophils (70% vs 1% in HC lungs(199)). Once 

activated, neutrophils produce proteases at a rate that exceeds the anti-protease 

capacity of available anti-proteases propagating tissue damage. AAT acts to 

preferentially inhibit the action of serine proteases, in particular neutrophil elastase 

which its binds in an equimolar ratio. 
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Like their neutrophil cousins, monocytes are also capable of producing serine 

proteases. The serine protease activity of monocytes was highlighted by Chateau et 

al who showed degradation of the enzyme HIV-1 Reverse Transcriptase when 

incubated with cell extracts form human monocytes(200). Protease activity was 

similar across all monocyte subsets and was also shown to be present in monocyte 

precursors. Degradation of HIV-1RT was inhibited by the addition of PMSF and 

aprotinin. PMSF and aprotinin are both protease inhibitors which preferentially inhibit 

the serine proteases. This implicates this sub-group of proteases in the degradation 

of HIV-1RT. 

Multiple studies have since clarified the relationship between monocytes and serine 

proteases. Schuldhaus et al showed inducible expression of granzyme B in 

monocytes exposed to LPS(201). They identified LPS/TLR4 signalling as being 

central to the upregulation of granzyme B production by monocytes.  Studies of 

individuals with CF which is characterised by repeated cycles of infection within the 

lungs, show up regulation of the serine protease PR3 mRNA in monocytes of people 

experiencing an exacerbation(202). Interestingly, this effect was abrogated by 

treatment with anti-biotics. OôBrien et al looked further at the relationship between 

PR3 and monocytes in AAVs. They identified preferential surface expression of PR3 

by the intermediate subset of monocytes in individuals with known vasculitis(203). 

In addition to playing a role in the production of proteases, monocytes possess 

surface receptors that enable them to respond to stimulation by proteases. 

Johannson et al have previously identified the protease receptor protease-activated 

receptor 2 (PAR-2) on the surface of monocytes(204). Surface bound PAR-2 must 

be cleavage to its active form by trypsin and other serine proteases. Surface 

expression can be up regulated by mobilisation of internal stores to the cell surface. 
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When activated by the PAR-2 ligand 2-furoyl-LIGKV-OH, monocytes are stimulated 

to produce the pro inflammatory cytokines IL-6, IL-8 and IL-1ɓ. 

Our understanding of how monocytes contribute to the pathogenesis of disease, in 

particular lung disease has evolved considerably over the past 10 years. New 

insights have highlighted the important role that matrix metalloprotease (MMP) 

production by monocytes contributes to disease. In view of this, the role MMPs play 

in disease will now be discussed in greater depth.  

 

1.2.15 Matrix metalloproteinases (MMPs) 

MMPs are a family of zinc dependant endopeptidases that have been implicated in 

both normal physiological and pathophysiological tissue remodelling.  MMPs all 

share a zinc-based catalytic mechanism and can degrade the majority of proteins 

that comprise the extra cellular matrix (ECM) and basement membrane(205). To 

date, 25 MMPs have been described 22 of which are detectable in humans(206). 

Individual MMPs can be classified by variations in their structure, function, and 

substrate preferences.  For simplicity, MMPs are grouped according to function: the 

interstitial collagenases (i.e. MMP-1, 8, 13 and 18), gelatinases which are implicated 

in the degradation of type 4 collagen ( i.e. MMP-2, 9) and the stromelysins (i.e. 

MMP-3, 10, 11) that are specific for laminin.  Cells of the MPS secrete a diverse 

range of metalloproteases (MMPs) in large quantities. In addition to their dominant 

role in protein degradation MMPs influence cell migration and the processing and 

activation of soluble factors(207). MMPs play a role in many vital physiological 

processes including angiogenesis, bone formation and elongation, antigen 

processing and presentation and embryonic implantation(205). It is therefore 
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perhaps surprising that most MMPs are not constitutively expressed and require 

some form of cell activation to initiate transcription. 

 Production of MMPs is tightly regulated across many levels including transcription, 

post translational modification and by exogenous inhibitors. Imbalances between the 

production of MMPs and endogenous tissue inhibitors of MMPs (TIMPs) can result in 

dysregulation of many normal physiological processes(207, 208). A relative excess 

of MMPs versus TIMPs has been implicated in the development of cardiovascular 

disease- in particular the formation of unstable coronary artery plaques and 

reperfusion injury following an ischaemic injury to the myocardium(208).  The role 

MMPS play in the development of chronic inflammatory lung disease has yet to be 

elucidated. It has been demonstrated that activation and inactivation of MMPs 

modulates the activity and effects of chemokines and cytokines(205). In this manner 

they may contribute to driving inflammation in chronic lung disease. 

MMPs are secreted as inactive pre cursors (zymogens) that require cleavage of a 

pro-peptide domain to activate enzymatic activity(31).  Activation of MMPs is 

mediated by a range of proteinases including other MMPs and in many cases this 

occurs extracellularly following secretion. This pattern of intracellular storage and 

subsequent release varies between different MMPs. The gelatinase MMP-9 is 

synthesised and stored in intracellular granule as is the interstitial collagenase MMP-

8(209, 210). In contrast pro MMP-1 requires cleavage to its active form by MMP 3, 7 

and 10(211). Figure 1.8 provides a schematic overview of the regulation of MMP 

production by monocytes. 
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Figure 1.9: Production and regulation of MMPs by monocytes 

Stimulation of monocytes by signals from their microenvironment results in signal 

transduction, transcription, expression of MMP on the cell membrane and release to the 

extracellular environment. Pro MMPs are converted to their active form by proteinases 

and other MMPs. 
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1.2.16 MMP production by monocytes 

The specific type of MMPs secreted by monocytes and macrophages depends on 

the degree of differentiation and the state of activation. Members of the MPS 

including dendritic cells have been found to express the majority of the 23 human 

MMPs at gene level.  Classical monocytes which express high levels of the cell 

surface receptor CD14 preferentially express MMP1, 3, 9, 10, 14, 19 and 25(212, 

213). MMP2 and 17 are also found though at lower levels.  A study of the role 

monocytes production of MMPs play in driving inflammation in the 

neurodegenerative disease multiple sclerosis (MS) showed that production of MMP-

9 was downregulated when cells were exposed to IFNὛ and LPS (100ng/ml) for 8 

hours(214). By contrast MMP-3 production was upregulated. Of the al the MMPs 

produced by monocytes, MMP-9 has been amongst the most extensively studied in 

the context of its effect on the development and progression of lung disease(215). 

 

1.2.17 Monocytes and MMP-9 

MMP-9 production by monocytes was first described in 1984(216). Differences in 

experimental methods have meant that data quantifying basal levels of MMP-9 

production is conflicting. Adherence of monocytes to a glass surface in vitro 

increases MMP-9 secretion. Following production, MMP-9 is produced either free or 

in complex with TIMP (205).  Lu and Wahl have previously demonstrated that 

activation of monocytes following exposure to LPS stimulates production of MMP-9 

via activation of the NF-KB pathway (217). Other pro inflammatory stimuli such as 

TNF alpha also enhances MMP-9 production via the prostaglandin E2 pathway(218). 

The structure of MMP-9 comprises a fibronectin-like domain, which consists of three 

repeats of fibronectin type II made up of 58 amino acids(50). This fibronectin like 
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domain is glycosylated and contains an elongated linker between 2 further catalytic 

and hemopexin-like domains(219). The presence of the fibronectin-like domain 

enables binding to a substrate of either denatured collagen or gelatin. In the 

biologically inactive preform of MMP-9 (pro-MMP-9) the hemopexin-like domain 

forms a complex with the endogenous MMP inhibitors TIMP-1 and TIMP-3 within the 

Golgi apparatus of the cell(220). TIMP-1 binds pro-MMP-9 via the COOH-terminal 

domain on the enzyme, leaving the NH2 terminus capable of inhibiting other 

MMPs(221). 

MMP-9 is detectable in healthy normal lungs and is found in increased abundance in 

the chronic lung diseases IPF, asthma and COPD (222). Some debate exists as to 

whether MMP-9 is a causal factor in ling remodelling or part of the inflammatory and 

reparative processes.  It is likely that the multiple cell types producing MMP-9 and 

the different locations where it can be in the lungs (interstitium, airways etc.) reflects 

a propensity to adapt its function in response to different micro environmental signals 

(222)  

Omachi and colleagues have previously examined the role of MMP-9 as a predictor 

of outcomes in AATD (223). They examined data from patients with the PiZ and null 

AAT mutations who were not on augmentation therapy. They found higher levels of 

plasma MMP-9 correlated with more severe airflow obstruction and impairment of 

gas exchange as measured by DLCO.  In longitudinal analyses they found that 

increases in MMP-9 predicted further declines in DLCO underscoring its usefulness 

as a biomarker of lung disease.  

MMP-9 is of particular interest to this study as it has been shown to propagate 

inflammation within the lungs through degradation of the extra cellular matrix, 

neutrophil chemotaxis and augmentation of the inflammatory response(224). Each of 
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these features taken individually are key components of an AECOPD. Wells and 

colleagues have previously shown that elevated plasma levels of MMP-9 are 

independently associated with the risk of exacerbation in COPD (225).  
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1.3 The Complement System 

1.3.1 Background 

Oô Brien and colleagues have previously described increased levels of the 

complement fragment C3d in the plasma and BAL samples of individuals with ZZ 

AATD. Furthermore, they identified a positive correlation between increased levels of 

C3d and radiographic evidence of emphysema. In vivo, treatment with AAT 

augmentation therapy significantly reduced plasma levels of C3d.  C3d is a reliable 

marker of overall complement activation. The elevated levels seen in ZZ AATD 

suggest dysregulated activation of the complement system. 

Unpublished work from the McElvaney lab also showed that neutrophils exposed to 

C3d had increased levels of secondary and tertiary granule proteases detected in 

cell supernatants. This suggests that C3d may have a direct effect on neutrophil 

activation and represents a novel mechanism of disease pathogenesis in AATD. 

These observations prompted us to wonder whether C3d could also influence the 

behaviour of monocytes in AATD. As discussed previously, monocytes have a 

massive capacity for cytokine and protease production in response to inflammatory 

signals in their microenvironment. As C3d represents an end product of complement 

activation we were keen to assess what effects if any C3d has on monocytes.  

To understand why C3d may be elevated in AATD, it is first necessary to review the 

complement cascade and how complement proteins, receptors and fragments such 

as C3d contribute to inflammation and the development of disease. 
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1.3.2 The complement system     

The complement system or cascade is a vast network of proteins primarily 

synthesised by hepatocytes in the liver. It comprises more than 30 proteins, 

regulatory factors, fragments and receptors. Complement proteins in plasma 

measures approximately 3g/L and accounts for 15% of the total globulin fraction. The 

main physiological activities of complement are summarised in Table 1.2.  Broadly 

speaking, complement activation plays a role in host defence against infection, 

linking innate and adaptive immunity and facilitating the disposal of waste products 

of inflammation 

The complement ócascadeô can be triggered via several different mechanisms. 3 

pathways of complement activation have been described- the classical, alternative 

and lectin pathways (Figure 1.10). Regardless of the inciting trigger and pathway of 

activation, all 3 pathways share the final common step of cleavage of the 

complement protein C3.  

The classical complement pathway is activated following the formation of antibody 

antigen complexes. IgM or IgG bind to pathogens or foreign antigens triggering the 

classical complement response. Antibodies then bind to the complement protein 

complex C1. C1 is formed by the serine protease C1s and complement fragments 

C1q and C1r. C1r activates C1s enabling sequential activation of complement 

proteins C2 and C4 and cleavage into their component fragments (C4a, C4b, C2a 

and C2b). Fragments of C2 and C4 associate to form C3 convertases which cleave 

C3. Cleavage of C3 represents the point of convergence of all 3 complement 

pathways.  

Activation of the alternative pathway can occur by several means. Detection of 

bacterial endotoxin, repeating polysaccharide patterns, formation of IgA antibody 
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complexes or immunoglobulin light chains are all recognised triggers of the 

alternative complement pathway(226, 227). Unlike the classical and lectin pathways, 

activation of the alternative pathway can occur spontaneously via hydrolysis of 

C3(228). 

The lectin pathway is activated following recognition of carbohydrate moieties on the 

surface of pathogens by mannose binding lectin (MBLs) or ficolin. MBL is complexed 

with MBL associated serine proteases (MASPs 1-3). In a manner similar to the 

antibody binding of the classical pathway, binding of MBL to the surface of 

pathogens activates MASPs facilitating cleavage of C2 and C4 and subsequent 

formation of C3 convertase. 

The majority of complement proteins are synthesised within the liver and secreted as 

inactive ózymogensô(229). In addition to this hepatic reservoir, lung tissue represents 

a further source of complement production.  Since the 1980s it has been recognised 

that in addition to secreting surfactant, type 2 pneumocytes produce a number of 

complement proteins  including C3 and C5 (230). Pulmonary macrophages secrete 

C2, C3 and Factor B and epithelial cells of the respiratory bronchioles produce 

C3(231). Macrophage derived serine proteases cleave C5 to form C5a in in-vitro 

studies(232). C5a acts a potent pro inflammatory peptide. Formation of C5a drives 

formation of the membrane attack complex and release of histamine further 

propagating the inflammatory response. Riedemann and colleagues demonstrated 

that stimulation of alveolar epithelial cells with LPS, IL-6 or TNF alpha increased the 

affinity of C5a for its receptor C5aR(233, 234). Furthermore, binding of C5a to its 

ligand was associated with increased mRNA expression for C5aR(234).  

Regulatory proteins such as decay acceleration factor (DAF, CD55), C4 binding 

protein (C4BP) and Factor H are responsible for the guiding the progression of the 
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complement cascade through both their inhibitory and stimulatory roles. Given the 

complexity of the interactions involved in the complement cascade it is perhaps 

unsurprising that no óperfectô test exists to measure complement activity. Despite 

this, it is widely accepted that levels of complement fragment C3d are a reliable 

surrogate marker of overall complement activity(235). Unlike the formation of C3a 

and C3b, C3d is not produced spontaneously by hydrolysis in plasma making it a 

more consistent indicator of complement activation(235). 
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Table 1.2: Summary of the physiologic activities of complement 

Adapted from Mark J. Walport, PhD, FRCP, Complement, New England Journal of 

Medicine 2001 

Activity Mechanism Complement proteins 

involved 

Defence against infection Opsonisation  

Chemotaxis and 

leucocyte activation 

Lysis of bacteria and cells 

 

Covalently bound 

fragments of C3 and C4 

Anaphylatoxins C3a, C4a, 

C5a 

Membrane attack 

complex C5b-C9 

Linking innate and 

adaptive immunity 

Augments anti-body 

response 

Immunologic memory 

C3b and C4b  

C3 receptors on B cells, 

antigen presenting cells 

and FDCs 

Disposal of waste 

products of inflammation 

Clearance of immune 

complexes 

Clearance of apoptotic 

cells 

C1q 

Fragments of C3 and C4 
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Figure 1.10 Overview of the Complement System 

The complement system consists of a network of over 30 proteins which play an 

important role in host defence and inflammation. Complement activation occurs 

through three different pathways: alternate, classical and lectin. (Adapted from Mihály 

Józsi., 2011). 

(MBL; Mannose binding lectin, MASPs; Mannan-binding lectin serine proteases) 
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1.3.3 Complement activation and lung disease 

Activation of the complement system has been described in a number of lung 

conditions including the acute respiratory distress syndrome (ARDS) (236).  First 

described by military physicians in the 1960s ARDS is a rapidly progressive, and 

frequently fatal cause of hypoxemic respiratory failure. Lung injury triggers the 

release of pro inflammatory cytokines such as TNF alpha, IL-8 and IL-6(237). Zilow 

and colleagues examined plasma levels of complement factors in trauma patients 

who developed ARDS. They found an increase in the ratio of C3a to C3, suggesting 

increased cleavage of C3 and overall complement activity levels and an absence of 

C5a(238).  The absence of C5a in plasma contradicted the work of Hammerschmidt 

and colleagues who in 1980 had measured plasma levels in a separate ARDS cohort 

and found them to be elevated(239).  The conflicting results may be accounted for by 

differences in the baseline characteristics of both study groups. ARDS represents 

the final common pathway of a litany of clinical insults including pneumonia, 

aspiration, drug overdose, trauma and sepsis. Whilst patients in Zilowôs trial 

developed ARDS post trauma, Hammerschmidts were a more heterogenous 

population and included patients with sepsis.  

Activation of the complement system has also described in patients with COPD. 

Marc et al obtained sputum samples from patients with COPD or asthma and 

compared them to healthy non-smokers. Levels of C5a were significantly elevated in 

the COPD group (p=0.007) when compared with controls(240). Furthermore, the 

increase in C5a correlated negatively with the diffusion capacity of carbon monoxide 

on lung function testing which suggests that complement activity may play a role in 

the disease pathogenesis.  
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Kew and colleagues hypothesised that cigarette smoke was causing complement 

activation in smokers and increasing neutrophil influx into the airways by acting as a 

chemoattractant(240).  In a series of in-vitro experiments they demonstrated that 

treatment of purified human C3 with smoke modified the molecule such that when it 

was added to serum (pre-blocked with Mg/ethylene glycol tetra acetic acid (EGTA) to 

prevent activation of the classical pathway) it resulted in activation of the alternative 

pathway. Treatment of purified human C3 with whole smoke solution modifies the 

molecule such that its subsequent addition to serum results in complement activation 

via alternative pathway. C3 that was treated with cigarette smoke was also shown to 

be less responsive to the action of the complement regulatory proteins Factor H and 

I(240). 

 

1.3.4 Complement fragment C3d 

Given the complexity of the interactions involved in the complement cascade it is 

perhaps unsurprising that no óperfectô test exists to measure complement activity. 

Despite this, it is widely accepted that levels of complement fragment C3d are a 

reliable surrogate marker of overall complement activity (241). Unlike the formation 

of C3a and C3b, C3d is not produced spontaneously by hydrolysis in plasma making 

it a more consistent indicator of complement activation (235) (Figure 4). 

The major product of C3 cleavage, C3b is covalently bound to the surface of 

pathogens during activation of the classical and alternative pathways(180). On many 

cell surfaces C3b is precariously bound leaving it susceptible to further cleavage by 

factor I. This results in the formation of the inactive form iC3b. This haemolytically 

inactive form remains attached to the surface of the activating cell or organism. In 

the presence of a co-factor, Factor H C3b undergoes further cleavage eventually 
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resulting in the retention in the membrane of a fragment of C3, C3dg. It is cleavage 

of this C3dg by trypsin, elastase or plasmin results in the generation of membrane 

bound C3d(235). 

Increased activity of C3d has been identified in a number of disease processes. 

Doherty and colleagues (1988) examined C3d levels in the synovial fluid of 288 

patients with rheumatoid arthritis (RA), osteoarthritis (OA) and crystal arthropathies 

(242). Raised levels of C3d were found in active RA joints when compared to 

inactive joints (mean (range) 51 (15-105) and 6 (0-15) units/ml respectively). 

Villacorta and colleagues identified C3d positive staining of renal biopsy samples as 

a novel predictor of progression to end stage renal disease (79). C3d-positivity on 

biopsy correlated with the severity of renal impairment and with a lower rate of 

treatment response (P=.003 and P=.04, respectively). When adjusted for baseline 

renal function and other lower histologic parameters, C3d staining remained as an 

independent predictor for renal survival (hazard ratio, 2.5; 95% confidence interval, 

1.1-5.7; P=.03). 
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Figure 1.11 Mechanism of C3d production 

C3b, a cleavage product of C3 is cleaved to C3d during complement activation. 

Factor H and Factor I are critical for the production of C3d with factor H acting as a 

cofactor for factor I mediated cleavage of C3b into iC3b and C3dg and finally C3d by 

nonspecific proteases (79). 

 

 

 

 

 

 



 

105 
 

 

1.3.5 C3d in AATD 

Complement dysregulation in AATD has been a subject of interest since the 

observation by Taylor and colleagues in 1977 that C3 can be cleaved by neutrophil 

derived proteases such as NE to activate the complement cascade (243). Given the 

pro-inflammatory properties of C3 activation, including the production of pro-

inflammatory mediators C3a and C5a and opsonin C3b, it is likely AAT may interact 

with C3 in an anti-inflammatory capacity with binding of AAT to C3 serving to prevent 

dysregulated proteolysis of C3 and complement activation. 

Levels of C3d and overall complement activation were examined by Littleton et al 

(1991) who investigated children with liver disease attributable to AATD (244). They 

identified low levels of the C3d parent protein C3 in addition to C4 in children with 

advanced liver disease. This likely reflected impaired hepatic protein synthesis. To 

account for this, they used the ratio of C3d:C3 to assess complement activation. This 

approach corrects for the reduction in the availability of the parent protein C3. Using 

this strategy, they identified increased levels of complement activation in the ZZ 

group compared to MM controls. They also noted increased C3d:C3 ratio correlated 

with disease severity and was highest in those with severe liver disease.  

Published data from the McElvaney lab confirms that C3d levels are significantly 

increased in plasma samples from ZZ AATD patients when compared to healthy MM 

controls (p= 0.002)(78). Furthermore, C3d levels were also not significantly elevated 

in clinically stable, FEV1 matched AAT sufficient COPD controls (p=0.001). This 

suggests that the excessive complement activation seen in ZZ AATD reflects a lack 

of AAT rather than being a consequence of a normal inflammatory process. O óBrien 
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and colleagues also found a positive correlation between increased levels of C3d 

and worsening of radiographic evidence of emphysema in those with ZZAATD(245). 

 Trypsin-like enzymes such as NE whose activity, under normal conditions is 

regulated by AAT has been demonstrated to activate both the classical and alternate 

complement pathways (246). It is thought that binding of AAT to C3 may prevent 

dysregulated cleavage of C3 and subsequent complement activation. It is therefore 

conceivable that a deficiency of AAT may lead to complement activation without the 

inhibitory influence of AAT. 

 

1.3.6 Complement receptor CR2 

The receptor for C3d has previously been identified as CR2. CR2 also known as 

CD21 is a 145kDa glycoprotein first identified on the surface of B cells and follicular 

dendritic cells (247).  CR2 has been described as having 4 classes of ligands 

including the C3 fragments iC3b, C3dg and C3d(248). CR2 in complex with C3d is 

shown in Figure 1.12. 

CR2 is perhaps best known for its ability to bind the gp350/220 viral coat protein of 

the Epstein-Barr virus(247).  EBV is one of nine human herps viruses. EBV infection 

is associated with several benign, pre-malignant and malignant pathologies. Chief 

amongst these conditions is the commonly encountered infectious mononucleosis 

and the lymphoproliferative disease Burkittôs lymphoma. Other CR2 ligands include 

immunoregulatory protein CD23(249), and interferon-alpha (IFN-Ŭ)(250). 

Though ubiquitously expressed on mature circulating and BM resident B cells, CR2 

has not been identified on B cell precursors. CR2 has also been identified on 

subsets of thymocytes (251), T cells (252), basophils (253) and follicular dendritic 



 

107 
 

cells (FDCs). FDCs are found in lymphoid follicles and are distinct from DCs. DCs 

are derived from haematopoietic stem cells within the bone marrow whereas FDCs 

are of mesenchymal origin. Though monocytes express several complement 

receptors they have not been conclusively shown to express CR2 (254). A study 

from 1983 however suggest that this merits further exploration. Inada et al showed a 

time dependant increase in rosette formation when C3d coated red cells was 

incubated with monocytes suggesting that monocytes are capable of binding C3d 

(255).  

Structurally CR2 comprises a large extracellular domain a 24 amino acid 

transmembrane domain and a short 34 amino acid intra cellular tail (256). The 

extracellular portion of CR2 consists of a series of 15-16 structurally similar 

complement control proteins (CCPs). Each CCP consists of a 60 amino acid 

sequence. The two terminal CCPs contain the shared C3d and EBV binding site. 

Complexed N-linked oligosaccharides contribute approximately 35kDa to a 100kDa 

peptide backbone but are not necessary for C3d binding.  

To date 2 isoforms of CR2 have been identified(257). Short and long isoforms have 

been found on the surface of, and within the cytoplasm of B cells and FDCs. Studies 

of the gene products of CR2 demonstrate variable expression of two products of 

transcription. Alternative splicing of exon 11 (60 aa sequence) results in the 

generation of a shorter CR2 product absent this CCP that retains capacity to bind 

C3d and EBV(257). This shorter variant is the predominant form produced by most B 

cell lines. This is in contrast to FDCs which preferentially express the long form of 

CR2(258). 

CR2 functions to provide a link between innate and adaptive immunity (259).  When 

an antigen becomes opsonised by C3d, the antigen moiety binds to the B cell-
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antigen receptor complex.  CR2 binds to CD23 and associates with CD19, CD81 and 

Leu13 to form a large signal-transduction complex. Meanwhile the C3d moiety binds 

to a complex formed by CR2, CD19 and CD81. This simultaneous co-ligation of 

receptor complexes lowers the threshold of antigen exposure required by the B cell 

to activate by up to 10,000 fold (260).  

 An intact C3d/CR2 signalling axis is crucial for generating a high affinity anti-body 

response (261). Chen and colleagues have previously demonstrated that CR2 

knockout mice demonstrate defective B cell memory and antibody generation (262).  

CR2 is also known to play a role in the development of autoimmunity, specifically the 

multi system disease SLE. Patients with SLE have been shown to express very low 

levels of the complement receptors CR1 and CR2 which promotes the development 

of anti-DNA antibodies(250). CR2 is capable of binding bacterial, viral and fungal 

DNA suggesting it may play a role in the recognition of foreign DNA during host 

immune responses(263). 
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Figure 1.12: Structure of the C3d:Complement Receptor 2 Complex  

Ribbon diagram of the complement receptor 2 (CR2): C3d complex. C3d molecule is 

green and CR2 (short consensus repeats (SCRs)) is magenta. Image adapted from 

(321). 
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1.3.7 Soluble CR2 (sCR2) 

Long and short isoforms of CR2 have previously been identified on the cell surface 

and also within the cytoplasm of FDCs and B cells. Ling et al., (1998) used confocal 

microscopy to characterise the cellular distribution of CR2 in the former(264). They 

demonstrated high levels of CR2 detectable in the supranuclear region of FDCs. A 

similar clustered distribution has been observed in astrocytes. Gasque et al (1996) 

demonstrated that the amount of CR2 extracted from whole cell lysates was 5-10 

fold greater than surface CR2(265). Furthermore, mirroring the observations made 

by Ling using FDCs, this study showed that CR2 localised to discrete areas within 

the cell body and at the end of astrocyte processes.  

The soluble form of CR2 is readily detectable in human plasma(264). Levels 

increase markedly in those with chronic lymphocytic leukemia of B cell origin. 

Interestingly, the origin of this sCR2 is unlikely to be B cells as levels remain 

unchanged in those with X linked agammaglobulinemia a condition characterised by 

defective B cell development and function(266).  

 

1.3.8 Complement targeted therapeutics 

The role complement plays in systemic and organ specific disease has been 

recognised for more than 50 years. Research into therapies targeting complement 

has been stymied by a reticence to block a crucial arm of innate immunity. In 1966 

Rosse and Dacie identified the membrane attack complex as an effector of 

haemolysis in the ultra-rare, and ultimately fatal disease paroxysmal nocturnal 

haemoglobinuria (PNH)(267).   Rosse and Dacie;s discovery allowed development of 

a drug that could block a specific point in the complement network without sacrificing 

the utility of the complement network as a whole.  Eculizumab (trade name Soliris) is 
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a monoclonal antibody that blocks C5 mediated activation of the complement 

cascade and formation of the MAC complex(268). Though prohibitively expensive in 

certain healthcare systems, eculizumab has been transformative for patients with 

PHN. Those on treatment can be expected to have a near normal life span in 

contrast to average of 10 years given to sufferers in the 1970s(269). 

 

A similar C5a receptor inhibitor has also been used successfully as a steroid sparing 

agent in individuals with ANCA vasculitis and nephropathy(270). In a randomised 

placebo control trial, Jayne et al showed that the C5a receptor inhibitor Avacopan 

could be used effectively to slow disease progression and facilitate reduced steroid 

dosing. Adverse events did not differ significantly between all treatment groups.  

 

Results of phase 2 trials of the complement inhibitor OMS721 (Omeros) which 

targets the MBL pathway via MASP2 are encouraging. Data from patients recruited 

with an underlying diagnosis of common glomerulopathy IgA nephropathy showed 

statistically significant improvements in urine albumin creatinine ratios (ACR). Lower 

urine ACRs are known to correlate with survival in chronic kidney disease(271). 

Results of phase 3 trials are awaited. It is notable than many agents targeting 

components of the complement pathway have failed in phase 3 studies when phase 

2 data suggested cautious optimism. 

 

Lampalizumab, an antibody fragment was developed to treat age related macular 

degeneration a leading cause of blindness worldwide.  Lampalizumab blocks the 

interaction between Factor D and C3b-bound Factor B thereby preventing activation 
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of the alternative pathway. Though results of phase 2 trials were promising no 

significant difference in primary or secondary outcomes were observed in phase 3 

trials(272).  Other complement drugs currently approved for therapy have been 

replacement therapies. Replacement of C1inh  in hereditary angioedema (HAE) 

where C1inh deficiency causes dysregulation of the complement and kinin systems 

has proven to be clinically effective for the treatment of HAE attacks(273). 
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1.4 Summary 

The term AATD refers to any qualitative or quantitative deficiency in AAT protein (9). 

Historically, disease in AATD was thought to be explainable by the protease anti-

protease hypothesis (50). High levels of neutrophil derived serine proteases 

overwhelm available AAT protein. Within the lungs, proteases such as NE, PR3 and 

Cathepsins work to degrade the ECM. Clinically, loss of ECM by protease 

degradation results in the development of emphysema of the alveolar air spaces.  

Since the original description of the protease-anti protease hypothesis, our 

understanding of disease pathogenesis in AATD has evolved considerably. The 

wide-reaching immunomodulatory effects of AAT have previously described at length 

(54). In addition to its anti-protease properties, AAT is an acute phase reactant. In 

vitro and in vivo studies have shown that in addition to its ability to block neutrophil 

degranulation and chemotaxis (66), AAT abrogates the production of cytokines that 

are known to drive inflammation (32), normalizes apoptosis (71) and modulates the 

resolution of local and systemic inflammatory responses(31). Considered 

collectively, these observations suggest that deficiency of AAT represents a pro-

inflammatory state. 

Though neutrophil behaviour in AATD have been reported in some detail (110), the 

phenotype and function of monocytes has yet to be fully elucidated. Carroll et al., 

(2009) showed an enhanced pro-inflammatory cytokine response in ZZ compared to 

MM monocytes demonstrating a potential role for monocytes in contributing to the 

pro-inflammatory milieu observed in AATD (13).  Other studies have demonstrated a 

direct effect of AAT on monocyte phenotype and function. AAT is known to regulate 

the expression of the surface marker CD14 (142), expression of which can be used 

to identify various monocyte subsets with differing inflammatory profiles. AAT has 
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also been shown to increase intracellular cAMP and suppress NF-Ặɓ translocation 

from the nucleus (13, 274).  

The concept of AATD representing a model of sustained, inappropriate inflammation 

is strengthened by the observations of OôBrien and colleagues (2019) (78). They 

identified AAT as a binding partner of the complement protein C3. Furthermore, they 

showed higher levels of the C3 fragment C3d in the plasma and airways of 

individuals with ZZ AATD.  This suggests inappropriate or dysregulated complement 

activation in AATD. The presence of an extensive number of receptors for 

complement proteins, fragments and co-factors in the surface of monocytes suggest 

they are programmed to respond to complement activation (139, 182). This 

prompted us to wonder whether C3d could be having a direct effect on monocytes 

that could be contributing to the disease profile seen in AATD. 
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1.5 Study Aims 

Oô Brien et al., (2019) identified increased levels of the complement fragment C3d in 

the plasma of those with ZZ AATD (78).  Plasma levels of C3d correlated 

significantly with radiographic evidence of pulmonary emphysema (p=0.001). 

Furthermore, administration of IV AAT augmentation therapy was shown to decrease 

C3d levels in parallel with increasing AAT plasma levels.   

Unpublished data from the McElvaney lab established that treatment of neutrophils 

with C3d resulted in increased secretion of primary (BPI) (p=0.013), secondary 

(hCAP-18), (p=0.004), and tertiary (MMP9) (p=0.018) granule products suggesting 

that C3d may be a key driver of inflammation in AATD. 

We hypothesised that dysregulated C3 cleavage and complement activation may be 

contributing to the pulmonary disease phenotype seen in AATD via an 

uncharacterised interaction with monocytes. 

The aim of this study was to explore the effect of C3d on the function of circulating 

monocytes.  

 To fulfil this aim the following objectives have been set: 

1. To explore whether monocytes in the circulation possess a C3d signalling 

axis. The receptor for C3d has previously been identified as CR2. We used a 

variety of methods to examine whether MM and ZZ monocytes express CR2 

at the gene and protein level.  

2. To assess whether monocytes and macrophages within the airways express a 

receptor for C3d and to determine whether expression of CR2 varies between 

monocyte subsets in the airways. 
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3.  To establish the downstream effects of C3d signalling in monocytes by 

examining the cytokine and protease profile expressed by monocytes in 

response to C3d.  
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Chapter 2: Materials and Methods 
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2.1 Equipment 

2.1.1 Chemicals and Reagents 

All chemicals and reagents used during this study were of the highest purity 

available and purchased from Sigma Aldrich unless specified differently.  

 

2.1.2 Antibodies 

Primary and secondary antibodies used throughout this study are listed in Tables 

2.1, 2.2 and 2.3. Concentrations used were in keeping with supplier recommendation 

as detailed on the product datasheets.  

ELISAs for MMP-1, MMP-12, PR3 and sCD14 were performed using precoated 

ELISA plates kits from Abcam and R&D systems. Details of secondary antibodies 

used for these experiments are provided in Table 2.2. The detectable range and 

details of ELISA kits used is included in Table 2.3. 

