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Abstract 
The anti-neutrophil cytoplasmic antibody (ANCA) associated vasculitides (AAV) are diseases 
in which autoimmunity to the neutrophil granule proteins myeloperoxidase (MPO) or 
proteinase-3 (Pr3) results in multi-organ damage including rapidly progressive 
glomerulonephritis.  Murine models have demonstrated a critical role for complement 
component C5a in promoting neutrophil activation by anti-neutrophil cytoplasmic antibodies. 
This discovery has led to clinical trials of an oral C5a receptor 1 (C5aR1) antagonist. In this 
thesis, work using murine models is presented which demonstrates that in addition to its effect 
on neutrophils, signalling through the C5aR1 on antigen presenting cells promotes anti-MPO 
cellular immunity and humoral immunity. This C5aR1 mediated potentiation of nephritogenic 
Th1 response and reduction of anti-inflammatory T regulatory cells results in exacerbation of 
anti-myeloperoxidase glomerulonephritis. This suggests that therapeutic targeting of this 
receptor may have beneficial immunomodulatory effects in addition to its known effects on 
neutrophil behaviour.  
 
The C3 split product C3a mediates its effects through the C3a receptor (C3aR). The C3aR has 
been reported to have diverse effects in murine models of inflammation and immunity. In this 
thesis, the role for the C3aR in the generation of both anti-MPO autoimmunity and glomerular 
injury was examined using two complimentary models of anti-myeloperoxidase 
glomerulonephritis. Whilst the C3aR did not modulate glomerular injury in either model, 
signalling through the C3aR did promote macrophage infiltration to the glomerulus and 
moderate ANCA production. This change in humoral immunity was not due to any measurable 
changes in B cell development in the spleen or bone marrow, nor did the C3aR affect T cell 
mediated immunity. These data suggests that the C3aR has minor pro and anti-inflammatory 
effects in this disease and overall does not support therapeutic targeting of C3aR.  
 
The alternative pathway of complement plays an important role in several human diseases. 
There are data to suggest that the alternative pathway generates the complement mediated 
priming required for neutrophil activation by ANCA. To examine the possibility for additional 
roles of the alternate pathway in this disease, the generation of anti-MPO autoimmunity and 
subsequent T cell mediated anti-MPO glomerulonephritis was investigated in complement 
factor B deficient mice. Absence of the alternative pathway altered neither autoimmunity nor 
glomerular injury in this model, suggesting that any role for the alternative pathway in this 
disease is confined to its effect on neutrophils.  
 
The classical pathway of complement is not thought to play a pathogenic role in AAV. 
However, evidence against its role stems from a murine model in which classical pathway 
activity is very weak. The potential for classical pathway activation by ANCA to initiate the 
positive feedback loop of complement and neutrophil activation was therefore investigated. In 
vitro, sera from the majority of patients with anti-MPO AAV fixed C1q on single antigen beads 
and was therefore capable of activating the classical pathway. In addition, purified IgG from 
patients with AAV induced C3 deposition on human neutrophils suggesting that ANCA 
targeting of neutrophils results in surface C3 activation. To determine whether the initial 
pathway of complement activation was via the classical pathway, an anti-C1s monoclonal 
antibody was used to specifically inhibit this pathway. Classical pathway inhibition resulted in 
profound decrease in neutrophil surface C3 in neutrophils treated with either ANCA IgG or 
control IgG, suggesting that in this experimental system there is a significant classical pathway 
activation. Further modification is therefore required for this assay to specifically examine the 
role of ANCA activated classical pathway in neutrophil activation. 
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In summary this thesis builds on the current knowledge of the role of complement in AAV by 
suggesting novel roles for the complement system acting through the C5aR1, the C3aR and the 
classical pathway in this disease.  
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									The	ANCA	associated	Vasculitides	

 
The anti-neutrophil cytoplasmic antibody (ANCA) associated vasculitides (AAVs) are 

necrotising vasculitides primarily affecting small vessels. They include the diseases clinically 

described as microscopic polyangitis (MPA), Granulomatosis with polyangitis (GPA; 

previously Wegner’s Granulomatosis) and Eosinophilic granulomatosis with polyangitis 

(EGPA; previously Churg-Strauss syndrome)1. They are often associated with the presence of 

autoantibodies against the neutrophil granule proteins myeloperoxidase (MPO) or proteinase 3 

(Pr3).  

 

Epidemiology and Clinical Presentation 

The AAVs have an annual incidence of approximately 1:100,000 population, the disease is 

associated with aging, with peak incidences in the ages 50s-70s. There is both ethnic and 

regional variation in disease incidence.  In the Northern Hemisphere GPA is more common in 

northern latitudes and MPA in southern latitudes2. In Asia, anti-MPO disease is by far the 

predominant cause of AAV3, 4. The AAVs cause significant mortality with 1 and 5 year survival 

of 88% and 76% respectively in a European cohort which equates to a mortality ratio of 2.6 

compared to the general population5. Survivors are left with a heavy burden of morbidity 

related to both the disease and treatment with approximately 90% having irreversible damage in 

at least one organ6.  

 

The AAVs have traditionally been seen as an overlapping spectrum of a similar disease process 

marked by small vessel vasculitis. Multiple organs can be involved including the kidneys, 

lungs, skin, GI tract, ENT system and nervous system. Two of the most feared manifestations 

are rapidly progressive pauci-immune crescentic glomerulonephritis in the kidney and 

pulmonary haemorrhage in the lung. Additional features prominent in particular clinical disease 
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groups are the necrotising upper airway granulomas characteristic of GPA and the asthma and 

eosinophilia of EGPA. Whilst due to their rarity the AAVs have often been studied together in 

clinical trials, it is now clear the diseases classified by their autoantibody specificity often have 

a different clinical presentation, different genetic associations,7 and divergent disease courses8. 

Disease pathogenesis, natural history, organ system involvement and optimal treatment 

regimens are therefore likely to vary between the diseases when classified by autoantibody 

specificity.  

 

Current treatment of AAV 

Current treatment for AAV involves immunosuppression, usually combined with adjunct 

medications to ameliorate some of the side effects of treatment. Untreated, AAV is almost 

universally fatal. In what remains the seminal advance in treatment of AAV, reports from the 

National Institute of Health of durable remission in the majority of patients treated with 

cyclophosphamide and prednisolone demonstrated the efficacy of immunosuppression9 and 

treatment regimens based on this remain the most commonly used worldwide today. However, 

cumulative cyclophosphamide dose is associated with significant toxicity including infertility, 

myelosupression and increased malignancy risk. As rare diseases, multinational collaborative 

efforts have been required to conduct the randomised clinical trials that provide evidence based 

therapeutic strategies for AAV. These have resulted in important advances by defining safer, 

more effective treatment strategies. The key results of these trials are summarised in table 1. 
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Table 1  

Trials of Induction Therapies 

Trial name Design Key Outcomes 

NORAM10 Oral cyclophosphamide 2mg/day vs. 
oral methotrexate 20-25mg/week for 
early AAV without severe renal 
impairment/ critical organ 
manifestations. 

Methotrexate is an alternative to 
cyclophosphamide for early disease 
although its use is associated with 
greater risk of relapse in long-term 
follow-up and more steroid + 
cyclophosphamide use after the trial 
11.  

MEPEX12 Standard therapy + plasma exchange 
or I.V. methylprednisolone in 
patients with severe renal 
involvement (creatinine >500 
µmol/L) 

Plasma exchange associated with 
improved renal survival up to 1 
year, this difference was not 
sustained in longer-term follow-
up13.  

CYCLOPS8 Comparison of pulsed I.V. 
cyclophosphamide 15mg/kg 2-3 
weekly vs. daily oral 
cyclophosphamide 2mg/kg as 
induction regimens. 

I.V. cyclophosphamide associated 
with 50% less cumulative dose, but 
increased risk of relapse, no 
difference in overall survival.  

RAVE14 Rituximab (4x375mg/m2) vs. daily 
oral cyclophosphamide (2mg/kg) 
induction in severe AAV 

Rituximab non-inferior to 
cyclophosphamide and superior in 
patients with relapsing disease.  

RITUXIVAS15 Rituximab (4x375mg/m2) + 2 doses 
I.V. cyclophosphamide 15mg/kg vs. 
standard I.V. cyclophosphamide 
15mg/kg/2 weekly for 3-6 months 
for induction of remission in patients 
with a new diagnosis of AAV. 

Rituximab was not superior to 
cyclophosphamide for induction, 
adverse events were similar 
between groups and there was no 
separation between groups in 
outcomes after 2 years follow-up16 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Page |   
 

15 

Trials of Maintenance Therapies 

Co-Trimoxazole   
for prevention 
of relapse in 
Wegner’s17 

Co-trimoxazole vs. placebo for 
patients with Wegner’s/GPA in 
remission after induction therapy. 

Co-trimoxazole reduced risk of 
relapse and respiratory infection 
during study period.  

CYCAZAREM1

8 
Comparison of azathioprine 
2mg/kg/day vs. cyclophosphamide 
1.5mg/kg/day maintenance 
immunosuppression after 
cyclophosphamide induction. 

Rate of relapse in azathioprine arm 
not significantly increased, 
therefore valid alternative to reduce 
cyclophosphamide exposure. 

WGET19 Patients with GPA in remission after 
cyclophosphamide or methotrexate/ 
prednisolone induction randomised 
to received etanercept/ placebo in 
addition to azathioprine or 
methotrexate maintenance therapy. 

Addition of TNF blockade to 
standard therapy was not beneficial 
in maintenance of GPA remission.  

German 
Network of 
Rheumatic 
Diseases study20 

Maintenance therapy prednisolone + 
either methotrexate 7.5-20mg/week 
or leflunomide 30mg/day in patients 
with GPA after cyclophosphamide 
induction. 

Maintenance therapy with 
leflunomide associated with less 
relapse but more adverse effects. 

WEGENT21 Patients in remission after 
cyclophosphamide/ prednisolone 
induction randomised to 
maintenance tapering prednisolone + 
either azathioprine 2mg/kg or 
methotrexate (up to 25mg/week) 

Two agents similar in terms of 
efficacy and adverse effects.  

MAINRITSAN2

2 
Patients in remission after 
cyclophosphamide/prednisolone 
induction randomised to 
maintenance immunosuppression 
with either 22 months of 
azathioprine (tapered) or 18 months 
of rituximab (5x500mg). Steroids 
tapered at clinician’s discretion. 

Sustained remission at 28 months 
was more common with rituximab 
than azathioprine.  

 

A huge collaborative effort has resulted in a very significant body of trial-based evidence, 

however, whilst this has led to improvement treatment strategies this progress has been 

incremental and treatment regimens and outcomes have not dramatically altered over the last 30 

years. The most recent modification to treatment has been the introduction of rituximab, and 

whilst this may offer a modest benefit compared to cyclophosphamide in relapsing patients, 

adverse effect rates are similar to that of conventional cyclophosphamide treatment.  Treatment 

related adverse effects are high, with almost 60% of deaths in the first year resulting from 
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therapy related adverse events 23. There remains a significant need for efficacious and safer 

therapies. Current therapies are generally modifications of treatment strategies used for other 

rheumatologic and haematological conditions. Understanding of the pathogenesis of AAV and 

potential disease modifying targets specific to this disease could lead to the definition of novel 

therapeutic strategies that provide meaningful advances in patient care.  

 

									Pathogenesis	of	ANCA	associated	vasculitis		

The autoantigens: MPO and PR3 

 
Myeloperoxidase (MPO) is a 150-kDa peroxidase present in the azurophil granules of human 

neutrophils and comprising approximately 5% of the dry weight of neutrophils, it is also present 

in lower amounts in monocytes24. In the presence of hydrogen peroxide, it catalyses the 

formation of multiple reactive agents including hypochlorous acid. Myeloperoxidase can be 

released from neutrophils by degranulation, the production of neutrophil extracellular traps 

(NETs), apoptosis and necrosis25. Myeloperoxidase plays roles in host defence including killing 

of intracellular bacteria and clearance of fungal infections. Myeloperoxidase deficiency is 

relatively common with an incidence of around 1:2000. It has a mild phenotype as most cases 

are asymptomatic although it is associated with a minor increase in risk of candida fungemia26. 

In addition to its role in the innate immune system, myeloperoxidase also influences the 

generation of adaptive immunity by supressing DC mediated T cell priming27.  

 

Proteinase 3 (Pr3) is a neutral serine protease located in the azurophil granules and secretory 

vesicles. Its expression is restricted to neutrophils and monocytes. Pr3 is expressed on the 

membrane of resting neutrophils in a bimodal distribution28. Surface expression of Pr3 is 

increased  in response to neutrophil priming e.g. by TNF or IL-829. Proposed physiological 
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functions of Pr3 include killing of phagocytosed pathogens30, degradation of extracellular 

matrix protein and cleavage of C1 inhibitor, TNF and IL-831. It is likely that properties of Pr3 

impact on AAV disease susceptibility as polymorphisms in the Pr3 protein have a genetic 

association with anti-Pr3 disease7.  

Other autoantigens in AAV 

A small proportion of patients have features of AAV but negative serological testing for anti-

MPO and anti-Pr3 antibodies. Some of these may have autoantibodies against other antigens 

such as neutrophil elastase, bactericidal/permeability-increasing protein, capthepsin G4, a MPO 

epitope (MPO447-459) which is masked by caeruloplasmin in serum32 or human lysosome 

membrane protein 2 (LAMP-2)33.  

 

The loss of self-immune tolerance  

Under normal conditions, humans are able to distinguish between self and non-self antigens, a 

phenomenon termed immune tolerance. Immune tolerance occurs centrally in the thymus where 

T cells that form high affinity T cell receptor (TCR)-major histocompatibility complex class II 

(MHC-II) interactions are deleted. Peripheral autoreactive T cells are suppressed by natural and 

induced peripheral T regulatory cells. To develop autoimmune disease, the restraining influence 

of these suppressive cells must be overwhelmed by a population of autoreactive T effector cells. 