Anti- bodies used to identify lymphocyte subsets in BAL by multi colour flow 

cytometric analysis are listed in Table 2.4. This panel was adapted from the 

American Thoracic Society (ATS) protocol for the identification of myeloid cells in 

BAL samples. Flourophores used were selected using an online multi-colour panel 

builder (Thermo Fisher) to minimise overlap between excitation and emission 

spectra of each anti body.  
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Table 2.1: Primary antibodies 

  

Primary 

antibody 

Source Manufacturer Catalogue 

Number 

Working 

concentration 

Application  

Human 

CD 21  

Mouse  R&D Systems MAB 4909 2.5µg/ 200µl Western 

Blot (WB), 

FACS 

Normal 

Mouse 

IgG1 

FITC 

Mouse  Santa Cruz SC-2855 200µg/ml FACS 

Normal 

Mouse 

IgG2b 

FITC 

2587 

Mouse BD 

Bioscience 

555742 2µl/ml Confocal 

microscopy 

Anti 

CD21 

Alexa 

Flour 

647 

Rabbit Abcam Ab202693 5µg/ml Confocal 

Microscopy 

Anti 

CD21 

Rabbit Novus NBP2-

38895 

2.5µg/ml FACS 

C3d  Mouse Santa Cruz AC-58928 0.5µg/ml FACS 

IL-8  R&D Systems  MAB 208 10µg/ml ELISA 

MMP-9 Mouse  R&D Systems DY911 1ɛg/ml ELISA 

MMP-1 Goat R&D Systems AF901 0.4µg/ml ELISA 
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Table 2.2: Secondary Antibodies 

Secondary 

Antibody 

Source Manufacturer Catalogue 

Number  

Working 

concentration 

Application 

Goat anti 

mouse IgG 

FITC 

Goat  Santa Cruz SC-2010 1µg/200µl FACS 

Human IL-

8/CXCL8 

Goat R&D Systems BAF 208 0.4 µg/ml ELISA 

Anti-rabbit 

IgG, HRP-

linked 

Goat Cell Signalling 70704S 1 µg/ml Western Blot 

FACS 

Goat mAb 

to Rb IgG  

Goat Abcam Ab6717 10µg/ml FACS 

MMP-9 Goat R&D Systems DY911 0.5µg/ml ELISA 

MMP-1 Goat R&D Systems BAF901 5ng/ml ELISA 
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Table 2.3: ELISA kits used with detection range of assay 

Analyte Manufacturer PC Detection Range 

MMP-1 R&D Systems DY901B 62.5- 4000 pg/ml 

MMP-9 R&D Systems DY911-05 31.3-2000 pg/ml 

MMP-12 Abcam Ab213811 62.5pg/ml-4000 pg/ml 

sCD14 Abcam Ab208983 31.3-2000 pg/ml 

PR3 Abcam Ab226902 1.2 ng/ml - 150 ng/m 

IL-8 Lab SOP N/A 17.5-2000 ng/ml 
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Table 2.4: Antibodies used in flow cytometric analysis of BAL samples 

Laser/ 

Excitation 

filter (nm) 

Emission 

Filter 

Antigen Dye Anti 

body 

clone 

Concentration  Supplier Product 

Code 

405 450/45 CD16 BV 

421 

3G8 10µg/ml BD 562878 

405 525/40 Live/Dead 

stain 

N/A N/A 1 µl/ml Thermo L34965 

405 660/10 CD24 BV 

650 

ML5 5µg/ml BD 563720 

488 525/40 CD14 AF 

488 

M5E2 5µg/ml Novus Nb100-

7778af488 

561 585/42 CD21 PE N/A 0.5µg/ml R&D FAB4909P 

561 690/50 CD45 PE-

Cy5 

HI30 5µg/ml Abcam Ab167004 

638 712/25 CD206 AF 

700 

19.2 5µg/ml Thermo 56-2069-

42 

638 780/60 CD169 APC-

vio770 

7-239 10µg/ml Miltenyi 130-101-

278 
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2.2 Sampling 

2.2.1 Cell line work 

Preliminary experiments were carried out on a U937 cell line. U937 cells were 

bought from American Type Culture Collection (ATCC) and were originally obtained 

from sampling of a pleural effusion of a 37 year old male with histiocytic lymphoma. 

U937 are commonly used in studies as a model for monocyte and macrophage 

function(275). Differentiation of this cell line into macrophages can be achieved with 

prolonged treatment (72 h) with PMA. Morphologically U937s more closely resemble 

developing monoblasts than mature peripheral circulating monocytes. Expression of 

surface markers that are expressed strongly in mature monocytes such as CD14 and 

HLA DR are notable for their low levels of surface expression in U937 cells (276). 

A second cell line ï Raji B cells- were utilised as a positive control for the C3d 

receptor CR2 (also known as CD21). Raji B cells are a human cell line of 

haematopoietic origin and are commonly used in studies as a model for B cells and 

as a transfection host (277). Raji cells were first obtained from an 11 year old 

Nigerian boy with Burkittôs lymphoma and are categorised as a lymphoblast- like cell 

line. Raji B cells demonstrate ubiquitous surface expression of CR2 and were used 

as a positive control in Western blots, confocal microscopy and FACS assessment of 

C3d binding to the surface of cells. 

 

2.2.2. Patient sampling 

Healthy control (HC) individuals were defined as having an MM AAT phenotype by 

isoelectric focusing with plasma AAT levels within the normal range (1.1-1.8g/L). All 

HCs were non-smokers with no clinical or radiographic evidence of lung disease. All 

AATD patients were recruited from the National AATD clinic in Beaumont Hospital. 
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All ZZ patients were confirmed as having a ZZ phenotype by isoelectric focusing. ZZ 

individuals were stable with no exacerbations at the time of recruitment. COPD 

patients were recruited from the respiratory ward in Beaumont Hospital and 

confirmed as having an MM phenotype by isoelectric focusing with plasma AAT 

levels within the normal range. 

Peripheral circulating monocytes from healthy MM controls, individuals with MM 

COPD and ZZ AATD with COPD were isolated using a CD14 negative selection kit 

without CD16 depletion(278) (StemCell). Isolation of monocytes from whole blood is 

described in further detail in section 2.3.5. 

 

2.2.3 Isolation of plasma from whole blood 

Whole blood was collected in Sarstedt-Monovette® tubes coated with lithium 

heparin. Samples were centrifuged at 350 xg for 5 min at room temperature. Plasma 

was aliquoted for immediate use or labelled and stored at -80°C for use in future 

experiments. 

 

2.2.4 Bronchoalveolar lavage (BAL) sample collection 

All patients included within this study were undergoing fibreoptic bronchoscopy for 

clinical reasons determined by their treating physician. Informed consent was 

obtained in advance of the procedure. All data was anonymised and stored in 

accordance with European data protection guidelines. CT scans were reviewed in 

advance of bronchoscopy to help determine which lobe or segment was likely to give 

an adequate return. 
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Matched blood samples for plasma isolation were obtained on the morning of 

bronchoscopy to allow for comparison of urea concentrations between plasma and 

BAL samples. Following sedation, a full airway inspection was performed to identify 

which lobe was most likely to offer adequate return of an alveolar sample. 

Preference was given to the right middle lobe (RML) followed by the lingula when 

patients were in the supine position as anatomically this favours greater sample 

yield. If anatomic or technical difficulties were encountered, the bronchoscope was 

repositioned in the superior or anterior segments of either lower lobe. The scope was 

advanced distally, and gentle suction applied to assess for distal airway collapse 

confirming an adequate seal between the scope and airway wall.  

Two aliquots of 50ml 0.9% normal saline were instilled through the scope and 

aspirated immediately via the same syringe. Suction was applied by aspirating the 

syringe. The pressure of the suction was determined by looking directly for airway 

collapse throughout the procedure. If airway collapse was noted, suction was 

reduced. Total volume in and out was recorded and a yield of 50% return deemed 

adequate.  Sample collected in the syringe was kept for analysis and any further 

sample used by the treating team for microbiological culture. Samples were placed 

directly into pre chilled 50ml Falcon tubes and immediately transported on ice to the 

lab for analysis. 

The volume instilled and collected, cell count and viability assessment with trypan 

blue staining, plasma and BAL urea gradient and direct visualisation of cell 

populations using a Wright Giemsa were subsequently used to determine if the 

sample was of adequate quality 
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2.2.5 Ethical Approval  

Ethical approval was obtained from Beaumont Hospital Ethics Committee and written 

informed consent was obtained from all patients (REC: 13/92). 
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2.3 Laboratory Techniques  

2.3.1 U937 cell culturing  

As per the manufacturerôs instructions, U937 (ATCC) cells were stored in liquid 

nitrogen prior to thawing. Cells were thawed by gentle agitation in a 37oC degree 

water bath for a period of 2 minutes. Under aseptic conditions, cells were transferred 

to a centrifuge tube with 9ml complete culture medium. Culture medium consisted of 

RPMI-1640 with fetal bovine serum (FCS) added to a final concentration of 10% 

(w/v). Penicillin-streptomycin (1% v/v) was added to limit bacterial growth during 

culture.   

Vials contained U937 cells and complete culture medium were centrifuged at 125 xg 

for 6 mins. Following aspiration of the supernatant, cells were re suspended in 10ml 

culture medium and transferred to a culture flask.  Cells were incubated horizontally 

at 37°C in a 5% CO2 atmosphere. Cells were counted on a weekly basis and density 

maintained between 1 x105 and 2 x 106 as per the manufacturerôs recommendation. 

Fresh culture medium was added every 2 days. 

 

2.3.2 Raji B cell culturing 

As per the manufacturerôs instructions, Raji B cells (ATCC number CCl-86) were 

cultured in RPMI medium 1640 with 10% (v/v) fetal calf serum (FCS), 2mM L-

glutamine  100 units/ml penicillin and 100 microgram/ml streptomycin to a final 

concentration of 1% (v/v).  

Following removal from liquid nitrogen, cells were thawed by immersion in a 37°C 

waterbath. Under septic conditions cells were suspended in 5ml of complete growth 

medium prior to centrifugation at 100 xg for 3min. The supernatant was then 
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discarded, and cells were re-suspended in 15ml of growth media in a 75 sq. cm 

tissue culture flask. Culture flasks were placed in an incubator at 37°C in a 5% CO2 

atmosphere. Media was changed every 2 days and cell density maintained at 2-

3x106 / ml of media.  

 

2.3.3 U-937 cell treatment 

Following culturing as described above, monocytes were washed and re-suspended 

in RPMI with no FCS (serum free), 1% FCS (v/v) or 10% FCS (v/v).  Cells were 

counted and 2.5x106 added to a 12-well 3.8cm2 round culture dish for treatment.  

A dose response treatment was carried out with increasing concentrations of C3d 

protein (Merck Chemicals) (0-10 ɛg/ml) with LPS (20µg/ml) used as a positive 

control. Following 6h and 24h cells were centrifuged at 500xg for 5 min. 

Supernatants were collected and stored immediately at -80°C and TRI Reagent® 

was added to the pellet and stored at -80°C. 

 

2.3.4 Trypan blue testing for cell viability 

Cells (10ml) were added to an eppendorf containing 90ɛl trypan blue. Cells were 

agitated gently and 10ɛl loaded onto a haemocytometer (Olympus BX40) at 20X 

magnification. Cells were enumerated, with cell viability consistently at 99%. 

 

2.3.5 Monocyte isolation 

Peripheral circulating monocytes were isolating using the EasySep human CD14 

selection kit.  Whole blood was collected from patients in lithium-heparin plasma 

tubes (7.5ml per tube). Blood was immediately transferred to a 50ml Falcon tube and 
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mixed with an equal volume of 0.9% (w/v) normal saline (NS) preheated to 37°C. 

This solution was carefully layered (free poured) over an equal volume of 

lymphoprep maintaining a 1:1:1 ratio of volume whole blood: NS: Lymphoprep. This 

mixture was centrifuged at 800xg for 10mins with the brake off to facilitate recovery 

of a tight mononuclear cell band. Following centrifugation, a Pasteur pipette was 

used to remove the mononuclear cell layer (buffy coat). HBSS (10ml) was then 

added to the recovered cells and centrifuged at 500 xg for 5 min with the brake on. 

The supernatant was removed, and cells were re-suspended in 1ml of Easy Sep 

recommended medium (1mM EDTA, 2% (v/v) FCS in PBS-Dulbecco).  Cells were 

then counted. Monocyte number was approximated as 10% of the total cell 

population.  

Mononuclear cell suspension was then prepared at a concentration of 1x10  cells/ml 

in EasySep recommended medium and transferred to a 5ml polystyrene round 

bottomed tube (BD).  EasySep negative selection cocktail was added at 100µl/ml 

and mixed gently. Samples were left at room temperature for 15min.  Easy Sep 

magnetic nanoparticles were then added at 50µl/ml, mixed and left at room 

temperature for a further 10 min. Cell suspension was brought to a total volume of 

2.5ml with recommended medium and pipetted gently to ensure a homogenous 

mixture. The polystyrene tube was then fitted snugly into the EasySep magnet for 

5min. Following incubation, the magnet containing the 5ml tube was inverted in one 

swift, continuous motion for 2-3 sec to pour off the supernatant fraction.  The tube 

was then removed from the magnet and 2.5ml of recommended medium added and 

pipetted gently before being returned to the magnet. This washing process was 

repeated x3 before re-suspended cells in PBS and treated as detailed in section 

2.3.6. .  
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2.3.6 Treatment of purified peripheral circulating monocytes 

Following isolation as described above, monocytes from individuals with ZZ AATD, 

MM COPD and MM healthy controls were washed x3 in PBS. Cells were then 

seeded in growth media (RPMI, 1% (v/v) heat inactivated FCS, 1% (w/v) penicillin- 

streptomycin) at a concentration of 1 x105 cells per ml to 12 well plates. Cells were 

left untreated or challenged with increasing concentrations of C3d  Concentrations of 

C3d used were 10, 20 or 40µg/ml. Concentration of C3d was based on published 

data that confirms levels of 10-40µg/ml C3d in plasma and in the airways of those 

with AATD(78).  

LPS was included as a positive control at a concentration of 50-100ng/ml. Previously 

published data confirms that monocyte viability will start to decline at ultra-high 

doses (5000 ng/ml) (279).  Doses in the range of 500ng/ml promote monocyte 

differentiation to macrophages which was not required. Separate studies have 

shown that stimulation of monocytes for 4 h with E. coli LPS at a concentration of 

100ng/ml increased the production of TNF alpha markedly without affecting 

viability(280). Being mindful of our more prolonged treatment protocol and the need 

for a positive control signal, a lower concentration of 50-100ng/ml was employed. 

MTS assay was performed at 20 h to check cell viability as described in section 

2.3.19. 

 

2.3.7. BAL processing of supernatants 

BAL samples were centrifuged at  500 xg for 10 min at 4°C. The supernatant was 

aspirated and transferred into cold 15ml tubes for a second spin at 1200 xg for 

10min. The cell pellet was resuspended in 1% (w/v) BSA, 5mM EDTA, 10mM 
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HEPES in cold PBS pH7.4 and retained for further isolation of alveolar 

macrophages.  

Half of the recovered supernatant was then aliquoted into 1.5ml eppendorfs on ice. 

The remaining volume was mixed gently with a protease inhibitor tablet (Roche) until 

complete solubilisation and homogenisation was noted. This sample was then 

aliquoted and stored at -80°C along with samples not containing protease inhibitors. 

 

2.3.8 Processing of BAL pellet for cell counting and viability 

Following centrifugation and aspiration of the supernatant (described in section 

2.3.7), the cell pellet was re-suspended in 1ml of 1% (w/v) BSA, 5mM EDTA, 10mM 

HEPES in cold PBS. A small volume of the sample (10µl) was transferred to 90µl 

trypan blue for counting as described in section 2.3.4. The cell count and viability by 

trypan blue were recorded. 

 

2.3.9 Determining cell differential of BAL samples 

BAL samples (100ml) were transferred to a 1.5ml epindorph containing 900µl PBS for 

a 1:10 sample dilution.  Two 500µl aliquots of diluted sample were then loaded onto 

a cytospin slide and centrifuged for 5min at 500 xg. The slide was then recovered 

from the cytospin holder and allowed to air dry. Cells were then fixed and stained 

using the Speedy Diff complete kit (ClinTech, catalogue number 610815).ôSpeedy 

Diffô is a rapid version of the Wright-Giemsa stain and can be used for Romanovsky-

type staining of blood smears and tissue specimens(281). The slide was left to air 

dry and cells were then observed by use of a light  microscope using a x25 or x40 

objective. The predominant cell population was then recorded, the slide labelled and 
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photographed for future reference. Samples that showed a dominant macrophage 

population with scattered lymphocytes and mononuclear cells and minimal or no red 

blood cells (RBCs) apparent were included in flow cytometry experiments. 

2.3.10 Quantification of urea in BAL samples 

Quantification of urea in BAL samples compared to plasma samppes was used to 

determine what proportion of recovered fluid was likely to represent epithelial lining 

fluid (and dilution factor). In keeping with the current evidence base, results of urea 

assays were not the primary or sole determinant of sample adequacy and results 

were always interpreted in the context of other variables including: volume of fluid 

instilled during the procedure (volume returned as a percentage of volume instilled 

>50%), cell counting by TB (> 2 x 106) and differential (>10 macrophages visible per 

high powered field). 

Urea standards were prepared in line with the manufacturerôs instructions. The urea 

concentration of each sample was measured using the Quantichrom Urea Assay kit 

(BioAssay Systems) and compared to the urea concentration in corresponding 

plasma samples. The Quantichrom kit is highly sensitive and is capable of detecting 

levels of urea between 0.08mg/dL - 100mg/dL. The most dilute sample was chosen 

as the reference concentration. Subsequent samples were diluted to normalise them 

to the reference samples and allow comparison between individuals.  

2.3.11 Protease array membranes 

ZZ AATD and healthy MM healthy control monocytes were cultured in the presence 

of 10µg/ml of C3d. Extracellular supernatants were recovered and applied to a 

protease array membrane (Proteome Profiler, Human protease array kit, R&D 

systems). The protease array kit can be used for the parallel determination of relative 

levels of a variety of human proteases. Each nitrocellulose membrane is 
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impregnated with capture antibodies to capture each protease analyte in duplicate. 

Proteases captured by the R&D array are shown in Table 2.4. 

Membranes were transferred individually to separate wells of a 4 well multi dish. 

Blocking buffer (2ml) was added to each well and membranes were blocked for 1h at 

room temperature on a rocking platform. Samples were brought to a total volume of 

1.5ml using array buffer (provided as part of the kit). Protease detection anti-body 

cocktail (15ml) was added to each prepared sample and left to incubate at room 

temperature for 1h.  

Array buffer was aspirated from each well containing a membrane and the pre-

prepared sample-antibody mixture was then added. Membranes and samples were 

incubated overnight at 4°C on a rocking platform. Membranes were removed from 

the multi-well dish and transferred to individual containers with 20ml of 1X wash 

buffer. Membranes were washed for 10 min x3 before being returned to the multi 

well dish. Streptavidin (2ml) was added to each well and incubated with the 

membranes in the dark for 30 min at room temperature. Washing was repeated a 

further three times and the nitrocellulose was transferred onto a plastic sheet. Chemi 

reagent mix (1ml) was applied evenly to each membrane. A second plastic sheet 

was then overlaid and excess chemi reagent blotted away with paper towels.  

Membranes were imaged using a Chemi Doc MP System (Fannin, Co. Dublin, 

Ireland). Densitometry was carried out using Image Lab software (Fannin, Co. 

Dublin, Ireland). 

 

  



 

134 
 

 

 

 

Table 2.5: List of proteases identifiable by the R&D Human Protease Array Kit 

ADAM8 Cathepsin X/Z/P MMP-3 

ADAM9 DPPIV/CD26 MMP-7 

ADAMTS1 Kallikrein 3/PSA MMP-8 

ADAMTS13 Kallikrein 5 MMP-9 

Cathepsin A Kallikrein 6 MMP-12 

Cathepsin B Kallikrein 7 MMP-13 

Cathepsin C/DPPI Kallikrein 10 Neprilysin/CD10 

Cathepsin D Kallikrein 11 Presenilin-1 

Cathepsin E Kallikrein 13 Proprotein Convertase 9 

Cathepsin L MMP-1 Proteinase 3 

Cathepsin S MMP-2 uPA/Urokinase 
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2.3.12 RNA extraction with Trizol reagent 

 RNase AWAY® was used throughout this method. Total RNA was extracted from 

cells using the TRI reagent method. Lysed cells were left to thaw for 5 min at room 

temperature. Chloroform (100µl) was then added, and the samples were shaken 

vigorously for 15 sec and allowed to stand for 5 min at room temperature. The 

resulting mixture was then centrifuged at 12,000xg for 15 min at 4°C separating the 

mixture into three phases. The upper aqueous phase (RNA) was transferred to a 

fresh tube, 250µl of 2-proponal added and the samples were left to stand for 5 min at 

room temperature. The samples were then centrifuged at 12000xg for 10 min at 4°C. 

The supernatant was discarded, and the RNA pellet washed with 500µl of 75% (v/v) 

ethanol, vortexed and centrifuged at 7500xg for 5 min at 4°C. The supernatant was 

again discarded, and the RNA pellet was briefly air dried for 5 min. The RNA pellet 

was then resuspended in 20µl of diethyl pyrocarbonate water and placed in -80°C for 

30 min or longer-term storage.  

 

2.3.13 RNA extraction with Nucleospin RNA columns 

RNase AWAY® was used throughout this method. RNA extraction was performed 

using the Nucleospin RNA extraction kit (ThermoFisher PC 12373368). Following 

culture (U937 cells and Raji B cells) or immediately following isolation ( peripheral 

circulating monocytes) cells  were washed twice in 5ml of PBS. Cells were counted 

and 1x106  transferred to a 1ml eppendorf and a third wash in PBS performed. The 

PBS was aspirated from cells and the pellet lysed by adding 350Ὗl of Lysis Buffer 

RA1 supplied with the extraction kit. 3.5µl of 2-mercaptoethanol was added and the 

samples were vortexed vigorously for 2 minutes. The lysate was then applied to a  

NucleoSpinÊ Filter and centrifuged for 1min at 11,000xg at room temperature. The 
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filter was removed leaving the filtrate remaining in an RNAase free collection tube.  

Ethanol (70% v/v, 350 µl) was added to the filtrate and pipetted gently x5 to mix. An 

RNA column was placed into a fresh RNAase free collection tube and the 

filtrate/ethanol solution (700µl total) was then transferred to the column. The sample 

was then centrifuged for 30seconds at 11,000G.  

The RNA column was transferred to a fresh collection tube. Membrane desalting 

buffer (350µl) was applied to the RNA column and centrifuged at 11000 xg for 1 min. 

Filtrate was then discarded. To ensure removal of genomic DNA contaminants, 95µl 

of DNAase reaction mixture was added to the membrane and the sample was left to 

stand for 15 min at room temperature.  

The membrane within the RNA extraction column was then washed and dried 3 

times using the wash buffer supplied with the Nucleospin kit. Wash buffer (200µL) 

was added to the column and centrifuged for 30s at 11,000xg. The filtrate was 

discarded and 600µl of wash buffer added to the membrane. The sample was 

centrifuged for 30s at 11,000xg and the filtrate discarded. Wash buffer (250ml) was 

added to the membrane and centrifuged for 2mins at 11,000G. The column was then 

transferred to a fresh 1ml RNAase free epindorph and 60µl of RNAase free water 

was added to the membrane. 

 The sample was centrifuged for 1 min at 11,000 xg. RNA was then quantified using 

the Nanodrop 8000 Spectrophotometer (Fisher Scientific). The instrument was 

blanked and 2µl of sample added to each well. RNA purity and quality was then 

recorded using the ND8000 programme (Fisher Scientific).  An A260/280 ratio of 1.8-

2.0, indicating high RNA purity was considered a prerequisite for inclusion in 

experiments. Samples were converted to complementary DNA. Work-flow for RNA 

extraction is shown in Figure 2.1. 
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Figure 2.1: Workflow for RNA isolation using the Nucleospin RNA extraction 

kit (ThermoFisher) 
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2.3.13 Complementary deoxyribonucleic acid (cDNA) synthesis  

RNA (1µg) was reverse transcribed to cDNA using QuantiTect Reverse Transcription 

Kit (Qiagen Limited, UK). In reaction 1, contaminating genomic DNA was removed 

from the RNA samples (1µg RNA in 12 µl RNA free H20) using genomic DNA 

Wipeout Buffer Ê by heating the samples to 42ÁC for 5 min, 95ÁC for 3 min followed 

by cooling to 4°C in a PTC-200 Thermal Cycler (MJ Research, US). A mastermix for 

reaction 2 was created containing Quanitiscript reverse TranscriptaseÊ, RT BufferÊ 

and Primer MixÊ. Upon completion of reaction 1, 6Õl of the mastermix was added 

and samples placed back into the PTC-200 Thermal Cycler and heated to 42°C for 

30 min, followed by 95°C for 3 min and finally cooled for 4°C. The cDNA was then 

stored at -20°C for future use. 

 

2.3.14 Confirmation of qRT PCR product by agarose gel 

A 1% (w/v) agarose gel was cast by adding 0.4g of agarose powder (EOO <0.19) to 

40ml of 1X Bionic Buffer. This mixture was heated on high power in a microwave for 

30s and mixed intermittently until dissolved and clear solution formed. 2µl of DNA 

stain (SyBr Stain) was then added to a final concentration of 0.5µg/ml as per the 

manufacturerôs recommendations. The mixture was poured into the central chamber 

of an agarose gel rig and a comb was inserted. The gel was left to set for 30min in a 

cold room at 4°C.  The rig was then filled with 1X bionic buffer and the comb 

removed. DNA base pair ladder (7µl) was added to the first lane of the gel. 5ul of 

PCR product was transferred to a piece of parafilm and mixed with 2µl of DNA 

loading dye. This was repeated sequentially for each sample.  The 7µl sample/DNA 

dye mix was then added to each individual  well. Raji B cell PCR product was 

included as a positive control. GAPDH was included as an internal control.  
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2.3.15 RT-PCR  

Primers were designed using Primer-BLAST and purchased from MWG Eurofins 

(United States). PCR was performed using the following protocol: preincubation 

(95°C for 3 min), amplification (50 cycles consisting of denaturation, annealing, 

elongation (95°C for 10 sec; 55°C for 10 sec for both CR2 and GAPDH; and 72°C for 

10 sec)); melting curve analysis (95°C for 5 sec, 65°C for 1 min, and 97°C for five 

continuous acquisitions), and a final cooling step to 4°C. All PCRs were carried out in 

96-well plates in 20µl reaction volumes, and a negative control without 

complementary DNA was included in every run. Amplification was performed using 

the LightCycler 480 PCR system (Roche) with the expression of target genes relative 

to GAPDH determined with the 2īȹȹCT method. 

 

2.3.16 FACS analysis for surface expression of CR2 on U937 cells and purified 

monocytes 

Unpublished work by Fee and colleagues identified the presence of the C3d receptor 

CR2 on the cell surface of circulating neutrophils (188). Following their protocol, we 

endeavoured to confirm the presence of the CR2 receptor on U-937 cells and 

subsequently on peripheral circulating monocytes. 

  Experiments were performed in the presence and absence of protease inhibitors 

(Table 2.6). In the case of U937 cells, TNF alpha and LPS were added to 2 separate 

samples to determine whether CR2 expression was influenced by an inflammatory 

stimulus. Peripheral circulating monocytes were treated with a combination of PMA, 

LPS, TNF and IL-1ɓ for a period of 10mins.  

Following activation, cells (2x106) were fixed using 4% (w/v) paraformaldehyde for 

10 min.  Cells were then washed with PBS and blocked with 1% (w/v) BSA for 30 
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min to prevent non-specific antibody binding. Samples were then incubated with 

primary antibody for 1 h, washed and incubated with a secondary FITC-labelled 

antibody for 30 min. Control samples were incubated with relevant non-specific 

isotype control antibodies. All antibodies used for FACs analysis are outlined in 

Table 2.1 and 2.2. Cells were then washed and fluorescence counted by a BD 

FACsCalibur (Becton Dickinson) equipped with 2 lasers (Blue at 488nm, Red at 

635nm). Ten thousand events per reaction were quantified. 

 Analysis of fluorescence was carried out using FlowJo software and data 

represented as Median Flourescent Intensity (MFI). Statistical analysis was 

performed using Graph pad prism software. 
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Table 2.6: Protease inhibitors 

Protease 

inhibitor 

Concentration Target Protease 

Leupeptin 10µg/ml Serine and cysteine proteases 

TLCK 10µg/ml Trypsin and trypsin like serine proteases 

PMSF 500ɛM Serine, acetylcholinesterases and thiol 

proteases 

Pep A 10µg/ml Aspartic proteases 

PeFabloc 1mM Serine proteases 

EDTA 5mM Metalloproteases 

NaF 10mM Phosphoseryl and phosphothreonyl 

phosphatases (PSPs) 

NaVO4 0.2mM Phosphotyrosyl phosphatases 
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2.3.17 Flow cytometry analysis of CR2 on lymphocyte subsets obtained from 

BAL 

This experiment protocol comprised 11 reactions- the control unstained cell 

population, those with live/dead stain only, a sample with all 8 anti-bodies included 

and 8 fluorescence minus one (FMO) controls. FMOs are a type of control commonly 

used in multi-colour flow cytometric experiments. FMOs contain all fluorophores in a 

panel except for the one being measured. FMOs ensure that any spread of signal 

from the fluorophores between channels was properly identified and eliminated prior 

to analysis.  

To correct for any residual spectral overlap a compensation matrix was generated 

using the CytExpert software and flow cytometry beads (BD) tagged with the 

fluourophores listed in Table 2.3. Compensation is a mathematical process 

commonly used in multi-colour flow cytometry that corrects for spectral overlap 

between fluorophores that may otherwise result in inaccurate data collection and 

analysis.  

Following centrifugation of whole BAL samples or isolation from whole blood, the cell 

pellet was resuspended in 1% (w/v) BSA, 5mM EDTA, 10mM HEPES in cold PBS on 

ice. Cells were washed once in PBS (300 xg, x 7 min at 4°C) and resuspended at a 

concentration of 1 x 106/ml.  Depending on the overall cell yield, between 103 and 

104 cells were counted and left I PBS to serve as an unstained population. Live/dead 

discrimination dye was added at 1µl/ml/ 1 x106 as per the manufacturerôs instructions 

To the remainder of cells, a Live/dead discrimination dye was added at 1µl/ml/ 1 

x106. Cells were incubated in the dark at 4°C for 30 mins with the live/dead stain. 

Samples were then centrifuged at 300 xg for 7 min at 4°C and the supernatant 

removed.  
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Cells were then resuspended in 500µl PBS and 500µl of 4% (w/v) paraformaldehyde 

(PFA) was added to fix the cells.  Samples were incubated for 10min at 4°C. Cells 

were washed twice and the supernatant removed. Cells were resuspended in 

blocking solution (10% (v/v) human serum, 3% (v/v) FCS, 1% (w/v) BSA in PBS) and 

incubated for 30 min at room temperature. Cells were then split to their respective 

tubes prior to staining. Each sample was analysed in its entirety to permit 

comparison of median fluorescence intensity (MFI) and generation of statistics 

between relatively scarce populations.  

Samples were analysed on a Cytoflex S cytometer from BD. The cytoflex S is 

equipped with 4 lasers (blue, violet, yellow and red) to allow for more accurate 

analysis of a spread of surface markers tagged with different flourophores. Lasers, 

excitation and emission spectra, anti-bodies, conjugated flourophores d are listed in 

Table 2.3 (Materials section). The final antibody panel was designed using the 

Thermo Fisher online panel builder to ensure minimal overlap between emission 

spectra.  

 

2.3.18 Gating strategy used to identify myeloid cells in BAL 

The gating strategy described by Yen and colleagues (2015) was adapted for use as 

part of the study protocol(282).  Following counting and staining for differential, cells 

were examined by forward scatter (FSC) and side scatter (SSC) with gating on 

single cells to eliminate doublets and debris. This population was then examined for 

CD45 and gating performed on the CD45+ population. This was taken to represent 

total leucocytes. A live/dead stain was used to eliminate dead cells from the analysis. 

Live cells from the CD45+ population were then interrogated for CD206 and CD14. 

CD206, the macrophage mannose receptor was used to identify total macrophages. 
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Its use as a macrophage marker is well established in the literature (283). The total 

macrophage population was then examined for expression of CD14 and CD169. 

Alveolar macrophages (AMs) were designated as CD14 low and CD169+ve as 

previously established by cell sorting and Diff Quik staining by Yen and colleagues 

(282). This AM population was then examined for expression of the C3d receptor 

CR2. 

Further gating was performed on the CD206 negative population which were 

examined by SSC versus CD14. SSC reflects how granular or complex a cell is. 

Cells with very granular cytoplasm such as neutrophils generate high levels of SSC 

by FACs (284). Monocytes were thought to be contained within the SSC low and 

CD14 positive population and were refined based on relative expression of CD24 

and CD14. Monocytes were identified as CD24 ï and CD14 + cells. Further gating 

divided monocytes into three previously described distinct populations- classical, 

non-classical and intermediate based on their relative expression of CD14 and CD16 

(131). Each of these sub populations was then examined for the presence of CR2/ 

CD21. 

 

2.3.19 MTS assay for cell viability 

Following treatment with increasing concentrations of C3d (1, 3, 5, 10µl/ml and LPS 

20µg/ml) cell viability was checked at 18 hours using the CellTiter 96® AQueous 

One Solution Cell Proliferation Assay (Promega). 

Following the manufacturerôs instructions, 2.5 x 10  cells (50Õl) was pipetted from 

treated samples and transferred to a 96 well plate. Samples were then made up to a 

final volume of 100µl by the addition of 50µl of their respective media (serum free, 
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1% (v/v) FCS or 10% FCS). 20µl of cell titer reagent was added to each well to give 

a final concentration of 317µg/ml of MTS.  The plate was covered with tinfoil to 

protect from light and incubated at 37°C for 4 h in a 5% COϜ atmosphere. 25µl of 

10% (v/v) SDS was added at 4 hours to prevent any further reaction. The plate was 

stored at room temperature, protected from light before absorbance at 490nm was 

determined by spectrophotometry. 

 

2.3.20 Preparation of whole cell lysates 

For protein preparation of whole cell lysates 1x107 cells were centrifuged at 4°C at 

500xg for 5 min.  All liquid was removed and 1ɛl of diisopropylfluorophosphate (DFP) 

added to pellet and left on ice for 10 min.  DFP acts to inhibit endogenous proteases 

specifically the serine proteases. 300ɛl lysis buffer without DTT (150mM NaCl, 

50mM TrisHCL, 1% (v/v) Triton X-100, 0.2mM NaVO4, 10mM NaF, 1mM EDTA and 

protease inhibitors) was then added and pellet resuspended. The suspension was 

spun at 4°C at 500xg for 5 min in order to remove insoluble cell debris and the 

supernatant collected. 10X Sample Buffer (SB) (2% (w/v) SDS, 1% (w/v) sucrose, 

0.004% (w/v) bromophenol blue, 5mM ethylenediaminetetraacetic acid (EDTA), 

60mM Tris HCl (pH 6.7)) was added to give a final concentration of 1X. Samples 

were boiled at 99°C for 3 min and stored at -20°C for subsequent western blot 

analysis. 

 

2.3.21 Bicinchonic acid (BCA) protein determination  

Prior to SDS-Page and Western blot analysis, protein content of the samples of 

interest was determined by BCA assay.  BSA standard was prepared (2mg/ml) and 
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serial dilutions performed with lysis buffer to generate a standard curve. The BCA kit 

used as part of these experiments was the PierceTM BCA Protein Assay kit. This kit 

generates a strong purple coloured reaction product in the presence of protein. 

Absorbance is known to be nearly linear with increasing protein concentrations and 

the kit works over a broad concentration range (20-2000 µg/ml). 