MPO immune tolerance is likely to be maintained by both central and peripheral mechanisms, 

and in mice, interference with either leads to an increase in anti-MPO autoimmunity and 

exacerbation of autoimmune anti-MPO glomerulonephritis34.  

 

The steps leading to loss of tolerance to antigens in autoimmune disease are not well 

understood.  In AAV although some environmental triggers such as silica exposure and 

propylthiouracil have been suggested, it is probable that these are not contributing factors in the 

majority of cases35.  
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Infection has been proposed as a potential trigger for AAV. There is an association between 

nasal carriage of Staphylococcus aureus and disease relapse in AAV 36. To date, this association 

has only been shown for relapse (possibly due to immune stimulation via pathogen associated 

molecular patterns) rather than true disease susceptibility. Molecular mimicry has been 

proposed as the mechanism by which infection might induce autoimmunity to the ANCA 

antigens.  Molecular mimicry is the hypotheses that similarities between self-proteins and 

foreign (e.g. bacterial) proteins results in generation of immunity against the foreign protein 

accompanied by autoreactivity against the self-protein. Two possible instances of this in AAV 

have been proposed. One is that homology between the complementary Pr3 (cPr3) peptide and 

bacterial proteins leading to the subsequent formation of pathogenic anti-idiotypic Pr3-ANCAs. 

In one study, 7/34 patients with Pr3-AAV were reported to have anti-cPr3 antibodies37.  

However, this finding was not reproduced in a separate cohort of patients with AAV (n=57) in 

whom anti-cPR3 reactivity was lower in patients with Pr3-AAV than both healthy controls and 

patients with MPO-AAV38.    

A second potential instance of molecular mimicry is of the FimH protein found in gram-

negative bacteria which leads to an immune response with cross-reactivity to human lysosome 

associated membrane protein-2 (LAMP-2). In the described cohort of patients, a significant 

proportion had infection with a FimH expressing bacteria that preceeded glomerulonephritis. 

Evidence of pathogenicity was demonstrated by the development of necrotising pauci-immune 

GN in rats injected with anti-LAMP-2 antibody 39.  This hypothesis also requires further 

verification as conflicting findings regarding the prevalence of anti-LAMP-2 antibodies in 

patients with AAV have subsequently been published40, and the presence of antecedent urinary 

tract infections remains to be validated.  

 

An additional mechanism by which infection could trigger AAV is by the presence of the 
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autoantigens on neutrophil extracellular traps (NETs). These are networks of chromatin fibres 

decorated with anti-microbial proteins that are extruded from neutrophils in response to 

inflammatory stimuli. NETosis plays an important role in host defence against bacteria and 

other pathogens. Neutrophils stimulated with ANCA form NETs which contain MPO and Pr3. 

Analysis of renal biopsies from patients with active AAV showed that patients with neutrophil 

infiltration had evidence of robust NET formation which co-localised with the antibacterial 

peptide LL3741.  LL37 has been shown to convert inert self-DNA into TLR9 ligands thereby 

activating plasmacytoid dendritic cells and breaking self-tolerance42. NETs therefore co-locate 

the autoantigens with immune stimulation, potentially resulting in autoimmunity. Support for 

this hypothesis is provided by an animal model, in which co-culture of NETotic neutrophils and 

dendritic cells (DCs) resulted in DC uptake of MPO and Pr3, and anti-MPO autoimmunity 

when these DCs were transferred into mice43.  

B cells produce ANCA 

As a disease that is autoantibody induced, B cells are a requirement for the pathogenesis of 

AAV. A humoral immune response to self-antigen results in the production of ANCA against 

MPO or Pr3. The importance of B cells in the disease has been supported by efficacy of B-cell 

targeted therapy with rituximab, as in long term follow up of the RITUXIVAS trial cohort, 

clinical relapse was only observed in patients with return of peripheral B cells16.  

In addition to their role as antibody producing cells, B cells play other immune roles including 

antigen presenting, stimulatory and regulatory functions. Clinical studies have reported both 

reduced and unaltered numbers of IL-10 producing regulatory B cells (Bregs) in active 

disease44-46.  The use of CD5 as a marker for Bregs has been investigated as a biomarker in 

patients treated for AAV and has been found to be useful in anticipating relapse in some, but 

not all studies47, 48.  
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The success of rituximab therapy has stimulated the investigation of other B cell therapeutic 

strategies such as the use of the anti-B cell activating factor (BAFF) monoclonal antibody 

belimumab in GPA (NCT01663623). Results from this trial have not yet been released. 

 

ANCA are pathogenic and activate neutrophils  

After the association of ANCA with necrotising segmental glomerulonephritis was first 

described in 198249, a key step forward in elucidating the pathogenesis of the disease was the 

demonstration by Falk et al that ANCA could cause isolated human neutrophils primed with 

cytochalasin-B and tumour necrosis factor (TNF) to de-granulate, and produce reactive oxygen 

species50.  

It is presumed that the fragment antigen-binding (Fab) portion of ANCAs bind to their cognate 

autoantigens on the surface of neutrophils. There is strong evidence for neutrophil surface 

expression of Pr3. Surface staining for Pr3 appears in washed cells but is significantly 

attenuated in the presence of autologous plasma51 suggesting that serum factor(s) such as alpha-

1-anti-trypsin inhibit Pr3 binding52. Alpha1-anti-trypsin (α1-AT) is a serine protease inhibitor 

whose enzymatic targets include Pr3. The importance of α1-AT-PR3 interaction is emphasised 

by the finding that a single nucleotide polymorphism in α1-AT was associated with disease 

susceptibility in a genome wide association study of patients with AAV7.   

 

MPO is not highly expressed on the membrane of resting neutrophils53 but has been 

demonstrated on stimulated and apoptotic neutrophils, although the magnitude of expression 

appears to be much less than that of Pr351, 54, 55. MPO externalisation from intracellular granules 

during neutrophil “priming” is therefore required for antigen surface expression. 

Experimentally, in in vitro studies, this has been most commonly achieved with TNF50, though 

other priming agents such as C5a and IL-18 have also been reported 56, 57.  

Both Fab and fragment crystallisable (Fc) regions of ANCA are required for pathogenicity. The 



Page |   
 

21 

Fab fragment determines autoantigen specificity and Fab binding alone to its target antigen has 

been reported to cause neutrophil activation in some studies, 50, 58 with intracellular signal 

transduction involving GTPase p21ras and phosphatidylinositol-3 kinase (PI3K)59. However, not 

all studies support a role for the Fab fragment directly causing neutrophil activation53, 60 and, as 

neither MPO nor Pr3 have transmembrane domains, any signal transduction is likely to involve 

other molecules. Membrane bound Pr3 is associated with a CD177/Mac-1 complex which may 

contribute to anti-Pr3 induced neutrophil activation61  

The Fc portion of antibody mediates effector function via two mechanisms. The Fc portion of 

IgG interacts with cellular Fc receptors (FcR). Neutrophils, the main target cell of ANCA 

express FcγRI, FcγRIIa, FcγRIIc, FcγRIIb, FcγRIIIb as well as the receptor for IgA FcRαI and 

the human neonatal Fc receptor (FcRn).  Of these, the activatory FcγRIIa and FcγRIIIb are 

thought to be the most important in AAV pathogenesis62, although some data exist for most of 

these receptors playing a potential role in this disease under experimental conditions (see Table 

2).  
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Table 2  

Receptor  Expression on 
human 
neutrophils  

Properties 

 

Evidence for a role in AAV 

FcγRI 

(CD64) 

Inducible on 
neutrophil 
activation63 

Activating Patients with ANCA have 
unregulated FcγRI64. Blockade of 
FcγRI attenuates ANCA induced 
superoxide release65. 

  

FcγRIIa 

(CD32A) 

Yes66 Activating  Inhibition of FcγRIIa reduces 
neutrophil activation by ANCA53, 67 

FcγRIIb 
(CD32B) 

mRNA 
expressed68 but 
surface 
membrane 
expression may 
be low66 

Inhibitory FcγRIIb-/- mice have enhanced anti-
MPO immunity and 
glomerulonephritis69 

FcγRIIc 
(CD32C) 

Yes 70 Activating No data. 

FcγRIIIb 
(CD16B) 

Yes71  Activating ANCAs engage FcγRIIIb72, blocking 
FcγRIIIb attenuates ANCA induced 
superoxide release65 

FcRαI 
(CD89) 

Yes 73 Activating74 IgA ANCA found in 30% of patients 
with GPA and can cause 
degranulation in neutrophils from 
patients with susceptible FcRαI 
genotype. Presence of IgA ANCA is 
associated with less severe renal 
disease75. 

FcRn Expression 
mostly 
intracellular, co-
localises with 
MPO containing 
azurophilic 
granules76 

Important for 
IgG transport 
may also 
enhance 
phagocytosis 
of IgG 
opsonised 
pathogens76 

No direct evidence for a pathogenic 
role in AAV though as a major 
determinant of IgG half life has been 
proposed as a potential therapeutic 
target in antibody mediated 
autoimmune disease77 
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The Fc portion of IgG can also activate the classical pathway of complement by binding C1q, 

the importance of this in AAV pathogenesis has not been extensively investigated.  

 

The downstream effects of neutrophil stimulation by ANCA include signalling through the 

phosphatidylinositol 3 kinase (PI3K) and spleen tyrosine kinase65, 78. This results in a cascade of 

pathological changes including: an increase in actin polymerization79, upregulation of cytokines 

IL1-β80 and IL-881, reactive oxygen species production, degranulation and NETosis41. ANCA 

activation of neutrophils also modifies their interaction with the endothelium, this results in a 

change from rolling to adhesion that is β-2 integrin (CD11b/CD18) dependent82, 83. In murine 

glomerular capillaries anti-MPO IgG induces neutrophil retention that is leucocyte function 

associated antigen-1 (LFA-1) and α-4 integrin dependent84. The net result of these changes is 

that the neutrophils, a key part of host innate immune response are aberrantly activated to cause 

endothelial damage in small vessels85. 

 

Determinants of ANCA pathogenicity 

Not all ANCA antibodies appear to be equally pathogenic. Clinical studies of the association 

between crude ANCA titre and disease activity have had varied results, but for the most part do 

not support a strong association between these variables86-89. Characteristics both of ANCA 

themselves, and other factors, are therefore likely to influence disease activity in AAV.  

Factors intrinsic to ANCA that may determine pathogenicity include epitope specificity. Roth et 

al demonstrated that one linear epitope (MPO447-459) was exclusive to active disease and 

antibodies against this epitope induced glomerulonephritis in mice32. Other antibody 

characteristics that may influence pathogenicity include Fc glycosylation which alters binding 

to both Fc receptors and C1q90, 91 and inversely correlates with disease activity in anti-Pr3 

disease92.  Antibody subclass is an important determinant of its effector functions. In vitro, 

ANCA preparations with higher levels of IgG3 induce more neutrophil reactive oxygen species 
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(ROS) production, and more potently change behavior in an endothelial flow chamber than 

other subclasses93, 94. However, correlation between IgG3 ANCA and clinical disease activity 

has not been consistently demonstrated95, 96.  

In addition to properties of ANCA themselves, other factors that may modify disease severity 

or risk of relapse include autoantigen methylation and expression97, the coexistence of other 

autoantibodies such as anti-plasminogen or anti-moesin98-100, T cell mediated immunity101, 102 

and colonisation with Staphylococcus aureus36.  

  

Monocytes/Macrophages: Targets for ANCA and effectors of glomerular injury. 

There are two potential mechanisms by which monocytes/macrophages may participate in 

glomerular injury. Firstly, they may themselves be targets of ANCAs resulting in monocyte 

activation and tissue injury. Secondly, they may be indirectly recruited to the glomerulus either 

by activated neutrophils103 or by antigen specific T cells104. Monocyte/macrophages are 

prominent infiltrating leucocytes in kidney biopsies from humans with AAV105 and CD163+ 

activated macrophages are found in the glomerular lesions of early necrotising 

glomerulonephritis106. In active disease, markers of circulating monocyte activation such as 

CD64, CD11b, neopterin and urinary soluble CD163 are increased107, 108. 

 

Monocytes express the ANCA autoantigens MPO and Pr3. In vitro, ANCA can activate human 

monocytes causing release of ROS, TNF, IL-1β and monocyte chemotactic protein-1 (MCP-1) 

109-111.  The expression of MPO and Pr3 is highest on CD14++CD16+ intermediate monocytes, a 

subset that is increased in patients with AAV and produces the most IL-1β in response to 

ANCA stimulation112. It is therefore possible that monocytes/macrophages represent an 

additional target cell for ANCA and the resulting dysfunction contributes to glomerular injury.  

Macrophages are also a key effector of T cell driven type IV hypersensitivity reactions. 

Transfer of T cell clones specific for a myeloperoxidase peptide planted in the glomerulus 
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induces necrotising glomerulonephritis accompanied by macrophage infiltration in mice104. 

These macrophages are likely to be a significant contributor to glomerular injury as in a murine 

model of T cell dependent crescentic glomerulonephritis, macrophages play an important role 

in the progression of established disease113. 

 

CD4+ T cells, key participants in AAV 

There are several strands of evidence implicating T cells in the pathogenesis of AAV. T cells 

provide help for antibody response against protein antigens. As ANCA are class switched IgG 

antibodies against proteins they are almost certainly T-dependent. The association of HLA-DQ 

and HLA-DP polymorphisms with anti-Pr3 and anti-MPO disease respectively, suggests that 

the mode of antigen presentation to T cells is an important disease susceptibility trait7.  There is 

also an association between markers of T cell activation such as soluble IL-2R and disease 

activity114. Several groups have sought to describe the presence of autoreactive T cells in AAV. 

In vitro, T cell responses specific to the ANCA autoantigens have been described in patients 

with active disease although these have also been described in a significant proportion of 

healthy controls115-118. 

 

Additional support for a role for T cells in human disease comes from the study of human 

biopsies in which the presence of activated T cells, macrophages, tissue factor and fibrin 

suggest T-cell directed injury105. Whilst the ANCA autoantigens are usually found in 

neutrophils, degranulation results in their glomerular deposition leading to significant 

extracellular glomerular MPO in patients with active AAV119. Data from mouse models suggest 

that a T cell mediated response specific to glomerular myeloperoxidase deposited by 

neutrophils results in a T cell mediated glomerulonephritis104, 120.  

Naïve T cells differentiate into effector subsets that are characterised by the profile of cytokines 

they secrete. Both IFN-γ secreting Th1 and IL-17A secreting Th17 cells can be injurious in 
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glomerulonephritis121.  Increases in both IFN-γ secreting 102 and IL-17A secreting T cells have 

been described in patients with active AAV122. IL-17A acts as a powerful chemo-attractant for 

neutrophils and monocyte/macrophages as well as stimulating release of pro-inflammatory 

cytokines such as TNF from macrophages123. IL-17A may also play a role in the humoral 

immune response by promoting formation of germinal centres124. Supporting evidence for the 

pathogenic involvement of Th17 cells comes from work in mice in which deficiency of IL-17A 

results in almost total protection from autoimmune anti-MPO GN125 

 

T regulatory cells (Tregs) are important for preventing autoimmunity and resolving 

inflammation. Investigation of Tregs in patients with AAV has demonstrated Tregs with an 

overrepresentation of a FOXP3 splice variant associated with reduced suppressive ability101. 

Whilst it has been challenging to consistently identify Treg abnormalities in human 

autoimmune disease126, evidence from animal models suggest that that the T regulatory 

compartment is involved both in the loss of tolerance to MPO and in limiting subsequent 

glomerular injury34, 127. 

 

CD8+ T cells exacerbate disease and influence prognosis 

CD8+ or cytotoxic T cells recognise antigen presented on MHC class I and are important in host 

response to viral infection and malignancy. CD8+ T cells have been implicated in autoimmune 

diseases such as rheumatoid arthritis and type I diabetes128.  Data from humans, and 

experimental work in animals suggests that CD8+ T cells may also participate in AAV.  

Immunostaining of kidney biopsies from patients with MPO-ANCA AAV suggests that CD8+ T 

cells are at least as common as CD4+ T cells119.  Additionally, a CD8+ T cell transcription 

profile suggestive of an expanded CD8+ memory T cell population is associated with poor 

prognosis in patients with AAV129. Data from animal studies support a directly injurious role of 
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CD8+ T cells in autoimmune anti-MPO glomerulonephritis, which is attenuated by their 

depletion, and enhanced by the transfer of MPO specific CD8 T+ cell clones130 

 

Mast cells in AAV: Potential for both injurious and immunomodulatory roles 

Mast cells are innate immune cells classically involved in the allergic immune response. 

Degranulated mast cells are found in the biopsies of patients with AAV, particularly in the 

interstitium, where their frequency correlates with severe injury131. Activated mast cells are able 

to produce pro-inflammatory cytokines such as histamine, proteases, TNF-α, and IL-17A132. It 

is therefore possible that these activated mast cells are directly contributing to tissue damage. 

Mast cells also modulate T effector and regulatory response via the secretion of IL-10133.  In 

murine models IL-10 production by mast cells attenuates both MPO autoimmunity and anti-

MPO glomerulonephritis131, 134.  

 

									Animal	models	of	AAV 

 
A significant proportion of our understanding of the pathogenesis of AAV is derived from 

rodent models of the disease. Whilst these models are reductionist, they have resulted in 

significant insight into disease mechanisms and informed potential therapeutic strategies.  

Although several models of anti-MPO disease have been reported, success in defining an 

animal model of anti-Pr3 disease has been limited. This may be because murine neutrophil 

expression of Pr3 is modest135 or because CD177, which is thought to determine Pr3 surface 

expression and hence neutrophil activation by ANCA does not associate with Pr3 in mice136.  

 

The animal model that provided key evidence confirming ANCA pathogenicity was reported by 

Xiao et al.137 who immunised Mpo-/- mice with murine MPO resulting in the production of high 
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titre anti-MPO antibodies. When this anti-MPO IgG was transferred into wild type (WT) 

C57BL/6 or Rag2-/- mice it induced a pauci-immune crescentic glomerulonephritis. They also 

transferred splenocytes from immunised Mpo-/- animals into Rag2-/- mice producing a 

glomerulonephritis. The glomerular injury induced by splenocyte transfer was however 

associated with immune complex deposition, suggesting that it may share few parallels with the 

pauci-immune disease observed in humans. As the anti-MPO IgG transfer model often results 

in relatively mild glomerular changes, augmentation of this model with bacterial 

lipopolysaccharide (LPS) or granulocyte-colony stimulating factor (GCSF) has been used to 

exacerbate injury 138, 139.  

 

An alternative murine model was reported by Schreiber et al 140 who immunised Mpo-/- mice 

with MPO, these mice were subsequently irradiated and transplanted with WT bone marrow 

(BM). The mice developed necrotising crescentic glomerulonephritis, with mice receiving 

higher radiation doses, and therefore greater engraftment of WT BM developing more severe 

disease. This disease model presumably induces disease through the residual effect of anti-

MPO IgG or differentiated plasma cells produced prior to irradiation on neutrophils derived 

from WT BM. The passive transfer of anti-MPO IgG and the BM transplant model have 

provided important insights into the role of ANCA and neutrophils as key mechanisms in the 

disease, however, both models have a number of shortcomings. Neither model requires a loss of 

self-tolerance as both in both cases Mpo-/- mice produce a response against an alloimmune 

antigen. In addition, antigen specific adaptive immune cells are not present in the disease 

induced by transfer of anti-MPO IgG, and do not appear to actively participate in the injury 

phase of the bone marrow transplant model.  

 

In contrast, auto-immunity but not autoantibodies are involved in the model of experimental 

anti-myeloperoxidase glomerulonephritis reported by Ruth et al.120 In this model, 
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glomerulonephritis is triggered in MPO immunised C57BL/6 mice by the administration of a 

sub-nephritogenic dose of sheep anti-GBM IgG. The role of the anti-GBM IgG is to recruit 

neutrophils to the glomerulus where they degranulate, depositing myeloperoxidase where it acts 

as a glomerular planted antigen. In this model, mice immunised with MPO develop crescentic 

glomerulonephritis with significantly worse severity than those immunised with bovine albumin 

or OVA as control antigens. This model is T cell but not B cell dependent (as it occurs in µ-

chain deficient mice) and has provided important insights into the role of CD4+ T-cells as 

effectors of glomerular injury and permitted investigation of potential immunomodulatory 

strategies. This model has several disadvantages.  The requirement for Freund’s complete 

adjuvant (FCA) to induce robust anti-MPO autoimmunity means that the mode and polarisation 

of the loss of tolerance and resulting autoimmunity is likely to differ from that seen in human 

disease. The use of heterologous anti-GBM to recruit neutrophils provides both a small 

contribution to renal injury and limits duration of the disease model to around 4 days before an 

autologous anti-sheep globulin response.  In addition, whilst MPO autoantibodies are produced, 

they do not themselves activate neutrophils or contribute to glomerulonephritis in this model.  

 

A rat model of autoimmunity producing crescentic pauci-immune glomerulonephritis, 

pulmonary haemorrhage and anti MPO antibodies has been described in Wistar-Kyoto (WKY) 

rats immunised with human MPO (which has significant homology to the rat protein). Other 

strains of rat immunised with human MPO did not develop evidence of vasculitis suggesting a 

significant role for genetic background in the pathogenesis of the disease141. A disadvantage of 

this model is the lesser availability of knockout strains and experimental reagents available for 

rats compared to mice.  
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The Complement System 

The complement system is system of circulating and membrane bound proteins, receptors and 

regulators. It was named by Bourdet in 1895 as it complements the lysis of bacteria by 

immunoglobulin. Complement plays many roles in host defence including amplification of 

danger signals, opsonisation, pathogen lysis, chemo-attraction to areas of inflammation, 

modification of adaptive immune responses and immune complex clearance. Complement 

proteins are predominantly synthesised in the liver, however recent work has shown that they 

are also synthesised in a large number of other cells tissues including leukocytes and renal 

tissue. An approximation of the renal contribution to the total C3 pool was derived from study 

of patients who received renal transplants from donor kidneys with mismatched C3 allotypes. 

At steady state with functioning grafts approximately 5% of the C3 pool was allograft derived 

suggesting that the kidney is a minor site of C3 synthesis142. 

 

The complement cascade 

There are three main complement activation pathways- the classical, lectin and alternative 

pathway, all of which converge in generating C3 convertases: C4bC2b in the case of the 

classical and lectin and C3bBb in the case of the alternative pathway. The classical pathway is 

predominantly activated by the Fc region of immunoglobulin. It is important for antibody 

effector functions and clearance of immune complexes. The lectin pathway is activated by 

carbohydrates found on the surface of many pathogens. The alternative pathway is 

constitutively active with spontaneous hydrolysis of C3 resulting in low level  “tickover”.  The 

hydrolysed C3 associates with factor B to form a precursor to the C3 convertase, which once 

cleaved by factor D is active (C3bBb) and can generate further C3b and initiate a positive 

feedback loop. Factors that promote alternative pathway activation include the leukocyte 

secreted protein properdin and pathogen surfaces devoid of complement regulatory proteins. 
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The alternative pathway also forms a positive amplification loop for activation signals from the 

classical and lectin pathways.  

 

The complement cascade produces bioactive split products. These mediate inflammation by 

either signalling through cellular receptors or by direct cell damage. The C3 convertase 

produces C3a and C3b, which, in addition to forming an essential component of the convertase 

enzymes, also can covalently bind to pathogens, cellular debris and immune complexes. C3b, 

along with its breakdown products (iC3b and C3d) interacts with receptors on phagocytes, 

erythrocytes and lymphoid cells. This process is important for the elimination of pathogens, 

clearance of immune complexes and induction of adaptive immune response.  

The C5 convertase produces splits C5 to C5a and C5b.  C5a has pro-inflammatory effects on 

leucocytes signalling through its main cellular receptor, C5aR1. C5b is the initial component of 

the terminal membrane attack complex (MAC, C5b-9) which forms transmembrane channels to 

directly lyse cells.  
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Figure 1.1: Diagram of key features of the complement system. 

 

Complement regulation  

Regulation of the complement system is essential to limit damage to the host. It is achieved by 

fluid-phase and membrane-bound proteins which degrade active components of the pathways. 

Regulation of the alternative pathway positive feedback loop is particularly important, as 

unrestrained activity results in runaway C3 activation. This mechanism amplifies signals from 

all three pathways and is active in both the fluid phase and cell surfaces.  

The key regulator of the alternative pathway is factor H.  Factor H both obstructs factor B 

binding to C3b to form the C3 convertase and inactivates existing C3 convertases.  It also acts 

as a co-factor for factor I mediated degradation of C3b, an essential step to prevent formation of 

further C3 convertases143.  
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Other complement regulatory proteins include C4 binding protein, CD56 (Membrane co-factor 

protein), CD55 (Delay accelerating factor- which accelerates the dissociation of the two 

partners comprising the C3 convertases), CD35 (complement receptor 1) and CD59.  

 

The complement System in renal disease 
Defective complement function drives the pathogenesis of a number of human diseases 

including paroxysmal nocturnal haemaglobinuria, atypical haemolytic uremic syndrome, 

hereditary angioedema, and C3 glomerulopathy. In addition, complement participates as an 

effector of injury in other immune mediated glomerulonephritides.  

Factor H mutations  

Mutations in factor H can result in the clinical disorders of atypical haemolytic uremic 

syndrome (aHUS) or C3 glomerulopathy (C3G). In aHUS, most factor H mutations impair C 

terminal protein function, which is important for binding of factor H to C3b and to negatively 

charged glycosaminoglycans on cell surfaces144. The result is uncontrolled C3 activation on cell 

surfaces, whereas regulation of the alternative pathway in the circulation is often preserved. 

Accumulation of C3b molecules on endothelial cell surfaces leads to surface C5 convertase 

formation and surface assembly of the MAC. Clinically this process manifests as acute and/or 

chronic relapsing microvascular endothelial injury and thrombosis (thrombotic 

microangiopathy). 

  

In C3G, defective alternative pathway regulation appears to occur both in the fluid phase and on 

surfaces, in particular the glomerular basement membrane (GBM)145. Factor H mutations that 

impair protein secretion into the circulation or inhibit N-terminal AP regulation result in 

chronic C3 activation and accumulation of C3 breakdown products along the GBM. The renal 

pathology is characterized by glomerular deposition of ‘dense deposits’ containing C3 

breakdown products (iC3b and C3d) with consequent damage and inflammation. The functional 
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effect of the factor H mutation thus appears to be critical in determining whether an individual 

develops C3G or aHUS. One possibility is that the cell surface density of C3b, which 

determines the relative formation of C3 and C5 convertases146 and their respective split 

products may account for the different clinical presentations of C3G and aHUS.  

 

A number of other genetic and acquired complement abnormalities have also been implicated in 

the complement mediated renal diseases. The combination of rare and common genetic 

variations in complement proteins and regulators determines the net susceptibility to 

complement mediated inflammation, and is commonly referred to as “complotype”147. It is 

likely that the susceptibility to complement mediated diseases is a product both of complotype 

and genetic factors which determine endothelial and immune response to injury.  

 

Atypical haemolytic uraemic syndrome 

Atypical haemolytic uraemic syndrome (aHUS) is a thrombotic microangiopathy (TMA) 

syndrome. TMA is a disease process of microvascular endothelial injury and thrombosis which 

typically manifests as microangiopathic haemolytic anaemia, thrombocytopenia, end-organ 

ischaemia and infarction148. In aHUS, TMA is due primarily to uncontrolled activation of the 

complement alternative pathway. Renal failure is usually prominent, although neurological, 

cardiac and gastro-intestinal sequelae can be severe. In around 60% of cases, a genetic factor 

affecting AP regulation is identified149. The most frequently identified abnormalities in two 

large European cohorts are complement factor H mutations, polymorphisms or autoantibodies. 

Mutations in complement factor I, C3, the complement factor H related proteins and membrane 

cofactor protein (MCP) comprise a minority of cases. Compound heterozygosity and co-

existence of mutations and factor H autoantibodies also occur149.  