Standards and samples were added in triplicate to a 96 well microtiter plate at 5µl 

per well . BCA protein assay reagents were combined in a 50:1 ratio (A:B) in a 15ml 

conical tube. 200µl of this working reagent was then added to each well using a 

multichannel pipette. The plate was incubated in the dark for 30min at 37°C. 

Absorbance was read at 550nm using the microplate reader (Spectra Max M3, 

Molecular Devices, Berkshire, UK). 

 

2.3.22 Sodium Dodecyl Sulphate Polyamide Gel Electrophoresis (SDS PAGE) 

CR2 is a transmembrane protein comprising a long extracellular component and 

short intracytoplasmic tail. Though traditionally described as being 110-145kDa 

protein, shorter forms have been identified on follicular dendritic cells (50kDa) and 

neutrophils (100kDa)(258, 285). In consideration of the spread of sizes in CR2 

reported in different cell types, we elected to run our samples on a 10% (w/v) gel to 

allow for optimal visualisation of proteins. 

Running and stacking gel mixtures were prepared (Tables 2.5 and 2.6). Running gel 

was poured between 2 ethanol washed plates of the AE-6450 Dual Mini Slab Kit 

(Atto, Japan). The running gel was overlayed with 1ml isopropanol and allowed to 

polymerise for 35min.  Agents for the stacking gel (Table 2.6) were then combined. 

Isopropanol was poured off, the gel was washed with H2O, and excess removed with 
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blotting paper. Stacking gel mix was then applied using a Pasteur pipette on top of 

the gradient gel and a loading comb positioned. The gel was then left to polymerise 

for a further 15min.  

Cast gels were then placed in a tank containing 1X Running Buffer (6g Tris, 2.88g 

glycine and 2g SDS). 10µl of samples in 10X sample buffer (SB) were loaded and 

ran at 90V for 10 min then increased to 130V for a further 90 mins. For band size 

determination, 3µl of protein marker SeeBlue Plus2 Pre-Stained Standard 

(Invitrogen, Bio Sciences Ltd, Ireland) was included alongside samples in the 

innermost lane. 
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Table 2.7: Running gel components 

10% (w/v) Resolving Gel  

Reagent Quantity 

1.5 M Tris pH 8.9 3ml 

30% (w/v) Protogel (National Diagnostics, Atlanta, USA 4ml 

10% (w/v) SDS 120µl 

Deionised Water 4.8ml 

10% (w/v) ammonium persulfate (APS) 75µl 

Tetramethylethylenediamine (TEMED) 3µl 

 

Table 2.8: Stacking gel components 

Reagent Quantity 

0.5M Tris pH 6.8 315µl 

30% (w/v)Acrylamide, bisacrylamide solution (protogel) 415µl 

10% (w/v) SDS 25µl 

Deionised water 1.7 ml 

10% w/v) APS 25µl 

TEMED 2.5µL 
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2.3.23 Western Blot Analysis 

Following removal from the electrophoresis tank, gels were submerged in transfer 

buffer. Plates were separated and blotting paper applied directly to the surface of the 

gel. Gels were sandwiched between PVDF membrane preactivated by methanol 

submersion (1min), blotting paper and sponges.  Transfer was carried out at 100V 

for 60mins.   

PVDF membranes were recovered and placed in blocking buffer (5% (w/v) dried 

skimmed milk (Marvel, Chivers Ireland Ltd, Ireland), PBS solution containing 0.1% 

(v/v) Tween® 20 (PBST)) for 1h at room temperature.  Following washing, 

membranes were rolled into 50ml tubes containing 5ml blocking buffer and their 

relevant antibodies.  Tubes were placed on a roller and left at 4° overnight.  

Blots were subsequently washed in PBS-Tween® x3 for 10min each and probed with 

HRP-linked secondary antibodies against the specific primary antibody for 1h at 

room temperature. Blots were then washed again in PBS-Tween® 3 times for 10min 

each. Immuno-reactive protein bands were detected by incubating the membrane in 

Immobilon Western Chemiluminescent HRP substrate solution (Merek Millipore, Co 

Cork, Ireland) using a Chemi Doc MP System (Fannin, Co. Dublin, Ireland). 

Densitometry was carried out using Image Lab (Fannin, Co. Dublin, Ireland). 

 

2.3.24 Enzyme linked immunosorbent assay (ELISA) 

A quantitative sandwich ELISA technique was used to measure IL-8 (Cambridge 

Bioscience), MMP-9, MMP-12 and MMP-1 (R&D systems), sCD14 and PR3 (Abcam) 

production by U937 cells and/or peripheral circulating monocytes following 

stimulation with C3d.  
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sCD14 and PR3 ELISAs involved the use of SimpleStep ELISA kits (Abcam). These 

pre-coated ELISA plates use an affinity-tag labelled capture anti-body and a reporter 

detector antibody to bind the analyte of interest in solution. This analyte/anti body 

complex is immobilised via affinity of the tag-labelled capture antibody for an anti-tag 

anti body coating the plate. This effectively combines a 2-step process into one and 

distinguishes these ELISAs from other ELISA kits used as part of this study 

Workflow for these single step, pre-coated ELISAs is shown in Figure 2.2. 

Standards for all ELISAs were made using either serial dilution of a known 

concentration or by using standards supplied with each ELISA kit.  A standard curve 

was generated using Graph Pad Prism v6.0 software.  

In the case of U937 cells, samples were thawed on ice before adding to a 96 well 

plate in duplicate. In the case of peripheral circulating monocytes, supernatants from 

treated cells were thawed on ice and diluted (1/100) prior to being applied in 

duplicate to the 96 well plate. 

The day before the ELISA, a 96 well plate was coated with the relevant primary anti-

body. Plates were kept at 4°C overnight.  The following day plates were washed with 

PBS containing 0.1% (v/v) Tween 20 (PBS Tween). Non-specific binding was 

prevented by adding 200µl 1% (w/v) bovine serum albumin (BSA) in PBS Tween to 

each well and incubating at room temperature for 1h using the orbital shaker. 

Washing was then repeated x3 with PBS-Tween.  Duplicate wells for standards 

containing 100µl reagent dilutent (1% BSA (w/v) in PBS) per well were prepared and 

control blank wells included in each plate.  

Cell supernatants were added at 100µl per well in duplicate. The plate was incubated 

at room temperature for a further two hours with orbital shaking before 3 further 
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washes as described. 100µl of secondary anti-body diluted in PBS-Tween were then 

added to each well and incubated for 2 hat room temperature.  

Following repeat washing, 100µl streptavidin (1:40 dilution, 250µl in 10ml PBS 

Tween) was added to each well for 30 min and kept protected from light. Washes 

(x3) were repeated. 100µl of tetramethylbenzidine (TMB) solution (R&D Systems) 

was added to each well and protected from light. Plates were kept covered from light 

for 15 min and 50µl of 2M Sulfuric acid stop solution was added to each well to 

prevent any further reaction. Plates were then read for absorbance at 450nm on a 

Spectra Max M3 (Molecular Devices, Berkshire, UK). Linear regression was used to 

convert absorbance to concentration using Graphpad Prism software. The blank 

controls were subtracted from recorded values and the final concentration of each 

sample determined by interpolation with the standard curve. 
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Figure 2.2: Workflow for PR3 and sCD14 ELISAs (SimpleStep ELISA kit, Abcam) 
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2.3.25 Confocal microscopy 

Included in all confocal experiments were MM monocytes from healthy individuals 

with an MM phenotype by isoelectric focusing, ZZ monocytes and Raji B cells, 

known for their ubiquitous CR2 expression were included as a positive control. 

Monocytes were isolated as previously described using the Easy Sep negative 

selection CD14+ kit without CD16 depletion.   

Following isolation (or counting of cultured Raji B cells), cells were transferred at a 

concentration of 1/106 per ml of media to a culture plate. Plates were coated with 

poly-d-lysine to allow for rapid adherence of cells to the surface. Cells were left in 

1ml of media for 30min to ensure adherence. Cells were fixed with 4% (w/v) PFA for 

10 min.  Cells were then washed x3 in PBS. PBS was aspirated completely and 1ml 

of 1% (w/v) BSA, 10% (w/v) normal goat serum and 0.1% (v/v) Tween added to 

block non-specific binding. After 1h, 5µg/ml of anti-CR2 antibody (Alexa Flour 647, 

Abcam) was added to all CR2 samples. IgG FITC antibody (2ml/ml) was then added 

to all isotype samples. Cells were left at 4°C overnight in tinfoil.  

Blocking reagent was aspirated completely and 50µl of 4',6-diamidino-2-phenylindole 

(DAPI) added to the slide for nuclear staining. A coverslip was placed over the cells 

and sealed with nail polish. Slides were analysed using an LSM confocal 

microscope.  
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2.4 Statistical Analyses  

Results are expressed as mean ± SEM of biological replicates or independent 

experiments as indicated in figure legends. A Students t test was used where 

distribution was normal and when comparison was being made between two groups. 

The Mann Whitney U test was employed where data was not normally distributed. A 

two-way ANOVA was used to compare groups with two or more variables. Statistical 

significance was determined with a p-value <0.05. All data was analysed using 

Graphpad Prism software. 
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Chapter Three: Establishing a signalling axis 

for C3d on monocytes in the circulation and 

airways 
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3.1 Introduction  

As outlined in Chapter One, both monocytes and the complement system play 

complimentary roles in regulating the innate and adaptive immune response. 

Monocytes exert their effect via antigen presentation, phagocytosis and cytokine 

production(286). Complement defends against pathogen invasion, bridges innate 

and adaptive responses and degrades immune complexes and other products of 

inflammation(180). 

Complement activation in the context of AATD has been a subject of interest since 

the observation by Taylor and colleagues in 1977 that C3 can be cleaved by 

neutrophil derived proteases such as NE to activate the complement cascade(287). 

Cleavage of the complement protein C3 represents a shared final common step 

between all 3 activation pathways(288). It is perhaps unsurprising then that levels of 

the C3 cleavage products C3a and C3b are not uncommonly used as a surrogate 

marker for overall complement activation(289). Reliance on C3a and C3b as a 

marker of complement activation is limited however as both are known to increase 

when C3 undergoes spontaneous hydrolysis in plasma. Levels of the complement 

fragment C3d are not increased during spontaneous hydrolysis of C3 and it is for this 

reason it is a more consistent marker of overall complement activation(290). 

OôBrien and colleagues demonstrated direct binding of C3 to AAT in vivo and in 

vitro(78). Given the pro-inflammatory properties of C3 activation, including the 

production of pro-inflammatory mediators C3a and C5a and opsonin C3b, the 

authors hypothesised that AAT may interact with C3 in an anti-inflammatory capacity 

with binding of AAT to C3 serving to prevent dysregulated proteolysis of C3 and 

subsequent complement activation. In addition to showing C3 and AAT binding, they 

determined that when compared with healthy controls, plasma levels of C3d were 
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increased in AATD (0.04 µg/mL vs 1.96 µg/mL, p=0.0002).  In vivo, AAT 

augmentation therapy was found to significantly reduce plasma levels of C3d (0.15 

µg/mL without augmentation vs 2.18 µg/mL with augmentation, p=0.001). 

Furthermore, increased levels of C3d correlated with the severity of emphysema 

seen on CT imaging of the lungs in those with AATD. Taken together, these 

observations suggest that C3d may play a role in the pathogenesis of AATD but the 

mechanisms underlying this effect have yet to be fully elucidated.  

Neutrophil behaviour in AATD has been investigated extensively whilst 

comparatively little is known about the role monocytes play in driving disease 

pathogenesis. Until relatively recently the paradigm for the development of lung 

disease in AATD was based on the protease-anti-protease hypothesis(291).  Interest 

in this model stemmed from observations of neutrophil behaviour in AATD.  

Neutrophils store proteolytic enzymes and serine proteases within their densely 

packed cytoplasmic granules. This enables rapid degranulation in response to 

cellular activation (55) and justifies their study in protease mediated disease. 

Previous studies have shown an increase in the number and chemotactic index of 

neutrophils obtained from BAL of those with ZZ AATD(64, 292). Furthermore, studies 

of Z homozygotes and heterozygotes have shown increased influx of neutrophils into 

the airways(293). AAT acts primarily as an inhibitor of serine proteases but has also 

been shown to inhibit a range of other proteases derived from degranulating 

neutrophils. These include but are not limited to neutrophil elastase, cathepsin G, 

PR3(294), mast cell derived tryptase, lymphocyte derived granzyme B(295), 

matripase (61) and the matrix metalloprotease ADAM17(292). 

In contrast, monocytes are known to lack the primary, secondary and tertiary 

granules that characterise neutrophils. Despite a relative paucity of cytoplasmic 
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protease storage granules, they are undoubtedly prolific producers of cytokines. 

Monocytes and monocyte derived macrophages are known to produce a wide variety 

of cytokines including but not limited to TNF-Ŭ(296), MCP-1(297), MIP-1Ŭ, IL-8(298), 

IL-6(299), IL-1ɓ, VEGF, IL-1ra, and IL-10(193). With increasing recognition of the 

immunomodulatory effects of AAT the paradigm for pathogenesis of AATD lung 

disease is expanding to include an exaggerated inflammatory milieu(54). The 

function of monocytes in AATD is of particular interest as Caroll and colleagues 

(2010) have previously shown that ZZ monocytes exhibit an exaggerated cytokine 

response in response to a pro-inflammatory stimulus (LPS)(299). They showed that 

ZZ monocytes produce 1.5 times as much IL-6 and IL-8 in response to LPS than MM 

monocytes (p = 0.0015 and p = 0.0003, respectively). This suggests that ZZ 

monocytes have a greater propensity to elaborate an excessive inflammatory 

response and contribute to disease pathogenesis.  

As more insights are gained into how monocytes and monocyte derived 

macrophages contribute to lung disease, the question of how dysregulated 

complement activation interacts with monocytes becomes more compelling. 

Unpublished data from the McElvaney lab suggests that exposure to C3d corelates 

with neutrophil degranulation in AATD- an effect which may contribute to disease 

pathogenesis and clinical trajectory. As part of a PhD thesis, Fee (2019) established 

that treatment of neutrophils with C3d resulted in increased secretion of primary 

(BPI; p=0.013), secondary (hCAP-18; p=0.004), and tertiary (MMP9;p=0.018) 

granule components suggesting that C3d may be a key driver of inflammation in 

AATD. Furthermore, treatment of a neutrophil like cells line (HL60 cells) with C3d 

increased production of the pro inflammatory cytokine IL-8. Considering the critical 
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role monocytes play in generating the innate immune response, establishing whether 

C3d can exert a similar effect is clinically valuable.  

 

3.1.1 Chapter Aims 

Increased levels of C3d can be considered a reliable indicator of overall complement 

activation and ongoing inflammation(300). Published work from the McElvaney lab 

identified complement fragment C3d as a novel blood biomarker of airways disease 

in AATD. Higher levels of C3d were identified in the airways and plasma of those 

with ZZ AATD and correlated with radiographic emphysema(78).  As discussed 

previously, unpublished data form our lab suggests that exposure to C3d results in 

increased neutrophil degranulation (188).  This led us to question of the possible 

effect of C3d on other cells types found in the circulation and airways. Before 

endeavouring to ascertain what effect C3d was having on monocytes we first needed 

to establish the existence of a signalling axis for C3d in this type of cell.   

We hypothesised that dysregulated complement activation in AATD contributes to 

the inflammatory phenotype observed, via an unspecified reaction with monocytes. 

The receptor for C3d, CD21/CR2 is well described in published literature as is the 

nature of the binding reaction between ligand and receptor (178).To date, CR2 has 

not been described on the surface on monocytes or their derivatives(254). Thus, the 

aim of this project is to first establish expression of CR2 by monocytes and a 

signalling axis for C3d on monocytes in the circulation and airways. 

To address this aim, the following three objectives were set: 

1. Establish expression of CR2 on a monocyte like cells line using U937 cells.   
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2. Investigate whether expression of CR2 protein can be identified on the 

surface of monocytes from the circulation and airways. 

3. Investigate whether expression of CR2 is altered in ZZ AATD when compared 

with healthy MM controls. 
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3.2. Investigating expression of CR2 on a monocyte-like cell line 

3.2.1 Rationale for cell line work  

As discussed in Chapter One, monocytes are a heterogenous and plastic population 

that comprise <10% of the total leucocyte population in circulation(301). Considering 

the requirement for a relatively large volume of blood to ensure adequate monocyte 

yield, it was decided to perform preliminary experiments using U937 cells which are 

commonly used in studies as a model of macrophage or monocyte function(275). 

U937 cells (ATCC) are an immortal cell line obtained from the pleural effusion of a 

37 year old male with histiocytic lymphoma(302).   

The aim of this experiment was to establish the presence of CR2 and thus, a 

signalling axis for the complement fragment C3d on the surface of cells that share 

features with monocytes. This was evaluated using flow cytometry. 

 

3.2.2 Design of early U937 experiments 

Culture, treatment, and fixation of U937 cells are described in detail in Chapter Two: 

Materials and Methods. Early versions of this experiment included samples with and 

without protease inhibitors. Protease inhibitors used are summarised in Table 2.1 in 

Chapter Two: Materials and Methods. Previous work from the McElvaney lab 

elucidating CR2 on the surface of neutrophils demonstrated that addition of PIs was 

necessary to preserve CR2 on the surface of the neutrophil. In consideration of this, 

untreated U937 cells were prepared in the presence and absence of PIs. 

In addition to samples prepared in the presence of protease inhibitors, we examined 

monocytes treated with TNF Ŭ and separately, LPS at a concentration of 10Õg/ml. A 

summary of the stimuli used for this series of experiments, and rationale for their 
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selection is provided in Table 3.1. All samples were treated for 10min prior to 

fixation. This timepoint was chosen as it has been previously used successfully in 

similar experiments using neutrophils.  

 All U937 samples were analysed on the BD FACS Calibur flow cytometer and 

analysed using FlowJo and GraphPad Prism. Fluorescence data is represented as 

Median Fluorescent Intensity (MFI). Unstained cells and samples incubated with a 

mouse IgG isotype control antibody (Santa Cruz Biotechnology) were included as 

controls. Inclusion of an isotype control was necessary to distinguish non-specific 

background signal from signal generated by specific antibody binding(303).  
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Table 3.1: Pro-inflammatory stimuli used in early U937 experiments and 

rationale for selection 

Stimulus Concentration Rationale 

Untreated  N/A Included to demonstrate baseline level of expression 

relative to an isotype control. 

TNF Ŭ 10ng/2x107 

cells 

Previously shown to increase expression of 

functional adhesion molecules and scavenger 

receptors in monocytes(304).  

 

Bergin et al demonstrated increased neutrophil 

degranulation in response to this concentration(305) 

LPS 10ug/ml Shown by Carroll and colleagues to increase release 

of pro inflammatory cytokine IL-6 and IL-8 From ZZ 

and MM monocytes(299) 
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3.2.3 Summary of initial U937 results 

Figure 3.1, panel A shows histograms demonstrating CR2 on the surface to U937 

cells. The histogram representing cells stained only with an anti-body for CR2 

(orange) is shifted to the right of the isotype control (green) indicating the signal seen 

is not accounted for by background non-specific binding. The histogram obtained 

from samples run in the presence of protease inhibitors (PIs) (pale blue) is obscured 

by the overlying orange histogram representing untreated U937 cells. This suggests 

that PIs did not change the expression of CR2.  

Cells treated with LPS (dark blue) absent protease inhibitors show further rightward 

shift suggesting higher expression of CR2 by cells exposed to LPS. 

 Panel B represents the results of 4 separate experimental runs. Columns represent 

the median fluoresce intensity (MFI) generated by each sample.  Collectively, these 

experiments confirm the presence of CR2 on U937 cells but statistical analyses 

shown that there is no significant change in CR2 expression following stimulation 

using this experimental protocol. 
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A 

 

B 

 

 

 

 

 

 

 

 

Figure 3.1: Measurement of CR2 on the surface of U937 cells by flow 

cytometry, in the presence of protease inhibitors and following exposure to 

pro-inflammatory stimuli for 10mins.  

A: Histogram confirming expression of CR2 on U937 cells following treatment. B: 

CR2 expression is unchanged across all groups examined. Treatment duration for all 

=10 min, n=4. Statistical analysis was performed using a t-test.   
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3.2.4 Conclusion 

These results show that CR2 is present on the surface of U937 cells. U937 cells are 

frequently used in published literature as a model for monocyte and macrophage 

function thus, this was an encouraging result for us to achieve at an early stage of 

the project. 

 Expression of CR2 did not change with either the addition of protease inhibitors or a 

10 min exposure to the pro-inflammatory stimuli TNFŬ or LPS (10Õg/ml).Though 

examination of histograms suggested an increase in CR2 expression following 

treatment with LPS, this was not borne out in statical analyses. We felt this may 

reflect several possibilities relating to the technical performance of flow cytometry. It 

is possible that subtle alterations in gating strategies between samples analyses may 

have contributed to the lack of significance achieved. It is also possible that the 

treatment period used here (10mins) was not of sufficient duration to induce 

meaningful change in CR2 expression by U937 cells. Tsukamoto et al (1992) have 

previously used GM-CSF and IFNɔ to induce U937 expression of complement 

proteins C3 and C4(306). Sheth at al had previously identified low levels of the 

complement receptor CR3 on the surface of U937 cells. They showed increased 

expression of CR3 following treatment with 1 mM dibutyryl cyclic AMP (Bt2cAMP) for 

24, 48 and 72 hours(275). It is notable however that both Tsukamoto and Sheth 

were interested in examining morphological changes in U937 cells during 

differentiation. We were keen to avoid differentiation and preserve U937 cells in a 

state that was more similar to circulating monocytes that fully differentiated 

macrophages. 

Using this experimental protocol CR2 expression did not change significantly. For 

clarity and to avoid U937 differentiation, we elected to alter the protocol by 
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expanding the panel of pro- inflammatory stimuli included and maintaining the 10 min 

treatment period.  
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3.3 Further evaluation of CR2 on the surface of U937 cells by FACS analysis 

3.3.1 Rationale for further U937 work 

Though results of preliminary experiments were encouraging, we were keen to 

establish what if any agent might increase CR2 expression. This was important to 

establish for the purpose of planning future experiments. For subsequent analyses 

we were interested in including stimuli that were known to exert an effect on U937 

cells without inducing differentiation to a macrophage-like phenotype. 

 

3.3.2 Amendments to U937 treatment protocol 

Concentrations of both TNFŬ and LPS were left unchanged. This was rationalised as 

the concentration of TNFŬ was of relevance in AATD having been identified as 

induing neutrophil degranulation- a process which was shown to be abrogated by 

treatment with AAT. The concentration of LPS used (10µg/ml) is relatively high and it 

was felt that to further increase it would mean exposing cells to supra-physiological 

levels which would render results of dubious clinical significance. Also, as earlier 

work has shown a trend towards increased expression at this concentration, it was 

hoped that further technical refinements of this protocol may alter the finding of 

statistical analyses. 

Additional stimuli used, their respective concentrations and rationale for selection are 

summarised in Table 3.2. 
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Table 3.2: Choice and rationale for additional pro-inflammatory agents used in 

U937 flow cytometry experiments 

Stimulus Concentration Rationale 

PMA 1µg/ml Effect well described in U937 cells (cell line 

model)(307).  

 

Primes monocytes to respond to LPS(308) 

IL-1ɓ 100pg/ml InCHIANTI study identified this concentration as 

being present in the circulation of individuals with 

COPD and is thus representative of physiological 

levels of IL-1ɓ to which monocytes in the circulation 

are exposed(309) 

C3d  10µg/ml Inada et al (1980) showed progressive, time 

dependant increase in a receptor for C3d on 

monocytes in culture(310). Of note, this study 

predates the first description of CR2 as the binding 

site for C3d. 

  

OôBrien et al identified levels of C3d between 5-40 

µg/ml in plasma and BAL of those with ZZ AATD(78).  
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3.3.3 Summary of results using extended panel of pro-inflammatory stimuli 

Figure 3.2, Panel B shows histograms from an experimental run that is considered 

representative of overall findings (n=6). Histograms show better separation between 

the isotype control (pale blue) and sample stained with CR2 anti body only (pale 

red). Rightward shift of the sample treated with LPS (bright green) again signals the 

possibility of increased CR2 expression in this population. The histogram of cells 

treated with PMA (bright blue) is shown immediately to the right of the LPS samples 

suggesting that PMA may also upregulate CR2 expression on the surface of U937 

cells. 

Panel B (n=6) shows that the increase in CR2 expression in response to LPS is not 

significant but that seen following PMA is. Data is presented as MFI normalised to 

the isotype control that is used to quantify levels of background signal. Samples 

treated for 10 mins with TNFŬ, IL-1ɓ and C3d listed in Table 3.2 did not change 

surface expression of CR2 significantly. 
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Panel A 

 

Panel B 

 

Figure 3.2: Change in surface CR2 expression by U937 cells exposed to pro-

inflammatory stimuli as determined by FACS.  

A: Histograms confirming expression of CR2 on U937 cells. Treatment with LPS and 

PMA appear to increase CR2 expression and shift histograms to the right (green and 

bright blue). B: CR2 expression increases significantly in U937 with 10 minute 

exposure to PMA (n=6 biological repeats, p<0.05). Statistical analyses were 

performed using a Students t test.   
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3.3.4 Conclusion of U937 cell line work 

 Results presented here confirm that CR2 expression by U937 cells increases in 

response to short term stimulation with PMA. Previous studies of monocyte like cell 

lines have shown that stimulation with PMA accelerate differentiation towards a 

macrophage phenotype(311).  PMA is frequently used in experimental protocols to 

accelerate the process of differentiation but should not be considered a physiological 

stimulus. Treatment of U937 cells with PMA is known to trigger up-regulation of beta-

2 integrins (CD11a, CD11c, CD18 and CD11b) which facilitate adhesion to a 

surface(312).  Of note CD11b, like CR2 is a receptor for a complement fragment 

(C3b)i(313). It is also known to pair with CD18 to form the complement receptor 3 

(CR3) heterodimer(314).  

The significant change in CR2 expression seen here signalled to us that CR2 

expression may be greater in macrophages which are known to express a greater 

number of complement receptors than monocytes. The short stimulus (10mins), 

though unlikely to have triggered complete differentiation to a macrophage like cell, 

may reflect up regulation of complement receptors which is known to occur when 

monocyte like cells begin the process of differentiation. This raises the possibility that 

monocyte derived macrophages, which are known to populate the airways may 

express CR2 and thus be more reactive to stimulation with C3d that monocytes. 

C3d was also included as a stimulus in this protocol as Inada et al (1983) had 

previously suggested that a receptor for C3d could be induced in peripheral 

circulating monocytes(255).  They showed that sheep RBC coated with C3d could 

form rosettes with peripheral circulating monocytes. Rosetting did not occur initially 

but increased in a time dependant fashion. Treatment with the Fab fragment of anti-

C3ds blocked rosette formation. The authors hypothesised that the ability of 



 

173 
 

monocytes to bind C3d was dependent on the state of monocyte activation. As 

rosette formation peaked at 3 hours and was not noted to be occur <1hour it is likely 

that if C3d caused activation of our U937 cells it was unlikely to occur within the 

10min treatment protocol selected.  Though Inada identified that there was likely to 

be a receptor for C3d present on the surface of monocytes, at the time of publication 

it had not yet been shown that the receptor for C3d was CR2/ CD21. 

 Having identified that CR2 was on the surface of U937 cells, we endeavoured to 

apply these insights to monocytes obtained from circulation. Though flow cytometry 

had proved useful in identifying CR2 on monocyte like U937s, we felt it was prudent 

to assess for CR2 expression at gene level first in circulating monocytes. This was 

felt to be necessary as a negative result on flow cytometry could allow us to mistake 

CR2 cleavage from the surface of circulating monocytes as a false negative. Thus, 

we decided to next proceed to examining circulating monocytes for expression of the 

CR2 gene using quantitative reverse transcription polymerase chain reaction. 
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3.4. Evaluating CR2 gene expression in circulating monocytes by RT-PCR 

3.4.1 Background 

Results of flow cytometry experiments using a monocyte like cell line confirmed the 

presence of surface bound CR2 protein. We reasoned that if CR2 was also present 

on the surface of circulating monocytes it may be susceptible to cleavage by 

proteases.  Unpublished work from the McElvaney lab using neutrophils had 

demonstrated that identifying CR2 on the neutrophil surface required the addition of 

protease inhibitors to stabilise surface bound CR2.Thus, commencing this work 

package with flow cytometric analysis of monocytes taken from circulation might lead 

to a false negative result. In consideration of this we chose to proceed with looking 

for CR2 expression at the gene level. Gene expression can be examined in several 

ways but for the purposes of this study we elected to use qRTPCR. 

 

3.4.2 Rationale for RTPCR selection 

The starting material in any RTPCR reaction is RNA.  RNA is reverse transcribed 

into complementary DNA (cDNA) using the enzyme reverse transcriptase. During the 

reaction the cDNA serves as a gene template that is amplified in the presence of a 

fluorescent probe(46).  The fluorescence generated during the reaction enables 

determination of the cycle threshold or Ct value. The Ct value refers to the point in 

the reaction (cycle number) at which the flourescent signal generated by a reporter 

dye crosses the background threshold(315). Comparing achieved Ct values with 

known reference values can provide insights into the quantity and quality of the RNA 

and subsequent DNA used in the reaction.  
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3.4.3 Methods and technical challenges 

Further details on the protocol used for these experiments is provided in the chapter 

on Materials and Methods. Major challenges encountered during the optimisation 

process are presented here. 

All samples were run in triplicate and a positive and negative control (blank non 

template control (NTC) included in each run. Amplification was performed using the 

Light Cycler 480 system (Roche) with the expression of target gene, CR2 (105bp) 

determined relative to GAPDH (113bp). For completion, the PCR products obtained 

during the amplification process were run on an agarose gel.  

 

3.4.3.1 Achieving target Ct values 

The numerical value of the Ct is inversely proportional to the amount of amplicon in 

any given PCR reaction. Housekeeping genes (HG) (such as GAPDH used here) are 

used to normalise test gene transcript levels(46). Housekeeping genes are genes 

that are expressed constitutively in cells and usually play a role in essential functions 

such as glycolysis(316).  Selection of appropriate housekeeping genes is an integral 

part of any qRT-PCR  experiment as their reliability changes significantly under 

different experimental conditions. For example, GAPDH is a reliable HK gene in 

unstimulated monocytes but should be paired with a second housekeeper if cells are 

stimulated with LPS(317). 

If the gene of interest (in this case CR2) is strongly expressed the Ct value will 

closely approximate that of the housekeeper gene Ct value. Genes with low 

expression will have much higher Ct values than housekeeping genes.  In early 

versions of this experiment we noticed we were achieving unexpectedly high Ct 
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values for the GAPDH (Ct 32-38). Furthermore, Ct values for CR2 were higher again 

at 38-45.  

 

There were several possible explanations that would account for these findings 

including, but not limited to: 

1. GAPDH may not be the most reliable housekeeping gene in monocytes(317). 

2. CR2 is not being expressed in monocytes. 

3. Poor quality or quantity of RNA or cDNA was responsible for the high values 

seen. 

 

As the same effect was seen in both the reference gene and the gene of interest we 

postulated that the later explanation of poor quality starting material proved a 

unifying explanation.   A review of the literature confirmed that GAPDH can be used 

as a HK gene in unstimulated monocytes and should return an expected Ct of 22-26. 

This was further verified using the HK gene selection software BestKeeper. With this 

confirmation we then redirected our attention towards optimising the process of 

recovering RNA and cDNA to see if this might enable us to achieve more accurate 

Ct values for all samples. 

 

3.4.3.2 RNA and cDNA creation 

In early versions of experiments presented here RNA was isolated from cells using 

Trizol reagent as described in the Materials and Methods chapter. Despite RNA 
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recovery being performed on ice, in the presence of RNAase away and 

centrifugation steps being carried out at 4°C RNA purity was suboptimal.  

For each experiment purity and quantity of RNA was determined using the Nanodrop 

Spectrophotometer.  

The Nanodrop measures absorbance at 260/280nm and 260/230nm of all molecules 

in a small amount of sample (2µl). The ratio of absorbance at 260/20nm is commonly 

used to assess the purity of RNA and DNA(318). A ratio of 1.8 is considered ópureô 

for DNA measurements. A ratio of 2.0 is considered ópureô for RNA(319). When RNA 

was recovered using the Trizol method, ratios obtained were significantly lower 

suggesting sample contamination with protein or phenol. This is not an uncommon 

challenge using this particular RNA recovery method and prompted a switch to RNA 

columns (Invitrogen).  

 

The use of RNA columns improved the purity and quantity of RNA obtained. To 

ensure that RNA was being reliably converted to cDNA and that the quantity of 

cDNA was consistent in each reaction we added a second nanodrop step following 

reverse transcription of RNA to cDNA. This additional step ensured that Cycle 

threshold (Ct) values obtained during the amplification process were comparable 

between samples and the positive control.  

 

3.4.3.3 Nucleic acid electrophoresis on agarose gel 

To ensure that the PCR product created during the RTPCR reaction was definitely 

CR2, we elected to confirm the result using DNA electrophoresis on an agarose gel. 

Creation of the gel and the procedure involved is outlined in further detail in Chapter 
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Two: Materials and Methods. Briefly, samples of gene products from the PCR plate 

(CR2 and GAPDH) were loaded into wells of an agarose gel and subjected to an 

electric current. The movement of the electrical current carries negatively charged 

nucleic acids towards the positively charged electrode. Particles separate out based 

on size. Running a DNA ladder in tandem with samples allows identification of the 

size of each gene product (CR2 105 base pairs (bp), GAPDH 113 bp). 

 

3.4.4 Overview of Results  

Figure 3.5A shows confirmation of the expression of the CR2 gene in monocytes 

(1000ng/µl cDNA per reaction) obtained from healthy MM controls and those with ZZ 

AATD. Monocyte expression is shown relative to Raji B cell controls (100ng/µl cDNA 

per reaction).  

Expression of CR2 at gene level did not differ significantly between MM and ZZ 

monocytes. As expected, expression of CR2 was increased significantly between 

monocytes and Raji B cells (p=0.0066). 

Figure Panel B shows an amplicon corresponding to CR2 (105bp) in MM monocytes 

and Raji B cells. GAPDH (113bp) is shown for relative expression. 
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A. 

 

 

 

 

 

 

 

 

B. 

 

 

 

 

 

 

Figure 3.3: Expression of CR2 on MM and ZZ monocytes by qRT-PCR with 

confirmation of PCR product on agarose gel. 

A: Confirmation of CR2 gene expression in MM and ZZ monocytes relative to CR2 

expression by Raji B cells by qRT-PCR. There was no significant difference in 

expression between MM and ZZ monocytes. B: An amplicon corresponding to CR2 

(105bp) in MM monocytes and Raji B cells. n=3. Statistical analysis was performed 

using an unpaired t-test with Welchôs correction. Significance denoted by p<0.05. 
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3.4.5 Conclusions from RTPCR 

These results provide further evidence that monocytes freshly isolated from the 

circulation, can express CR2.  The lack of difference in expression between the MM 

and ZZ groups is noteworthy. 

 As alluded to previously Inada and colleagues (1983) showed that C3d is capable of 

binding to monocytes cultured on a glass slide. Binding of C3d increased in a time 

dependent manner suggesting that monocyte activation or differentiation may 

influence expression of a receptor for C3d. This work was first published in 1983 and 

Inada et al did not mention CR2 in the discussion of their findings. It can be 

reasonably assumed that little was known about the CR2/C3d signalling axis within 

the scientific community at the time. Indeed, the first published description of CR2 

which characterised it as a 145kDa molecule was made later that same year by Iida 

et al(248).As such, the findings presented here represents the first description of 

CR2 expression by monocytes. 

Following review of Inadaôs experiment protocol, it is unclear what factors were 

responsible for triggering up regulation of the receptor for C3d (presumably CR2). 

Variables that may have altered receptor expression include cultivation on a glass 

surface causing monocyte activation, the presence of FCS in culture media and the 

presence of C3d coated RBCs in the culture plate. The work of Brien and colleagues 

showed that C3d levels in the plasma of those with ZZ AATD are between 5-10µg/ml 

thus this cohort represent a group with prolonged exposure to higher levels of 

C3d(78). If we are to accept the hypothesis that the presence of C3d primarily 

accounts for the increase in CR2 expression, it should hold that the receptor for C3d 

in monocytes is upregulated at the gene level in the ZZ group which we did not 
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observe. An alternative explanation may be that C3d is capable of binding to the 

surface of monocytes but binds via an alternative receptor that is not CR2.  

Limitations to our observations include the limited number of samples included in the 

analysis and previously described technical challenges encountered. These results 

redirected our focus to further elucidating the CR2 protein on and within monocytes. 

To back up these findings we next proceeded to look for CR2 in monocyte whole cell 

lysates using western blotting. 
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3.5 Confirmation of MM and ZZ monocyte expression of CR2 protein by 

Western blotting 

3.5.1 Rationale for Western Blotting 

Results of qRTPCR confirmed that monocytes can express CR2, the only known 

receptor for the complement fragment C3d. As this is the first confirmed report of 

CR2 expression by circulating monocytes, further investigation applying different 

techniques was necessary to ensure the accuracy of these findings. 

 Previous studies of CR2 in follicular dendritic cells (FDCs) and B cells showed that 

in addition to surface expression, CR2 can also be stored intracellularly(261, 285). 

Considering this we next proceeded to perform whole cell lysis and further 

investigation using Western blotting.  

For these following experiments we also elected to include ZZ monocytes. As 

alluded to previously, surface bound CR2 is susceptible to cleavage by circulating 

proteases. As AATD represents a state of relative protease abundance, we were 

interested to see whether the amount of CR2 varied between MM and ZZ states. 

 

3.5.2 Methods and technical considerations 

Whole cell lysates of isolated MM healthy control monocytes and ZZ cells were 

prepared in the presence and absence of dithiothreitol (DTT). DTT is a reducing 

agent that is often used in SDS PAGE. DTT works to reduce disulfide bonds in 

proteins allow for better separation during electrophoresis(320). In the absence of 

DTT terminal sulfur atoms of thiolated DNA are susceptible to forming dimers in 

solution(321).  
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Whole cell lysates (WCLs) were prepared as detailed in the Materials and methods 

chapter.  Proteins were separated on a 10% (w/v) gel and CR2 detected by Western 

blot using a mouse monoclonal antibody to CR2 (R&D systems). Raji B cells were 

used as a positive control. GAPDH was used as an internal control and to ensure 

adequate sample transfer.  

 

3.5.3 Results 

CR2 has a predicted molecular mass of 145kDa. Inclusion of DTT in the samples 

however revealed a smaller than expected immunoband at 50kDa suggesting the 

protein was becoming fragmented (Figure 3.4). A review of the literature and 

correspondence with the anti-body manufacturer confirmed that our CR2 anti-body 

was unreliable under reducing conditions necessitating the omission of DTT from the 

sample lysis buffer. 

In the absence of DTT a large immune- band (approximately >175 kDa) was 

detected across all samples (Figure 3.5). Though different isoforms of CR2 have 

been described, it is most commonly described as a 145kDa protein(258). We 

postulated that in the absence of DTT, unfolding of CR2 and movement through the 

gel is altered. In view of the large size of this band, it is also possible that CR2 was 

forming dimers. Dimerisation of CR2 has been previously described in the 

literature(322).  
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Figure 3.4: Whole cell lysates of MM monocytes and Raji B cell control run in 

the presence of DTT. 

Proteins of molecular weights 52 and 37kDa are labelled on the protein ladder. Lane 

1 shows MM monocyte whole cell lysates run in the presence of DTT and probed 

with an anti-body for CR2.  Lane 2 shows Raji B cell whole cell lysates probed with 

an anti-body for CR2. Both lane 1 and 2 show a small immunoband appearing at 

50kDa suggesting protein fragmentation during preparation of whole cell lysates. 

Image is representative of n=3 independent experiments. 
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Figure 3.5: Whole cell lysates of monocytes and Raji B cells run on a 10% 

(w/w) gel without DTT.  

A: Western blot of 10% (w/v) SDS gel using mouse monoclonal CR2 antibody. Raji B 

cells (10ɛg) were used in lane 3 as a positive control. Lane 1 and 2 are ZZ and MM 

monocytes (50ɛg) respectively. Immunobands are identified at approximately 

160kDa and 35kDa responding to CR2 and GAPDH respectively. Blot representative 

of n=4 samples. 
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3.5.4 Conclusion of whole cell lysate (WCL) experiments 

The image presented in Figure 5 depicts CR2 as a protein with an unexpectedly 

large molecular weight (>175kDa). Large proteins tend to cluster towards the top of a 

10% gel (as was used here) making distinction between and estimation of size 

challenging.  The housekeeping protein GAPDH (included here as an internal 

control) is unambiguously positive across all lanes and when aligned with the protein 

ladder also appears to somewhat smaller than its known 35kDa molecular weight. 

However, it is notable that the immunoband in monocyte samples corresponds 

exactly with the positive control which is known to uniquitously express CR2. In view 

of this, we are satisfied that this band is indeed CR2.  

The unexpectedly high molecular weight of CR2 obtained from these experiments 

was surprising though not wholly unexpected. We recognised that the omission of 

DTT from the sample buffer would alter the properties of the protein and thus its 

migration though the gel.  A similar result has been reported previously by Ling and 

colleagues(264).   In their 1992 study exploring the properties of the soluble form of 

CR2 obtained from serum and cell supernatants, Ling et al showed that in its native 

state soluble CR2 behaved as a complex with a molecular weight of 320kDa.  

Masilamani and colleagues also note that CR2 has a óstring of beadsô 

conformation(323). Therefore, the use of standard reference proteins that have a 

globular conformation may distort the appearance of CR2 on SDS PAGE as proteins 

with different structural conformations can be expected to migrate through a gel at 

different rates.  
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The above results do not unambiguously confirm the presence of CR2 in WCLs of 

monocyte. Though different isoforms of CR2 are known to exist, the largest 

described is a 145kDa protein on B cells(323). Thus, it is unlikely that the 160kDa 

seen represents an isoform of the unfolded protein and dimerization may offer a 

more likely explanation for our results.  

Results presented here are suggestive of CR2 expression in MM and ZZ cells but do 

not provide unambiguous confirmation. In view of this we elected to use flow 

cytometry to further examine monocytes for surface expression of CR2. 
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3.6 Evaluation of CR2 on the membrane of circulating MM monocytes by FACS 

analysis 

3.6.1 Background and rationale 

One of the primary functions of monocytes is the elimination of complement 

opsonised pathogens through direct binding or phagocytosis(324). Previous 

descriptions of high levels of expression of complement receptors by circulating 

monocytes reflects their central role in the innate immune response(325). Monocyte 

expression of CR1(326), CR3(327), and the C5a receptor CD88(328) has been 

previously described but there are no studies confirming the expression of CR2 to 

date.  CR1 and CR3 bind other C3 cleavage products (C3b and C3bi 

respectively)(310). This observation, together with insights gained from preliminary 

U937 work suggested to us that CR2 may be detectable on circulating monocytes. 

Identifying CR2 on a monocyte like cell line confirmed a biological plausibility to the 

theory that CR2 may be present on the surface of circulating monocytes. Identifying 

gene expression of CR2 in monocytes confirmed that monocytes are capable of 

producing CR2 protein. Thus, we endeavoured to confirm CR2 surface expression 

and assess whether expression changed in response to various stimuli. 

In advance of this experiment we determined that If CR2 were found to be present 

this would confirm a potential signalling axis for C3d in monocytes. In the context of 

no previous description of CR2 on monocytes, we postulated that if present, it may 

show only low levels of expression. In view of this, the decision was made to treat 

cells used in this experiment with a variety of ópro-inflammatoryô stimuli including 

PMA, to see if expression could be up regulated.  
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3.6.2 Methods and technical considerations 

Monocytes were isolated form 6 healthy MM controls using the Easy Sep CD14 

positive selection kit as described in the Materials and Methods chapter. As this kit 

selects out cells based on CD14 expression, cells examined represented the 

classical and intermediate subsets. Non classical monocytes were likely less well 

represented in view of their lower levels of CD14 expression. Monocytes were 

stimulated for 10 min with a range of pro inflammatory stimuli. Rationale for the 

selection of each agent is provided in Table 3.2. 

Experiments performed during early optimisation work included samples with and 

without the addition of protease inhibitors. In view of the short incubation period (10 

min) and absence of apparent effect of PIs in cell line work, we were satisfied that 

the omission of protease inhibitors in this case was not unreasonable. Following 

treatment, all cells were fixed in 4% (w/v) PFA to arrest any further phenotypic 

changes that may have resulted from stimulation. 

 

3.6.3 Results of FACS analysis of circulating MM monocytes 

Panel A, Figure 3.3 shows histograms confirming the expression of CR2 on 

monocytes that exceed background non-specific binding as indicated by the 

rightward shift of the peak of the histogram labelled CR2 when compared to the 

isotype control.  Histograms suggest a rightward shift with LPS, PMA or IL-1ɓ 

treatment but this was not significant when mean and median FLI-1H was analysed. 

Panel B shows Mean FL1-H for each sample (n=6). This analysis suggests no 

significant change in CR2 expression under the treatment conditions described. 
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B 

 

 

 

 

 

 

 

 

Figure 3.6: Detection of and change in CR2 on the surface of MM monocytes 

exposed to pro-inflammatory stimuli.  

A: Histogram confirming expression of CR2 on MM monocytes isolated from 

circulation.  B: CR2 expression does not change significantly following 10 min 

stimulation with listed treatments (n=6 biological repeats). Statistical analysis was 

performed using a paired t test. Significance denoted by *p<0.05. 
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3.6.4 Conclusion of Flow Cytometric Analyses 

The above experiment confirms that CR2 is expressed on the surface of circulating 

MM monocytes. The experimental design precludes observations regarding the 

expression of CR2 relative to ubiquitous surface markers such as CD14 and CD16 

that are commonly used to differentiate between different monocyte subsets(329). 

The lack of inducible up regulation may be explainable by the short treatment time 

used here. 10 mins was chosen as this had previously been used in a similar 

experiment examining the effect of various stimuli on neutrophil expression on CR2. 

Neutrophil experiments showed an increase in CR2 expression in response to PMA. 

Neutrophils are granulocytes that possess cytoplasmic granules and secretory 

vesicles. Surface receptor stimulation with a secretagogue such as IL-8 or PMA 

causes granules/vesicles to translocate to the phagosomal or plasma membrane 

where their membrane fuses with the plasma membrane, thus increasing levels of 

plasma membrane receptors(330). This propensity towards rapid degranulation has 

not been describe in monocytes and may explain why neutrophils respond to 10min 

treatment but monocytes may require longer.  

Results achieved on all flow cytometry experiments suggested that CR2 was present 

on the surface of circulating cells. Considering the description of CR2 on monocytes 

is a novel finding we decided to examine monocytes for CR2 expression by Confocal 

microscopy. 
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3.7 Elucidation of CR2 on the membrane of MM and ZZ monocytes by Confocal 

Microscopy  

3.7.1 Background 

Confocal microscopy (CM) is an optical imaging technique that produces high 

resolution images of cells or tissue by using a spatial pinhole to block out of focus 

light that may distort the image and interfere with fluorescence. The confocal 

microscope captures multiple 2D images that are then used to reconstruct 3D 

images of structures(331).  As CM offers the potential to visualise structures on the 

surface of and within cells, we chose this technique to further evaluate monocytes for 

CR2 expression. 

 

3.7.2 Methods 

Following isolation as described in the Materials and Methods monocytes from 

healthy MM controls and those with ZZ AATD were fixed with 4% (w/v) PFA. 

Unstained monocytes and Raji B cells were also included in this experiment as a 

negative and positive control, respectively. 

Following blocking with BSA, cells were incubated with a mouse monoclonal anti-

CR2 antibody or an IgG2 B FITC in the case of the isotype control. Cells were left at 

4°C overnight in tinfoil. Blocking reagent was aspirated completely and 50µl of DAPI 

added to the slide for nuclear staining. Slides were analysed using a Zeiss LSM710 

confocal immunofluorescence microscope.  Images were processed using ImageJ 

software. 
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3.7.3 Results of Confocal Microscopy 

Figure 3.7 Panel A shows MM monocytes stained with a fluorescently tagged 

(AlexaFlour) anti-body to CR2 (depicted in red). Blue staining reflects staining of 

nuclear material by DAPI. 

Figure 3.7 Panel B shows ZZ monocytes tagged with the same CR2 antibody as 

used on MM monocytes and exhibit a more heterogenous staining pattern compared 

to MM monocytes. 

Figure 3.8 Panel A shows MM monocytes that are stained only with DAPI which 

were included as a negative control. 

Figure 3.8  Panel B shows CR2 present on the surface of Raji B cells which were 

included as a positive control. Nuclear material is shown in blue. 

Collectively, these results confirm CR2 is expressed by monocytes and corroborate 

the results of  qRT-PCR, Western blotting and FACS. 
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Figure 3.7 Confirmation of CR2 on the surface of MM and ZZ monocytes by 

confocal microscopy 

Panel A: Monocytes from healthy MM controls with staining of nuclear material by 

DAPI shown in blue and surface expression of CR2 depicted in red. Sub panel 

shows magnification of MM monocytes (n=3). 

Panel B: ZZ monocytes showing a more heterogenous staining pattern than the MM 

population. CR2 is shown in red. Sub panel shows magnification of ZZ monocytes 

(n=3).  
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Figure 3.8 Monocytes stained with DAPI without CR2 anti body visualised by 

confocal microscopy with inclusion of CR2 anti-body and DAPI stained Raji B 

cells as a positive control. 

Panel A shows monocytes stained only with DAPI. Nuclear material is shown is 

blue. Panel B shows high CR2 expression by Raji B cells which were used as a 

positive control. CR2 is depicted in red with nuclear material highlighted by DAPI in 

blue (n=3). 
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3.7.4 Conclusion of confocal microscopy results 

Results of confocal microscopy confirm the presence of CR2 on the surface of MM 

and ZZ monocytes and is in keeping with results of qRTPCR, western blotting and 

flow cytometry. Having demonstrated CR2 using 4 separate techniques we were 

satisfied that monocytes are capable interacting with C3d present in their 

microenvironment.  

This further confirmation of CR2 on circulating monocytes prompted us to question 

whether CR2 may be expressed on the surface of cells within the airways. OôBrien 

and colleagues had previously shown that levels of the CR2 ligand C3d are elevated 

in BAL samples from those with ZZ AATD when compared to healthy controls. 

Furthermore, levels of C3d in BAL were 8-fold higher than levels observed in 

plasma(78). This raises the possibility that if C3d is found to influence the behaviour 

of monocytes, the magnitude of that effect may be further exaggerated in monocyte 

derived macrophages within the airways. Moreover, it raises the question of whether 

C3d drives the pathogenesis of airways diseases such as COPD occurring with or 

without underlying AATD. 

Establishing the existence of a signalling axis in cells obtained from the airways 

during bronchoscopy therefore became our next goal. In keeping with published 

guidelines for performing immunophenotyping of airway cells, we decided that multi-

colour flow cytometry represented the best way to look for CR2 on a mixed 

population of airway cells. 
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3.8 Identifying CR2 on the surface of a population of airway cells using multi 

colour flow cytometry 

3.8.1 Background 

The following experiments were carried out on BAL samples obtained from patients 

undergoing bronchoscopy at the recommendation of their treating clinician. Owing to 

the rapid global spread of the COVID19 pandemic, sample collection was 

unfortunately stopped prematurely. At the time of commencement of the Irish lock-

down on March 13th 2020, 3 patients samples had been fully processed and 

analysed. A further 3 patient samples were used during optimisation of the protocol. 

Despite the resultant low n number presented here, we believe important insights 

can be gained from our results and thus it is presented as part of this body of work. 

The protocol used here can be adapted for use in future work aimed at 

characterising cell populations within the lungs. 

The primary aim of this experiment was to identify and describe different subsets of 

macrophages and leucocytes in airway/BAL samples and describe the relative 

expression of CR2 on monocyte subsets and macrophages. Identification of CR2 on 

airway cells would suggest the availability of a signalling axis for C3d in the airways.  

 Defining subtypes of cells required the identification of a pattern of surface markers 

whose relative expression could be quantified to differentiate between populations. 

The protocol described here is adapted from work published by Yu et al(282). Their 

group used multi-colour flow cytometry, cell sorting and cytospin analysis of BAL and 

whole blood samples to validate the anti-body panel presented. 

 To achieve our aims, we elected to use multi-colour flow cytometry to analyse 

samples collected during at the time of bronchoscopy.  
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3.8.2 Methods and technical considerations 

Patients were identified on the morning of their bronchoscopy written consent to 

participate was obtained. Patient demographics are presented in Table 3.3. 

Bronchoscopy was performed by an experienced clinician bronchoscopist. CT scan 

and patient notes were reviewed prior to the procedure. Further detail on the sample 

collection protocol is described in the materials and methods chapter. To standardise 

the process, the right middle lobe (RML) was targeted. If on review of the CT scan 

the RML appeared excessively diseased (i.e. emphysematous) other lobes were 

chosen as the target to increase the likelihood of high return of suctioned instillate. 

Following transport to the lab on ice, samples were evaluated for quality as 

described in further detail below. 

Suitable samples were stained with nine separate fluorophore tagged anti-bodies 

prior to multi-colour flow analysis. Multi-colour flow cytometry is a relatively recent 

development and represents an extension of the capabilities of early flow 

cytometers. Multi-colour FACS allows for the evaluation of more than 50 surface 

markers simultaneously  (332). Optimisation of this protocol presented several 

challenges which are enumerated below. 
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Table 3.3: Demographics of patients involved in multi colour flow cytometric analysis 

of lymphocyte subsets from BAL 

 Patient 1 Patient 2 Patient 3 

Age 48 40 65 

Gender F F M 

Primary 

Respiratory 

Diagnosis 

Nil 

Unexplained dry 

cough 

ILD in context SLE Asthma  

Bronchiectasis 

Smoking 

status 

Never Ex 10 years 

20 pack year history 

Never 

Passive smoking 

history 

ECOG 0 2 1 

FEV1 L/% 4.5L/ 109% 2.12L / 72% 1.79L / 103% 

FVC L/% 5.86L/ 121% 3.04L / 83% 2.3L / 94% 

FEV1/FVC 77 84 76 

DLCO 94 55 90 
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3.8.2.1 Optimising BAL processing 

The first challenge encountered for this work package was obtaining BAL that was of 

adequate quality and would give a reasonable cell yield for analysis. The principles 

and technique of BAL recovery are well described in the literature(333). Most agree 

that in order to be reasonably assured that the sample represents an alveolar and 

not a proximal airway sample, total volume instilled through a wedged bronchoscope 

should be between 100-240ml(334). For cytokine analyses return following 

instillation of saline during the procedure should be at least 50%(335).  

For this project, several methods were used to appraise the quality of the BAL 

samples. Principles described here are in keeping with current recommendations for 

the collection and processing of samples for research: 

1. Fluid instillation 

The total amount of fluid instilled was 200ml in total over 2 sequential washes(336). 

There was a degree of variability between healthy patients and those with 

established lung disease. Patients who had established lung disease and 

desaturated following the instillation of the first 100ml aliquot were limited to recovery 

of one 100ml BAL sample. 

2. Fluid Recovery 

Fluid was suctioned from the airway using very gentle manual retraction of a syringe 

attached to the bronchoscope. Suction applied was sufficiently gentle that dynamic 

collapse of the airway was not apparent during sample recovery.  This avoided 

trauma to the airways and resultant sample contamination with blood. There was no 

absolute value for fluid recovery set as average fluid recovery is known to be much 
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lower in patients with COPD(337), smokers(338), the elderly(339) and those who 

cough during the procedure(336). 

3. Macroscopic appearance 

All samples that were macroscopically blood stained or excessively mucoid were 

sent for routine microbiology processing and not used as part of the study. 

4. Cell Count 

Only samples containing >2x106 cells were used for flow cytometry(340).  

5. Cell Differential 

All samples were centrifuged and stained using the Speedy Diff Complete kit (Clin 

Tech). Speedy Diff is a Giemsa stain for Romanovsky-type staining of blood smears 

and tissue specimens(340). An example of a prepared slide is shown in Figure 3.9.  

To proceed with anti-body staining the sample had to have >10 macrophages visible 

per high powered field(341). If red cells were apparent following Speedy Diff staining 

the sample was resuspended in red cell lysis buffer for 10min and washed.   

6. Non cellular components of BAL 

Within the literature there is debate about how best to determine what proportion of 

recovery BAL fluid represents epithelial lining fluid (ELF)(342). Several approaches 

have been described but none represents standard practice in clinical work(336). 

Our lab uses a urea assay to estimate ELF proportion(343). Urea assay was 

performed on samples to ensure there were suitable for freezing and future cytokine 

analysis. Thus, a calculated low ELF did not preclude use of the cells for our 

analyses. 
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Figure 3.9: Speedy Diff staining of BAL sample with labelling of visible 

lymphocyte subsets  

4 major cell types are visible in this very cellular specimen including macrophages, 

neutrophils with a distinctive multi lobed nucleus, monocytes with a kidney bean 

shaped nucleus and red blood cells. 
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3.8.2.2 Cytometer selection 

Following refinement of the sample retrieval and appraisal process, the next 

challenge presented centred on identifying a cytometer capable of running the 

required analyses. The protocol required a machine with a least 3 laser capability to 

run. A cytoflex S cytometer equipped with 3 lasers and 16 detectors was used to 

analyse our samples. 

 

3.8.2.3 Accounting for background signal in analyses 

The use of negative and background óisotypeô controls is common in the practice of 

flow cytometry (FACS). Isotype controls are commonly used to provide information 

about levels of background ónoiseô in a sample. Published studies highlight that 

heterogeneity in the staining intensity of isotype controls is a potential source of error 

in the characterisation of cells by FACS(344). In lieu of isotype controls, multi-colour 

flow cytometry utilises a flouresence minus one (FMO) control to distinguish between 

true signal and noise during analyses. 

An FMO control contains all the flourochromes of the anti-body panel of interest 

except the target of interest(345). FMO controls are an essential part of any multi-

colour flow cytometry experiment and determine how different cell populations are 

identified and subsequently gated for analyses(346). As previously mentioned, our 

anti-body and fluorophore panel (described in Chapter Two: Materials and Methods) 

was developed using previously published work describing a protocol for the 

identification of subsets of myeloid cells in BAL(282). We modified the panel to look 

for the presence of CR2 on a number of different cell types including total 

macrophages, alveolar macrophages, all 3 known monocyte subsets. 
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3.8.2.4 Gating strategy to identify sub populations of airway cells 

 Further discussion of the function of the surface markers used in these experiments 

is provided in Chapter One.  The gating strategy outlined below was first published in 

the ATS journals and has been validated for use in the processing of whole blood 

and BAL samples(282) 

The approach to the gating strategy used was as follows: 

1. The side scatter area / forward scatter area (denoted as SSC-A/FSC-A) was 

used to identify the likely macrophage population. SSC-A/FSC-A provides 

information about the physical characteristics of populations enabling 

identification of macrophages which are large, granular cells on the dot 

blot(347). As macrophages generate high forward and side scatter they 

appear in the top right hand quadrant of a SSC-A/FSC-A plot. This population 

was gated and labelled as óMacrophagesô. 

2. The macrophage population was gated to exclude doublets. Doublets occur 

when two cells pass through the laser beam of the flow cytometry very close 

to one another. If a fluorescence negative cell passes close to a positive cell it 

will generate a false positive signal that will skew the results of subsequent 

analyses(348). 

3. Single cells were then examined for CD45 expression. CD45 or leucocyte 

common antigen is expressed on all haematopoietic cells except for Mature 

erythrocytes(349). This CD45+ population was gated and labelled as total 

leukocytes. 

4. Cells were examined using live/dead staining to exclude dead cells from the 

total leucocyte population(350). 
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5. Live leucocytes were examined for CD14 and CD206. CD206 which is a 

mannose receptor was used to identify all macrophages in keeping with 

previously published literature. Though commonly used as a marker of 

macrophage activation(351), CD206 is known to be expressed at high levels 

by all tissue macrophages(352). Cells expressing the common macrophage 

marker CD206 were gated and labelled Total Macrophages(282, 283). 

6. The Total Macrophage population were examined for CD14 and CD169. 

Those who were CD14- and CD169 + were designated alveolar macrophages 

(AMs)(282). Prior studies have defined CD169 negative pulmonary 

macrophages as macrophages that associate with the interstitium (IMs). 

Important functional distinctions between the two population include the ability 

of IMs but not AMs to produce TNFŬ in response to LPS or IFNɔ(353). As 

discussed in Chapter One, both alveolar and interstitial macrophage 

populations can be further sub divided into resident and recruited populations.  

7. Alveolar macrophages were checked for expression of CR2. A false positive 

was outruled via comparison with the CR2 FMO control. 

8. We then separately gated the CD206-ve cells and examined them for CD14 

and SSC to distinguish granulocytes (SSC high) from agranulocytes (SSC 

low)(354). 

9. Granulocytes were examined for CD16 versus CD24 and labelled as 

follows(282): 

- CD16 +/CD24 + Neutrophils 

- CD16 -/ CD24 low Mast cells 

- CD16-/CD24+ Eosinophils  
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10. Agranulocytes were examined for CD14 versus CD24 expression. CD14+/ CD 

24 -ve cells were identified as monocytes. 

11. The monocyte population was gated int 3 subsets based on CD14 and CD16 

expression as follows(131): 

- CD14 ++/ CD16-ve classical monocytes 

- CD14+/ CD16+ intermediate monocytes 

- CD14 low/ CD16+ non classical monocytes 

12. Each monocyte subset was then examined for CR2 expression. 

.  

3.8.3 Results of multi colour FACS analysis of BAL samples 

Figures 3.10-3.13. Depict dot bolts from whole BAL analysis with the gating strategy 

applied to define major leucocyte subsets. 

Figure 3. 10 panel A demonstrates SSC-A/FSC-A of the whole cell population 

obtained including dead cells. The blue gate labelled macrophages is selecting out a 

population based on their physical characteristics- large and granular suggestive of 

macrophages. 

Panel B depicts the removal of doublets from the samples. The red gate is drawn 

within the main cell population and deliberately excludes the less dense border 

which is represents doublets that could interfere with subsequent analyses. 

Panel C represents the gated population of single cells (i.e. with doublets excluded) 

identified in Panel B. The dot plot is divided into 4 quadrants to facilitate comparison 

with the FMO controls. Cells shown here are examined for CD16 and CD45 

expression. CD45 positive cells which are representative of leucocytes are identified 
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to the right of the vertical line that bisects the dot plot. This population is gated in 

pink and represents the total leucocyte population. As expected, the majority of the 

total population (56.67%) are identified as a leucocyte though their specific subsets 

are not identifiable at this stage in the gating strategy. 

Panel D shows a yellow gate capturing the live cells from the gate created in Panel 

C. This confirms that cell viability was only minimal impacted during BAL processing 

and 97.7% of the cells obtained were alive at the time of analysis. 

Panel E depicts the live cell population gated in panel D being examined for CD14 

and CD206 expression. CD206 is being used here as the primary macrophage 

surface marker. Again, the dot plot is divided into 4 quadrants. The dimensions of 

each quadrant are defined by comparison with the CD14 and CD206 FMO controls 

(not shown). Cells that are positive for CD206 fall to the right of the vertical line and 

cells that are positive for CD14 fall above the horizontal line. Broadly speaking, the 

plot identifies 2 populations within the live leucocyte population. Cells expressing 

CD206 are gated in blue and labelled total macrophages. This population comprises 

both resident and recruited AMs and IMs. 

Figure 3.11 provides 3 further panels. Panel A is a replica of Panel E in Figure 3. 

And is provided for reference. 

Panel B shows the population gated in Panel A as total macrophages being 

examined for CD14 and CD169. AMs are identified by staining positive for CD169 

(all cells to the right of the vertical line, gated in pink). This dot plot identifies 71.32% 

of the macrophage population obtained as being alveolar macrophages. 

Panel C shows expression of CR2/CD21 on alveolar macrophages. The alveolar 

macrophage population gated in Panel B are examined for CR2/ CD21 expression. 
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The orange gate shows that CR2/CD21 is expressed on 25.75% of the alveolar 

macrophages identified. This confirms a signalling axis for C3d on AMs within the 

airways. 

Figure 3.12 outlines the identification of 3 separate monocyte subset populations 

within the airways. Panel A is again replicated from Figure 3 and is provided for 

reference. The population gated in gold and labelled CD206-ve cells represents a 

non-macrophage population and represents a mixed leucocyte population. This 

population is reproduced in Panel B. 

Panel B shows the CD206-ve cells that have been gated for SSC and CD14 to 

identify high and low SSC cells (granulocytes and agranulocytes respectively).  SSC 

low cells were then examined for CD14 and CD24 expression. Monocytes are 

identified as CD14+ CD24- cells which are seen in the bottom right-hand quadrant of 

panel B. The dot plot in panel B shows that 72.09% of total agranulocytes 

demonstrate a surface marker profile that classifies them as monocytes. 

Panel C shows the monocyte population identified in Panel B being interrogated for 

expression of CD14 and CD16. Classical, non-classical and intermediate monocytes 

are all identifiable on this plot. The vast majority of airway monocytes shown here 

most closely resemble intermediate monocyte (CD16+/CD14+). 

 Figure 3.13 shows each monocyte subset being examined for expression of 

CR2/CD21. For each subpopulation, any signal generated to the right of the vertical 

line bisecting the dot plot represents a true positive and CR2 expression. It is notable 

that whilst intermediate monocytes constitute the bulk of the monocyte population, 

CR2 expression is low (1.33% of total). CR2 is not detected on classical monocytes 

(CMs) in this panel but numbers of CMs in the airways are very low (2.6% of total 
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agranulocyte population). CR2 expression is greatest on non-classical monocytes 

NCMs (14.26% of NCMs examined expressed CR2 as depicted in Panel B). 

Figure 3.14 compared expression of CR2 between the 3 described monocyte 

subsets and alveolar macrophages. Levels of CR2 expression differ significantly 

between each subset with highest levels of expression seen in on classical 

monocytes. CR2 expression is also significantly higher on alveolar macrophages 

compared to all monocyte subsets.  
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Figure 3.10 Gating strategy for the identification of macrophages in BAL 

samples using multi-colour flow cytometry  

Panel A shows SSC-A vs FSC-A being used to identify large granular cells labelled 

Macrophages (blue gate). Panel B uses FSC-H vs FSC-A to exclude doublets from 

the macrophage samples gated in panel A (red). Panel C identifies a CD45 +ve 

population designated Leucocytes (pink). Panel D shows a Live/Dead stain being 

used to gate the live cells from the Leucocyte population (gold). Panel E identifies 

cells from the live leucocyte population. Live cells expressing CD206 are labelled as 

total macrophages (blue). Representative of n=3 biological repeats.  
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A               B 

 

C 

 

Figure 3.11 Gating strategy identifying CR2 on the surface of alveolar 

macrophages using multi colour flow cytometry. 

Panel A shows identifies 2 populations. CD206+ve cells gated in blue represent total 

macrophages.  Panel B identifies CD14+ CD169- cells as Alveolar Macrophages 

and are gated in pink. Panel C confirms the presence of CR2 on the surface of 

25.75% of the alveolar macrophage population. Representative of n=3 biological 

repeats.  
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A      B 

 

C 

 

 

Figure 3.12 Multi colour flow cytometry identifying 3 subsets of monocytes in 

BAL samples. 

Panel A depicts a green gate around a CD206 -ve population which are identified as 

airway lymphocytes (ALs).  Panel B shows gating on ALs to identify a CD14 +ve/ 

CD24 -ve population designated airway monocytes. Panel C examines airway 

monocytes based on relative expression of CD14/CD16 and identifies all 3 

previously described human monocyte subsets. Representative of n=3 biological 

repeats. 
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A     B 

 

C 

 

Figure 3.13 Multi-colour flow cytometry identifying CR2 on the surface of 3 

monocyte subsets obtained from BAL samples. 

Panel A confirms shows no CR2 expression on classical monocytes in the airways. 

Panel B shows CR2 expression on 13.94% of overall non classical monocyte 

population. Panel C shows CR2 is expressed on 1.33% of the overall intermediate 

monocyte population. 
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Figure 3.14 Relative expression of CR2 on monocyte subsets and alveolar 

macrophages in BAL using multi colour flow cytometry. 

CR2 expression is significantly higher on alveolar macrophages when compared to 

all airway monocytes subsets. Expression of CR2 by intermediate (IM) and non-

classical (NC) monocytes compared to classical monocytes (CM) was significantly 

higher with no difference observed between the NC and IM subsets. Analyses were 

performed using an unpaired t-test. n=3 
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3.8.4 Conclusion  

The experiments presented in this section demonstrate that CR2 is present on the 

surface of macrophages and monocytes in the airways. Results obtained using this 

technique highlight the utility of multi-colour FACS in identifying the phenotypes of 

different cells types obtained from BAL samples. Unfortunately, sample collection 

and protocol optimisation for this block of work commenced in late February 2020 

and was stopped prematurely by the global spread of the SARS CoV-2 virus. As 

bronchoscopy is an aerosol generating procedure, sampling and processing of 

samples during this time was deemed an excessive risk to staff and patients. Despite 

this, we believe that the protocol presented here (further description provided in the 

materials and methods chapter) will provide a springboard for future work focused on 

immunophenotyping of airway cells.  

Though the numbers presented are limited (n=3), we believe some important insights 

have been gained through this endeavour. We were struck by the observation that 

there is a reversal of the proportional representation of different monocyte subsets 

when moving from the circulation to the airways(355). We hypothesise that what we 

are observing is a recruited classical monocyte population to the lungs whose low 

number reflects differentiation into alveolar macrophages. For cells that do not 

undergo differentiation, this classical subset may undergo a subset switch to an 

intermediate and subsequent non classical monocyte as is known to occur in the 

systemic circulation(122).  