Prior to the introduction of eculizumab, plasma therapy formed the mainstay of treatment for 

aHUS and approximately 50% of adults reached ESRD within a year of diagnosis. Eculizumab 
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is a humanised monoclonal antibody that binds to C5, preventing the formation of C5a and 

C5b. The efficacy of eculizumab treatment for aHUS in adults with and without demonstrable 

complement mutations or autoantibodies was illustrated by two phase II prospective cohort 

studies 150. In both trials approximately 90% of patients had normalisation of haematological 

parameters following treatment with eculizumab.  

C3 Glomerulopathy  

C3 glomerulopathy (C3G) refers to a number of glomerular disorders characterized by 

predominant C3 staining and the presence of electron-dense deposits within the glomerulus151. 

The light microscopic appearance is varied but includes mesangioproliferative, 

membranoproliferative and endocapillary proliferative patterns. Electron microscopy enables 

the ribbon-like, very dark intramembranous deposits of dense deposit disease (DDD) to be seen, 

whereas the deposits of C3 glomerulonephritis (C3GN) are less dense and are often found 

subendothelially and in the mesangium152.  

 

Both acquired and genetic factors that produce uncontrolled C3 activation via the AP have been 

identified in patients with C3G. Acquired factors include autoantibodies that stabilise the C3-

convertase (C3 nephritic factors) or that inhibit factor H.  Genetic factors include mutations in 

factor H or factor H-related proteins 153-155. 

 

Clinically, C3G has a very wide range of renal manifestations including isolated microscopic 

haematuria, synpharyngitic haematuria, nephrotic syndrome and rapidly progressive 

glomerulonephritis. DDD is more common in children than adults, is usually associated with a 

C3 nephritic factor and is occasionally associated with partial lypodystrophy and ocular drusen. 

There is also a well described, but as yet unexplained association of C3GN with monoclonal 

gammopathy 156. Progression of CKD is extremely varied but ESKD occurs in approximately 

40% of patients after 10 years.  
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Paroxysmal Nocturnal haemoglobinuria 

Paroxysmal nocturnal haemaglobinuria (PNH) is a complement mediated disorder associated 

with intravascular haemolysis, thrombosis and bone marrow failure. The underlying defect is an 

acquired genetic mutation that results in disruption to the synthesis of 

glycosylphosphatidylinositol, a molecule that anchors proteins to the cell surface.  When this 

mutation occurs in haematopoietic stem cells, it results in an abnormal clone of erythrocytes 

which lack expression of two complement regulatory proteins CD55 and CD59 and are 

therefore susceptible to haemolysis157. Eculizumab is an effective therapy for PNH, which, in 

clinical trials results in over 80% reductions in haemolysis,  significant reductions in transfusion 

dependence and thrombotic events and the stabilisation or improvement of CKD in the majority 

of patients158.  

 

C4 Glomerulopathy, a new disease entity? 

Recently, evidence has emerged of an additional form of complement mediated glomerular 

injury termed C4 glomerulopathy.  A small number of cases of proliferative glomerulonephritis 

have been reported without significant C1q, C3 or immunoglobulin staining but with C4d 

staining and sometimes accompanying electron dense deposits of C4d 159-161. The absence of 

C1q or C3 suggest that neither the classical nor alternative pathways are activated. To date, a 

distinct disease mechanism has not been proposed. 

 

IgA nephropathy 

IgA nephropathy (IgAN) results from the formation of circulating immune complexes of 

abnormally glycosylated IgA1 and glycan specific IgG or IgA autoantibodies. These complexes 

deposit in the mesangium, where IgA is thought to activate complement via the lectin and 

alternative pathways162. Two lines of evidence implicate complement in the subsequent 
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glomerular injury. First, studies have demonstrated that complement activation in the form of 

mesangial C3 or C4d is an independent risk factor for ESRD 163, 164. Second, compelling 

evidence that complement is more than just a marker of immune complex deposition comes 

from genome-wide association studies. These have identified an association of protection from 

disease with a deletion in CFHR3 and 1165, 166 that is associated with higher factor H levels in 

both patients with IgA nephropathy and healthy controls. The allele seems to reduce disease 

severity as it associates with reduced tubulointerstitial injury167. The implication of this finding 

is that the robustness of alternate pathway regulation determines IgAN susceptibility and/or 

severity and suggests that complement is a potential therapeutic target. In support of this, case 

reports of eculizumab use in rapidly progressive IgAN have suggested some clinical benefit 168, 

169. A phase II trial of a C5aR antagonist (NCT0238431) will help to inform the validity of this 

approach.  

 

Lupus Nephritis:  

Complement is a potent risk factor for development of SLE, and may also play an injurious role 

both as an antigen targeted by autoantibodies and as a mediator of inflammation in lupus 

nephritis. Deficiencies in classical pathway components including C1q, C1s, C2 and C4 are the 

most potent risk factors for the disease. In homozygous C1q deficiency, disease penetrance is in 

excess of 90% with approximately half developing nephritis170. This susceptibility is thought to 

result from the physiological role of the classical pathway in the processing and clearance of 

immune complexes, abnormalities of which lead to defective processing of apoptotic cells and 

the production of autoantibodies.  

Anti-C1q autoantibodies are present in around a quarter of patients with SLE and are associated 

with lupus nephritis171. They are thought to cause additional complement activation at the site 

of immune complex deposition and increase glomerular injury172. Anti-C3b autoantibodies also 
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occur in SLE and appear to be highly specific for lupus nephritis173. Although successful use of 

eculizumab has been reported in cases of lupus nephritis resistant to conventional 

immunosuppression174, 175, an earlier, unpublished trial of eculizumab in lupus nephritis failed 

to show significant effect176.  

 

Membranous nephropathy: 

The discovery of autoantibodies to glomerular antigens in many cases of primary membranous 

nephropathy (MN) have increased understanding of the pathogenesis of this disease 177, 178. 

Immunostaining of MN biopsies characteristically show complement activation with C3, C4d, 

and the MAC. C1q is typically not seen179. The rat model of Heymann nephritis has similarities 

to human disease including sub-epithelial immune complex deposition and complement 

activation. This model has demonstrated the importance the MAC in injuring podocytes by 

causing sub-lethal cytoskeletal changes, loss of podocyte integrity and proteinuria180, 181. 

Elevated urinary levels of the MAC have been reported in patients with MN182. 

 

A key remaining question is the mode of complement activation in primary MN, as the 

dominant immunoglobulin IgG4 does not activate the classical pathway. Possible explanations 

include activation of the classical pathway by the IgG1 seen in early MN, activation of the 

MBL pathway, 183, or activation of the alternative complement pathway as patients with 

combined MBL deficiency and MN have been described to have both Ig4 and C3 deposition 184.  

Complement inhibition has not been shown to be effective in MN: an unpublished multi-centre 

trial of eculizumab in 130 patients found no difference in reduction of proteinuria, the primary 

endpoint. 
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Complement in ANCA associated vasculitis 

Relative to other forms of crescentic glomerulonephritis, complement is not an obvious 

participant in AAV as the histological findings are classically “pauci-immune”. In addition, the 

disease is not traditionally associated with abnormal levels of the most commonly measured 

circulating complement components: C3 and C4. The unexpected discovery for a role for the 

complement system in AAV is an example of bench to bedside research in which observations 

in animal models drove the generation of supportive data from clinical cohorts and has led to 

the introduction of new therapeutic in clinical trials.  

										The	role	of	complement	in	AAV:	Animal	models		
The first compelling data supporting a role for complement in AAV came from the observation 

that C5-/-, factor B-/- but not C4-/- mice were protected from glomerulonephritis induced by 

transfer of anti-MPO IgG185. This data suggest that the alternative pathway and C5, but not the 

classical pathway of complement are critical to the pathogenesis in this disease model. Whilst 

the absence of protection of C4-/- mice was interpreted to mean that the lectin pathway did not 

participate in disease, subsequently, a C4 bypass mechanism for the lectin pathway in mice has 

been described186. The role for the lectin pathway was therefore re-investigated using MASP-2-/- 

mice (which have no functioning lectin pathway), which developed more severe 

glomerulonephritis.  This may be due to interactions between the complement and coagulation 

pathways as MASP-2-/- had increased serum prothrombin activation187.  

 

Subsequent work using the model of anti-MPO IgG transfer investigated the effect of C5 

inhibition using the mAb BB5.1. This antibody binds to C5, preventing its cleavage to C5a and 

C5b, a mechanism of action analogous to eculizumab. Pre-treatment with anti-C5 mAb reduced 

both early glomerular neutrophil influx, and abrogated glomerulonephritis188. The C5 

dependence of this model was subsequently demonstrated to be mediated by the cellular 

receptor for C5a, the C5a receptor 1 (C5aR1), on BM derived cells. In the bone marrow 
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transplant model of anti-MPO glomerulonephritis Mpo-/- mice immunised with MPO and 

subsequently engrafted with C5aR1-/- BM developed minimal histological abnormalities 

compared to those receiving WT BM who developed glomerular necrosis and crescents56. 

Supportive of C5a being the key injurious mediator, C6 deficient C3H/Hej mice are not 

protected from anti-MPO IgG induced disease, suggesting that the membrane attack complex is 

not critically involved in this model189.  

 

The potential of C5aR1 as pharmacological target was confirmed by the use of transgenic mice 

with a knocked-out murine C5aR1 and a knocked-in human C5aR1 to demonstrate that the 

C5aR1 inhibitor (CCX168) attenuated glomerulonephritis induced by anti-MPO IgG. In 

contrast, mice deficient a second receptor for C5a, the C5aR2 developed more severe 

glomerulonephritis.  

 

Additional detail on the source of the complement required for anti-MPO IgG induced 

glomerulonephritis was provided by demonstration using bone marrow chimeras, that 

circulating C5 derived from hepatocytes rather than C5 produced by leucocytes mediated 

disease.  Interestingly, the same paper reported that properdin deficiency did not alter the 

severity of disease187. Properdin is the only known endogenous positive regulator of 

complement, it is secreted from neutrophil secondary granules and increases the half-life of the 

AP C3 convertase. Properdin deficiency may not effect all AP activation equally with a greater 

effect on LPS induced activation than on activation by the classical pathway190. The lack of 

effect of properdin deficiency in experimental anti-MPO glomerulonephritis suggests that AP 

activation in the glomerulus by neutrophil secreted properdin is not a significant contributor to 

injury.  
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In a series of experiments it has therefore been shown that the C5a, acting on the C5aR1 is a 

requirement for induction of glomerulonephritis in the murine disease induced by anti-MPO 

IgG. The amplification loop of the AP appears to be required for C5a generation although 

isolated deficiency of C4 or properdin does not seem influence disease severity, leaving the 

mechanism of initial AP activation undetermined.  

 

											Complement	in	AAV:	humans	
 

The body of work implicating complement in murine models of AAV has been supported by 

observational data in humans.  

Circulating complement measurements: evidence of complement activation 

Analysis of complement components in samples from patients with AAV demonstrates 

significant evidence of complement activation. Patients with active anti-MPO disease were 

found to have elevated levels of C3a, C5a, C5-9 and Bb compared to remission191. Work by the 

same group found that urinary C5a, C3a , factor B, MBL and C1q were all elevated in patients 

with active disease compared to remission192. Whilst the findings of elevated levels of 

components of the MBL and classical pathway are surprising considering the lack of proposed 

role in disease pathogenesis, this may be related to their function in clearing apoptotic or 

necrotic cells.   

 

Recent studies have also suggested the association of low serum C3 levels at diagnosis with 

adverse prognosis. A study of 40 patients with AAV reported that a third of patients had low 

serum C3 at diagnosis; these patients had worse renal and overall survival. In this study, a 

quarter of patients also had some histological evidence of thrombotic microangiopathy on 

biopsy, a finding associated with more severe renal disease193. The association of low, or low-

normal C3 with adverse outcome has subsequently been confirmed in two separate cohorts, 
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although these studies did not comment on the prevalence of changes consistent with TMA194, 

195. The reason for this association has not been defined. Possibilities include that patients with 

severe AAV have significant neutrophil activation and endothelial damage which results in 

complement activation and consumption. A more intriguing possibility is that low C3 may be a 

marker of patients with a susceptible complotype i.e. are more prone to complement activation, 

and that this leads to more severe AAV. Whilst features of TMA have been observed in a small 

proportion of patients with AAV in other studies196, this has not been accompanied by 

assessment of complement parameters.  

Histopathological findings: complement activation occurs in the glomerulus 

Staining for complement components in renal biopsies has formed part of the diagnostic 

framework for nephropathologists for several decades. Whilst the histological findings in AAV 

are classically pauci-immune several groups have reported evidence of complement deposition 

in patients with AAV. Studies have documented evidence of C1q, factor B, properdin C3c, 

C3d, and the MAC in patients with AAV using immunofluorescence and 

immunohistochemistry. The deposition of the alternative pathway product Bb also correlated 

with renal damage191, 197-199. In one study, the majority of biopsies also stained positive for C4d 

by immunofluorescence on frozen sections in a mesangiocapillary pattern200. This finding is 

difficult to interpret considering the previously reported positive C4d staining by 

immunofluorescence in a mesangial pattern in healthy controls201, 202.  

There is therefore compelling evidence of complement activation in human serum, urine 

samples and renal biopsies. Whilst there appears to be activation of all the pathways, the 

relationship of alternative pathway activation to disease activity is strongest. These clinical data 

support a role for complement in AAV though it does not elucidate whether it plays an 

important role in the disease pathogenesis or whether it is a product of disease induced 

activated neutrophils and endothelial damage.  
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Genetic studies 

A study of 105 patients with AAV with 200 healthy controls using a candidate gene approach to 

investigate the association of AAV with polymorphisms in 4 candidate genes, one of which was 

C3203. They found an association of the C3 fast (C3F) allotype (p=0.041) in patients with anti-

PR3 disease compared to controls. This allotype has previously been implicated in other 

diseases in which complement plays a pathogenic role including age related macular 

degeneration204. However, no association was found between C3 allotype and risk of AAV in a 

subsequent study with a larger cohort205, nor in the much larger cohort studied in a genome 

wide association study7. There therefore currently appears to be little evidence linking genetic 

polymorphisms in complement susceptibility to AAV, although this does not exclude an 

important role in disease pathogenesis. 