Berger and colleagues had previously found that neutrophils and other cells obtained 

from BAL expressed CR1 and CR3(356). They remarked that if CR2 was indeed 

present, it was not present in sufficient quantities to be identified using standard flow 

cytometric analysis. Advances in the design of flow cytometers has enabled rapid 



 

216 
 

progress in the area and enabled identification of CR2 in BAL cells. Our experiments 

demonstrate that CR2 is expressed on airway monocytes and macrophages. It is 

worth noting however that owing to the very small number of classical monocytes 

identified in BAL samples, it is difficult to discern whether the lack of CR2 expression 

we have identified by this subset reflects a true absence of expression or a lack of 

signal because of very low cell number.  

As classical monocytes are the only subset capable of recruitment to the lung from 

circulation(357), a shift in profile of circulating monocytes towards a classical 

phenotype could theoretically prime circulating monocytes for recruitment during 

times of intercurrent illness or with advancing age. Studies of monocyte responses to 

AAT suggest that alterations in the proportional representation of different monocyte 

subsets in AATD is possible. Sandstrom and colleagues previously showed higher 

levels of membrane bound and soluble CD14 in young healthy subjects with ZZ 

AATD when compared to matched MM controls(358). Nita et al have previously 

shown that the treatment of monocytes with AAT alone or in combination with LPS 

altered expression of membrane bound and soluble CD14(166). As the relative 

expression of CD14 and CD16 define each monocyte subset, this suggests that 

subset switching may be occurring in the circulation of those with AATD. Nita et al 

showed that longer term incubation (18 h) of monocytes with combined AAT/LPS 

resulted in a significant reduction in expression of CD14 and TLR4. This suggests 

that monocytes in AATD may express more CD14 and thus favour the pro-

inflammatory classical phenotype. Furthermore, monocyte exposure to AAT 

abrogated LPS-induced TNFŬ, IL-1ɓ and IL-8 mRNA and protein expression. This 

suggests that AAT is an important regulator of CD14 expression and may be 

involved in LPS neutralization and prevention of over-activation of monocytes in vivo. 
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It remains to be seen whether a similar effect is seen with monocytes within the 

airways and monocyte derived AMs.  
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3.9 Discussion of overall results  

The receptor for C3d (CR2) has been described at length in published literature but 

has never been identified on the surface of monocytes in the circulation or within the 

airways. Thus, before proceeding to investigate whether C3d could be influencing 

monocytes, it was first necessary to confirm CR2 expression. As this body of work 

represents the first description of CR2 in this cell type, proof of expression was 

determined using several different experimental techniques. The results presented 

here confirm that monocyte like cells (U937 cell line), monocytes within the 

circulation and the airways express CR2 

 Early experimental work using U937 cells showed that short term stimulation with 

PMA upregulated CR2 expression in this cell line but did not exhibit the same effect 

on monocytes obtained from circulation. Previous studies have also demonstrated 

inducible expression of complement receptors in U937 cells(275). PMA is known to 

activate the protein kinase C (PKC) pathway in U937 cells. Rubin et al showed that 

stimulation with PMA alone did not induce expression of a receptor of the 

complement anaphylatoxin C5a on U937 cells(359). However, when PMA was 

combined with 1-25 (OH)2D and cAMP expression of C5aR became apparent. This 

suggested a biologic plausibility to the idea that expression of receptor for 

complement fragments such as C3d was likely to be inducible. It is important to note, 

that treatment with PMA is not a physiological stimulus raising questions about the 

clinical usefulness of results showing increased CR2 expression in treated U937 

cells. However, PMA is known to prompt differentiation of U937s towards a 

macrophage phenotype. This prompts the question of whether CR2 may be 

upregulated during normal monocyte to macrophage differentiation. This idea is 

supported by observations in the literature that expression of other complement 
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receptors including CR1, CR3 and CR4 are upregulated during monocyte 

differentiation(360, 361). It is further reinforced by results of multi colour flow 

cytometry which demonstrate much higher levels of CR2 on airway macrophages 

compared to monocytes in BAL samples. 

Despite the observation that U937 cells increased CR2 expression in response to 

PMA stimulation, the same effect was not observed in monocytes from circulation. 

Increased expression of complement receptors by U937 cells in response to PMA 

has been demonstrated previously by Burg et al who demonstrated increased 

expression of receptors for C3a and C5a following stimulation(362). Though U937 

cells are frequently used as a model for monocyte function, they are structurally and 

phenotypically more like developing monoblasts(275). Expression of surface markers 

that are expressed strongly in mature monocytes such as CD14 and HLA DR are 

notable for their low levels of surface expression in U937 cells (302). U937s also lack 

the phenotypic diversity that characterise circulating monocyte subsets. Thus, it was 

not surprising that our finding of increased CR2 expression in PMA treated U937 

cells did not hold when the same protocol was applied to circulating monocytes. 

Early flow cytometry work confirmed surface expression of CR2 on monocytes. 

Though histograms presented suggested a rightward shift and thus increased 

expression in response to LPS, this result was not significant. We hypothesised that 

the treatment protocol used may have been too short to elicit a significant response 

from monocytes.  This hypothesis was informed by the work of Inada et al who 

showed a time dependent increase in rosetting between red cells coated with C3d 

and monocytes cultivated for 48 hours(255). This work suggests that a receptor for 

C3d, which would subsequently be described as being CR2 was capable of being 

expressed by monocytes but was likely influenced by the state of monocyte 
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activation or differentiation. Segura al also found a time dependent increase in 

production of IL-1, IL-6, IL-8 and MCP-1 by monocytes with peak production 

achieved between 24 and 48 hours(363). When considered together, these findings 

suggest that short term monocyte stimulation may have been insufficient to alter 

CR2 expression significantly.  

Western blotting results presented here does not confirm CR2 expression 

unambiguously but results are certainly suggestive of the presence of CR2 in whole 

cell lysates of monocytes. As previously discussed, the finding of a large 

immunoband (160kDa)  representing CR2 protein may reflect dimerization of CR2 

occurring in the absence of DTT or erroneous identification of soluble CR2. Further 

experiments using confocal microscopy and qRTPCR successfully show expression 

of CR2 at the cell surface at gene level respectively. Further reassurance of gene 

expression was provided by agarose gel confirmation of the qRTPCR reaction 

product as 105 base pair CR2.  Of note, the CR2 staining pattern observed on ZZ 

monocytes during CM was more heterogenous in appearance than MM samples but 

no significant differences in gene expression was observed.  AATD is characterised 

by a relative abundance of proteases which may account for the more variable 

membrane expression seen on ZZ monocytes(364). 

The final results presented in this chapter confirm that CR2 can be identified on the 

surface of a diverse population of airway cells including alveolar macrophages and 

all 3 previously described monocyte subsets. Regretfully, sample collection for this 

block of work was limited by the COVID19 pandemic which peaked in Ireland in April 

2020.  The small sample number presented here precludes insights being made into 

the variability of CR2 expression between disease states but does inform our 

understanding of how expression of complement receptors such as CR2 varies 
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between different types of airway cells. The anti-body panel used here highlights the 

utility of multi-colour flow cytometry for immunophenotyping airway cells. Addition or 

substitution of anti-body targets and fluorophore conjugates would allow for more 

detailed analyses and phenotyping of airway cells which may vary considerably 

between disease states(282).  The rapid global spread of COVID19 has highlighted 

the need to study monocytes and monocyte derived cells with the hope of identifying 

reliable targets for disease modifying treatments. A recent Nature Immunology paper 

confirmed that monocyte derived monocytes display unique transcriptional, 

epigenetic and functional profiles(155). Aegerter et al showed that monocyte derived 

AMs are the main producers of IL-6 during and following infection with the influenza 

virus.  As IL-6 is one of many cytokines implicated in the cytokine storm that 

characterises some of the more severe cases of COVID19(365), further study of this 

population is imperative. 

Expression of complement receptors by monocytes and macrophages is 

advantageous from an evolutionary perspective(180). Berger and colleagues have 

previously demonstrated that complement enhances the phagocytic responses of 

neutrophils to the bacterium pseudomonas aeruginosa rendering them more 

effective executors of pathogen clearance from the lungs(356). Thus, confirmation of 

CR2 expression by monocytes and alveolar macrophages as demonstrated here is 

not wholly surprising as both represent important first line executors of the immune 

response to pathogen invasion. 

Collectively, the results presented here confirm the novel finding that CR2 is 

expressed by circulating monocytes. Furthermore, expression is not upregulated by 

short term stimulation with pro inflammatory stimuli in the manner seen in 

neutrophils. The relationship between CR2 and C3d has been previously described 
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in detail (248, 366) and confirmation of CR2 on monocytes suggests the existence of 

a signalling axis for C3d. This raises the question of what the downstream effects of 

C3d are likely to be in monocytes. This will be explored in depth in Chapter Four. 
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Chapter Four: Evaluating the effects of C3d on 

MM and ZZ monocytes 
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4.1 Introduction 

Data presented in results chapter one confirmed the expression of CR2 on 

monocytes in the circulation of MM healthy controls and ZZ AATD populations. 

Degree of expression at the gene level suggested no significant differences between 

MM and ZZ cohorts.  

Having confirmed the existence of CR2 and thus potential signalling axes in HCs and 

AATD we became interested in elucidating the nature of the response of monocytes 

to C3d. The cytokine profile exhibited by monocytes in response to pro-inflammatory 

stimuli is broad and includes TNFŬ(367), IL-1ɓ(368), IL-6(299), IL-8 and IFN 

gamma(369) to name a few. Our early experiences with flow cytometry led us to 

believe that we needed to treat monocytes for longer periods of time (24 hours) if we 

wanted to demonstrate a significant increase in CR2 expression. As OôBrien and 

colleagues had measured levels of 5-40µg/ml C3d in plasma and BAL samples of 

those with AATD we elected to use this spread of concentrations to determine the 

dose response relationship(78).  

Monocytes stimulated with other complement fragments have previously been 

shown to produce pro-inflammatory cytokines in response. Haggadone et al (2016)  

et al., used a murine monocyte model to show that stimulation with complement 

fragment C5a (1µg/ml) together with LPS increases monocyte production of the 

cytokine IL-1ɓ(370). C5a is known to bind to two separate receptors on monocytes 

C5aR1 (CD88) and C5aR2 (GPR77) which signal through several pathways 

including mitogen activated protein (MAP) kinase, p38 and NF-ẶB(371). In contrast, 

C3d has only one known receptor CR2. 

 The interaction between C3d and CR2 on the surface of B cells has been previously 

described in detail(372, 373). As outlined in Chapter One (CR2/CD21) associates 
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with CD19 and CD81 on the surface of B cells(372) and acts by amplifying signalling 

including tyrosine kinase phosphorylation, calcium mobilisation and other 

downstream events(373). Fundamental differences in receptor signalling 

mechanisms mean that extrapolating and planning ELISA experiments based on 

other studies of monocyte/complement fragment interactions is of limited value. 

As monocytes are known to produce a wide variety of cytokines and proteases it was 

necessary to identify what outputs were likely to change in response to C3d but also 

which were clinically meaningful. Regarding the currently available evidence base, 

previous data from the McElvaney lab has shown increased production of the 

cytokines IL-6, IL-8 and IL-10 from ZZ monocytes in response to an LPS 

trigger(299). IL-8 production can be triggered by the action of neutrophil derived 

proteases such as NE on epithelial cells within the lungs (374).  Increased levels of 

IL-8 have previously been identified in sputa of individuals who are heterozygous for 

the PiZ mutation and have normal lung function(375). Rouhani et al.(2000), have 

also previously identified increased levels of IL-8 in BAL samples of those with ZZ 

AATD with levels of  IL-8 correlating with increased protease burden and decreased 

lung function(293).  

In view of this established link between ZZ AATD and IL-8, and in the context of ZZ 

monocytes being recognised as being intrinsically programmed to produce excess 

levels of IL-8 upon activation,  we questioned whether C3d may act as a trigger for 

IL-8 production by monocytes. Our interest in IL-8 was further justified as Bergin and 

colleagues have previously shown that AAT regulates neutrophil chemotaxis induced 

by soluble immune complexes and IL-8(292). The work of McCarthy et al 

demonstrated the therapeutic implications of Bergins foundational work. In an 

elegant series of experiments they showed that during the recovery phase of 
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community acquired pneumonia (CAP) heavily glycosylated AAT protein complexes 

with greater affinity to the pro inflammatory cytokine IL-8 thereby facilitating more 

rapid resolution of an inflammatory response and clinical recovery from CAP.  

Collectively, the work of Carroll, Bergin and McCarthy suggests that the inflammatory 

milieu observed in AATD, is perpetuated by high levels of IL-8. Sources of excess IL-

8 production include monocytes of which, ZZ monocytes are known to produce an 

excess of IL-8 compared to HCs. Furthermore, the deleterious effects of IL-8 can be 

mitigated by the administration of exogenous AAT protein.  In consideration of these 

collective observations, we elected to explore whether exposure of monocytes to 

C3d altered IL-8 production in ZZ AATD and HCs. 

In addition to assessing the cytokine profile elaborated by monocytes in response to 

C3d, we were also interested in ascertaining its effects on monocyte protease 

production. Unpublished data from our lab demonstrated that short term treatment of 

neutrophils with C3d augments degranulation of primary, secondary and tertiary 

granules. Dysregulated neutrophil degranulation is recognised as an important event 

in the pathogenesis of AATD with increased levels of primary, secondary and tertiary 

granules detectable in the plasma of individuals with ZZ-AATD(305, 364). Excessive 

neutrophil degranulation increases the proteolytic burden in AATD and fosters the 

development of autoantibodies to granule proteins such as PR3 and lactoferrin(305). 

ANCA associated vasculitidies (AAVs) such as granulomatosis with polyangiitis 

(GPA) are seen with increased prevalence in those with the PiZ mutation(376). This 

is thought to reflect a relative abundance of circulating proteases that act as antigens 

triggering an auto immune anti-body response. Though frequently referred to as 

agranulocytes, monocyte cytoplasm is known to contain azurophilic granules the 

content of which can be altered through de novo protein synthesis throughout the life 
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cycle of the cell(125, 377). Similarly to neutrophils, monocytes have been shown to 

produce a diverse range of proteases including metalloproteases, cathepsins, PR3 

and the serine protease granzyme B(201). Proteases can be categorised based on 

their affinity for differing substrates. The spectrum of proteases generated by 

monocytes and monocyte derived macrophages is broad and capable of degrading 

many of the structural components that form the extracellular matrix (ECM) of lung 

tissue. Monocyte derived MMPs in particular have been linked to the development of 

an array of lung diseases including COPD, asthma and interstitial fibrosis(378).  

 

Elevated levels of the complement fragment C3d in the plasma and BAL of those 

with ZZ AATD suggest dysregulated complement activation in AATD. We 

hypothesised that C3d may be contributing to disease pathogenesis via an as yet 

unexplored interaction with monocytes and monocyte derived macrophages. The 

following experiments aim to offer insights into the effects of C3d on monocytes in 

AATD and to facilitate the generation of hypotheses that enhance our understanding 

of the role monocytes play in the pathogenesis of AATD lung disease. 

 

4.1.1 Chapter Aims 

In Results Chapter One we used a variety of methods to conclusively demonstrate 

that monocytes in circulation and the airways express the receptor for C3d, 

CR2/CD21(379). The published work of OôBrien et al., (2020) demonstrated 

dysregulated complement activation as evidenced by increased levels of the 

complement fragment C3d in the plasma and BAL of those with ZZ AATD(78).  
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Monocytes are known to produce a diverse range of cytokines including TNF alpha, 

IL-6, IL-8 and IL-1ɓ in response to pro-inflammatory stimuli(164, 299). Furthermore, 

evidence suggests that monocytes in AATD elaborate an intrinsically excessive 

cytokine response(299).  

Unpublished data from the McElvaney lab suggests that exposure of neutrophils to 

C3d correlates with increasing levels of primary, secondary, and tertiary granule 

proteins detectable in supernatants. We hypothesised that C3d may be a driver of 

disease pathogenesis in AATD by contributing to monocyte activation and 

generation of a yet to be characterised, cytokine and protease response. 

To investigate this, the following objectives were set out: 

 

1) To establish whether treatment of a monocyte like cell line (U937 cells) with C3d 

induces production of pro-inflammatory cytokines.  

2) To gain an overview of the type of cytokine and protease responses generated by 

monocytes in response to C3d. 

3) To assess if the complement activation product C3d may be contributing to the     

pathogenesis of AATD via the production of specific cytokines and proteases.  
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4.2 Assessing production of the pro-inflammatory cytokine IL-8 by U937 cells 

in response to treatment with C3d 

4.2.1 Background and rationale  

Preliminary experiments for this work package were carried out using monocyte-like 

U937 cells. In the following experiments U937 cells were used to refine our cell 

treatment protocol and to gain insights into what kind of cytokine response may be 

generated by circulating monocytes in response to C3d. A literature review was 

performed to select which specific cytokine output should be quantified by ELISA. 

We aimed to identify a cytokine that would be clinically relevant either through its role 

in the pathogenesis of AATD or as a therapeutic target. 

Unpublished work by Fee and colleagues suggested that the pro-inflammatory 

cytokine IL-8 might represent a reasonable starting point for this work package(188). 

Fee previously described increased production of IL-8 by neutrophil like THP-1 cells 

in response to C3d. Previous studies have shown that IL-8 acts as a potent 

neutrophil chemoattractant and is known to be produced by monocytes and alveolar 

macrophages in response to pro-inflammatory stimuli(380). Levels of IL-8 have also 

been shown to be increased in the sputum of healthy individuals with who are 

heterozygous for the Z mutation(375). Concentrations of IL-8 in this cohort are 

comparable to those seen in COPD rendering it a compelling target for this study.  

The decision to pursue IL-8 as an output from cells exposed to C3d was further 

bolstered by the Carroll and colleagues who have previously shown that ZZ 

monocytes produce increased levels of IL-8 in response to LPS than healthy MM 

controls(299).  

Considering these observations, it was decided to assess whether monocyte-like 

U937 cells altered their production of IL-8 following exposure to C3d.  
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4.2.2 U937 treatment with C3d and choice of control 

Culture and treatment of U937 cells is outlined in greater detail in Chapter Two. For 

this experiment concentrations of C3d used were in the range of 1-10µg/ml. These 

concentrations were selected as they are representative of levels of C3d detectable 

in the circulation of those with ZZ AATD(78).  LPS was included as a positive control 

as U937 cells have previously been shown to produce IL-8 in response to LPS(381). 

Enzyme linked immunosorbent assay (ELISA) was used to quantify levels of IL-8 in 

supernatants of cells treated with C3d for 24 hours.  

 

4.2.3 Overview of results 

Figure 4.1 depicts the change in IL-8 production by U937 cells in response to C3d 

treatment (n=6) over 24 hours. These results show no significant change in IL-8 

secretion between untreated U937 cells and those exposed to C3d over the range of 

concentrations used (1-10µg/ml) (p=0.6274 at concentration of 5µg/ml).  

LPS at a concentration of 1µg/ml worked well as a positive control and significantly 

increased production of IL-8 by U937 cells (p=0.0033). This concentration was 

chosen as it had been previously used in published experimental protocols involving 

the use of U937 cells(382).  
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Figure 4.1 Measurement of IL-8 production by U937 cells in response to C3d as 

determined by ELISA. 

Levels of IL-8 were measured in supernatants of U937 cells exposed to increasing 

concentrations of C3d by ELISA (n=6). Treatment with C3d 1-10µg/ml did not 

significantly increase production of IL-8. Treatment with LPS (1µg/ml) increased IL-8 

production significantly (p=0.0033) Statistical analyses were performed using a 

paired t-test. 
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4.2.4 Discussion of Results 

Results shown here demonstrate that production of IL-8 by U937 cells in response to 

C3d does not change across the range of concentrations used (1-10µg/ml). Raw 

data suggested an upward trend in production of IL-8 production at a concentration 

of 5µg/ml but this difference was not statistically significant. This finding led us to 

question whether C3d was being used in sufficient concentrations to induce a 

response. The concentration of C3d in plasma and airways of those with ZZ AATD 

was between 5-40µg/ml suggesting that higher concentrations may be more 

representative of levels found in biological samples(78).  

Despite the absence of a positive signal in U937 cells, ensuing experiments were 

designed to explore whether monocytes obtained from blood altered IL-8 production 

in response to C3d. As there are several key differences between U937 cells and 

circulating monocytes, we did not assume that the results obtained using U937 cells 

would be representative of the circulating monocyte response to C3d.  Abrink et 

al(302) (1994) have previously used Northern blot analysis to demonstrate high 

levels of expression of MPO, NE, Cathepsin G, myeloblastin and azurocidin by U937 

cells. These markers are characteristically expressed by immature monoblasts with 

lower levels of expression observed in mature circulating monocytes. The same 

group also identified low levels of lysozyme, CD14, MHC class II and AAT in U937 

cells which are strongly expressed by mature monocytes. These observations 

confirm that whilst U937 cells are useful as a model for monocyte function, the 

response of U937 cells to C3d is not directly applicable to mature monocytes 

isolated from the circulation.  
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Considering this we decided to repeat this experiment using monocytes obtained 

from the circulation of healthy MM controls. The treatment protocol was modified to 

include a higher concentration of C3d (20µg/ml). However, as higher concentrations 

of C3d were used, we first needed to determine the effect of C3d on monocyte 

viability. To assess this, we next proceeded to perform an MTS assay.   
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4.3 Assessing the viability of peripheral circulating monocytes in response to 

C3d by MTS Assay 

4.3.1 Background 

OôBrien and colleagues had demonstrated significant differences in C3d levels 

between plasma (median 5µg/ml) and BAL (40µg/ml) samples of those with ZZ 

AATD(78). In consideration of these we wanted to expose monocytes obtained from 

the circulation to different concentrations of C3d falling within this broad range. It was 

recognised early on in this project that if we were to begin to expose cells to C3d 

protein we first needed to determine whether C3d could be cytotoxic to monocytes 

inducing cell death or apoptosis. MTS assays do not distinguish between cell loss 

attributable to apoptosis or necrosis so any loss of cell viability could theoretically be 

attributable to either effect. 

Though spontaneous apoptosis is well described in monocytes we felt the probability 

of C3d causing apoptosis was relatively low(383). Previous studies have shown that 

apoptosis is inhibited following exposure of monocytes to pro inflammatory stimuli 

including LPS, TNFŬ and IL-1ɓ(384). Of more immediate concern was the risk of cell 

necrosis at higher C3d concentrations. Determining cell viability following C3d 

treatment was imperative as high rates of cell death would affect the reliability and 

interpretation of subsequent ELISA work. 

In respect of this, monocyte viability in response to incremental increases in C3d 

concentration was assessed using an MTS assay. 
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 4.3.2 Assessment of cell viability by MTS assay 

Assessment of cell viability was performed using the CellTiter96 One Solution Cell 

Proliferation Assay. The One Solution reagent contains an MTS-tetrazolium 

compound that is bio-reduced by live cells into a coloured formazan compound.  

High levels of formazan, as indicated by a strong colour change in the 

sample/reagent solution suggest high levels of metabolic activity by viable cells(385). 

These properties allow for assay of cell viability by comparing absorbance at 490nm 

with a 96 well plate reader. 

Following the manufacturerôs instructions, 2.5 x 10  cells (50Õl) was pipetted from 

treated samples and transferred to a 96 well plate. Samples were then made up to a 

final volume of 100µl by the addition of 50µl of their respective media (serum free, 

1% (v/v) FCS or 10% FCS (v/v)). 20µl of cell titre reagent was added to each well to 

give a final concentration of 317µg/ml of MTS.  The plate was covered with tinfoil to 

protect from light and incubated at 37°C for 4h in a 5% COϜ atmosphere. 25µl of 

10% (w/v) SDS was added at 4h to prevent any further reaction. Absorbance at 

490nm was determined by spectrophotometry (Spectramax M3, Molecular Devices, 

USA). 

 

4.3.3 Results of MTS Assay 

Figure 4.2 shows absorbance at 490nm in cells treated with C3d relative to 

absorbance of untreated cells. Absorbance at 490nm is used as a surrogate marker 

of formazan production by metabolically active cells. Levels of metabolic activity did 

not differ significantly between treated and untreated cells confirming no loss of 

viability during the 24h treatment period. C3d used at 10µg/ml is representative of 
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plasma concentrations observed in ZZ AATD. C3d at a concentration of 40µg/ml has 

been previously detected in ZZ BAL samples(78). Higher concentrations were 

included in this protocol following the observation made in chapter one that 

monocytes and macrophages from BAL samples are also known to express CR2 

and may be susceptible to the effects of C3d. 
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Figure 4.2: Assessment of cell viability measured by MTS assay 

Monocytes obtained from circulation (n=8) were exposed to increasing 

concentrations of C3d for 24 hours. 2.5 x 10  cells (50Õl) were added to MTS 

reaction reagent and absorbance read at 490nM ï in line with the manufacturers 

instructions. Statistical analyses were performed using a paired t-test. A p value of 

<0.05 was considered significant.  
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4.3.4 Discussion of impact of C3d on monocyte viability 

Confirmation that treatment with C3d did not affect monocyte viability was imperative 

before proceeding to further ELISA work. Loss of cell viability over 24h may have 

influenced ELISA results potentially leading to false signals that were attributable to 

cell death rather than a true effect of C3d. This was particularly important as this 

project involved the use of monocytes which are known to be highly susceptible to 

apoptosis and cell death(386, 387). 

Previous studies have shown that monocytes are highly vulnerable to genotoxic 

stress. Studies comparing monocyte, monocyte derived macrophages and 

neutrophils have shown impaired DNA repair mechanisms in the former(388). 

Ponath et al have demonstrated that monocytes but not macrophages stimulated by 

PMA undergo apoptosis that is attributable to ROS production and accumulation of 

DNA single strand breaks(389). Monocytes that are stressed or undergoing non-

apoptotic cell death show loss of membrane integrity, disruption of phagolysosomes 

and activation of caspase 2(387). When functionally exhausted, dying monocytes 

down regulate their production of ROS and cytokine responses and thus inclusion of 

large numbers of dying or dead cells in our analyses was likely to skew results. In 

contrast to the propensity of monocytes to undergo cell death, monocyte derived 

macrophages are DNA repair competent and more adept at resisting genotoxic 

stress(389). 

The MTS assays presented here confirm that the viability of monocytes treated for 

24h in the presence of C3d remains similar to untreated cells. The results of these 

MTS assays assured us that monocytes were unlikely to be dying or undergoing 

apoptosis in response to C3d even at higher concentrations.  
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Having established no loss of cell viability we next proceeded to explore whether 

monocyte production of IL-8 changed in response to C3d treatment. 
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4.4 Investigating production of IL-8 by circulating MM monocytes in response 

to C3d 

4.4.1 Background 

IL-8 has been implicated in the development of a vast array of respiratory illnesses 

including AATD(292), COPD(390), CF, asthma(391) and acute respiratory distress 

syndrome (ARDS) attributable to COVID19 respiratory failure(392). Chollet-Martin et 

al (1993) have previously recorded higher levels of IL-8 in the plasma and BAL 

samples of those with ARDS and pneumonia(393). Furthermore they demonstrated 

a correlation between higher airway levels of IL-8, clinical severity and 

mortality(393). Published data from the McElvaney lab has previously shown that 

during the recovery phase of community acquired pneumonia (CAP) glycosylated 

AAT protein binds with greater affinity to circulating IL-8 allowing for more rapid 

resolution of inflammation and clinical recovery. The multi-faceted role that IL-8 plays 

in the pathogenesis of lung disease has prompted intense focus on development of 

IL-8 antagonists as a strategy for disease management(394).  

IL-8 is a secretory product of both monocytes and macrophages and is arguably one 

of the most important cytokines implicated in the pathogenesis of neutrophil driven 

lung diseases such as AATD, COPD and Cystic Fibrosis (CF)(395). The central role 

it plays in disease pathogenesis is attributable to its distinct target specificity for 

neutrophils(394). IL-8 exerts its chemoattract effect by binding with high specificity to 

the receptors CXCR1 and CXCR2 on the surface of neutrophils(396). Production of 

IL-8 by monocytes has previously been shown to be influenced by several different 

components of the inflammatory milieu including TNFŬ, IL-1ɓ and LPS(397).  

Recent evidence suggests that IL-8 release from epithelial cells(398) and 

eosinophils(398) can be augmented by exposure to the complement fragment C3a 
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and IL-18. Binding of C3a to its target receptor C3AR1 has been implicated in 

neutrophil  chemotaxis(399), degranulation(400), superoxide anion production, and 

bacterial opsonization. Like C3d, C3a is a complement fragment and is one of the 

main cleavage products of C3. The observation that the complement fragment C3a 

enhances IL-8 production in other cell types prompted us to investigate whether 

comparable effects might be observed following the treatment of monocytes with 

C3d.  

Despite initial results demonstrating a lack of IL-8 production by U937 cells in 

response to low concentrations of C3d, we rationalised that in view of the critical role 

IL-8 plays in driving lung diseases, establishing whether C3d induced IL-8 production 

by circulating monocytes was a clinically important question.  

 

4.4.2 Monocyte treatment with C3d and recovery of supernatants 

Monocytes from healthy MM individuals were isolated as described in Chapter Two. 

1x 106 cells were seeded to each culture well and incubated in the presence of C3d 

at 0, 5, 10 or 20ug/ml. As preliminary experiments using U937 cells were showed no 

significant effect of C3d on IL-8 production up to a concentration of 10µg/ml the 

range of treatment dosage was expanded to include samples incubated with 

20µg/ml. Monocytes treated with LPS were included as a positive control in view of 

previous observations that monocytes stimulated with LPS  produce IL-8(401). Cells 

were treated for 24 hours, centrifuged and the supernatants aspirated. Supernatants 

were stored at -80°C for use in subsequent ELISAs. 
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4.4.3 Summary of Results 

ELISA results presented in Figure 4.3 show levels of IL-8 detectable in the 

supernatants of all reactions, n=5. Monocytes in culture for 24h have previously been 

shown to release IL-8(402),  accounting for the levels of IL-8 seen in the 

supernatants of untreated cells.  

Monocytes treated with increasing concentrations of C3d, ranging from 5-20µg/ml, 

demonstrated a trend towards increased IL-8 production, but this did not reach 

significance (p= 0.7302 at 5µg/ml, p=0.0834 at 20µg/ml).  Monocytes treated with 

LPS (1µg/ml) showed a significant increase in keeping with published data(299) 

(p=0.0199). 
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Figure 4.3 Measurement of IL-8 production by healthy control monocytes in 

response to treatment with C3d by ELISA. 

There was no significant increase in IL-8 levels across all concentrations of C3d 

examined. Treatment of monocytes with LPS resulted in a significant increase in the 

levels of IL-8 detectable in supernatants (p<0.05). Analyses were performed using a 

one-way ANOVA and Dunnetts multiple comparison test. 
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4.4.4 Discussion of the effect of C3d on IL-8 production by MM monocytes 

At the time of these experiments, we were attempting to generate hypotheses that 

might help guide the direction of the project. As the foundational work done 

published by OôBrien et al had identified high levels of C3d in ZZ AATD, the intention 

behind these experiments was to investigate first for an effect in healthy MM controls 

before expanding to include patient samples.  As previously alluded to, IL-8 was a 

compelling target for this study in view of the well described role it plays in AAT lung 

disease.  

The results obtained did not demonstrate a significant increase in IL-8 production by 

MM monocytes exposed to C3d. This early finding prompted us to pause and 

refocus attention on ascertaining what kind of cytokine profile was likely to be 

produced by monocytes in response to an inflammatory trigger. As the profile of 

cytokines elaborated by monocytes is extensive, we aimed to identify a subset of 

cytokines to target for measurement by ELISA. We determined that the ideal 

approach to help guide the project direction would be to examine supernatants of 

cells treated with C3d for multiple cytokines, simultaneously. If this could be 

achieved, we could then identify target analytes for measurement by ELISA that 

were of particular relevance in AATD. It was in this context was we next applied the 

supernatants of untreated and cells treated with 10µg/ml of C3d to cytokine array 

membranes (Ray Biotech).  
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4.5 Profiling the cytokine response of monocytes to C3d using cytokine array 

membranes 

4.5.1 Background 

In order to identify suitable targets for suture ELISA work we first required an 

overview of the type of cytokine response monocytes were likely to generate when 

exposed to C3d.The relatively new science of ósecretomicsô has focused on 

developing methods that allow for simultaneous detection of cytokines, proteins, 

extra cellular matrix proteins and growth factors encoded within the genome of 

different cells types. Exploring relative expression of each set of molecules offers 

unique opportunities to understand molecular interactions between cells. Historically, 

simultaneous measurement of multiple cytokines has been performed using SDS 

PAGE coupled with mass spectrometry(403). Other techniques described in the 

literature include the used of microsphere-based immunoassays and flow 

cytometry(404). Though effective even when low sample volumes are used, both 

strategies are labour intensive and demand proficiency to ensure reliability and 

reproducibility of results.  

Recent advances in miniaturisastion, fluidics and lithography have led to the 

development of commercially available multiplexed arrays for the simultaneous 

measurement of multiple cytokines. During array manufacturing, photolithography is 

used to print capture antibodies directly on to the surface of an array 

membrane(405). In a manner analogous to an ELISA, samples and paired 

biotinylated detect antibodies and streptavidin HRP are then added generating spots 

of signal on the membrane that correspond to different analytes. Comparisons 

between samples can then be performed using densitometry which allows semi-

quantitative comparisons between various cytokines.  
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In view of the technical simplicity of array membranes, commercial availability, and 

the capacity to rapidly perform a large-scale assessment of protein expression, we 

decided to apply supernatants from monocytes treated with C3d to array 

membranes. The aim of this experiment was to achieve an overview of the C3d 

monocyte cytokine response in order to focus future ELISA work. 

 

4.5.2 Methods 

These experiments were performed using the RayBio C-Series Human Cytokine 

Antibody Array. This array can be used for the semi-quantitative detection of up to 

174 human proteins in cell culture supernatants and other liquid samples. As 

described in Chapter Two monocytes were isolated from the circulation of people 

with ZZ AATD and healthy MM controls. Monocyte isolation was performed using the 

EasySep CD14 selection kit without CD16 depletion. 1x106 cells were seeded to 

culture wells and treated with C3d at a concentration of 10µg/ml.  Supernatants were 

then harvested and applied to the membrane as per the manufacturerôs instructions. 

The density of each cytokine spot present on the membrane was measured using 

Lab Image software and background signal form negative controls subtracted to give 

the mean volume density. Positive reference spots on each membrane were used to 

normalise signal response and allow comparisons of results across multiple arrays.  

 

4.5.3 Summary of Cytokine Array Results 

Supernatants of monocytes treated with C3d and untreated monocytes contained 

detectable levels of CD14, MMP-9, MMP-13, TGF alpha, TGF beta, Fas ligand 

(n=3).  
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Signal for TGF alpha, ICAM2, CXCL-16 and IL-9 were found to have the highest 

levels of expression in both treated and untreated monocyte supernatants. No 

significant differences were detected between groups for these 3 cytokines and 

chemokines. 

 A trend towards reduction in TGFŬ and CD14 was observed but neither result was 

statistically significant (p values 0.4576 and 0.4869 respectively). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

248 
 

A. Untreated Monocytes                  B. Monocytes with C3d 10µg/ml x 24hrs 

 

 

C. 

 

Figure 4.4 Cytokine expression by MM monocytes in response to C3d 

assessed by cytokine array membranes and densitometry. 

Panel A and B show array membranes from untreated monocyte supernatants and 

those exposed to C3d at a concentration of 10µg/ml. Panel C depicts results of 

densitometry analysis. Treatment with C3d correlated with trend towards decreased 

production of TGFŬ and CD14 that was not statistically significant. Statistical 

analysis was performed using a one way analysis of variance (ANOVA). n=3. 
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4.5.4 Discussion of cytokine array results 

These experiments demonstrate the usefulness and limitations of antibody arrays for 

the analysis of multiple cytokines and proteins. Arrays can detect very low levels of a 

target analyte and combines the specificity of ELISAs with the sensitivity of 

chemiluminescence assays(406). The limitations of arrays are articulated by Tutinen 

et al (2004) who note that the although relative levels of cytokine expression 

correlate well with actual levels quantified by ELISA, the relationship between 

chemiluminescent signal and quantity is not linear(407). For this reason, despite the 

cytokine arrays used in these experiments working well to demonstrate the profile of 

cytokines and proteins generated by monocytes in response to C3d further 

experiments confirming the results were necessary.   

As the arrays generated a large amount of data, we needed to identify which outputs 

were likely to be of relevance to this project. For example, though high levels of 

transforming growth factor alpha (TGF-Ŭ) were detectable in treated and untreated 

monocyte supernatants, a review of the literature suggested that TGF alpha may not 

be the most relevant to a project focusing on elucidating the mechanisms underlying 

the pathogenesis of AATD lung disease. TGF alpha is a member of the epidermal 

growth factor family and acts as a mitogenic polypeptide. Published data has linked 

TGF alpha to the development of gastric and intestinal metaplasia(408) , tumour 

development(409) and congenital abnormalities such as cleft palate(410). Out of the 

results presented here we decided to pursue further investigation of the monocyte 

surface marker CD14 and the matrix metalloproteinase MMP-9. 

As discussed in Chapter One CD14 is an LPS co-receptor expressed on the surface 

of monocytes(411). As the samples used here are monocyte supernatants, the CD14 

identified by the array represents soluble CD14. sCD14 can be generated via a 
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number of mechanisms including cleavage from the cell surface(412), release of 

intracellular stores(169) or de novo protein synthesis(413). Increased levels of 

sCD14 have been shown to associated with decreased lung function in healthy 

agricultural workers. Stratification of this cohort by an underlying diagnosis of COPD 

and smoking history confirmed that high levels of sCD14 (>median plasma values) 

were associated with lower lung function amongst ever smokers with COPD(414). 

Detection of higher levels of sCD14 by the arrays as shown here, may also reflect, 

cleavage of mCD14 raising the possibility of al shift in the phenotype of monocytes in 

response to C3d.  

Within monocytes high levels of CD14 expression are used to identify the classical 

and intermediate subsets(329). Maintaining the proportional representation of each 

subset is of clinical important a shift in the balance between monocyte subsets has 

been demonstrated in several disease states. Changes in COPD monocytes suggest 

that monocytes in those with more severe disease express a phenotype that primes 

them towards mobilisation to the lungs(164). Cornwell et al (2018) have previously 

shown increased numbers of classical (CD14++) monocytes in the circulation of 

those with advanced disease(164). Additional expression of the chemokine receptor 

CCR2, which is restricted to CMs facilitates recruitment of CD14++ monocytes to the 

site of tissue injury where differentiation into alveolar macrophages occurs(160).  

This creates a bias towards a destructive pro inflammatory phenotype. Misharin et al 

(2017) have demonstrated similar findings in patients with idiopathic pulmonary 

fibrosis and showed that CD14++ classical monocyte counts are predictive of 

mortality in IPF(415). Considering these observations, we decided to confirm this 

result using an ELISA for CD14.  
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The second chosen target for measurement by ELISA was MMP-9. Though 

expression of MMP-9 did not change significantly based on array results, an 

extensive evidence based has linked MMP-9 to the development of lung disease.  

Furthermore, the number presented here is low (n=3) and also does not involve the 

use of supernatants taken from ZZ monocytes. Thus, whilst the array results are 

informative and facilitate the generation of hypotheses, they should not be viewed as 

gold standard test for measuring the cytokine response by monocytes to C3d.  

As discussed in chapter one, the MMPs represent a family of 25 different secreted 

and membrane bound enzymes that are zinc and calcium dependent(416). 

Collectively, MMPs can degrade most components of the extra cellular matrix. In 

addition to proteolysis, MMPs contribute to the regulation of many non-ECM proteins 

including cytokines, chemokines, other MMPs and serine proteinase inhibitors(417, 

418). MMPs regulate both physiological and pathological processes. Under 

homeostatic conditions MMPs play a role in normal embryogenesis(419), bone 

development(420) and angiogenesis(421).  

Matrix Metalloprotease 9 (MMP-9) is a 92kDa type 4 collagenase produced by 

monocytes and macrophages amongst other cells types(224)-. MMP-9 is released 

as a pro-form and following release to the extra cellular milieu is activated by 

proteases such as NE(412). The array membrane used in these experiments is 

known to detect the pro-form and active MMP-9. Together with NE, MMP-9 controls 

neutrophil migration across the basement membrane (BM)- a process that is 

dependent on degradation of BM constituents(422).Wells et al (2018) have 

previously shown that elevated plasma levels of MMP-9 were associated with 

increased risk of COPD exacerbations in 2 large COPD cohort trials(423). Omachi 

and colleagues (2011) demonstrated a similar finding in those with COPD 
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attributable to AATD. They identified plasma levels of MMP-9 as being predictive of 

worsening lung density (p=0.003) and increased exacerbation frequency (p=0.003). 

If C3d does indeed alter MMP-9 production by monocytes in the circulation and 

airways it may prove to be a useful biomarker to identify high risk patients with a 

frequent exacerbation phenotype. This is of particular relevance in COPD where 

exacerbation frequency is a predictor of mortality(424).In light of these observations 

we felt further exploration of a link between C3d and MMP production by both MM 

and ZZ monocytes merited further investigation. 

Our next aim was to explore using ELISAs whether treatment of MM and ZZ 

monocytes altered production of sCD14 and MMP-9.  
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4.6 Measurement of CD14 production by MM compared to ZZ monocytes in 

response to C3d 

4.6.1 Background 

In the human circulation at least 3 monocyte subsets are identifiable by their relative 

expression of the surface markers CD14 and CD16(164). Delineation of subset type 

is important as published data suggests that each subset displays a different 

behaviour and function as reviewed in the introduction chapter and summarised in 

Table 1.1. Both classical (CM) and intermediate monocyte (IM) subsets are known to 

express high levels of the LPS co-receptor CD14 on their surface (CM >> IM). 

Cluster of differentiation 14 (mCD14) is a glycolipid anchored glycoprotein found on 

the surface of cells of myelomonocyte lineage including monocytes, macrophages 

and select populations of granulocytes(168). CD14 lacks both a transmembrane and 

intracellular domain. As such it relies on forming a complex between 

lipopolysaccharide binding protein (LBP) and Toll-like receptor 4 (TLR4) to initiate 

cell signalling(425). LBP targets LPS aggregates and presents LPS monomers to 

CD14. Once complexed to TLR4, a number of intracellular signalling events are 

triggered including activation of the NF-ẶB pathway with resultant cytokine 

production(426). CD14 also recognises peptidoglycan from gram positive cells and 

binds to apoptotic cells to induce phagocytosis(427). 

In addition to mCD14 two other forms of soluble CD14 (sCD14) are detectable in 

serum. sCD14 is generated via cleavage of mCD14 by serine proteases such as 

NE(412) or following release form intracellular monocyte stores(428). Following 

monocyte activation, mCD14 decreases and sCD14 increases(429). Shive and 

colleagues (2015) have previously identified levels of sCD14 as a surrogate marker 
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of monocyte activation(429). They demonstrated that in addition to LPS, flagellin and 

CpG oligodeoxynucleotides, IL-6 and IL-1ɓ can all increase production of sCD14. 

The results of cytokine array experiments suggested that C3d may alter the 

expression sCD14 by monocytes. We hypothesised that C3d may induce monocyte 

activation and subsequent alterations in the expression of sCD14.  

 

4.6.2 Methods: ELISA for CD14 

Monocytes obtained for use in this experiment were isolated using the EasySep 

Monocyte CD14 kit without CD16 depletion. This negative selection kit isolated cells 

that express both CD14 and CD16 and thus is more representative of a spread of 

monocyte populations. Monocytes were treated with C3d as described in Chapter 

Two: Materials and Methods. Following treatment, supernatants were recovered and 

stored at -80°C for future use. Supernatants were run in duplicate and CD14 

concentration determined by interpolation from a standard curve as presented in 

Chapter Two. 

ELISAs for CD14 using a pre-coated plate (Abcam SimpleStep ELISA kit). Our 

analyte in this case was CD14 in monocyte supernatants and thus represented 

levels of soluble CD14 only.  

 

4.6.3 Summary of CD14 ELISA results 

Increased levels of CD14 were detectable in the supernatants of monocytes treated 

with C3d at a concentration of 40µg/ml and those treated with LPS at a concentration 

of 100ng/ml.  A trend towards an increase was seen in cells treated with 20µg/ml but 

the result did not achieve significance within or between MM and ZZ groups. Of note 
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these levels of C3d are comparable to levels measured by OôBrien and colleagues in 

BAL samples of individuals with ZZ AATD. 
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Figure 4.5: ELISA for sCD14 in the supernatants of monocytes treated with 

C3d. 

Treatment with 40 µg/ml C3d correlated with significant increases in levels of sCD14 

detectable in monocyte supernatants in both groups. No significant differences were 

identified between MM and ZZ groups. N=4 subjects per group examined. Statistical 

analyses were performed using a paired t-test (within groups) and ANOVA (between 

MM and ZZ groups). A p value <0.05 was considered significant.  
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4.6.4 Overview of effect of C3d on sCD14 production by ZZ and MM monocytes 

The observation that C3d increased the levels of sCD14 in these experiments is of 

interest for several reasons. High levels of sCD14 have previously been shown to 

confer LPS responsiveness to cells that are not otherwise known to react to LPS 

thereby driving a dysregulated inflammatory response(430, 431). The origin of the 

sCD14 seen here is not entirely clear. Previous studies have confirmed that CD14 

can be cleaved from the monocyte surface via serine and cysteine proteases. 

Studies of monocyte phenotypes in autoimmune hepatitis and pancreatitis have 

demonstrated a role for the MMP ADAM17 in mediating cleavage of surface bound 

CD14(432). Waller et al (2019) have previously reported that shedding of CD14 and 

CD16 from the surface of TNFŬ activated monocytes can be inhibited by TMI005 

which acts to inhibit the action of ADAM17. This is notable as AAT is also known to 

inhibit the actions of both TNFŬ and ADAM17(433). As AATD represents a state of 

relative protease abundance, we hypothesised that if protease mediated cleavage is 

entirely responsible for the effect shown here, differences between MM and ZZ 

groups would have been more readily apparent.  An alternative explanation for the 

source of sCD14 presented here is the release of intracellular stores of CD14. 

Studies using confocal microscopy have previously identified large intracellular 

stores of CD14 in monocytes suggesting biologic plausibility(169). 

In view of the capacity of sCD14 to confer LPS responsiveness to adjacent cells, it 

raises the question of whether the increase in sCD14 attributable to treatment with 

C3d is convert a non-classical ópatrollingô CD14-/CD16++ monocyte towards an LPS 

response intermediate or classical phenotype. The phenomenon of monocyte subset 

switching has previously been described in mice and humans(434).  If this were to 
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prove to be the case, the finding is of relevance in AATD as this pro-inflammatory 

phenotype switch is potentially remediable with the administration of AAT 

augmentation therapy. AAT has previously been shown to reduce CD14 and TLR4 

expression in monocytes treated with LPS suggesting that AAT may play a role in 

preventing excessive monocyte activation(166). 

Having confirmed that C3d appears to alter monocyte expression of CD14 we next 

proceeded to evaluate whether C3d altered the expression of MMP-9. To assess 

this, we performed an ELISA for MMP-9 on the supernatants of MM and ZZ 

monocytes treated with C3d.  
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4.7 ELISA for MMP-9 in the supernatants of monocytes treated with C3d 

4.7.1 Background 

Results of cytokine arrays suggest that monocytes in culture for 24h secrete MMP-9. 

Although only a trend towards change was noted between untreated monocytes and 

those treated with C3d it was decided that in view of the established link between 

MMP-9 and lung disease, further experiments would be undertaken to investigate 

the interplay between C3d and monocyte production of MMP-9. Of note, despite its 

inclusion on the array, MMP-9 (also known as gelatinase B) is not a cytokine. It is a 

member of the MMP family (discussed in detail in Chapter One: Introduction). Its 

substrate base is broad and includes type IV, V, VII, X and XIV collagen, gelatin, 

elastin, pro-MMP-9 and -13(435). 

Examining the interplay between C3d and metalloproteases is of value as MMPs are 

known to contribute to the pathogenesis of emphysema through both direct and 

indirect mechanisms(436, 437). MMP-9 is of particular interest as it has been shown 

to propagate inflammation within the lungs through degradation of the extra cellular 

matrix, neutrophil chemotaxis and augmentation of the inflammatory response(224). 

Each of these features taken individually are key components of an acute 

exacerbation of COPD (AECOPD). Wells and colleagues (2018) have previously 

shown that elevated plasma levels of MMP-9 are independently associated with the 

risk of exacerbation in COPD(423). The importance of this observation cannot be 

underscored enough as the frequency of exacerbations is now recognised to be a 

stronger predictor of mortality in COPD than lung function as measured by 

FEV1(424).  
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OôBrien and colleagues have previously correlated increased levels of C3d with the 

severity of emphysema in AATD(78). Production of MMP-9 by monocytes is well 

described and has been previously shown to be enhanced by TNFŬ(212) a known 

driver of disease pathogenesis in AATD and COPD(433). We questioned whether 

C3d might be influencing monocyte production of MMP-9 in a similar way and 

elected to proceed with ELISAs for MMP-9 in the supernatants of C3d treated MM 

and ZZ monocytes. 

 

4.7.2 Methods: Measuring MMP-9 in monocyte supernatants 

ELISAs for MMP-9 were performed using the MMP-9 Duoset ELISA kit from R&D 

systems. In view of the well-recognised propensity for monocytes to produce large 

amounts of MMP-9 we performed several preliminary runs to ascertain the optimal 

dilution factor. All supernatants were diluted 1/200 in reagent diluent to ensure final 

absorbance readings fell within the range of the standard curve. As per the 

manufacturerôs instructions, all incubation steps were performed at room 

temperature and 3 sequential washes using PBS Tween (0.05%v/v) were performed 

between addition of antibodies, samples, streptavidin and TMB substrate.  

 

4.7.3 Summary of MMP-9 ELISA results 

Results of ELISAs for MMP-9 confirmed an increase in MMP-9 production by 

monocytes in response to C3d.  

Higher levels of MMP-9 were detectable in untreated ZZ monocytes compared to 

MM control cells (p=0.0270).  Within the MM group, treatment with C3d at a 

concentration of 20µg/ml significantly increased production of MMP-9 (p=0.0270). At 
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the same concentration, production of MMP-9 by ZZ monocytes showed a trend 

towards increased MMP-9 production but this result did not achieve significance.  

Both groups demonstrated a significant increase in detectable levels of MMP-9 at a 

concentration of 40µg/ml.  LPS was use as a positive control (1µg/ml) and increased 

MMP-9 production significantly in both groups.  
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Figure 4.6: ELISA for MMP-9 in the supernatants of monocytes treated with 

C3d. 

Treatment with 40 µg/ml C3d resulted in significant increases in levels of MMP-9 

detectable in monocyte supernatants in both MM healthy control and ZZ ïAATD 

patients. N=6 subjects per group examined. Changes within groups were tested for 

significance using a paired t-test. Comparison between means of MM and ZZ groups 

was performed using a one way ANOVA, 
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4.7.4 Implications of results 

Results shown here suggest that monocytes exposed to C3d produce increased 

levels of MMP-9. This is notable as AAT has previously been recognised as a 

substrate of MMP-9. Using a mouse model Liu et al (2000) showed that MMP-9 

amplifies the protease effects of NE by inactivating AAT(438). 

The role MMP- 9 plays in driving inflammation has been studied across a range of 

diseases. Within the lungs MMP-9 has been conclusively linked to the development 

of emphysema. Multiple studies have linked higher circulating levels of MMP-9 to 

worsening lung function and increased exacerbation frequency in COPD. As lung 

function and exacerbation frequency are recognised predictors of mortality in COPD, 

exploring factors driving increases in MMP-9 are necessary to fully understand 

disease pathogenesis. 

Omachi and colleagues have previously examined the role of MMP-9 as a predictor 

of outcomes in AATD(223). They examined data from patients with the PiZ and null 

AAT mutations who were not on augmentation therapy. They found higher levels of 

plasma MMP-9 correlated with more severe airflow obstruction and impairment of 

gas exchange as measured by DLCO.  In longitudinal analyses they found that 

increases in MMP-9 predicted further declines in DLCO underscoring its usefulness 

as a biomarker of lung disease. Furthermore, longitudinal observations persisted 

after having corrected for total white cell count and C- reactive protein (CRP). This 

suggests that the predictive value of MMP-9 is not merely reflective of its role as a 

non-specific marker of inflammation. 
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Production of MMP-9 by monocytes and macrophages is well described. Lu and 

Wahl (2005) have previously demonstrated that activation of monocytes following 

exposure to LPS, stimulates production of MMP-9 via activation of the NF-KB 

pathway(217). Other pro inflammatory stimuli such as TNF alpha also enhances 

MMP-9 production via the prostaglandin E2 pathway(218). The observation that C3d 

increases MMP-9 production suggests that C3d activates monocytes. The signalling 

mechanisms underlying this activation are at present, unclear. 

Identification of MMP-9 as a product of C3d treatment of monocytes prompted 

further interest in exploring what other proteases may be produced by monocytes 

exposed to C3d. Published studies provide  a wealth of insight into the role 

neutrophil derived proteases play in the progression of lung disease in MM COPD 

and also COPD occurring in the context of ZZ AATD. Comparably little has been 

written about the contribution monocytes make to the protease burden in lung 

disease. To clarify this, we decided to run repeat array experiments with some 

alterations to the protocol. We identified a protease array membrane (R&D Systems) 

capable of simultaneous detection of 36 proteases. We next proceeded to use this to 

get an overview of the protease response produced by both MM and ZZ monocytes 

in response to C3d.  
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4.8 Profiling the protease response of MM and ZZ monocytes to C3d using 

protease array membranes  

4.8.1 Background 

Proteases within the lung play key roles in health and disease. Several different 

types of proteases have previously been found to be detectable in BAL samples from 

human lungs. Broadly speaking proteases cleave proteins into polypeptides or amino 

acids. Sub types of proteases are identifiable by the expression of different catalytic 

residues.  The 4 groups or ósuperfamiliesô of proteases categorised to date are the 

serine proteases, cysteine proteases, metalloproteases and aspartic acid 

proteases(197). Further detail on the role of proteases in health and disease is 

provided in Chapter One. 

 Under homeostatic conditions proteases are necessary to regulate tissue 

regeneration and repair. However, diseases such as AATD and CF reflect an 

imbalance between protease and anti-protease activity. The former is characterised 

by low circulating levels of the serpin inhibitor AAT, permitting unfettered action of 

proteases such as NE that degrade the extra cellular matrix. In CF thick, tenacious 

mucus within the airways perpetuates cycles of infection and inflammation.  

Production of cytokines such as the neutrophil chemoattractant IL-8 facilitates 

neutrophil recruitment to the lung(198). The cell population within epithelial lining 

fluid (ELF) becomes dominated by neutrophils (70% vs 1% in HC lungs(199)). Once 

activated, neutrophils produce proteases at a rate that exceeds the anti-protease 

capacity of available anti-proteases propagating tissue damage.  

Unpublished data from the McElvaney lab has previously shown that C3d binding to 

the surface of ZZ neutrophil membranes correlates with increased release of primary 

(BPI), secondary (hCAP-18) and tertiary (MMP-9) granule products. This suggests 
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that C3d may play a role in the pathogenesis of ZZ AATD via the generation or 

secretion of excess proteases. The cytoplasm of neutrophils is densely packed with 

granules that act as reservoirs for membrane bound proteins, bactericidal and 

proteolytic enzymes(439). This unique feature of neutrophil biology means they are 

uniquely suited to rapid degranulation with release of proteases. Though monocytes 

have historically been referred to as óagranulocytesô the name is a misnomer as the 

cytoplasm of monocytes is known to possess fine granules(125). In a manner similar 

to the primary granules of neutrophils, monocyte granules take up the Azure A stain 

and store lysomal enzymes such as MPO(125). Monocytes have been shown to 

retain the capability of augmenting production of granule proteins via novel protein 

synthesis(440). This later feature is lost in mature neutrophils.  

Given the importance of proteases in disease progression in AATD and in the 

context of the observations of the neutrophil protease response to C3d, we elected 

to examine whether a similar effect may be seen in monocytes. As we had 

successfully used cytokine arrays membrane to obtain an overview of the monocyte 

cytokine response to C3d, we decided to use protease array membranes to direct 

protease work. 

 

4.8.2 Principles of protease arrays and methods 

These experiments were performed using the Proteome Profile human protease 

array kit (R&D Systems). Similar to the cytokine array described previously, this 

array membrane consists of nitrocellulose membranes imprinted with capture and 

control anti-bodies for 36 different human proteases.  
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Samples were mixed with the supplied cocktail of biotinylated detection antibodies 

and incubated overnight. Following washing, streptavidin and chemiluminescent 

detection reagents were added.   

Images were obtained on the ChemiDoc and analysed using Image Lab software. A 

transparent protease template was overlayed on the membrane and aligned with 

referenced spots to ensure accurate identification of specific protease signals.  Pixel 

density values were exported to Microsoft excel and the average signal of each pair 

of duplicate spots (representing individual proteases) was determined.  Average 

background signal was calculated as the mean signal from negative controls 

included on the array and subtracted from final values. Positive reference spots 

imprinted on the arrays were used to normalise values to one single array allowing 

comparisons to be made between samples. Supernatants from untreated MM and 

ZZ monocytes were included in these experiments in addition to MM and ZZ 

monocytes treated with C3d.  

 

4.8.3 Results 

Figure 4.7 Panel A shows arrays membranes of untreated MM monocytes cultured 

for 24h. This array demonstrates that monocytes left in culture for 24h produce high 

levels of MMP-9 and Cathepsin S. PR3 and Cathepsin D are also seen with lower 

levels of MMP-1, MMP-12 and Cathepsin X/Z/P.  

Densitometry values from untreated MM and ZZ monocytes supernatants compared 

to supernatants taken from cells treated with C3d. Though raw data suggested a 

trend towards increased expression of MMP12 and PR3 statistical analyses showed 

no significant changes between untreated and treated cells.  
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Of note, high levels of MMP-9 and Cathepsin S were seen in all samples. Mean 

volume density calculated for both exceeded the levels of positive reference controls 

precluding further analyses of these proteases by arrays.  
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Figure 4.7 Densitometry from protease array membranes of  MM and ZZ 

monocytes treated with C3d. 

Densitometry values showed a trend toward increased production of MMP-12, 

Cathepsin D and PR3 in MM and ZZ monocytes treated with C3d that was not 

statistically significant (n=3). Statistical analyses were performed using a one way 

ANOVA. 
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4.8.4 Discussion  

Broadly speaking, these results suggest but do not confirm that monocytes treated 

with C3d produce increased levels of select MMPs 1, 12 and 9, cathepsins and PR3. 

Our interest was piqued by the changes in expression of metalloproteases and PR3. 

Though the change observed in the expression of cathepsins was intriguing, the 

magnitude of change was greatest in a mixed population of Cathepsins (X/Z/P) thus 

the relative contribution of each to this finding was unclear. Though results seen here 

did not achieve statistical significance in our analyses, it is worth noting that the 

concentration of C3d used here (10µg/ml) represents a lower concentration than that 

identified by OôBrien and colleagues in the airways of those with ZZ AATD(78).  

Earlier cytokine arrays had directed our attention towards measuring MMP-9. As 

presented in Figure 4.6 ELISAs for MMP- confirmed increased levels of MMP-9 in 

supernatants of MM and ZZ monocytes treated with C3d (20-40µg/ml).  Though few 

MMPs are expressed constitutively by monocytes, MMP-9 is an exception(441). 

Monocytes are known to possess intracellular stores of MMP-9 that can be rapidly 

mobilised for release upon monocyte activation or differentiation(442). As the MMPs 

have been repeatedly linked to the development of emphysema(378) and are also 

known to recognise AAT as a substrate(378) we were interested to explore what 

other MMPs might be elaborated in response to C3d.  

Reviewing the evidence base, it became apparent that in addition to MMP-9, MMP-

12 has been linked conclusively to the development of emphysema in animal and 

human models(443, 444). AATD is characterised by early onset emphysema that 

displays a basal predominance on CT imaging of the lungs(433). Churg et al (2007) 

have previously demonstrated that administration of IV AAT abrogates the effects of 

cigarette smoke on AMs. Using a mouse model, they showed a dose dependant 
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reduction in MMP-12 and TNFŬ by AMs exposed to smoke and treated with AAT. In 

view of the strong links between MMP-12 and AAT we elected to further explore the 

findings of protease arrays and the role MMP-12 plays in the pathogenesis of AAT 

lung disease. 

In addition to MMP-12 we were also keen to explore whether MMP-1 production was 

altered following treatment with C3d. Though a part of the MMP super family, MMP-1 

differs from MMP-12 and MMP-9 in the specificity of its substrate base. MMP-1 is 

classified as an interstitial collagenase and is capable of degrading Type I, II, III, VII 

and X collagen(378). Increasing levels of MMP-1 within the lungs have previously 

been correlated with advancing GOLD stage of COPD suggesting it may play a role 

in disease progression(445). In view of its clinical relevance we elected to pursue 

further ELISA work quantifying MMP-1 production by monocytes in response to C3d.  

The increase in PR3 demonstrated here is particularly interesting as it represents a 

therapeutic target of AAT augmentation therapy(446). PR3 is known act as an auto 

antigen that drives inflammation in ANCA associated vasculitides such as 

granulomatosis with polyangiitis.  Individuals who are heterozygous for the Z 

mutation have previously been shown to have an increased risk of developing AAVs 

than those without an AAT variant(447).  PR3 is stored in the granules of neutrophils 

and monocytes and has also been localised to the surface to freshly isolated 

unstimulated neutrophils. Indeed, PR3 is the only neutrophil derived protease 

expressed on the membrane under resting conditions and this surface expression 

enables distinction from other serine proteases such as NE and myeloperoxidase 

(MPO). Surface expression of PR3 increases during apoptosis in neutrophils. Within 

neutrophils this process is not dependent on degranulation but rather mobilisation of 

a non-granular pool to the cytoplasmic membrane(448).  



 

272 
 

Surface expression of PR3 by monocytes, in particular the intermediate monocyte 

subset, has previously been described(449). Within neutrophils PR3 translocates to 

the cell surface via an interaction with the glycosylphosphatidylinositol (GPI) linked 

membrane protein CD177. CD177 forms a signalling complex through which 

neutrophils are activated following binding of antibodies to PR3. CD177 is 

conspicuously absent from the surface of monocytes and the exact mechanism 

underlying PR3 expression by monocytes has yet to be fully elucidated(203). 

Clarifying whether C3d was influencing PR3 production by monocytes was deemed 

worthy of interest as it could contribute to expanding our understanding of the 

pathogenesis of lung disease in AATD. 

Unpublished work from the McElvaney lab indicates that exposure of neutrophils to 

C3d results in degranulation of primary and tertiary granules. Results of protease 

array experiments using C3d treated monocyte supernatants, suggested that C3d 

might also influence the production of proteases by monocytes. As alluded to 

previously, both serine and metalloproteases have been linked to the development of 

lung disease in AATD and MM COPD. Thus, further exploration of any link between 

C3d and monocyte production of MMPs and serine proteases such as PR3 merited 

further study. In view of the strong evidence based supporting MMP-12 both as a 

driver of emphysema and a substrate for AAT, we elected to first assess whether 

C3d might alter monocyte production of MMP-12.  
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4.9 ELISA for MMP-12 in supernatants of MM and ZZ monocytes treated with 

C3d 

4.9.1 Background 

Previously published data suggests that both MMP-12 and C3d may serve as useful 

biomarkers of lung disease in MM and ZZ COPD(78, 450). Both have previously 

been positively correlated with the degree of emphysema on CT imaging of the 

lungs. The evidence base supporting MMP-12 as a driver of emphysema and small 

airways disease in COPD is compelling(436, 450) and underscore the need to 

elucidate drivers of MMP-12 production. 

 The catalytic domain of MMP-12 is active across several substrates but arguably, 

one of the most clinically relevant actions of MMP-12 is its effect on elastin. Elastin 

accounts for approximately 2.5% (w/w) of the dry weight of the lungs and is 

distributed extensively throughout the airways(451). MMP-12 driven elastin 

degradation generates elastin fibres that are known to be chemotactic for 

monocytes(452). Monocytes recruited to the lung may persist as airway monocytes 

and undergo differentiation to pulmonary macrophages that have a greater capacity 

for cytokine generation when compared to resident macrophage populations and can 

perpetuate inflammation within the lungs(155).  

Understanding the interplay between C3d and MMP-12 within the lungs of patients 

with ZZ AATD is imperative in view of the availability of therapeutic options such as 

intra venous AAT augmentation for patients with severe emphysema and ZZ 

AATD(453). Churg et al (2007)have previously show that AAT suppresses release of 

TNFŬ and MMP-12 from airway macrophages exposed to cigarette smoke(454).  

Having established through a review of available literature that MMP-12 contributes 

to the development of lung disease in COPD, we proceeded to examine whether 
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C3d may induce production of MMP-12 by monocytes. Monocytes from patients with 

clinically stable ZZ AATD and healthy MM controls were treated with levels of C3d 

comparable to those previously reported by OôBrien et al.(78) Supernatants were 

harvested, and an ELISA performed for MMP-12. 

 

4.9.2 Quantifying MMP-12 in monocyte supernatants: Methods 

Levels of MMP-12 were measured using the Human MMP-12 ELISA kit (Abcam). 

Cells treated with LPS were included as a positive control as published data 

suggests that MMP-12 production by peripheral circulating monocytes is up 

regulated by exposure to LPS 1µg/ml(455). The Abcam kit was specific for human 

MMP-12 and detects both the inactive and active forms of MMP-12. Following 

sequential washing steps as previously described, TMB was added and samples 

were left to incubate for a further 30min in the dark at 37oC prior to the addition of 

stop solution. Absorbance was read at 450nm as per the manufacturerôs instructions. 

 

4.9.3 Results 

MMP-12 was measured in cell supernatants of monocytes treated with C3d (µg/ml) 

and LPS by ELISA (Abcam).  

There was no significant difference in levels between untreated healthy MM controls 

(n=3) and those with clinically stable ZZ AATD (n=3) (p=0.1275, unpaired t-test).  

Treatment with C3d did not increase production of MMP-12. LPS (1µg/ml) increased 

production of MMP-12 significantly in both MM and ZZ groups (p=0.0477 and 

p=0.0134 respectively).  
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Statistical analyses were performed using paired t-tests (within groups) and one way 

ANOVA (between MM and ZZ groups). 
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Figure 4 8: Measurement of MMP-12 production by ELISA following C3d 

treatment of MM monocytes compared to ZZ cells 

Treatment with C3d did not increase production of MMP-12. LPS (1µg/ml) increased 

production of MMP-12 significantly in both MM and ZZ groups (p=0.0477 and 

p=0.0134 respectively).  Statistical analyses were performed using paired t-tests 

(within groups) and one way ANOVA (between MM and ZZ groups). P value <0.05 

denotes statistical significance. 
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4.9.4 Discussion 

Results shown here shown no significant differences in levels of MMP-12 in the 

supernatant of monocytes treated with C3d. Treatment with LPS increased levels of 

MMP-12 significantly in both groups.  Low levels of MMP-12 were detectable in both 

groups measuring <250 pg/ml in both subgroups.  

It is worth noting that monocytes used in these experiments were isolated using the 

Easy Sep monocyte isolation kit (StemCell). This monocyte isolation kit. This kit uses 

tetrameric antibody complexes that recognise CD14 and dextran coated magnetic 

particles to select out cells that preferentially express CD14.Thus the cell population 

obtained preferentially contains classical and intermediate monocytes which are 

heavily involved in antigen presentation, phagocytosis and generating a cytokine 

response to microbial infections. The non-classical subset preferentially express 

CD16 and are involved in complement and Fc mediated phagocytosis, 

transendothelial migration and adhesion. Under representation of this monocyte 

subset in the samples presented here may also be contributing to low levels of MMP-

12 expression seen here. 

Of note, levels of MMP-12 in the ZZ group appeared lower under all treatment 

conditions. Increasing the n number may help to clarify whether this is a true effect 

(p=0.1275, unpaired t-test). A further explanation for the absence of a significant 

increase in MMP-12 expression in response to C3d is that C3d may not directly 

induce expression of MMP-12 by monocytes. To clarify this, we next proceeded to 

measure levels of MMP-12 in the plasma of healthy controls. Individuals with and 

AECOPD and ZZ AATD. 



 

278 
 

 

4.10 Measurement of MMP12 in plasma by ELISA 

4.10.1 Background 

Protease array experiments suggested that levels of MMP-12 were increased in the 

supernatants of monocytes exposed to C3d.  This finding was of relevance to this 

study as amongst all of the metalloproteases MMP-12 has been unambiguously 

linked to the development of emphysema and small airway remodelling that 

characterises COPD(456). Currently available data suggests that the collective 

action of NE, MMP-12 and MMP-1 account for much of the elastin and collagen 

degradation that drives the development of emphysema within the lungs(378).  

Hautamaki et al. (1997) demonstrated that MMP-12 knock out mice were resistant to 

the development of cigarette smoke induced emphysema(444). The same group 

also showed that MMP-12 deficient mice failed to recruit macrophages to BAL fluid 

an effect that was overcome with instillation of monocyte chemoattract protein (MCP-

1). This suggests that the MMP-12 may also act as a chemoattractant recruiting 

monocytes and macrophages to the lungs. 

Some authors have hypothesised that MMP-12 is the protease that confers 

elastolytic properties to airway macrophages(443). Previous studies have 

demonstrated that under steady state conditions, MMP-12 expression is low. 