 

In vitro studies with human neutrophils: C5a is required for priming 

Early reports of the complement dependence of murine models of AAV were accompanied by 

evidence that complement primed neutrophils for activation by ANCA. These included the 

observation that neutrophils, when activated by ANCA, released factors that activated 

complement in autologous serum leading to generation of C3 cleavage products. This 

“activated serum” was shown to increase neutrophil Pr3 surface expression185.  

This active serum factor was demonstrated to be C5a as blocking the C5aR1 inhibited ROS and 

neutrophils could be primed for ANCA activation by recombinant C5a. The property of C5a to 

prime neutrophils for ANCA activation has been proposed to be due to up-regulation of MPO 

and Pr3 expression on the neutrophil surface. Whilst two groups have showed this for Pr356, 206 

it remains to be demonstrated that this also applies to surface expression of MPO.  
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										Clinical	Studies	of	C5aR1	inhibition:		
 
Preclinical data suggesting the importance of signaling through the C5aR1 in the pathogenesis 

of AAV has lead to clinical studies of C5aR1 inhibition in humans. To date, the oral small 

molecule C5aR1 inhibitor CCX168 (Avacopan) has been studied in two phase II clinical trials. 

The CLEAR (NCT01363388) and CLASSIC (NCT02222155) studies.  

At the time of writing, results from the CLEAR study have been published207. This was a 

randomised, placebo controlled trial in which 67 patients with either new or relapsing AAV 

receiving rituximab or cyclophosphamide induction were allocated to one of three arms: 60mg 

of prednisolone, avacopan + 20mg of prednisolone, or a steroid free arm with avacopan alone. 

The primary endpoint was a 50% reduction during the 12 week study period in the Birmingham 

Vasculitis Activity Score (BVAS), secondary endpoints included albuminuria and quality of life 

scores. Avacopan alone was non-inferior to conventional care in terms of BVAS response and 

was associated with a greater reduction in albuminuria and higher quality of life scores. As 

high-dose glucocorticoids are likely to be a significant contributor to treatment related 

morbidity the possibility of steroid avoidance in treatment of AAV might represent a major 

advance. The phase III ADVOCATE trial (NCT02994927) is currently recruiting and should 

provide definitive evidence as to the validity of this approach.   

 

The anaphylatoxin receptors 

Complement activation products mediate most of their effects through cellular receptors. These 

include the complement receptors 1, 2 and 3 as well as the receptors for C3a and C5a. The work 

in these thesis concentrates on the cellular receptors for C3a and C5a.  

C5aR1 
Cleavage of C5 by a C5 convertase results in two bioactive split products. C5a and C5b.  To 

moderate its inflammatory action, C5a is metabolised by rapid cleavage by carboxypeptidases 

to the less active C5a-desArg 208. There are two known receptors for C5a: the C5aR1 and the 
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C5aR2.  The C5aR1 (CD88) is a G-protein coupled receptor, ligation results in cellular calcium 

influx, mitogen-activated protein kinase, phosphoinositide-3-kinase-γ and phospholipase C β2 

signaling209. In contrast, the C5aR2 (C5L2) is expressed at a much lower level than the C5aR1, 

and is unable to couple G-proteins.  Its role is controversial, it may act as a decoy receptor 

reducing the availability of C5a210, although under some conditions it can be inflammatory211. 

The C5aR1 is expressed on neutrophils, macrophages, monocytes, dendritic cells, eosinophils, 

mast cells and platelets 212-216. Expression on T cells is an area of controversy. Whilst 

expression has been reported in murine T cells by flow cytometry and mRNA analysis by some 

groups217, 218, two separate C5aR1 reporter mice have reported no expression on either naïve or 

stimulated T cells. Some of the confusion may be related to the observation that the commonly 

used anti-C5aR1 mAb clone 20/70 binds weakly to a neo-epitope on apoptotic T cells giving 

the misleading impression of C5aR1 expression219, 220. The C5aR1 is also expressed in a variety 

of non-immune cells including in the kidney, where it is expressed in the tubules but not the 

glomerulus 221, 222. 

 

The C5a acting at the C5aR1 has potent inflammatory action on a variety of cells. It causes 

histamine release from mast cells223, is a chemo-attractant for neutrophils, macrophages and 

mast cells, and triggers oxidative burst in neutrophils and macrophages209, 224. C5a also induces 

transcription of TNF and IL-1225.  On the vascular endothelium, C5a increases secretion of pro-

inflammatory cytokines, enhances tissue factor expression and up-regulates p-selectin mediated 

neutrophil adhesion 226-228.  

The complement system has multiple interactions with other parts of both innate and adaptive 

immunity. An example of this is the two way signalling between the C5aR1 and Fcγ receptors 

(FcγRs)229. C5aR1 signaling promotes inflammation by causing up-regulation of inflammatory 

FcγRs and down-regulating the anti-inflammatory FcγRIIb, 230, 231. Conversely, binding of 
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FcγRIIb by murine IgG1 results in intracellular signaling that blocks C5aR1 mediated effector 

functions both in vitro and in vivo232. There is also cross-talk between C5aR1 and the toll-like 

receptors, the coagulation cascade, and the NRLP3 inflammasome233.  

C5aR1 in models of inflammation. 

Animal models suggest that the action of C5a is profoundly pro-inflammatory. Genetic 

knockout or blockade of C5aR1 has been found to be protective in multiple models of 

inflammation including sepsis234, LPS induced shock235, cisplatin induced acute kidney 

injury236, renal ischemia reperfusion injury237 and monosodium urate crystal induced 

inflammation238. C5aR1 has also been shown to be required in multiple models of IgG induced 

inflammation including K/BxN arthritis239, anti-collagen antibody induced arthritis240, collagen 

induced arthritis241, immune complex induced lung inflammation230 and bullous pemphigoid242 

 

C5aR1 modulates T cell immunity  

Traditionally, the complement system was viewed as being a first line immune defence, which, 

aside from complementing the killing response to IgG fixed pathogens largely operated 

independently from the adaptive immune system. However, recently, there has been a growing 

understanding of the ability of complement to modulate the adaptive immune response.   

 

Dendritic cell expressed C5aR1 promotes induction of T cell responses  

Dendritic cells (DCs) are innate antigen presenting cells (APCs) resident in both lymphoid 

organs and peripheral tissue. Upon activation, they present antigen in MHC class II peptide 

complexes to T cells. They are crucial in both initiating and polarising the antigen specific 

effector response, most commonly to Th1, Th2, Th17 or Treg phenotypes. DCs both express the 

C5aR1 and can synthesis complement components243.  
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DCs from C5aR1-/- mice have reduced expression of co-stimulatory molecules, secrete more IL-

10 and less IL-12p70. They have a reduced capacity to stimulate allospecific T cells and induce 

Th1 differentiation but enhanced ability to induce Foxp3+ Tregs 244-246. C5aR1-/- bone marrow 

derived DCs (BMDCs) have also been reported to have impaired antigen uptake capacity, 

reduced CD11b expression and an expanded population of myeloid derived suppressor cells247. 

Further evidence for the immune stimulatory capacity of C5a is the enhancement of both Th1 

polarised cellular immunity and antibody response when a C5a agonist is used as a vaccine 

adjuvant245. The effect of APC expressed C5aR1 on Th17 immunity appears to be variable with 

both promotion and attenuation of Th17 responses reported246-248.  

 

Whilst the majority of the data derives from animal studies, in human monocyte derived DCs, 

C5a enhances co-stimulatory molecule expression and allostimulatory capacity suggesting that 

the findings in mice are translatable to humans249. 

 

Evidence for immunomodulation by T cell intrinsic C5aR1: mice 

There is a body of literature suggesting that T cell intrinsic C5aR1 influences T cell polarisation 

in mice. Reported T cell intrinsic effects of C5aR1 include the inhibition of T cell apoptosis218, 

the attenuation of alloresponses in graft versus host disease250, induction of Th1 and Th17 

response in experimental autoimmune encephalomyelitis251 and inhibition of induction of 

Foxp3+ Tregs252 How this data can be reconciled with the lack of T cell expression of C5aR1 in 

the C5aR1-GFP reporter mouse strains remains to be resolved. 

 

T cell expressed C5arR1 humans induces Th1 response 

In humans, surface and intracellular C5aR1 has been reported to influence T cell immunity. 

Surface C5aR1 modulates generation of human iTregs with inhibition causing increased 

FOXP3+ Treg generation in cells cultured with DCs, anti-CD3 and Il-2253. The importance of 
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intracellular complement activation and signalling through the C5aR1 was shown by Arbore et 

al. who demonstrated that human T cells express the C5aR1 intracellularly and that ligation of 

intracellular C5aR1 results in ROS production, activation of the NRLP3 inflammasome and 

autocrine IL-1β signalling inducing Th1 polarisation254. 

 

C5aR1 in models of immune mediated renal disease.  

The role for the C5aR1 in generating adaptive effector responses is supported by work using 

animal models relevant to renal disease. The MRL/lpr mouse, when backcrossed onto the 

C5aR1-/- strain develops reduced renal injury, Th1 response and autoantibody titres255. Absence 

of C5aR1 is also protective in a model of renal allotransplantation with prolonged graft survival 

and reduced infiltration of IFN- γ+ cells256. 

C3aR  

C3a is 77 amino acid polypeptide split product of C3 produced, along with C3b by the action of 

the C3 convertases. C3a is rapidly inactivated by carboxypeptidases that cleave off the C-

terminal arginine resulting in C3a-desArg. C3a-desArg was traditionally viewed to have 

minimal biological activity257 although recent evidence suggests it may have paracrine and 

endocrine functions such as modulation of lipid metabolism258.  

 

The cellular receptor for C3a was identified and cloned in 1996259. It is a G-protein coupled 

receptor with 7 trans-membrane domains and high homology to the human C5aR1. Activation 

of the receptor leads to robust calcium mobilisation from intracellular stores 260, 261. C3a, in 

combination with CPG is also a ligand for the receptor for advanced glycation end products 

(RAGE)262. The physiological consequences of this interaction are uncertain.  
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Expression 

Expression of the C3aR in humans and mice has been investigated using a variety of 

techniques, including flow cytometry, mRNA analysis and functional studies. Results from 

these studies have at times been conflicting. Expression has been consistently reported on 

monocytes, neutrophils, eosinophils, basophils, mast cells,  dermal, monocyte derived and 

plasmacytoid dendritic cells214, 243, 261, 263-265. Reports on expression of the C3aR on human and 

murine B and T cells have been less consistent with both expression217, 266-269 and absence of 

expression reported214, 263.  An investigation of renal expression of the C3aR by mRNA, flow 

cytometry, immunohistochemistry and in-situ hybridisation reported expression on glomerular 

epithelial and renal tubular cells but not glomerular endothelial or mesangial cells 270 

 

Ligation of the C3aR has been reported to cause histamine release from mast cells261, enhance 

IL1-β and TNF secretion from monocytes271, 272, promote NETosis in neutrophils273 and act as a 

chemotaxin in the macrophage cell line J774a274. 

C3aR enhances antigen presenting cell activation 

BMDCS from C3aR-/- mice express lower levels of costimulatory molecules such as MHC class 

II, and secrete fewer inflammatory cytokines accompanied by increased anti-inflammatory IL-

10. In vitro and in vivo these DCs induce reduced allo-specific T cell proliferation and IFN- ϒ 

production 275, 276. In human monocyte derived DCs, C3a induces upregulation of MHC-II, 

CD40 and CD86 as well as enhancing secretion of TNF IL-1β and IL-6249, 271. Ligation of the 

C3aR has also been reported to induce IL-23 production from murine BMDCs with subsequent 

Th17 and Th2 polarisation of T cells 277, 278.  
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C3aR modulates T cell immunity 

C3 deficient humans mount attenuated Th1 responses279. This is partially mediated by surface 

C3aR and CD46 (which binds C3b), along with intracellular C3a generation signalling through 

the C3aR which promotes mammalian target of rapamycin (mTOR) signalling and T cell 

survival268, 269, 280. There is no murine homologue for CD46 however there is some evidence 

that C3aR alone is able to influence the generation of T cell responses by effects on both 

antigen presenting cells (APCs) and T cells.  

 

Two groups have reported a modest increase in Tregs in C3aR-/- mice252, 281. However the 

majority of work in this field has used C3aR-/-C5aR1-/- double knockout mice, in which 

deficiency of both anaphylatoxin receptors has an additive effect on Treg generation. Inhibition 

or knockout of both receptors has been reported to increase generation of induced Tregs and 

enhance suppressive function of natural Tregs, accompanied by diminished Th1 responses in 

both mice and humans 217, 252, 253, 282. The mechanism of this effect has been reported to be both 

T cell intrinsic and DC mediated. The relative contributions of C3aR and C5aR to the 

phenotype of the double knockout remains to be fully defined.  

 

C3aR in humoral immunity 

C3 split products are potent inductors of humoral immunity. In 1975 it was shown that 

depletion of complement by cobra venom factor inhibited the generation of antibody response 

to human IgG by mice.283 Subsequent work showed that the C3b breakdown product C3dg 

functions as a natural adjuvant, lowering the threshold of B Cell activation by engagement of 

the complement receptor 2 (CD21) 284.  

There are limited data on the role of C3a/C3aR in humoral immune responses. Purified C3a has 

been reported to suppress IgG production from cultured B cells266, C3aR-/- mice have also been 

reported to have exaggerated  IgG1 production due to an increased Th2 response285.  
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The role of the C3aR in murine models of inflammation and autoimmunity  

Published studies on C3aR in murine models of inflammation have reported both pro and anti-

inflammatory actions depending on the target organ and context of the stimulus. C3aR was 

reported to be protective in LPS induced shock with higher mortality observed in C3aR-/- mice 

accompanied by elevated levels of Il-1β286. C3aR was also protective in a model of intestinal 

ischemia-reperfusion, in which C3aR-/- mice developed exacerbated intestinal injury. This was 

associated with a marked neutrophilia in C3aR-/- mice, which also occurred after GMCSF 

infusion suggesting that C3aR may be a negative regulator of neutrophil bone marrow 

mobilisation 287.   

 

In contrast, C3aR has been shown to be pro-inflammatory in other models of inflammation 

including passive anti-collagen antibody induced arthritis240, dextran sulphate induced colitis 288 

and experimental autoimmune encephalomyelitis 289,  

 

 

C3aR in models of renal disease 

Both protective and injurious roles for the C3aR have also been reported in models of renal 

disease. In renal ischemia-reperfusion injury C3aR-/- mice developed reduced renal injury and 

attenuated infiltrate of neutrophils and macrophages 237. C3aR was also reported to exacerbate 

injury in a mouse model of Adriamycin induced proteinuric nephropathy in which C3aR-/- mice 

had reduced albuminuria and reduced injury of the glomeruli and tubulointerstitial 

compartment. This was accompanied by reduced interstitial type I collagen, macrophage 

infiltration and myofibroblast staining. These data, along with the demonstration that C3a 

induced epithelial to mesenchymal transition in proximal tubular epithelial cells suggests that 

C3aR signalling may promote chronic fibrotic renal injury290. 
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To determine the role of C3aR in complement receptor mediated immune cell infiltration and 

renal injury Bao et al. conducted a series of experiments in which Crry-/-C3-/- kidneys were 

transplanted into complement sufficient syngeneic recipients with knockout of the C3aR and/or 

the C5aR1291. CR1-related protein/protein y (Crry) is a surface bound complement regulator 

that has similar properties to human decay accelerating factor and membrane co-factor protein. 

Cryy deficiency is embryonic lethal but can be rescued by co-existing C3 deficiency. 

Transplanting kidneys from Cryy-/-C3-/- mice into complement sufficient mice results in 

defective complement regulation in the kidney with subsequent inflammation and renal 

failure292. This model is of note as it allows dissociation of the role of immune cell expressed 

C3aR from renal expressed receptor and is independent of immune complexes. Recipient mice 

with C3aR deficiency developed reduced tubulointerstitial injury, along with attenuated influx 

of macrophages and T cells. These data suggest that C3aR signalling drives macrophages to 

sites of renal complement activation.  

 

In contrast, C3aR was reported to be anti-inflammatory in the MRL/lpr model of lupus nephritis 

as C3aR-/-MRL/lpr mice developed significantly higher autoantibody titers (predominantly 

IgG2a), and accelerated onset, although not severity of renal injury293.  In this model the C3aR 

inhibitor SB290157 gives conflicting results to C3aR-/- mouse as C3aR inhibition was 

associated with reduced albuminuria, leukocyte influx and serum urea nitrogen294. The 

divergence between reported outcomes in knockout and inhibitor treated mice may result from 

the fact that SB290157 is now recognized to have partial C3aR agonist activity295  
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Neutrophil-Complement interaction   

Previous studies have suggested a key role for complement-neutrophil interactions in AAV. 

Complement and neutrophils have multiple and complex two-way interactions. Complement 

fragments activate neutrophils via surface complement receptors. Activated neutrophils expel 

their granule contents, which themselves have complement activating properties. Circulating 

and membrane bound complement regulatory proteins preserve homeostasis by limiting 

complement activation. The close relationship between complement and neutrophils is 

illustrated by the association of complement factor H polymorphisms linked to more stringent 

complement regulation with lower serum myeloperoxidase levels (a marker of neutrophil 

activation) in a genome wide association study47. 

 

Complement activates neutrophils 

Neutrophils express multiple complement receptors, these are tabulated below along with the 

effect of receptor ligation 

 

Receptor Endogenous 
complement 
ligand 

Functional effect on neutrophil  
(H=human, M=Mouse) 

C5aR1 
(CD88) 

C5a Promotes neutrophil chemotaxis and degranulation 
(H). Upregulates excitatory FcγRs231(H/M). Induces 
NETosis in interferon primed neutrophils296. 

C5aR2 
(C5L2) 

C5a, C5desarg Predominantly intracellular. Activation results in β-
arrestin binding and inhibition of C5aR mediated 
signalling pathways (H)297 

C3aR C3a Not thought to cause neutrophils chemotaxis or 
degranulation of neutrophils (H) Negative regulator 
of neutrophil mobilisation 287(M) 

CR1 
(CD35) 

C3b, iC3b Co-factor for C3b and C4B cleavage to downstream 
inactive forms (H)298. Mediates phagocytosis of C3b 
coated immune complexes (H)299 

CR3 
(CD11b/1
8) 

iC3b  Adhesion, chemotaxis, production of reactive oxygen 
species, phagocytosis (H)299 

C1qR C1q  Ligation may induce ROS production300 
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Neutrophils activate complement  

Neutrophils are able to activate complement through the release of properdin in granules, 

thereby focusing complement activation at the site of degranulation. Properdin stabilises the C3 

convertase and is a positive regulator of the alternative pathway. Properdin is released from the 

secondary granules in response to a variety of stimuli including C5a, TNF, and IL-8301. 

Stimulation of neutrophils by TNF or fMLP also leads to cell bound properdin which activates 

the alternative pathway leading to neutrophil surface C3 deposits302. The positive feedback loop 

of neutrophil activation, properdin and complement activation is partially driven by C5a 

signalling through the C5aR1 as C5aR1 inhibition diminishes neutrophil bound C3302.  

 

Neutrophils are also able to activate complement through MPO, via production of reactive 

oxygen species303 and by binding to properdin in a C3 dependent mechanism with subsequent 

alternative pathway activation304.  Other ways that neutrophils can activate complement include 

membrane microparticles 302, 305 and NETS, which induce complement activation through both 

alternative and non-alternative pathways306.  

 

Neutrophil surface complement regulators  

Neutrophils are equipped with membrane bound complement regulators to prevent excessive 

complement mediated activation. These are delay accelerating factor (DAF, CD55) which 

inhibits the C3 convertase, membrane co-factor protein (CD46, MCP) a cofactor for factor I 

degradation of C3b/C4b and MAC inhibitory protein (CD59), which prevents MAC formation 

307.  Membrane expression of these is variable and CD55 levels are increased during neutrophil 

activation but decrease in apoptosis308, 309. 
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        Summary and aims:  

The ANCA associated vasculitides are autoimmune diseases with a complex pathogenesis. 

There is now a strong evidence base for complement C5a, signalling through the C5aR1 being a 

critical step in neutrophil activation by ANCAs and subsequent glomerulonephritis. Clinical 

trials of C5aR1 inhibition are currently ongoing. However, many questions surrounding the role 

of complement in this disease remain. This thesis presents work that addresses the following 

research aims.   

 

-To investigate whether pathogenic role for C5aR1 in anti-MPO can be extended to its role in 

modulating nephritogenic anti-MPO autoimmunity using mouse models of disease.  (Chapter 2) 

 

-To determine whether the receptor for C3a, the C3aR influences anti-MPO autoimmunity or 

glomerulonephritis in murine models of disease. (Chapter 3) 

 

-To investigate whether the alternative pathway of complement mediates anti-MPO 

autoimmunity or renal injury in a T cell mediated autoimmune model of anti-MPO 

glomerulonephritis. (Chapter 4) 

 

-To determine whether ANCA from patients with AAV activate the classical pathway of 

complement, and if so, whether the classical pathway is a significant contributor to complement 

mediated activation of human neutrophils. (Chapter 5) 

  



Page |   
 

56 

Chapter	2:	The	C5a	receptor	1	promotes	autoimmunity,	neutrophil	

dysfunction	and	injury	in	experimental	anti-myeloperoxidase	

glomerulonephritis	

 

Jonathan Dick1,2, Poh-Yi Gan1, Sharon L. Ford1,3. Dragana Odobasic1, Maliha A. Alikhan1, 

Sven Loosen1, Pam Hall1, Clare L. Westhorpe1, Anqi Li1, Joshua D. Ooi1, Trent M. Woodruff4, 

Charles S R. Mackay5, A. Richard Kitching1,2,6, Michael J. Hickey1, Stephen R. Holdsworth1,2 

 

1 Centre for Inflammatory Diseases, Monash University Department of Medicine, Clayton, 

Victoria, Australia  

2 Department of Nephrology, Monash Health, Clayton, Victoria, Australia   

3 Department of Nephrology, St Vincent’s Hospital, Fitzroy, Victoria, Australia 

4 School of Biomedical Sciences, The University of Queensland, Brisbane, Queensland, 

Australia. 

5 School of Biomedical Sciences- The Biomedicine Discovery Institute, Monash University, 

Clayton, Victoria, Australia  

6 Department of Paediatric Nephrology, Monash Children’s Hospital, Monash Health, Clayton, 

Victoria, Australia 

 

 

Correspondence: 

Prof. Stephen R. Holdsworth, Centre for Inflammatory Diseases, Monash University 

Department of Medicine, Monash Medical Centre, 246 Clayton Rd, Clayton, VIC 3168, 

Australia. 

Phone:  

Email:   



Page |   
 

57 

 

Acknowledgements 

This work was supported by funding from the National Health and Medical Research Council 

(NHMRC) of Australia grant no: 1046585.  

 

Running Title 

C5aR1 promotes anti-MPO autoimmunity and GN. 

  



Page |   
 

58 

Abstract:		
The prospects for complement-targeted therapy in ANCA-associated vasculitis (AAV) have 

been enhanced by a recent clinical trial in which C5a receptor 1 (C5aR1) inhibition safely 

replaced glucocorticoids in induction treatment. C5aR1 primes neutrophils for activation by 

ANCA and is therefore required in models of glomerulonephritis induced by anti-

myeloperoxidase (MPO) antibody. Although humoral and cellular autoimmunity play essential 

roles in AAV, a role for C5aR1 in these responses has not been described. In these studies, we 

use murine models to dissect the role of C5aR1 in the generation of anti-MPO autoimmunity 

and the effector responses resulting in renal injury. We show that that genetic absence or 

pharmacological inhibition of C5aR1 results in reduced autoimmunity to myeloperoxidase with 

an attenuated Th1 response, increased Foxp3+ regulatory T cells and reduction in generation of 

MPO-ANCA. These changes are mediated by C5aR1 on dendritic cells, which promotes 

activation, and thus MPO autoimmunity and glomerulonephritis. We also use renal intravital 

microscopy to determine the effect of C5aR1 inhibition on ANCA induced neutrophil 

dysfunction. We observe that MPO-ANCA induce neutrophil retention and reactive oxygen 

species burst within glomerular capillaries. These pathological behaviours are abrogated by 

C5aR1 inhibition.  Together, these data suggest C5aR1 inhibition ameliorates both 

autoimmunity and intra-renal neutrophil activation in AAV. 

 
1499/1500 characters including spaces.  
 

Keywords:  

ANCA, glomerulonephritis, complement, autoimmunity, C5aR1, vasculitis  
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Introduction.	
ANCA-associated vasculitis (AAV) is an autoimmune disease in which multiple immune 

participants contribute to the pathogenesis. A loss of self-tolerance results in ANCA production 

by B cells. These autoantibodies activate neutrophils, which induces their recruitment to 

glomeruli, degranulation and extracellular trap formation.41, 50 This neutrophil activation results 

in both direct endothelial injury and extensive glomerular deposition of myeloperoxidase 

(MPO).85, 119 In mouse models, the response of MPO specific effector T cells to glomerular 

MPO is a significant contributor to necrotising glomerulonephritis associated with MPO 

autoimmunity.104, 310 

 

Complement plays an important role as a modulator and effector of immune responses. There 

are three activation pathways, the classical, lectin and alternative which converge to form C3 

and C5 convertases. These result in the generation of multiple effector molecules including the 

pro-inflammatory C5 fragment, C5a, which binds to C5a receptor 1 (C5aR1) and C5a receptor 

2 (C5aR2). The C5aR1 is expressed on myeloid cells including neutrophils, mast cells, 

monocyte/macrophages and dendritic cells (DCs).219, 220 Therapeutic targeting of C5 has been 

shown to be a potent approach for treatment of diseases driven by dysregulation of complement 

such as atypical haemolytic uremic syndrome.  

 

Previous pre-clinical studies have shown that complement amplified by the alternative pathway 

and signalling through C5aR1 plays a key role in the priming of neutrophils for activation by 

ANCA and in experimental glomerulonephritis induced by anti-MPO antibodies.56, 185, 189 This 

data is supported by evidence of raised complement activation products in clinical samples 

from patients with active AAV.191 The recently published phase II CLEAR study reported that 

the oral C5aR1 antagonist CCX168 (Avacopan) was non-inferior to standard dose prednisolone 

as a component of induction therapy for AAV.207 Complement inhibition therefore has the 
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potential to be a paradigm changing therapy in AAV, a phase 3 clinical trial (NCT02994297) 

will further inform the validity of this approach.  

 

Whilst therapeutic targeting of C5aR1 is in advanced clinical development, the importance of 

this receptor in the generation of the cellular and humoral anti-MPO autoimmunity that are 

required for this autoimmune disease has not been determined. Furthermore, how C5aR1 

inhibition moderates ANCA induced neutrophil dysfunction in the glomerulus in vivo has not 

been described. In these studies we investigated the hypothesis that, independent of its effects 

on neutrophils, C5aR1 would promote autoreactivity to MPO and subsequent 

glomerulonephritis. In addition, we used confocal microscopy to define the effect of C5aR1 

inhibition on neutrophil behaviour in the glomerular microvasculature. 