Experiments using electron microscopy (EM) have identified intracellular stores of 

MMP-12 in quiescent macrophages(457). Induction of MMP-12 has been linked to 

TGF-beta and IFN gamma driven Th1 pathway signalling(458). CD8+ lymphocytes 

produce IFN gamma responsive chemokines such as CXCL-9, 10 and 11 which 

interact with the surface chemokine receptor CXCR3 on macrophages to induce 

MMP-12 expression. Moreover, exposure of macrophages to cigarette smoke 
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increases production of MMP-12 via activation of the plasmin/thrombin-proteinase 

(PAR-1) cascade(459). PAR-1 is a serine protease that is susceptible to inhibition by 

AAT. Published data has previously shown that a several MMPs including MMP-12 

are capable of degrading AAT further enhancing the proteolytic activity of proteases 

such as NE and driving emphysema(378).  

ELISAs performed on the supernatants of monocytes treated with C3d showed a 

trend towards increased levels of MMP-12 but did not achieve statistical significance. 

We reasoned that if levels of MMP-12 were detectable in both MM and ZZ plasma, 

this would suggest that stimuli other than C3d were likely to be contributing to 

elevated MMP-12 levels. To this end we first performed an ELISA for MMP-12 in the 

plasma of those with ZZ AATD, inpatients admitted with an AECOPD and healthy 

controls.  

 

4.10.2 Methods 

Levels of MMP-12 were measured using the Human MMP-12 ELISA kit (Abcam) 

designed for the quantitative detection of human MMP-12 in cell culture 

supernatants, plasma and serum samples.  The kit uses the well described principles 

of sandwich ELISA. A mouse monoclonal antibody specific for MMP-12 was pre-

coated onto a 96 well plate. Standards and test samples were added followed by a 

biotinylated detection polyclonal anti-body. An initial test run was performed using 

samples with varying dilution factors (DF) to ascertain the optimal DF for plasma and 

cell supernatants. Following incubation with the secondary anti-body, 3 sequential 

washes were performed, and avidin-biotin peroxidase complex added. Following a 

30 min incubation with ABC unbound conjugates were washed away with TBS wash 

buffer and TMB substrate solution was added and samples were incubated in the 
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dark at 37oC for a further 30 min. During the incubation period TMB was catalysed 

by HRP resulting in the generation of dark blue sample colouration that was 

proportional to the concentration of MMP-12 present in the well. The reaction was 

stopped by adding 2M sulfuric acid and optical density (OD) was recorded at 450nm 

within 30min as per the manufacturerôs instructions. 

Plasma samples were obtained from patients with ZZ AATD attending the outpatient 

respiratory department. MM COPD plasma were obtained from inpatients admitted to 

the respiratory ward of Beaumont hospital with a primary diagnosis of AECOPD.  

Non parametric distribution of data was assumed, and a Kruskal-Wallis test was 

used to evaluate for significant differences between group means. Post hoc testing 

was performed using Dunnôs multiple comparison test. 

 

4.10.3 Results 

Figure 4.8 demonstrates increased levels of MMP-12 in the plasma of those with ZZ 

AATD (n=9) compared to healthy controls (n=5) (p<0.05).  

Levels of MMP-12 in those experiencing an AECOPD (n=9) (phenotype MM) were  

significantly higher than healthy MM controls (p<0.05).  

No significant differences were detectable between those with ZZ AATD and those 

with an AECOPD. 
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Figure 4.9 Levels of MMP-12 in healthy MM, MM with AECOPD and ZZ AATD 

plasma as determined by ELISA.  

Levels of MMP-12 in the plasma of those with ZZ and AECOPD were significantly 

elevated when compared to healthy controls. Levels did not differ significantly 

between ZZs and those with AECOPD (n=9). Statistical analysis was performed 

using a Kruskal Wallis test with post hoc testing using Dunnôs multiple comparison 

test. 
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4.10.4 Discussion 

Results presented here confirm that levels of MMP-12 are comparably increased in 

the plasma of those with ZZ AATD and those with MM COPD who are experiencing 

an acute exacerbation. Owing to the cancellation of outpatient clinics attributable to 

the COVID19 pandemic, access to blood samples from patients with stable MM 

COPD was limited. For this reason, samples are not matched. ZZ samples represent 

patients with stable ZZ COPD attending for routine review. MM COPD samples 

presented here were obtained from patients admitted to the hospital with an increase 

in respiratory symptoms attributable to an AECOPD. In view of this we are unable to 

comment on whether the increased levels of MMP-12 in the COPD group are driven 

by the underlying lung disease or are a feature of an acute exacerbation. Data from 

previously published data suggests that increased levels of MMP-12 in plasma 

correlates with disease severity in COPD and is elevated independent of 

exacerbation status.  

Hao et al (2019) have also shown higher levels of MMP-12 and NE in plasma and 

breath exhalate in those with COPD compared to healthy controls. Furthermore, 

identified lower levels of TIMP-4 an endogenous inhibitor of MMP-12 activity in the 

plasma of those with COPD. Levels of MMP-12 gene expression were also noted to 

correlate with lower levels of lung function (FEV1) as measured by pulmonary 

function testing suggesting MMP-12 may function as a biomarker for disease 

severity(450). In addition to plasma MMP-12 levels, Demedts et al (2005) have 

previously compared levels of MMP-12 in the induced sputum of patients with 

COPD, healthy smokers, never smokers and former smokers. They confirmed higher 

levels of enzymatically active MMP-12 in those with stable COPD compared with all 
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other groups studied (17.5 (7.1ï42.1) v 6.7 (3.9ï10.4) v 4.2 (2.4ï11.3) v 6.1 (4.5ï

7.6) ng/ml, p = 0.0002)(460).   

Results of MMP-12 ELISAs on monocyte supernatants combined with the findings 

presented above, suggests that stimuli other than C3d are responsible for elevated 

levels of MMP-12 detectable in plasma. Having confirmed that an interaction 

between monocytes and C3d was unlikely to be driving an increase in MMP-12 we 

next turned our attention to evaluating whether C3d may increase monocyte 

production of MMP-1. 
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4.11 ELISA for MMP-1 in monocyte supernatants 

4.11.1 Background 

MMP-1 also known as collagenase 1, is classified as an interstitial collagenase. It 

has a molecular weight of 41 kDa and displays activity against Type I, II, III, VII and 

X collagen in addition to pro-MMP-9 and pro-MMP-2 within the lungs(378). MMP-1 is 

expressed by type II pneumocytes, alveolar macrophages and bronchial epithelial 

cells(461). It has previously been shown to be robustly expressed in several 

pathologies affecting the lungs. Studies examining the role that MMP-1 plays in lung 

diseases were slower to emerge than those that focused on elastolytic MMPs such 

as MMP-12. This is likely attributable to early iterations of the protease-anti protease 

hypothesis emphasising elastin degradation. Elastin, once degraded is not capable 

of self-renewal and loss of long tissue attributable to elastin loss is irrevocable(462). 

Whilst collagen loss within the lung is undoubtedly detrimental to function, collagen 

fibres secreted into the extra cellular space are capable of organisation into collagen 

fibrils allowing for repair of tissue damage acquired through the loss of 

collagen(463). 

Whilst the role of MMP-1 played as a driver of lung disease was once considered 

ambiguous, an emerging evidence base has clarified how it may contribute to 

worsening emphysema. Dôarmiento et al (1992)demonstrated early onset 

emphysema in MMP-1 transgenic mice in the absence of smoke exposure(464). In 

human studies, increased expression of MMP1 has been linked to progression 

through the GOLD stages which is used in clinical practice to guide therapy and 

prognosticate in COPD(445).  Within AATD, Stockley and colleagues have 

previously shown that polymorphisms in genes encoding MMP-1 and MMP-3 are 

associated with gas transfer abnormalities as measured by the diffusion capacity of 
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carbon monoxide (DLCO)(453). This is an important observation when considering 

the development of therapeutics targeting MMPs. 

In order to determine whether C3d might be influencing the production of MMP-1 by 

monocytes we proceeded to perform an ELISA for MMP-1 in the supernatants of MM 

and ZZ monocytes treated with C3d. 

 

4.11.2 Methods 

Monocytes were isolated and treated with C3d as described in Chapter Two: 

Materials and Methods. Following treatment for 24 h, supernatants were recovered 

and stored at -80°C. Samples were left to thaw at room temperature on the bench 

and then placed on ice. ELISAs for MMP-1 were performed using the ELISA MMP-1 

Duoset from R&D Systems (DY901). Briefly, capture antibody was diluted to the 

concentration specified on the product datasheet and added to a 96 well plate. This 

was left to incubate overnight at room temperature with gentle rocking. Wells were 

washed and blocked with 1% (w/v) BSA in PBS for 1h. Further washes were 

performed, and samples added. These were left to incubate for 2h at room 

temperature. The plate was washed (x3), streptavidin HRP was added and left in the 

dark for 30min. Repeat washes were performed (x3) and 100µl of substrate solution 

added before covering the plate in tinfoil. Samples were checked every 10min and 

left for a total of 45min before stop solution was added to prevent any further 

reaction. Absorbance was read at 450nm on the Spectramax M3 (Molecular 

Devices, USA).  Duplicate readings of standards were averaged, and the ózeroô 

reading subtracted to eliminate background signal. Values obtained were used to 

generate a seven-point standard curve using. GraphPad Prism software. 

Concentrations of MMP-1 present were determined by interpolation from the 
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standard curve. Statistical analyses were performed using a one way ANOVA and 

students t-test. A p value <0.05 was considered significant. 

 

4.11.3 Results 

Results showed no significant increase or decrease in levels of MMP-1 between 

untreated monocytes and those treated with C3d. 

 Production of MMP-1 did increase significantly in response To LPS (100ng/ml) in 

line with findings from previously published studies(465). 
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Figure 4.10: Measurement by ELISA of MMP-1 in the supernatants of 

monocytes treated with increasing concentrations of C3d for 24 hours. 

MM and ZZ monocytes treated with C3d showed no significant increase in MMP-1 

production.  Levels of MMP-1 were significantly elevated in samples taken from 

monocytes treated with LPS (100ng/ml) (p=0.0247). Production of MMP-1 between 

groups did not differ significantly. Statistical analyses were performed using an 

ANOVA and students t-test. P<0.05 was considered statistically significant. 
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4.11.4 Conclusion 

Numerous studies have linked MMPs to the development of an assortment of lung 

diseases involving the airways, alveolar and interstitial spaces. COPD occurring 

within or without the context of AATD causes changes in each of these structural 

compartments of the lung. Thus, interest in exploring a relationship between MMP-1 

production and C3d is of interest to this study.  

ELISA results presented here suggest that C3d does not significantly alter the 

production of the interstitial collagenase MMP-1. The significant result achieved in 

response to LPS indicates that the positive control worked adequately and is in 

keeping with previously published studies(465).   

The majority of MMPs are not constitutively expressed and cellular activation is 

required for gene transcription and subsequent MMP production(441).  Studies using 

qRT PCR  have previously demonstrated very low levels of basal MMP-1 expression 

by monocytes and macrophages(214). Gosselink et al (2010) have previously shown 

increased expression of MMP-1 mRNA within the lung parenchyma with stage 

progression in COPD though the magnitude of change was small(445).  Up 

regulation can be induced by prolonged culture(410), activation in response to a pro-

inflammatory trigger or differentiation into a monocyte derived macrophage(436). 

 Activation of monocytes by other complement fragments including the anaphylatoxin 

C5a has previously been described(466). Okusawa et al have previously shown that 

binding of C5a to the monocyte surface increases production of TNFŬ and IL-1ɓ in a 

dose dependant manner(466).  Though further up titration of the concentration of 

C3d used for these experiments was technically feasible, 40µg/ml represents the 

upper limit of the concentration of C3d measured by OôBrien et al in the airways of 

those with ZZ AATD. Even if further increases did elicit a significant effect, the 
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clinical applicability of these results would be questionable at supra physiological 

concentrations of C3d. 

It is notable that levels of MMP-1 across all samples presented here are Low 

measuring <250pg/ml even in positive controls. This likely reflects low constitutive 

levels of expression and minimal and a lack of intracellular stores of MMP-1 in 

monocytes(442). It is noteworthy that of the 23 MMPs identified to date only MMP-9 

and MMP-8 have been identified as being stored intracellularly. This helps to explain 

the magnitude of difference between MMP-1 and MMP-9 levels observed during this 

work package.  

Having ascertained that C3d did not appear to alter production of MMP-1 by 

monocytes, we next proceeded to measure levels of PR3 in the supernatants of 

monocytes treated with C3d. 

. 
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4.12 ELISA for PR3 in the extracellular supernatants of MM and ZZ monocytes 

treated with C3d 

4.12.1 Introduction 

Results from protease array membrane work suggests that exposure to C3d 

correlates with an increase in PR3 detectable in monocyte supernatants. As alluded 

to previously, though array membranes are useful tools for generating hypotheses, 

changes in the chemiluminescent signal identified by arrays does have a linear 

relationship with signal quantification determined by ELISA(407). Thus, results of 

protease array analyses, should not be considered in isolation. Following analysis of 

array results we next proceeded to perform an ELISA for PR3 in the supernatants of 

C3d treated MM and ZZ monocytes.  

Proteinase 3 (PR3) is a pleiotropic and destructive serine protease enzyme encoded 

by the PRTN3 gene. It is one of four serine protease homologs known to be 

contained within the azurophilic granules of neutrophils and monocytes(467, 468). 

Synthesised as a pro-form, cleavage of the terminal dipeptide by lysosomal cysteine 

exopeptidase dipeptidylpeptidase results in the generation of enzymatically active 

PR3(469).  As per the manufacturerôs information, the R&D human protease arrays 

used as part of this work detect only the active form of PR3.  

The substrate profile of PR3 is broad and includes multiple components of the 

extracellular matrix including elastin, fibronectin, laminin, vitronectin, and collagen 

types I, III, and IV (in vitro). Kao and colleagues (1988) have previously shown that 

intratracheal injection of PR3 accelerates loss of lung tissue resulting in emphysema 

in a hamster model(468). In addition to proteolysis, PR3 is known to induce 

apoptosis in endothelial cells(470) and proliferation of granulopoietic progenitor 

cells(471). PR3 also plays a role in regulating the inflammatory response via 
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cytokine activation, processing of cytokine binding proteins  and amplifying 

chemokine activity(467). PR3 has been shown to cleave the pro-forms of TNF 

alpha(472) and pro IL-8(473) perpetuating the inflammatory response.  

Both PR3 and C3d have been linked to the development of emphysema. PR3 is 

known to accelerate the loss of lung tissue directly via degradation of the ECM. The 

role of C3d is less clear. Possible mechanisms include an indirect effect via ongoing 

activation of the complement cascade or through a direct effect of C3d on monocyte 

causing activation. Further exploring the relationship between C3d and PR3 is 

reasonable as it may help to further explain the link between C3d and emphysema in 

AATD.  

 

4.12.2 Methods: Quantifying PR3 in C3d treated monocyte supernatants 

Monocytes were isolated and treated as outlined in Chapter Two: Materials and 

Methods. Once supernatants were recovered, they were stored as -80° until ready 

for use in ELISA experiments. ELISA for PR3 was performed using an ELISA kit for 

human PR3 (abcam ab226902). This kit allows for quantification of PR3 using the 

well described principles of sandwich ELISA. The abcam kit detects PR3 over a 

range of concentrations (1.2-150ng/ml). The concentrations of PR3 in samples were 

measured in duplicate, concentrations interpolated from the standard curve (shown 

in Chapter Two) and corrected for sample dilution factor. 
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4.12.3 Results 

Levels of PR3 detected in untreated MM and ZZ monocyte supernatants did not 

differ significantly though a trend towards increased PR3 production was observed in 

ZZ samples. 

Levels of PR3 detected in ZZ monocytes treated with C3d at a concentration of 

20µg/ml were significantly higher than levels measured in healthy MM controls 

((p=0.011). 

Treatment with C3d at a concentration of 40µg/ml significantly increased production 

of PR3 by both MM and ZZ monocytes (p= 0.0469, p= 0.076 respectively). 
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Figure 4.11: Measurement of PR3 production by ELISA in MM versus ZZ 

monocytes 

PR3 was measured in cell supernatants of untreated cells or monocytes treated with 

C3d (20 or 40 µg/ml) by ELISA (Abcam). Within both groups there was a significant 

increase in PR3 detectable in the supernatants recovered from monocytes treated 

with C3d at a concentration of 20 µg/ml and 40µg/ml respectively. Statistical 

analyses were performed using an ANOVA and unpaired t-test. P value of <0.05 was 

considered statistically significant. N=5 subjects per group. 
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4.12.4 Discussion 

Results presented here indicate that monocytes exposed to C3d produce increased 

levels of PR3. ZZ monocytes treated with C3d at a concentration of 20µg/ml 

produced significantly higher levels of PR3 when compared to MM monocytes 

exposed at the same concentration of C3d. OôBrien and colleagues have previously 

identified C3d as biomarker of a dysregulated complement response in the absence 

of a protective effect of AAT(78). The results of this experiment would suggest that 

C3d may also contribute to the inflammatory milieu seen in both MM and ZZ COPD 

via a direct effect on monocytes causing release of PR3 

As such PR3 activity is classically described in the context of neutrophil activation 

and degranulation. Its broad substrate base and ability to activate TNFŬ and IL-

1ɓ(474) render it a compelling target for therapeutics aimed at slowing the 

progression of neutrophil driven lung diseases. Sinden and colleagues have 

previously studied levels of PR3 in the sputum of those with ZZ AATD and COPD in 

the stable state and during exacerbations(446). They found higher levels of PR3 in 

those with ZZATD compared with COPD when clinically stable. They also identified 

increased levels of PR3 activity during acute exacerbations (p=0.037) that correlated 

with markers of neutrophilic inflammation suggesting a role for PR3 in the 

pathophysiology of acute and chronic disease states. 

 Work by Stockley et al has previously shown that AAT augmentation reduces the 

ófootprintô of PR3 in vivo. They developed an ELISA specific for the PR3 fibrinogen 

cleavage site AŬ-Val. Their data demonstrated greater differential activity of PR3 

than NE and suggests greater potential for PR3 versus NE mediated destruction of 

the ECM. AŬ-Val correlated with the severity of lung disease and decreased 

significantly in response to augmentation therapy (reduction 287.2 to 48.6nM, 
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p<0.001)(475). Given the availability of therapies targeting PR3, elucidating the 

mechanisms of PR3 production by other cell types including monocytes within the 

circulation and the airways is imperative.  

Within monocytes, upregulation of PR3 expression at the gene level has previously 

been described in Cystic fibrosis and ANCA associated vasculitidies. Just and 

colleagues (1999) found increased gene expression of PR3 mRNA in monocytes but 

not in neutrophils of individuals with CF(202). Interestingly, this effect was abrogated 

by treatment with antibiotics and suppression of bacterial load within the airways. 

These findings highlight a potential role for monocyte driven inflammation via PR3 

production in CF(202). Ohlsson et al showed increased levels of PR3 mRNA in 

individuals with ANCA -associated systemic vasculitides (AASVs)(467). AASVs are 

chronic diseases that are characterised by inflammation within blood vessels. 

Though few genetic polymorphisms have been identified as correlating with the 

development of AASVs, the exception is the PiZ mutation seen in AATD(476). 

Detection of the PiZ mutation is associated with disease progression and worse 

prognosis compared to MM cohorts with AASVs(476).  

Data presented in chapter one confirms that all 3 populations of monocytes can be 

identified in the airways. Furthermore, we have shown that CR2 is identifiable on 

intermediate and non- classical subsets in addition to alveolar macrophages.  This 

raises the question of whether C3d may have a similar direct effect on airway 

monocytes and monocytes Derived AMs. Understanding the direct effects of C3d on 

monocytes, as demonstrated here allows us to further unravel the nuances of 

disease pathogenesis in AATD. 
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4.13 General Discussion  

The purpose of this study is to elucidate the effects of the complement fragment C3d 

on monocytes in AATD. Published data from the McElvaney lab identified AAT as a 

binding partner of the C3d parent protein C3(78). C3d is a cleavage product of C3 

generated by sequential cleavage of C3 by proteases, most notable the serine 

proteases(477). Qualitative or quantitative deficiencies of the serine protease 

inhibitor AAT prevents binding of AAT to C3 and subsequent complement activation. 

Increased levels of the complement fragment C3d in the plasma and BAL samples of 

individuals with ZZ AATD points towards sustained complement activation in 

AATD(78).  

Data presented in chapter once established the existence of a receptor for C3d CR2 

on the surface of monocytes in the circulation and within the airways.  Having 

demonstrated the existence of a signalling axis for C3d in monocytes, this chapter 

focuses on determining what the downstream effects of an increase in circulating 

C3d on monocytes may have in AATD. Monocytes are a heterogenous and plastic 

cell population. Much is still being learned about monocyte ontogeny and factors 

influencing phenotype and function(478). Increasing recognition is been given to the 

importance of distinguishing between the role of difference monocyte subsets and 

factors influencing the balance of subsets in the circulation and airways(155, 479). 

Monocytes in AATD are known to be intrinsically primed to generate an excessive 

cytokine response to pro-inflammatory stimuli such as LPS. Carroll and colleagues 

demonstrated that ZZ monocytes exposed to bacterial LPS produce increased levels 

of the pro-inflammatory cytokines IL-6 and IL-8 which may contribute to the 

inflammatory phenotype seen in AATD(299). One of the aims of this chapter was to 

ascertain what kind of cytokine profile might they elaborate in response to C3d. Of 
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further interest to this study was the question of whether C3d prompted a 

degranulation response in MM and ZZ monocytes. Unpublished data from our lab 

has shown that exposing ZZ neutrophils to C3d bolsters degranulation as evidenced 

by increased products of primary, secondary, and tertiary granule proteins detectable 

in supernatants of treated cells. This prompted us to question whether a similar 

effect might be observed in ZZ monocytes.  

Preliminary experiments for this work package were performed on U937 cells. As 

previously discussed, whilst U937 cells are useful models of monocyte function key 

structural differences render them more like developing bone marrow monoblasts 

that the heterogenous population of circulating monocytes(480). U937 work was 

used to build technical familiarity and to refine our cell treatment and ELISA 

protocols. In view of prior work by Carroll et al demonstrating increased IL-8 

response of monocytes in AATD and the role IL-8 is known to play in driving 

inflammation seen in a host of lung pathologies including CAP, AATD(292), COPD 

and ARDS(393) IL-8 was chosen as our cytokine of interest. Results of U937 cell line 

work suggested no increase in IL-8 production in the presence of C3d. Review of the 

raw data however suggested an upward trend in cells treated with a concentration of 

5µg/ml and above. In recognition of this we decided to amend our treatment protocol 

to include a range of concentrations that better reflected the concentrations of C3d in 

the circulation and airways of those with ZZ AATD as previously reported by OôBrien 

and colleagues.  

Before endeavouring to determine what, is any effects C3d may be having on 

monocytes we first need to ascertain whether C3d was toxic to monocytes obtained 

from the circulation. As we intended on using comparatively high concentrations 

relative to what had been used in the cell line work, confirming no loss of monocyte 
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viability was imperative. Spontaneous apoptosis is well described in monocytes in 

the absence of obvious stimuli(383). This underscored the need for performing a 

viability assay in advance of treating monocytes isolated from circulation. 

Fortunately, MTS assays confirmed that C3d was not causing cell loss and we 

proceeded with cell treatment with higher concentrations of C3d.  

The first block of work with monocytes involved the use of healthy control cells only. 

MM monocytes were isolated from the circulation of healthy controls and treated with 

increasing concentrations of C3d. The highest C3d concentration used in this early 

block of work was C3d 20µg/ml. Results showed no increase in the levels of IL-8 

detectable in MM monocyte supernatants but again an upward trend was observed 

with increasing concentrations. The broad evidence supporting a role for IL-8 in lung 

disease made it a compelling target for ELISAs as part of this project. However, early 

on we recognised that the capacity of monocytes to generate a cytokine response is 

prolific. In recognition of this we saw the need to begin these experiments by 

endeavouring to get an unbiased overview of what kind of cytokine profile monocytes 

were likely to exhibit in response to C3d. As alluded to previously for reasons of 

practicality we proceeded to use a cytokine array membrane to gain insights that 

would help direct future ELISA work. 

Cytokine array membranes generated a considerable amount of data and was useful 

as they suggested differing cytokine responses between untreated monocytes and 

those exposed to C3d. The challenge then became identifying which results merited 

further investigation with ELISA. Though other cytokines such as TGF alpha were 

noted to be present in higher quantities, the magnitude of difference between treated 

and untreated membranes was amongst the highest for the LPS co-receptor CD14. 

CD14 was of interest to us in this study from the outset as the relative expression of 
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surface CD14 and the Fc receptor CD16 define each monocyte subset. Much 

attention has been given in recent years to examining alterations in the proportional 

representation of different monocyte subsets in disease states- most notably 

COPD(164). It is noteworthy that both the cytokine array membranes and ELISAs 

presented here detect soluble CD14. Previously published studies have identified 

elevated levels of sCD14 as a marker of monocyte activation(429). High levels of 

sCD14 have also been shown to influence the phenotype and function of adjacent 

cells conferring LPS responsiveness to other cells not otherwise primed to respond 

to LPS(430). sCD14 is known to be generated via several mechanisms including 

cleavage of surface bound mCD14 by serine proteases and release of intracellular 

stores(481). We hypothesised that high levels of sCD14 may indicate a shift in the 

balance of monocyte subsets either through release of intracellular stores of CD14 or 

cleavage from the membrane of activate monocytes. This hypothesis combined with 

observations from Stolk et al (2019) who found a reduction in the numbers of IM and 

NC monocytes in ZZ AATD prompted us to further explore whether C3d may be 

contributing to this effect via influencing expression of sCD14. ELISAs of 

supernatants taken from monocytes treated C3d at a concentration of 20µg/ml had 

increased levels of sCD14 compared to untreated samples. Further work using multi 

colour flow cytometry and whole blood would be needed to clarify whether this effect 

causes a switch in monocyte subsets in MM and ZZ subsets.  

Cytokine array analysis also suggested changes in levels of MMP-9 in monocytes 

treated with C3d. Whilst MMP-9 is not technically considered as a cytokine this 

finding prompted our curiosity about whether C3d may trigger degranulation by 

monocytes as it has previously been shown to cause in neutrophils. As previously 

discussed, the MMPs are a superfamily of 23 proteases capable of degrading a 
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diverse range of substrates such as collagens, elastin, fibronectin, laminin, and 

several heparin and proteoglycans(461). Collectively these proteins form the ECM of 

lung tissue. Loss of ECM components such as elastin and collagens seen in disease 

such as COPD(482). MMP-9 has been extensively linked to emphysema(461) and 

thus was identified as our next target for quantification by ELISA. 

Results of MMP-9 ELISAs suggest that C3d may play a role in monocyte activation 

with resultant increases in MMP-9 production.  Despite a compelling evidence base 

confirming MMP-9 as driver of lung disease, a causative role for MMP-9 in AATD 

has not been established. Despite this, understanding what drives the production of 

MMP-9 by monocytes is important if the pathogenesis of the disease is to be fully 

elucidated. It is well established that MMP-9 functions to degrade BM type IV 

collagen, elastin and other structural proteins that are necessary to support the 

integrity of the lung parenchyma(483). In addition to its role as a protease, MMP-9 is 

known to potentiate the chemotactic activity of IL-8 for neutrophils 10-fold(484). The 

observation that ZZ monocytes produced more MMP-9 than MM cells is also of 

interest as MMP-9 is known to degrade AAT leaving the lungs susceptible to the 

unfettered actions of proteases. Increased levels of C3d and MMP-9 have both 

previously been correlated with worse emphysema and lower diffusion capacity of 

the lungs in ZZ AATD(78). Data presented here suggests a relationship between 

both and an insight into a yet unexplored mechanism of emphysema pathogenesis in 

AATD. 

The results of experiments examining the link between C3d and MMP-9 increased 

our interest in further exploring the relationship between monocytes and the 

production of proteases. Whilst researching the utility and efficacy of cytokine arrays 

we identified that a similar version was also available through R&D systems that 
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could measure several proteases simultaneously. Inspired by the differences 

previously seen between MM and ZZ neutrophils we decided to apply both MM and 

ZZ monocyte supernatants to protease array membranes and see if we could 

discern any obvious differences that would inform what analytes were measured 

during the course of ELISA protease work. Broadly speaking, the protease array 

membrane showed differences in differential expression of cathepsins and MMPs 

between untreated and treated MM and ZZ monocytes.  

Though results achieved with protease array membranes did not achieve statistical 

significance an upward trend in MMP-1 and MMP-12 production was observed in 

monocytes treated with C3d at a concentration lower than that previously identified in 

the airways of those with ZZ AATD(78). Previously published studies have implicated 

both MMP-1 and 12 in the development of emphysema in COPD.  MMP-12 has been 

particularly well studied as a driver of lung disease with a wealth of animal and 

human studies confirming its link to emphysema. To confirm that MMP-12 was 

indeed likely to be a contributor to driving inflammation in ZZ AATD and COPD we 

performed ELISAs for MMP-12 on the plasma of healthy controls, patients with 

clinically stable ZZ AATD and inpatients admitted with an acute exacerbation Of 

COPD. We identified significantly increased levels of MMP-12 in the plasma of those 

with AECOPD and ZZ AATD when compared with healthy controls. This confirmed 

to us that pursuing further ELISA work examining MMP-12 was of merit. Subsequent 

ELISAs for MMP-12 and later, MMP-1 showed no significant increase in production 

of either MMP in response to C3d. The increased expression on MMP-12 in both 

patient groups indications that stimuli other than C3d was causing its production. 

Returning to the results of the protease arrays, we proceeded to ELISAs aimed at 

measuring levels of PR3 in MM and ZZ monocytes treated with C3d. PR3 has been 
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studies extensively in AATD and presented as a natural target of interest for this 

project. Though frequently studied in neutrophils, published data suggests 

upregulation of PR3 by monocytes in other destructive lung diseases such as 

CF(202). Studies of sputum samples taken from those with MM COPD, ZZ COPD 

and healthy controls show increased levels of PR3 in the sputa of those with ZZ 

AATD and an acute exacerbation(446). PR3 activity can be reduced by AAT(475). In 

view of the clinical importance of PR3 as a driver of inflammation in COPD and itôs 

use as a therapeutic target of AAT we were interested on further examining the 

interplay between monocytes, C3d and PR3 levels. Results of ELISAs showed a 

significant increase in the levels of PR3 from monocytes treated with C3d. Baseline 

levels of PR3 were also noted to be higher in ZZ AATD than MM controls.  

Collectively, these results suggest that C3d is likely to play a role in creating an 

inflammatory milieu that favours destruction of the ECM and development of 

clinically apparent lung disease. OôBrien and colleagues have previously identified 

increased levels of C3d in the plasma and airways of those with ZZ AATD(78). 

Moreover, this increased levels of C3d correlated with the severity of emphysema. 

We hypothesise that increased availability of circulating C3d in AATD allows for 

binding of C3d to CR2, activation of monocytes and release of proteases that favour 

the development of emphysema. C3d also influences release of sCD14 by 

monocytes. It is unclear whether this alters the phenotype and balance of monocyte 

subsets in ZZ AATD. Further work using multi colour flow cytometry may help 

address this question in future. This will be addressed further in Chapter 5: 

Discussion and future directions.  
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5.1 Summary 

This project has focused on establishing the effects of the complement fragment C3d 

on monocyte function with particular reference to monocyte function in AATD. 

OôBrien et al (2020) identified AAT as a novel binding partner of the complement 

protein C3(78). Furthermore, they showed increased levels of the complement 

fragment C3d in plasma and airway samples of those with ZZ AATD compared to 

clinically stable MM COPD and HCs. As C3d is not produced by spontaneous 

hydrolysis of its parent protein C3 in plasma, elevated levels reflect dysregulated 

activation of the complement system in AATD(78). Clinically, higher levels of C3d 

have been shown to correlate with worsening radiographic evidence of emphysema 

and a decline in lung function as assessed by FEV1, in AATD(78). High levels of 

C3d within the glomerulus of the kidney are a predictor of poor outcome in AAVs 

which have known to have a higher incidence in ZZ AATD compared to MM 

controls(79, 175).   

Until recently, much of the published research on AATD has focused on the role 

neutrophils play in driving disease pathogenesis. The early ubiquity of the protease 

anti-protease hypothesis focused many studies on lymphocyte subsets such as 

neutrophils that are known to produce large amounts of proteases in response to 

activation(485). However, increasing recognition of the role of AAT as an 

immunomodulator, has broadened the scope of research in this field, to include 

monocytes and monocyte derive macrophages which are known to produce 

cytokines in response to pro-inflammatory stimuli such as LPS, TNFŬ and IFNɔ(121, 

299, 486). 

Our interest in examining the effect of C3d in ZZ AATD monocytes and 

macrophages was prompted by the previously discussed work of OôBrien et al 
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(2020)(78), and others, who had examined monocyte behaviour in AATD. Carroll et 

al (2016) showed that monocytes in AATD are programmed to generate an 

excessive cytokine response following exposure to a pro-inflammatory trigger(299). 

As alluded to in chapter one, the authors attributed this effect to activation of an ER 

stress response known as the UPR(299). We hypothesised that C3d may act as an 

inflammatory trigger of ZZ monocytes, resulting in an excessive cytokine response 

upon stimulation. Of note, Carroll et al., used a CD14 positive selection kit to isolate 

monocytes used in their work. Thus, it is likely that their observations were made in 

CMs and IMs which are known to express CD14 strongly. Stolk et al (2019) have 

also previously reported on monocyte behaviour in AATD. They showed that the 

proportional representation of different monocyte subsets in the circulation is altered 

in ZZ AATD(142). Much debate has been had over the role different monocyte 

subsets play in health and disease(121, 155, 479). Published data suggests that 

changes in the proportional representation of subsets portends a poor prognosis for 

diseases such as RA that are characterised by dysregulated inflammation(138). 

Using multi colour flow cytometry Stolk et al (2019) identified lower levels of IMs and 

near absence of NCMs in patients with ZZ AATD. Current consensus is that  NCMs 

and IMs participate in surveillance of the vascular endothelium and the generation of 

cytokines(121). CMs are producers of the pro inflammatory cytokines IL-6 and IL-8 

and are recruited to the lungs to repopulate the airways with monocyte derived AMs 

as resident AMs are consumed as part of an inflammatory response to infection or 

injury(155). The demonstration by Stolk et al., (2019) of a relative abundance of ZZ 

CMs, a subset that has been shown to be intrinsically programmed to generate 

excessive cytokines in response to a pro-inflammatory trigger(299), led us to 

question the effect that C3d may have on monocyte behaviour in AATD.  
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Of further interest to us were prior observations that monocytes and macrophages 

are innately programmed to respond to stimulation with complement proteins and 

fragments. Both cell types play a critical role in generating innate and adaptive 

immune responses. Reflecting on this, they possess an extensive variety of 

complement receptors on their surface and are susceptible to activation by 

complement proteins and fragments liberated as part of the complement 

cascade(361, 487).  Early experiments performed as part of this project were 

informed by prior work by Fee (2019) examining the interaction between complement 

fragment C3d and neutrophils. Fee demonstrated a receptor for C3d (CR2/CD21) on 

the surface of circulating neutrophils(188). They showed that C3d binding to the 

surface to the neutrophil resulted in increased production of the chemoattractant IL-

8. Furthermore, increased levels of primary, secondary and tertiary granule proteins 

were detectable in neutrophils treated with C3d. This suggested a novel mechanism 

whereby C3d may directly contribute to disease pathogenesis in AATD. We 

hypothesised that monocytes and macrophages may also respond directly to 

stimulation with C3d via the generation of cytokines and proteases.  