 

Results	

C5aR1 promotes cellular and humoral autoimmunity to MPO 

To determine whether endogenous C5aR1 promotes autoimmune responses to MPO, anti-MPO 

autoimmunity was studied in C5aR1 intact (WT) and C5aR1-/- mice 10 days after immunisation 

with MPO in Freund’s complete adjuvant (FCA). In C5aR1-/- mice, there was a reduction in the 

proliferation of antigen restimulated lymphocytes, and a reduction in the MPO-specific Th1 

response with a corresponding increase in the proportion of CD4+ cells that were regulatory T 

cells (Treg). The Th17 response was not affected (Figure 1A-E). Humoral immunity was 

assessed 28 days after initial immunisation with MPO in FCA, followed by a boost dose of 

MPO in Freund’s incomplete adjuvant on day 7. MPO-ANCA titres were decreased in C5aR1-/- 

mice, largely related to a reduction in the IgG2b subclass. There were no significant differences 

between groups in other IgG subclasses (Figure 1F). To assess whether inhibition, rather than 

genetic deletion would effect adaptive immunity we used the peptide inhibitor (Ac-Phe-[Orn-

Pro-dCha-Trp-Arg], PMX53) to study the effect of C5aR1 inhibition on autoimmunity to MPO 
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10 days after immunisation. Due to the drug’s short life311 it was administered continuously 

through an osmotic infusion mini-pump. Similar to the findings with C5aR1-/- mice, T cell 

proliferation and anti-MPO Th1 responses were reduced, although there was no significant 

difference in the proportion of CD4 cells with a Treg phenotype or Th17 response (Figure 2A-

D).  

Figure 1 

Endogenous C5a promotes cellular and humoral 

immunity to MPO.  Cellular immune responses were 

measured 10 days after immunisation of mice with 

MPO in FCA. Compared to WT mice, C5aR1-/- mice 

showed (A) reduced proliferation of antigen 

restimulated cells from draining lymph nodes 

measured by 3H-thymidine (B) reduced MPO specific 

Th1 response measured by IFN-γ ELISPOT. (C) Th17 

response measured by IL-17A ELISPOT was similar. 

(D) The proportion of CD4+ cells in the draining LN 

that were CD25+Foxp3+ Tregs was increased in 

C5aR1-/- mice. (E) Representative flow cytometry plot 

gated on CD4+ cells showing CD25+Foxp3+ 

population. (F) Antibody responses were measured 28 

days after MPO immunisation. Compared to WT mice, 

C5aR1-/- mice exhibited reductions in total MPO-

ANCA and IgG2b MPO-ANCA, titres of other 

subclasses were similar.  *P <0.05, **P< 0.01, 

***P<0.001. 
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Figure 2: 

C5aR1 inhibition attenuates anti-MPO autoimmunity. Cellular 

immunity was measured 10 days after immunisation with MPO in 

FCA in mice receiving the C5aR1 inhibitor PMX53 or vehicle 

delivered by osmotic infusion pump. C5aR1 inhibition resulted in 

(A) reduced proliferation of MPO restimulated cells (B) and 

reduced Th1 response. (C) There was no difference in Th17 

response or (D) the proportion of CD4+ cells that were 

CD25+Foxp3+. *P <0.05, **P< 0.01,  

	
 

C5aR1 regulates DC activation and subsequent T cell response 

C5aR1 has been reported to influence the generation of Th1, Th17 and Foxp3+ Tregs through 

signalling within both antigen presenting cells (APCs) and T cells.217, 244, 247, 252 We investigated 

expression of co-stimulatory molecules and the cytokine profile of bone marrow (BM) derived 

DCs from C5aR1-/- and WT mice. DCs from WT mice exhibited higher expression of MHC-II, 

whilst CD40, CD80 and CD86 were similar between groups (Figure 3 A-D). WT BMDCs 

secreted more TNF and IFN-β, and whilst IL-12p70 was similar between groups, C5aR1-/- DCs 

secreted more anti-inflammatory IL-10 (Figure 3 E-H). In addition, C5aR1-/- DCs were less 

efficient at internalising antigen measured by the fluorogenic substrate DQ-OVA (Figure 3I).  

 

To determine whether the differences in DC activation and antigen uptake observed in C5aR1-/- 

DCs resulted in attenuated autoimmunity, we transferred MPO loaded BMDCs derived from 
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response and increased proportion of Tregs without altering the Th17 response, mirroring 

results in mice globally deficient in the C5aR1 (Figure 4 A-D). 

 

Figure 3  

 

 

 

 

 

 

 

 

 

 

The C5aR1 on APCs modulates autoimmunity to myeloperoxidase.  

Bone marrow derived dendritic cells were grown from WT or C5aR1-/- mice. Day 8 BMDCs were 

stimulated for 24 hours with 25nM rC5a and 1 µg/ml LPS before surface expression of co-stimulatory 

molecules and supernatant cytokines were analysed. (A-D) WT BMDCs displayed higher expression of 

MHC-II, other co-stimulatory molecules were not different. (E-G) C5aR1-/- BMDCs secrete less TNF 

and IL-1β than WT DCs, levels of IL-12p70 were similar. (H) C5aR1-/- DCs secrete more IL-10 than WT 

DCs. (I) Day 8 BMDCs were incubated with 10µg/ml DQ-OVA for 120 minutes before antigen uptake 

was analysed by flow cytometry.  *P <0.05, **P< 0.01, ***P<0.001. 
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FCA. 10 days after immunisation there was no difference in the generation of splenic IFN-γ + or 

IL-17A+ and, whilst, consistent with previous reports312, generation of de-novo Foxp3+ Tregs 

was minimal, this did not differ between groups  (Figure 4 E-F).  

 

Figure 4: C5aR1 on DCs, but not T cells 

promotes anti-MPO autoimmunity. (A) Day 8 

BMDCs were incubated for 120 minutes with 

10µg/ml rMPO before being matured for 18 hours 

with 1µg/ml LPS. The cells were extensively 

washed before 1x106 cells were injected into WT 

mice. Cellular immunity was measured 10 days 

after immunisation. (B) WT mice receiving 

C5aR1-/- MPO pulsed DCs had a reduced IFN-γ 

producing lymphocytes, (C) similar IL-17A 

producing lymphocytes and (D) an increased 

proportion of CD25+Foxp3+ T regulatory cells.  

(E) 5x106 CD4+Foxp3- cells from Foxp3GFP or 

C3aR-/-C5aR1-/-Foxp3GFP mice were injected into 

Rag1-/- recipients. These were immunised with 

MPO in FCA and cellular immunity was 

measured 10 days later. (F) There was no 

difference in the proportion of CD4+ IFN-γ+, IL-

17A+ or Foxp3+ cells. *P <0.05. 
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										C5aR1 on DCs induces T cell mediated anti-MPO glomerulonephritis 

We have previously shown that when autoimmunity to MPO is induced in C57BL/6 mice by 

immunisation, the humoral response generated is insufficient to cause glomerulonephritis. 

However, when glomerular neutrophil recruitment and MPO deposition is induced with low 

dose sheep anti-mouse anti-glomerular basement membrane (GBM) globulin, mice develop 

antigen specific T cell mediated necrotising glomerulonephritis.104, 120 Importantly, previously 

published controls including the lack of injury in mice immunised with OVA or Mpo-/- mice 

and the induction of injury by MPO but not OVA specific T cell clones, confirm that 

glomerular injury is caused by MPO specific effector T cells.34, 104, 120 This model is dependent 

on glomerular neutrophil recruitment by anti-GBM globulin, and as glomerular neutrophil 

recruitment by immune complexes has been reported to be complement dependent,313 we first 

ascertained whether neutrophil recruitment to the glomerulus was C5aR1 dependent. 

Glomerular neutrophil recruitment in C5aR1-/- mice was significantly less than that observed in 

WT mice one hour after injection of anti-GBM globulin (WT: 1.26±0.64 vs. C5aR1-/-: 

0.40±0.13 neutrophils/GCS p=0.019).  Therefore, to dissociate the role of C5aR1 on immunity 

from its effects on neutrophils, we induced MPO autoimmunity in WT mice with MPO-pulsed 

BMDCs and 14 days later, triggered glomerulonephritis with low dose anti-GBM globulin. 

Compared with transfer of MPO-pulsed WT DCs, transfer of MPO-pulsed C5aR1-/- BMDCs 

resulted in attenuated glomerulonephritis with reduced albuminuria and glomerular necrosis, 

accompanied by reductions in glomerular leukocytes (Figure 5A-G). Serum MPO-ANCA titres 

were also reduced in mice receiving C5aR1/- BMDCs (Figure 5H). 
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Figure 5  
Figure 5: 

Autoimmunity transferred by C5aR1-/- DCs results 

in attenuated anti-MPO glomerulonephritis.  (A) 

MPO autoimmunity was induced by immunisation of 

WT mice with MPO pulsed WT or C5aR1-/- BMDCs. 

Glomerulonephritis was triggered by a sub-

nephritogenic dose of anti-GBM IgG. (B-C) Mice 

receiving C5aR1-/- BMDCs developed significantly 

less albuminuria and glomerular necrosis. (D) 

Segmental glomerular necrosis in mice receiving 

WT DCs. Magnification 400x, scale bar 30µm. (E-

G) The accumulation of CD4+ T cells, neutrophils 

and macrophages in glomeruli was attenuated in 

mice receiving C5aR1-/- BMDCs. (H) MPO-ANCA 

titres were reduced in mice receiving C5aR1-/- DCs. 

*P <0.05, **P< 0.01. 
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C5aR1 mediates ANCA induced neutrophil retention and ROS production in the 

glomerulus  

We have previously used multiphoton imaging to demonstrate that MPO-ANCA causes 

retention of neutrophils in glomeruli.314 Here, we examined the role of C5aR1 alongside MPO-

ANCA induced neutrophil behaviour and dysfunction in glomeruli. Mice were co-administered 

LPS and either MPO-ANCA or anti-OVA IgG as control. Compared to anti-OVA IgG, MPO-

ANCA did not affect the total number of neutrophils adhering in glomeruli, but increased 

neutrophil dwell time in glomeruli. This was due to an increase in the dwell time of crawling 

(but not static) neutrophils (Figure 6A-C and Supplementary Videos S1 & S2). In MPO-ANCA 

treated mice administration of an anti-C5aR1 neutralising monoclonal antibody limited the 

increase in dwell time of crawling neutrophils (Figure 6D).  

Figure 6 

 

MPO-ANCA induces neutrophil 

retention in the glomerular capillaries 

which is attenuated by C5aR1 

inhibition. Multiphoton microscopy was 

used to analyze neutrophil recruitment 

in wild-type mice treated with either 

MPO-ANCA or anti-OVA IgG (as 

control), following priming with 

systemic LPS. (A) Sequence of images 

showing an anti-Gr-1-PE stained 

neutrophil (red, outlined by fine dotted 

line) undergoing prolonged 

intravascular migration in glomerulus 

following administration of anti-MPO 
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IgG. (Dotted line denotes migration path, time stamp shown below images). Vasculature (blue) is 

labeled by Pacific Blue dextran (see also Supplementary Videos S1 & S2). (B) MPO-ANCA does not 

increase the number of adherent neutrophils in the glomerulus. (C) MPO-ANCA causes an increase in 

glomerular dwell time due to prolonged retention of crawling, but not static neutrophils. (D) C5aR1 

inhibition reduces glomerular crawling time compared to control. **P< 0.01. 

 

As ANCA induce neutrophil production of reactive oxygen species (ROS) in vitro, we 

examined whether MPO-ANCA induced ROS by neutrophils in vivo within glomerular 

capillaries. ROS production was measured by dihydroethidium (DHE) associated fluorescence. 

In mice treated with LPS and MPO-ANCA, approximately 20% of adherent neutrophils 

displayed detectable DHE fluorescence. This ROS generation was rapid, occurring within 2.5 

minutes of adhesion in the majority of neutrophils (Figure 7A-C). C5aR1 inhibition reduced the 

number of DHE-positive neutrophils, so that ROS-producing neutrophils were almost entirely 

absent (Figure 7D). Together, these findings demonstrate that C5aR1 plays a key role in both 

MPO-ANCA induced neutrophil retention and ROS production in the glomerular 

microvasculature, thus promoting ANCA induced glomerular injury. 
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Figure 7 
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MPO-ANCA induced glomerular neutrophil ROS production is abrogated by C5aR1 inhibition. 

 (A) Multiphoton intravital microscopy image showing neutrophil ROS generation in mouse following 

administration of MPO-ANCA. Neutrophils were detected using anti-Gr-1 (green, arrowhead), while ROS 

generation was detected using the oxidant-sensitive fluorochrome dihydroethidium (DHE) (red, arrow) (B) 

MPO-ANCA induces ROS production by intraglomerular neutrophils. (C) Histogram showing time-course 

of ROS production in DHE positive adherent neutrophils. (D) MPO-ANCA induced ROS production in 

glomerular neutrophils is abrogated by C5aR1 inhibition.   

 **P< 0.01, ***P<0.001. 
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										Discussion	
Previous studies showing a role for C5aR1 in mediating in vitro neutrophil activation and 

experimental glomerulonephritis induced by MPO-ANCA have led to clinical trials in humans. 

The studies described here suggest an additional, potentially beneficial consequence of 

targeting the C5aR1 in AAV, is to dampen the underlying cellular and humoral autoreactivity to 

MPO that drives this disease.  

 

T cells play multifaceted roles in AAV. These include; provision of help to B cells to facilitate 

ANCA production315, a direct contribution to renal injury by T effector cells104 and the 

suppression of autoimmunity and inflammation by Tregs.34 To date, studies investigating the 

role of C5aR1 in experimental anti-MPO vasculitis have not investigated the influence of 

C5aR1 signalling on these behaviours.   We observed attenuation of Th1 immunity, an 

important mediator of glomerular injury in established crescentic glomerulonephritis,316 in both 

C5aR1-/- mice and mice treated with a C5aR1 inhibitor. This was accompanied by an increased 

proportion of Tregs in C5aR1-/- mice. These findings are consistent with previous studies in 

which signalling through the C5aR1 has been found to induce Th1 responses and inhibit 

induction of regulatory T cells.246, 252, 253  

 

It is likely that signalling through C5aR1 also influences T cell immunity in humans as C5a has 

been reported to up-regulate costimulatory molecules on human DCs, induce Th1 polarisation 

and inhibit the formation of human Tregs.243, 253, 254 The potential clinical relevance of this is 

that C5aR1 inhibition may have beneficial effects on the enhancement of Th1102 and diminution 

of Treg 101 cell functions that are associated with AAV.  