Work presented as part of chapter 3 was focused on establishing the existence of a 

signalling axis for C3d in monocytes. Results demonstrate for the first time that the 

only known receptor for C3d, CR2/CD21 is present on the surface of monocytes in 

the circulation and the airways(248). Furthermore, we have identified high levels of 

CR2 expression on alveolar macrophages from the airways where concentrations of 

C3d are known to be highest. 

 Results presented in chapter 4 explore some of the effects of C3d on the production 

of cytokines and proteases by ZZ and MM monocytes. Our results suggest that 

stimulation with C3d causes an increase in secretion of MMP-9 and PR3 across both 
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sub-groups. MMP-9 and PR3 are both known to play a role in the loss of lung ECM 

causing emphysema. We have also shown increased production of sCD14 by both 

ZZ and MM monocytes treated with C3d. The mechanisms underlying this effect, 

and the consequences for proportional representation of monocyte subsets in AATD, 

remains to be clarified.  

Collectively, these results allow for the generation of hypotheses that may inform 

future work. Key results will be reviewed here, and future directions discussed. 
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5.2 Establishing a signalling axis for C3d  

5.2.1 Observations from cell line work 

All experiments performed as part of this study, with the exception of multi colour 

flow cytometry were initially performed on a monocyte-like cell line (U937 cells). As 

alluded to previously, U937 cells are malignant cells capable of rapid proliferation but 

at the expense of phenotypic diversity(311). For reasons related to the considerable 

phenotypic and functional differences between monocytes and U937 cells, results 

obtained from U937 were from the outset, unlikely to be directly applicable to 

circulating monocytes. Despite these limitations, experiments with U937 cells were 

crucial to the overall success of this project. The use of U937 cells permitted 

refinement of the techniques of FACS, ELISA and qRT PCR. 

Some important observations were made during cell line work. Results presented in 

Chapter Three confirm that under our experimental conditions (10min treatment, in 

the absence of protease inhibitors prior to fixation with PFA) surface expression of 

CR2 by U937 cells exposed to LPS, TNFŬ, IL-1ɓ or C3d did not change significantly. 

It is possible that this finding is attributable to an insufficient treatment period being 

used in these early experiments. Previously published data confirms that exposure to 

LPS can increase U937 production of the complement proteins C3 and C4 in a time 

dependent fashion(306)Tsukamoto et al (1992) have shown this effect peaks at 

between 48 and 72 h(488). Our treatment protocol was modelled on similar 

experiments examining CR2 expression by neutrophils. As part of a PhD thesis Fee 

had shown that a 10min treatment of neutrophils with IL-8 and TNF-Ŭ (p=0.0123) 

increased surface expression of CR2 in a manner comparable to that seen with 

PMA(188). It is probable that given the considerable structural and functional 
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differences between neutrophils and U937 cells, our selected treatment protocol was 

unlikely to succeed in replicating the findings of Fee using neutrophils. 

Despite the absence of a response to our pro-inflammatory stimuli, in a manner 

similar to Fee we identified that stimulation of U937 cells with PMA did significantly 

increase surface expression of CR2.  PMA is frequently used to induce differentiation 

of U937 cells from a monocyte to a macrophage-like phenotype(489). Though 

treatment with PMA cannot be considered a physiological stimulus, it prompted us to 

question whether CR2 might also be detectable on pulmonary macrophages and laid 

the foundation for the design of multi colour flow cytometry experiments. 

 

5.2.2 Confirming CR2 expression by circulating MM and ZZ monocytes 

As discussed in chapter one, monocytes play an important role in innate and 

adaptive immunity(121). Monocytes contribute to immunity via the processes of 

phagocytosis, antigen presentation and production of cytokines(479, 489). Many of 

the functions of monocytes and monocytes derived macrophages depend upon 

appropriate, sequential activation of the complement cascade. Opsonisation by 

complement fragments facilitates antigen presentation and phagocytosis(147). In 

view of the shared role monocytes and complement play in immunity, it is perhaps 

unsurprising that monocytes are known to express several receptors for complement 

proteins and fragments(182, 327, 361). It is notable however, that the existence of 

the receptor for C3d, CR2, has not been conclusively shown in monocytes. In 1983 

Inada et al., showed that RBCs coated with C3d could form rosettes with monocytes 

in a time dependent fashion(255). However, it was not until 2 years later that Lida 

described the C3d receptor as CR2(248). 
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Since early descriptions of CR2, the relationship between C3d and CR2/CD21 has 

been described at length(490). Though other complement proteins and fragments 

are capable of binding multiple receptors, CR2 is the only known receptor for C3d. In 

view of this, we reasoned that if we could definitively identify CR2 in circulating 

monocytes, this would confirm a signalling axis for C3d in monocytes. To ensure the 

validity of our findings we determined to identify CR2 at a number of levels including 

gene expression, whole cell protein and surface expression. 

Results presented in chapter 3 demonstrate expression of CR2 at both gene and 

protein levels. Difficulty achieving RNA of sufficient purity for our analyses 

necessitated switching from the trizol reagent method to the use of RNA columns to 

recover RNA from monocytes (both described in chapter 2, materials and methods). 

This allowed us to show that monocytes expressed a gene for CR2 and legitimised 

the decision to proceed with examining monocytes for protein expression. qRTPCR 

is a reliable technique but as an alternative approach weopted to confirm our results 

using DNA agarose gel electropharesis(46). Results of qRT-PCR showed no 

significant difference in expression of CR2 between MM and ZZ monocytes. If we 

consider this observation in the context of previously discussed work by Inada et al 

(1983), we can infer that the presence of C3d in the extracellular environment is 

unlikely to induce upregulation of CR2 alone. This would account for the absence of 

a significant difference in the levels of gene expression that we observed. ZZ AATD 

is a state of dysregulated complement activation as suggested by higher levels of 

C3d in the plasma and airways of ZZ individuals compared to MM controls(78). 

Despite prolonged exposure of circulating ZZ monocytes to C3d, this does not 

appear to induce the cell to express CR2 to a greater degree than MM controls who 

are not exposed to high levels of C3d in the circulation.   
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 The use of whole cell lysates during western blotting allowed us to examine cells for 

whole cell CR2 protein expression. This was considered important as CR2 

expression is not just restricted to the surface of cells, and intracellular stores of CR2 

have been previously described in B cells and astrocytes amongst other cell 

types(491). Technical challenges encountered with western blotting are outlined in 

chapter 3 and included the need to run samples in the absence of DTT to avoid 

protein denaturing. Results showed a larger than expected band (> 175kDa) at the 

top of the gel where small differences in location of immunobands can reflect large 

differences in molecular weight. Explanations for this unexpected finding may lie in 

technical aspects (misplacement or movement of the protein ladder during image 

acquisition) or reflect intrinsic properties of CR2. Masilamani and colleagues have 

previously shown that CR2 adopts a óstring of beadsô conformation during protein 

unfolding(323). The ladder shown in our image uses standard reference proteins that 

have a globular conformation. This may go some way towards accounting for the 

appearance of CR2 on SDS PAGE. Proteins with different structural conformations 

migrate through a gel at different rates giving a high reading when our óstring-of 

beadsô CR2/CD21 is measured relative to a globular reference ladder. Ling and 

colleagues (1992) previously showed that soluble CR2, in its native state sCR2 

behaved as a complex with a molecular weight of 320kDa(264).   It is therefore 

possible that the immunoband detected in this study is indeed CR2.  

Though not unambiguously clear these findings were thought to be convincing as the 

immunoband detected in monocyte samples was identical to the positive control 

(Raji B cells). Further identification of CR2 on the monocyte surface by FACS 

strengthened our belief that CR2 was indeed present on the surface of circulating 

monocytes. The use of confocal microscopy facilitated direct visualisation of CR2 on 
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monocytes. however, images obtained by confocal microscopy did not allow us to 

localise CR2 to either the surface or intracellular compartments of monocytes.  

 

In addition to identifying CR2 on the surface of monocytes and U937 cells, early 

experiments with FACS were designed to assess whether CR2 surface expression 

may be up regulated by exposure to pro-inflammatory stimuli. Up regulation of 

complement receptors (CR4) has been previously shown to be a feature of activated 

monocytes(492). We elected to treat cells for a limited time (10min) with a variety of 

stimuli but did not find any significant change in expression. As with U937 work, this 

may reflect inadequate treatment time. The finding by Inada that rosetteing between 

C3d coated red blood cells and monocytes increased in a time dependant fashion , 

leads us to further question the shorter treatment period used in this study (255). If 

modifications could be made to this protocol it would include a longer treatment time 

(24 h) and inclusion of a sample exposed to levels of C3d previously measured in 

the airways of patients with ZZ AATD (40µg/ml).  

Having shown that CR2 is expressed by monocytes in the circulation, we focused 

our attention on whether CR2 could be detected on monocytes and macrophages 

within the airways.  

 

5.2.3 Identification of CR2 on lymphocyte subsets in the airways 

Within the lung, different lymphocyte subsets have traditionally been identified using 

histological examination and physical characteristics of cells such as size and 

granularity. Many published studies examining lymphocyte subsets in the airways 

rely principally on light scatter profiles generated during flow cytometry.  These 
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however, can vary substantially depending on cell preparation and disease state. For 

this study we used both the physical characteristics of cells within the airways and 

multiple surface markers to identify various cell types. Our protocol was based 

heavily on the work of Yen et al., who originally published in the ATS journals (282). 

The Yen protocol was selected for usage as it was validated for usage in human 

tissues including BAL, whole bloods and lung tissue). Furthermore, it provided a 

flexible foundation for adding other analyses such as CR2. 

During this study we utilised multi-colour flow cytometry to successfully identify CR2 

on the surface of different lymphocyte subsets including monocytes and alveolar 

macrophages within the airways. Several factors prompted us early on to expand the 

project to include looking at lymphocyte subsets within the airways. OôBrien and 

colleagues had previously shown that levels of C3d were highest in the airways of 

individuals with ZZ AATD(78). Levels were noted to be 4-8 times higher. Moreover, 

foundational experiments using FACs to look for CR2 on the surface of U937 cells 

showed an increase in CR2 expression following treatment with PMA.  Treatment of 

U937 cells with PMA has been shown to activate protein kinase C (PKC) signalling 

altering the expression of multiple genes via transcription factors such as NFẶB and 

activator protein-1 (AP-1)(489). Macrophages are key players in carrying out the 

effector functions of complement. Expression of complement receptors including 

CR1 (CD35), CR3 (CD11b/CD18), and CR4 (CD11c/CD18) by monocytes are 

upregulated during the process of differentiation(360). In light of these observations 

we hypothesised that CR2 expression may be increased on alveolar macrophages 

compared to monocytes in the airways. Of note, though our surface marker panel is 

configured to allow distinction between different macrophage populations (alveolar, 

interstitial associated etc.) it is not designed to differentiate between resident and 



 

314 
 

recruited populations. This will be discussed further in Criticisms and Future 

Directions.  

Our chosen antibody panel and gating strategy is presented in chapter four and is 

adapted from Yen et al., (2016)(282). We are satisfied that this approach is reliable 

and were further reassured by the fact that the authors validated their findings using 

a combination confocal microscopy and cell sorting(282). Over the past number of 

years, significant advances in the development of flow cytometers (and more 

recently again the use of spectral flow cytometry) has allowed facilitated the 

simultaneous measurement of in excess of 100 cell surface markers. The panel 

presented here could be easily adapted to identify other lymphocyte subsets such as 

neutrophils, eosinophils, T cells and natural killer cells within the airways and 

interrogate them for CR2. High levels of C3d in ZZ AATD combined with relatively 

high levels of CR2 expression on alveolar macrophages raises the intriguing 

question of what effect C3d may be having on macrophage behaviour within the 

airways.  

Results presented here confirm that CR2 is detectable on the surface of alveolar 

macrophages and monocyte like cells within the airways. Unfortunately, collection of 

BAL samples for this project was stopped early owing to the global spread of 

COVID19 (discussed further in section 5.4 challenges and criticisms). Results 

presented here do not include ZZ samples and thus we cannot comment on whether 

CR2 expression on lymphocyte subsets differs between MM and ZZ states.  

Having ascertained that CR2 is present on circulating and airway monocytes in 

addition to alveolar macrophages we next moved on to try and establish was effect 

C3d might be having on monocytes.  
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5.3.0 Establishing the effect of C3d on monocyte function 

As discussed previously, Fee et al., has shown that binding of C3d to neutrophils 

increases the release of IL-8 in addition to triggering degranulation(188). A direct 

effect of C3d/CR2 binding has also been repeatedly shown in B cells.  Binding of 

C3d to surface bound CR2 is known to lower the threshold of antigen exposure 

needed for B cell activation up to 10,000 fold(493). This prompted us to question 

what kind of effect C3d signalling through CR2 might have on monocytes in the 

context of AATD, a condition where levels of C3d are known to be elevated. A review 

of the literature confirmed that this research question had not been previously 

addressed.   

Monocytes are well known for their ability to produce an extensive range of cytokines 

in response to pro-inflammatory stimuli. Less studied, though an evolving area of 

interest is the role monocytes play in the pathogenesis of various disease processes 

via the generation of proteases, specifically MMPs(442). Monocyte and macrophage 

derived MMPs have been implicated in the development of a plethora of lung 

diseases affecting both the airways and the interstitium(461). Increased production 

of MMPs has been well described in activated monocytes and monocytes 

undergoing differentiation. Activation of monocyte derived macrophages by TNFŬ or 

LPS is known to induce expression of several MMPs including MMP -9, 1, -3, -7, -10, 

-12, -14 and -25(212, 494). Expression of several MMPs including MMP-8 have been 

shown to be upregulated in monocytes undergoing differentiation to 

macrophages(495). 

As Fee had previously shown that neutrophils exposed to C3d produced increased 

levels of IL-8, this cytokine became our starting point for this work package. Early 
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results showed that U937 cells treated with C3d did not produce significantly 

increased levels of IL-8. LPS was included in these experiments and was found, as 

expected to significantly increase IL-8 production. This negative result raised two 

important questions: whether U937 cells were being treated with a sufficiently high 

concentration of C3d (highest concentration used was 10µg/ml, similar to plasma 

levels measured in ZZ AATD). It also prompted us to question whether C3d may be 

toxic to cells and reducing cell viability. U937 cells are robust malignant cells. By 

contrast, circulating monocytes are extremely sensitive to changes in their micro-

environment and vulnerable to cell death via necrosis or apoptosis. Rapid loss of 

monocyte viability following 12 h exposure to bacteria has been previously described 

in the literature(387). This necessitated the performance of a cell viability assay for 

monocytes treated with C3d. Though several methods of assessing cell viability have 

been described(496), we elected to perform an MTS assay. Concentrations of C3d 

used in experiments assessing monocyte viability reflected concentrations previously 

measured in the plasma and airways of those with ZZ AATD(78). Results of MTS 

assays indicate that C3d does not cause a significant reduction in monocyte viability 

over a 24-h treatment period. Having confirmed this we proceeded to look at the 

downstream effects of C3d on monocyte function. 

As part of this project, we utilised cytokine and protease array membranes to get an 

overview of what, if any effect C3d may have on monocytes. Array membranes are 

useful tools for generating hypotheses as they provide information about relative 

levels of cytokines and proteases simultaneously. Limitations of arrays include the 

fact that they do not reliably quantify the amount of analyte in a sample(407). In 

consideration of this, further exploration of array results was required from the 

outset.  
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Cytokine arrays results of supernatants of monocytes treated with C3d (10µg/ml) and 

untreated monocytes revealed detectable levels of CD14, MMP-9, MMP-13, TGF 

alpha, TGF beta andFas ligand (n=3). Though trends towards increased or 

decreased levels of detectable cytokines were observed between treated and 

untreated samples, results did not achieve statistical significance. In view of this we 

decided to proceed with ELISA work using analytes that were of clinical relevance to 

our project which was focused on elucidating novel mechanisms underlying the 

pathogenesis of AATD.  sCD14 was selected as expression of CD14 by monocytes 

is known to be altered in AATD(142). Levels of sCD14 have also previously been 

shown to correlate with lower lung function in MM COPD(414). MMP-9 was also 

identified as a target of interest as plasma levels of MMP-9 are known to be 

predictive of worsening lung density (p=0.003) and increased exacerbation 

frequency (p=0.003) in COPD in the setting of AATD(223). OôBrien et al (2020) have 

previously shown that levels of C3d in the plasma are reduced following IV AAT 

augmentation therapy. We reasoned that if monocytes exposed to C3d were 

producing excess MMP-9 in ZZ AATD this effect could be abrogated by 

augmentation mitigating the risk of decline in lung density and exacerbation 

frequency. As such, further investigation of the interplay between monocytes, C3d 

and MMP-9 was felt to be justifiable. 

ELISAs for sCD14 confirmed increased levels of sCD14 in the supernatants of MM 

and ZZ monocytes exposed to C3d. It is not clear from these experiments what the 

source of this sCD14 is. High levels of sCD14 can reflect cleavage of mCD14 by 

proteases.  Cleavage of CD14 by NE has been previously described and is thought 

to inhibit LPS mediated monocyte activation(412). Cleavage of surface bound CD14  
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 By MMPs have also been reported. Waller et al (2019) identified that loss of CD14 

from the surface of activated monocytes can be prevented by TMI005 which is 

known to inhibit the MMP ADAM-17(432). An alternative explanation for our findings 

is that higher levels of sCD14 are explainable by release of intracellular sCD14 

stores in response to C3d treatment. Both processes have been previously 

described in activated monocytes(169, 497).  

Further ELISA work also showed a significant increase in MMP-9 production by 

monocytes treated with a concentration of C3d that was comparable to that 

measured by O Brien et al (2020) in the airways of individuals with ZZ AATD. 

Difference in basal rates of MMP-9 production between MM and ZZ groups did not 

differ significantly.  MMP-9 was of particular interest to us owing to its recognised 

ability to amplify the effects of serine proteases such as NE via the inactivation of 

AAT(438). We hypothesise that increased monocyte production of MMP-9 in 

response to C3d may inactivate residual ZZ AAT protein facilitating protease driven 

degradation of the lung ECM.  

Following on from the cytokine array and ELISAs for sCD14 and MMP-9 we next 

turned our attention to protease arrays. Results of protease array analyses did 

identify significant differences between treated and untreated MM and ZZ 

monocytes. Broadly speaking, array results suggested increased levels of select 

MMPs 1, 12 and 9, cathepsins and PR3. In light of our successful experiences with 

MMP-9, and the well-established role of MMP-12 in development of emphysema 

(463) we elected to further explore a link between C3d and monocyte production of 

MMPs over cathepsins. ELISAs for MMP-12 in plasma samples confirmed a 

significant increase in MMP-12 in the plasma of those with ZZ AATD and those with 

an AECOPD (MM) compared to healthy controls. However, we also showed no 
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significant increase in MMP-12 in the supernatants of monocytes treated with C3d. 

This suggests that monocytes are unlikely to be the source of MMP-12 we observed 

in ZZ plasma. 

In addition to its effect on production of MMPs, protease arrays indicated that C3d 

might be increasing the production of the serine protease PR3. Increased monocyte 

production of PR3 has been previously reported in AAVs which are known to have a 

greater incidence in ZZ AATD compared to MM cohorts.(467) PR3 is an important 

target of AAT augmentation and previous studies have shown that AAT can reduce 

the activity of PR3 in vivo(475). PR3 is known to be stored within monocytic 

lysosomes and is released during monocytes activation(498).  ELISAs for PR3 in 

monocyte supernatants showed that treatment with C3d significantly increased 

production of PR3 by both MM and ZZ monocytes. Though a trend towards 

increased basal levels of PR3 was observed in untreated ZZ monocyte 

supernatants, this result did not achieve statistical significance. It is worthy to note 

that cleavage of membrane bound CD14 by other serine proteases such as NE has 

been previously described(412). This raises the possibility that rising levels of PR3 

may be linked to higher levels of sCD14 observed in C3d treated monocyte 

supernatants. 

Interpreted collectively, the results presented here raise the question of whether 

monocytes may be activated by the presence of C3d. Published data has previously 

identified high level of sCD14, MMP-9 and PR3 as markers of monocyte 

activation(212, 498, 499). Further clarity on this point could be achieved by using 

multi colour FACS to look for markers of monocyte activation such as CD62L and 

CD11b on the surface of C3d treated monocytes(500).  
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5.4 Challenges and criticisms 

This project was commenced in July of 2018 and was scheduled to continue sample 

collection and analyses. The unfortunate, but unavoidable global spread of the 

SARS Co-V2 virus meant that the planned schedule for experiments to be untaken 

as part of the final work package from January-July 2020 had to altered substantially. 

In March of 2020, the Irish government announced the closure of all non-essential 

businesses, schools, and universities. This nationwide lock down was undertaken to 

curb the spread of the SARS-CoV-2 virus and mitigate the down-stream effects on 

the healthcare service. As a respiratory Higher specialist trainee (HST) with an 

interest in managing acute respiratory failure, my skill-set was felt to be of use and I 

returned to clinical work from March-June of 2020. Though this period was 

undoubtedly one of the greatest learning experiences of my medical career and 

undertaken without hesitation, it came at the cost of time spent in the lab. I was 

fortunate to be able to return to bench work in June to complete outstanding ELISA 

experiments before a return to full time clinical work in July of 2020.  

 In parallel with this, the cancellation of face to face outpatient clinics and move to an 

online format from May-July further stymied collection of samples. AATD is 

categorised as a rare lung disease. As such, services for patients with AATD from all 

over Ireland are centralised to one tertiary referral centre (Beaumont Hospital). 

Patients seen in the AATD clinic hail from all 26 counties within the republic of 

Ireland and were unable, or understandably reluctant to travel to Dublin as 

restrictions began to ease in the Summer of 2020.  Arising from this, for the recruited 

number of ZZ-AATD patients is low. Nevertheless, we feel that results presented 

here are useful for the purposes of generating hypotheses and may inform future 

research in the area. 
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Regretfully collection of BAL samples ceased completely in March of 2020. 

Bronchoscopy is classified as an aerosol generating procedure (AGP). To continue 

non-essential bronchoscopy, particularly as community transmission of COVID19 

was rising, posed an unacceptable risk to nursing and medical staff and thus sample 

collection had to be terminated prematurely.  The net effect of this was that our n 

number for airway samples was very low (n=3). Interpretation and application of 

these findings is limited for several reasons. Samples used were obtained from 3 

very different patients including a healthy control, a patient with a primary diagnosis 

of airways disease and a patient with a primary diagnosis of interstitial lung disease. 

The low number precludes any comment being made on the variability of CR2 

expression between disease states. Several studies have previously implicated the 

development of the interstitial fibrosis that characterises ILD to the production of 

MMPs by AMs and monocyte derived macrophages within the airways.  

Other challenges encountered included identifying a profile of surface markers that 

would enable us to distinguish different lymphocyte subsets within the airways. 

Several different approaches have been described in the literature(282, 501). Having 

reviewed available data, we opted to follow the approach of Yen and colleagues who 

included surface markers CD45, CD16, CD14, CD169, CD206, CD24 and a 

live/dead stain. This panel was selected as it allowed for clear delineation between 

different lymphocyte subtypes in airways samples. We felt that the inclusion of both 

cell surface markers and data about the physical characteristics of different cell types 

(size, granularity etc.) enabled more accurate identification of subpopulations. This 

approach is also in line with the most up to date literature on distinguishing monocyte 

subsets which was reassuring(479). Yen and colleagues use the term monocytes to 

describe agranular cells (low side scatter) that express CD45, CD16, CD14 +ve and 
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do not express CD206. Some debate has been had about whether monocytes can 

be identified in airway samples or whether such cells are representative of a 

macrophage population. As Yen and colleagues use both surface markers and the 

physical characteristics of cells to identify sub populations, we are confident that use 

of the term monocytes to describe these cells is appropriate. It is worthy of note that 

other published studies have identified similar populations within BAL samples that 

are consistently labelled as monocytes. Gracia et al (2018) identified high levels of 

MMP-10 producing classical monocytes within the airways of children suffering from 

fatal asthma. In addition to CD14/CD16 they used CD68 as monocyte marker(502). 

In a separate study, Byrne et al profiled lymphocyte subsets in whole blood and BAL 

samples from children, adults and adults over the age of 50. They used the surface 

markers HLA-DR, CD45, CD16 and CD16 to identify monocyte subsets in BAL 

samples(503). They showed that the proportions of blood and BAL classical 

monocytes peak in adulthood and decline as part of normal healthy aging. In view of 

established precedent in published literature we are satisfied that our labelling and 

use of the term monocyte to describe CD14/CD16+ve cells is justified. 

Another aspect of our multi colour flow cytometry that may raise questions is the 

decision to use CD206 as a macrophage marker. CD206 has historically been used 

a marker for alternatively activated macrophages (M2)(351). The rationale 

underpinning this theory comes from observations of in vitro studies of macrophage 

behaviour where stimulation with IL-4 or IFNɔ increased or decreased CD206 

respectively(504, 505). Bharat et al (2016) highlight that CD206 is expressed 

uniformly by all tissue macrophages and further validated the approach described by 

Yen and colleagues(506).  CD169 (sialoadhesin, a macrophage adhesion molecule) 

was used to distinguish between alveolar (CD169+) and interstitial associated 
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macrophages (CD169-).  Given the authors validated their macrophage 

characterisation using confocal microscopy, and that CD169 has been used in other 

human studies to distinguish macrophage subsets, we were satisfied that its use as 

part of our panel was valid(282, 501). 

Further complicating this study was an evolving understanding of monocyte 

ontogeny and behaviour. This is an area of study that has evolved considerably over 

the past 10 years. Indeed the first description of IMs in humans was only published 

in 2010(507). Furthermore, many aspects of monocyte behaviour are poorly 

understood, and the immune functions of different subsets remain ill defined. 

Conflicting results in published literature has led to considerable debate regarding 

the functions of specific sub populations(508-511). Recently Mourah et al (March 

2020) described 6 different monocyte subsets in the human circulation. Their 

experimental protocol included 15 surface markers, distinction based on physical 

characteristics such as size and granularity and the nature of the cytokine response 

produced in response to an LPS trigger(479). The authors note that in order to 

facilitate identification of sub population of monocytes, high cell throughout was 

required with analysis of >1 x 106 events during FACS analysis. Monocytes 

represent <10% of the total number of lymphocytes in whole blood(286). 

Consequentially, the study of human monocytes in circulation requires relatively 

large volumes of bloods to be taken during phlebotomy to ensure adequate cell yield. 

Typically, 20ml of whole blood were needed to achieve a monocyte count of 2.5 x 

106 cells.  Replicating Mourahs work and further developing it by probing monocytes 

for CR2 would therefore require very large volumes of blood to ensure that rare cell 

populations could be identified.  
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This challenge was highlighted during our multi colour flow cytometry work with BAL 

samples. CM and NCMs were present in small numbers within our BAL samples. 

Once background signal was eliminated by applying the FMO control the number of 

cells left to interrogate for CR2 was <20 across all subtypes. This emphasises the 

importance of getting a good return and cell yield during BAL if relatively rare cell 

populations are being examined. Despite this we identified three monocyte-like cell 

types in airway samples that phenotypically resemble each of the 3 main monocytes 

in airways. The representation of monocyte subsets in the airways (IM>NCM>CM) 

was the inverse of what is described in the circulation (CM>IM>NCM). This is 

interesting for several reasons. Historically, IM and NCMs are thought not to be 

recruited to the lungs. Recruitment of monocytes from the circulation occurs via 

CCR2, the expression of which is confined to CMs(155). A possible explanation for 

our finding is that once established within the lungs, CMs rapidly differentiate into 

AMs. Monocytes that are not prompted by signals in the microenvironment to 

differentiate to an AM phenotype may instead undergo a slow differentiation into an 

IM and eventually NCM phenotype. This phenomenon is well described in 

monocytes present in the circulation(122). Performing the same panel on a higher 

number of patients with differing diagnoses would also allow assessment of whether 

the proportional representation of each monocyte subsets varies between disease 

states.  

Interpretation of or planning experiments with monocytes should be undertaken with 

adequate consideration given to a rapidly evolving understanding of monocyte 

ontogeny. There are several commercially available kits on the market for isolating 

monocytes from circulation that may preferentially isolate one subset over another. 

In early versions of these experiments, we used the Easy Sep Human CD14 
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selection kit to obtain monocytes. This kit used the principle of positive selection to 

pull monocytes from circulation. Dextran coated nanoparticles label CD14 positive 

cells and a magnet is used to isolate the cells from lymphocytes that do not express 

CD14. Whilst the technical simplicity of this was inherently appealing, we quickly 

realised that to continue to use this approach would sacrifice populations that donôt 

express CD14 as strongly such as IM and NCMs. NCMs which are known to be 

major producers of TNFŬ and increased representation of this subset in circulation 

has been associated with the immunopathogenesis of inflammatory disorders such 

as inflammatory arthritis and sepsis(512).  NCMs also have the longest half- life of all 

the monocyte subsets in the circulation and we were keen that our results would 

incorporate the function of all 3 known human subsets. In consideration of this, we 

switched our isolation protocol and to use the Easy Sep monocyte isolation kit 

without CD16 depletion. This kit works on the principle of negative selection and 

preserves lymphocytes which express CD14 and CD16. This kit was selected for use 

in ELISA experiments as we did not want to restrict our observations to CMs alone. 

As monocytes in the circulation represent a heterogenous cell population we wanted 

our ELISA results to reflect the actions of the 3 subsets which exist in a state of 

dynamic equilibrium in the circulation.  

ELISAs performed as part of this project included ELISAs for MMP-1, 9 and 12, IL-8, 

sCD14 and PR3. Limited access to samples attributable to COVID19 limited sample 

number for each run. As the number presented here is small, our results warrant 

further repeating before definitive conclusions can be made about the role C3d plays 

in disease pathogenesis in AATD.  Of further use would be a blocking experiment to 

ensure that the effect we are seeing is directly attributable to an effect of C3d. 

Blocking the CR2 receptor with an anti-body or peptide prior to treatment with C3d 
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would allow us to discern whether the increases in MMP-9, PR3 and sCD14 that we 

observed are directly attributable to an effect of an interaction between C3d and 

CR2.  
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5.5 Future Directions 

Data presented as part of this MD thesis has shown a receptor for the complement 

fragment C3d, CR2/CD21 on the receptor of monocytes in the circulation. Multi 

colour flow cytometry was used to further demonstrate CR2/CD21 on the surface of 

monocyte like cells and macrophages in the airways. ELISA work presented 

suggests that exposure of monocytes to C3d results in increased production of 

MMP-9, PR3 and sCD14.  

This raises the important question of what effect C3d may be having on monocyte 

derived macrophages within the airways. Further study of airway macrophage 

populations and their response to C3d represents a natural stepping-stone for this 

project. The study of role of macrophages at this moment in time is prudent in the 

setting of the ongoing COVID19 pandemic. COVID19 has stimulated a huge amount 

of activity in research labs world-wide. There can be little doubt that our 

understanding of monocyte ontogeny will develop rapidly as COVID19 fuels further 

investment in scientific research. Much of the published data has focused on the use 

of cytokine levels as predictors of disease progression or as potential therapeutic 

targets (513). Early in the pandemic IL-6 was noted to be elevated in patients with 

COVID19. Aergerter et al (2020) have previously identified monocyte derived 

macrophages (MoAM) in the airways as the major producers of IL-6 in the lungs 

following viral infection (influenza)(155).  It is noteworthy that elevations in levels of 

IL-6 several orders of magnitude higher have been previously observed in other life-

threatening conditions such as sepsis and ARDS not attributable to COVID19 

infection(513). Monocytes are known to produce IL-6 in response to a pro-

inflammatory trigger(299). It would, therefore, be interesting to challenge monocytes 

and macrophages with C3d and measure their IL-6 response.  
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Our multi colour FACS identified high levels of expression of CR2/CD21 on the 

surface of AMs. As our chosen anti-body panel was not designed to distinguish 

resident versus recruited MoAMs, it is likely to be a mixed population of both. An 

emerging evidence base suggests that under steady state conditions macrophage 

populations within the lung interstitium, airways and alveolar spaces are self-

sustaining populations(153). These cells are derived from embryonic stem cells and 

seeded to the lungs shortly following birth. Studies using murine models have shown 

that during times of inflammation or injury, this embryonic population is consumed 

rapidly and replenished by monocytes recruited from the circulation(514).  

Proportional representation of  MoAMs also increases with aging(153, 515). MoAMs 

are known to possess distinct transcriptomic profiles to resident/ embryonic AMs and 

are primed to generate an inflammatory response(155). Further work might also 

focus on establishing whether CR2/CD21 expression differs between resident and 

recruited populations. Addressing this question may prove challenging as there is 

currently no consensus on what surface markers or physical characteristics of 

macrophage populations might distinguish between tissue resident (TRAM) and 

recruited alveolar macrophage (MoAM) populations.  

Owing to the cancellation of bronchoscopy lists and the travel restrictions imposed 

by COVID19, our multi colour FACS experiments did not include samples from those 

with ZZ AATD. As levels of C3d within the airways are notably higher in ZZ AATD, it 

would be useful to explore the downstream effects of this on macrophages in AATD.  

As alluded to previously, Fee et al (2019) have shown a direct effect of C3d on 

neutrophils that results in degranulation of primary, secondary and tertiary granule 

proteins(188). Our data shows that expression of CR2 is much greater on MM AMs 

than monocytes within the airways. This confirms availability of a signalling axis for 
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C3d in airway macrophages and raises the question of what effects relatively high 

concentrations of C3d in ZZ airways may be having on macrophage behaviour. A 

further avenue worth exploring would be to assess whether or not treatment with 

AAT abrogates the effects of C3d. OôBrien et al (2020) have shown that IV AAT 

augmentation reduces levels of C3d significantly(78). Thus, if C3d is found to be 

having a similar effect on macrophage production of MMPs and PR3 within the 

airways, IV AAT may function as a therapeutic strategy for managing patients with 

high levels of C3d and progressive lung disease. 

Our data establishes an effect of C3d on monocytes, further expanding our 

understanding of the mechanisms of disease pathogenesis in AATD. With very high 

levels of C3d described within ZZ airways establishing the effects of C3d on AMs is 

compelling. 
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