 

An area of recent controversy has been the relative contribution of T cell intrinsic and DC 

expressed C5aR1 to its effects on T cell polarisation. A role for T cell intrinsic C5aR1 in 

inducing Th1 and Treg polarisation has been proposed,217, 218, 252 however, two studies utilising 



Page |   
 

71 

different C5aR1-GFP reporter mice have not confirmed T cell expression.219, 220 In keeping with 

other studies244, 247, 317, we found that DCs from C5aR1-/- mice had a less activated phenotype 

with reduced MHC-II expression and antigen processing alongside increased secretion of IL-10. 

Transfer of C5aR1-/- DCs into WT mice resulted in attenuated anti-MPO autoimmunity.  In 

contrast, we did not find a difference in T cell polarisation when cells were transferred into 

Rag1-/- hosts, although under these conditions, generation of de-novo Foxp3+ cells was 

minimal. This suggests, at least in mice, that effects of C5aR1 on immunity are mediated by the 

receptor on APCs.  

 

C5aR1 signalling has previously been reported to exacerbate immune mediated renal injury255, 

256, we investigated whether the observed reduction of autoimmunity would translate to reduced 

glomerular disease independent of any effect of C5aR1 on neutrophils. The attenuated disease 

observed in mice receiving C5aR1-/ - BCMDCs confirms that C5aR1 induced nephritogenic 

autoimmunity to myeloperoxidase is a significant contributor to glomerular injury. In addition 

to the generation of autoimmunity, signalling through C5aR1 may also contribute to the 

perpetuation of nephritogenic autoimmunity that occurs in active disease after myeloperoxidase 

deposition in the kidney, which is a site enriched for C5aR1 expressing APCs.318  

 

The production of ANCA is essential for the pathogenesis of AAV. We observed that MPO-

ANCA titres were reduced in immunised C5aR1-/- mice, this supports the role for the C5aR1 in 

promoting humoral immunity to other antigens seen in previous studies.319-321 As murine B cells 

do not express the C5aR1,219, 220 and the reduction was observed when immunity was 

transferred by MPO loaded C5aR1-/- DCs into WT mice, C5aR1 is likely to promote humoral 

immunity by APC modulation of the T cell response.   
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Whilst the C5aR1 has previously been shown to be important for neutrophil priming for 

ANCA activation in vitro, how it affects glomerular neutrophil behaviour in vivo has not 

previously been defined.  We have previously used intravitral microscopy to visualise MPO-

ANCA induced glomerular neutrophil adhesion in the glomerulus and to demonstrate that this 

process that is dependent on the adhesion molecules lymphocyte function associated antigen-1 

(LFA-1) and α4-integrin.84, 314 Here we extend these observations by showing that MPO-ANCA 

also rapidly induce glomerular ROS production by neutrophils,  and that both this, and the 

increased intravascular migration observed in MPO-ANCA treated mice are abrogated by 

C5aR1 inhibition. Ligation of C5aR1 has been shown to induce the translocation and surface 

expression of autoantigens which is required for neutrophil activation by ANCA.56, 322 

Additional biological effects of C5a which may be contribute to its ability to prime neutrophils 

for activation by ANCA include the induction of FcγIIa and suppression of FcγRIIb 

transcription as well as the enhancement of LFA-1 mediated adhesion.323, 324  

 

In summary, this work builds on previous studies and extends the role for the C5aR1 in 

ANCA associated vasculitis beyond its role in neutrophil priming for activation by ANCA.  We 

propose that the C5a plays multiple roles in this disease. These include activation of DCs 

facilitating the loss of tolerance to the auto-antigens and the development and maintenance of 

Th1 polarised anti-MPO autoimmunity. C5a is also likely to attenuate the generation of 

immunomodulatory Tregs and have an indirect effect on B cell production of ANCA through 

APC polarisation of T cell autoimmunity. At the level of the neutrophil, signalling through the 

C5aR1 is required for the aberrant activation, migration and ROS production induced by ANCA 

and may also mediate tissue factor release with resulting thrombosis.325  Remaining questions 

that have not been addressed include the role of the C5aR1 on glomerular macrophages, the 

vascular endothelium, and its potential role in moderating the tubulointerstitial fibrosis 
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associated with adverse renal survival in AAV.326, 327 The generation of a lineage selective 

C5aR1 knockout mouse will facilitate examination of some of these issues.220 

 

 In the context of previous studies in murine models of anti-MPO glomerulonephritis 

and the early results of efficacy of small molecule inhibitors of C5aR1 in clinical trials, these 

results strengthen the argument for the C5aR1 as a therapeutic target by defining its multiple 

roles in the generation of anti-MPO autoimmunity and effector responses in the kidney. 

 

Concise	Methods	

Induction and Assessment of systemic immune response 

C57BL/6J and C5aR1-/- mice235 (gift of Prof Rick Wetsel, University of Texas) were bred at the 

Monash University Animal Research Platform. Native and recombinant murine 

myeloperoxidase were produced as previously described.328 Mice were immunised 

subcutaneously with 20µg MPO in FCA (Sigma-Aldrich, St Louis, MO), To inhibit C5aR1, 

PMX53 (synthesized as previously described311) was dissolved in 5% dextrose and infused 

through an osmotic infusion mini-pump (Azlet, Cupertino, CA) at a rate of 24µg/day. Draining 

lymph nodes were harvested ten days after immunisation and a single cell suspension was 

obtained. IFN-γ and IL-17A ELISPOT was performed according to manufacturer’s instructions 

(eBioscience, San Diego, CA) with 5x105 cells per well.  Cells were incubated for 18 hours at 

37 °C with 10µg/ml heat inactivated rMPO. MPO-specific cell proliferation was measured by 

culturing lymphocytes at 5×105 cells/well in 96-well round-bottom plates re-stimulated with or 

without 10 µg/ml MPO and incubated for 72 hours. During the last 16 hours of culture, 0.5 µCi 

of 3H-thymidine (PerkinElmer, Waltham, MA) was added. To quantify Tregs, FoxP3 staining 

kit (eBioscience), anti-CD4 (RM4.5), anti-CD25 (PC61) (both BD Biosciences) and anti-Foxp3 

(FKJ-16s) were used. Flow cytometry was performed on the Beckman Coulter Navios platform 

and analyzed using FlowJo software (TreeStar, Ashland, OR).  Total anti-MPO IgG was 
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measured by ELISA on MPO coated plates with IgG detected with sheep-anti mouse IgG-HRP 

(Sigma-Aldrich). Antibody subclasses were measured using subclass specific goat anti-mouse 

IgG-HRP (Southern Biotech, Birmingham, AL).   

 

BMDCs Culture and BMDC immunization 

Bone marrow cells were harvested from the tibia and femurs of WT or C5aR1-/- mice and 

cultured in RPMI media containing 10% FCS, 2mM L-Glutamine, 100U/ml penicillin, 

100µg/ml streptomycin, 50µM 2-ME and 10ng/ml GM-CSF (Invitrogen Life Tech). Media was 

changed on day 3 and 6. On day 8 non-adherent cells were collected and cultured with 25nM 

recombinant murine C5a (Hycult Biotech) 10ng/ml GM-CSF and with LPS 1µg/ml.  

Expression of surface markers was measured by flow cytometry using propidum iodide, anti-

CD11c (N418), anti-CD86 (GL-1) anti-CD80 (16-10A1), anti-MHC-II (M5/114.15.2) (all 

Biolegend, San Diego, CA) and anti-CD40 (3/23) (BD Biosciences) Supernatant cytokines 

were measured by multiplex bead array (Biolegend) with the exception of IL-10 which was 

measured by ELISA with amplification: coating mAb JESS 2A-5, detection mAb SXC-1 (both 

BD Biosciences), amplification with sequential extravidin, biotin anti-avidin and extraavidin 

peroxidase (all Sigma Aldrich). DQ-OVA uptake was measured by incubating day 8 BMDCs in 

complete media containing 10 µg/ml DQ-OVA (ThermoFisher Scientific).   For DC 

immunization day 8 BMDCs were incubated with 50 µg/ml recombinant murine MPO in RPMI 

media with 2.5% FCS for 120 minutes, Cells were extensively washed prior to maturation with 

1 µg/ml LPS. 1x106 washed BMDCs were injected s/c into wild type mice. 10 days after DC 

immunization mice were culled for measurement of the immune response or glomerulonephritis 

was triggered at day 14 by two doses of 1.5mg sheep anti-GBM as previously described.120  

Transfer of Foxp3- T Cells into Rag1-/- recipients 

Naive Foxp3GFP or C3aR-/-C5aR1-/-Foxp3GFP mice (Gift of Prof Peter Heeger, Icahn School of 

Medicine) mice were culled by CO2 inhalation. The spleens and LN were harvested and single 
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cell suspension obtained. Cells were CD4 enriched using L3T4 CD4 microbeads (Miltenyi 

Biotec), Enriched cells were CD4 stained (GK1.5) and sorted by flow cytometry to obtain a 

CD4+Foxp3-ve population. 5x106 viable T cells were injected into naïve Rag1-/- mice, which 

were immunised with 20µg MPO in FCA 20 hours later and culled on day 10. Splenocytes were 

analysed by flow cytometry for formation of de-novo Foxp3+ve cells or stimulated with 

brefeldin A (10µg/ml), ionomycin (500ng/ml) and PMA (100ng/ml) for 4 hours prior to 

intracellular cytokine staining with anti-IFN-γ (XMG1.2, BD Bioscience) and anti-IL-17A 

(eBio17B7, eBioscience). 

 

Assessment of Renal Injury 

Glomerular segmental necrosis was assessed on formalin fixed, paraffin embedded,  periodic 

acid-Schiff (PAS) stained, 4µm sections. Leukocyte infiltrate was assessed in periodate lysine 

paraformaldehyde fixed 5 µm section stained with Vectastain Elite ABC Kit (Vector 

Laboratories, Burlingame, CA) and DAB Brown using the following detection antibodies: anti-

CD4 (GK1.5), anti-CD68 (FA/11; gift from Gordon L. Koch, MRC Laboratory of Molecular 

Biology, Cambridge, United Kingdom), and anti-Gr-1 (RB6-8C5; DNAX, Palo Alto, CA). 

Albuminuria was measured by ELISA (Bethyl Laboratories, Montgomery, TX). 

 

Multiphoton Microscopy 

Multiphoton microscopy was performed as previously described.314 Briefly, mice underwent 

unilateral ureteric ligation at 4-5 weeks of age. 12 weeks was allowed for the kidney to undergo 

hydronephrosis before mice were used. Mice were anesthetized by intraperitoneal injection of 

ketamine hydrochloride (150 mg/kg, Troy Labs, Glendenning, Australia) and xylazine 

(10mg/kg, Pfizer), and the jugular vein cannulated for administration of fluorescent dyes and 

additional anaesthetic. Body temperature was maintained with a heat pad. The hydronephrotic 

kidney was exteriorized through a lateral incision and drained of urine. The kidney was 
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fastened onto a viewing platform, superfused with saline and covered with a coverslip. The 

renal microvasculature was observed with a Leica SP5 multiphoton microscope (Leica 

Microsystems) using a 20X 1.0 NA WI objective lens and a SpectraPhysics MaiTai pulsed 

infrared laser. Three to five glomeruli were imaged at 30 sec intervals during a 1-hour recording 

period.  Images (6 µm z step size) were collected to a depth of ~ 125 µm. 

 

Preparations were imaged using 810 nm excitation, neutrophils were labelled with anti-Gr-1-PE 

and the vasculature was labelled with Pacific Blue-dextran (conjugated in-house). To detect 

reactive oxygen species, DHE 2 mg/kg (Sigma-Aldrich) was administered i.v. 20 min before 

imaging, neutrophils, labelled with Gr-1-AF488, and the vasculature labelled with non-

functionalised eFluor650 nanocrystals (eBioscience). Recordings were analysed using Imaris 

software (Bitplane). Leukocytes were defined as adherent to the endothelium if they remained 

arrested in the glomerulus for at least two consecutive images (≥30 sec), and dwell time 

(duration of adhesion) and crawling behaviour were recorded.  

MPO-ANCA and Anti-OVA IgG were generated by immunising Mpo-/- mice and purified as 

using protein G column as previously described.104 To examine MPO-ANCA induced 

glomerular leukocyte recruitment, mice were primed with LPS (0.1 µg, i.p.), and 4 h later 

received either MPO-ANCA or anti-OVA IgG (50 µg i.v.). Intravital imaging of glomeruli was 

performed either 0-60 min or 60-120 min after IgG administration. Anti-C5aR1 mAb (20/70, 

100 µg i.v) was administered 15 min before anti-MPO IgG.  

 

Ethics Statement 

All experiments were approved by Monash University Animal Ethics Committee and 

performed in accordance with National Health and Medical Research Council guidelines for 

animal experimentation. 

 



Page |   
 

77 

Statistics 

Data are presented as mean+/- SEM with each dot representing a mouse. Prism 6 (Graphpad, 

San Diego, CA) software was used for analysis with an unpaired two-tailed t-test for normally 

distributed data and Mann–Whitney U-test for non-normally distributed data. . * P<0.05, **P< 

0.01, ***P<0.001. 
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Chapter	3:The	C3aR	promotes	macrophage	infiltration	and	

regulates	ANCA	production	but	does	not	affect	glomerular	injury	

in	experimental	anti-myeloperoxidase	glomerulonephritis.	
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Abstract:		
The anti-neutrophil cytoplasmic antibody (ANCA) associated vasculitides are autoimmune 

diseases associated with significant morbidity and mortality. They often affect the kidney 

causing rapidly progressive glomerulonephritis. While signalling by complement anaphylatoxin 

C5a though the C5a receptor 1 is important in this disease, the role of the anaphylatoxin C3a 

signalling via the C3aR is not known. Using two different murine models of anti-

myeloperoxidase (MPO) glomerulonephritis, one mediated by passive transfer of anti-MPO 

antibodies, the other by cell-mediated immunity, we found that the C3aR did not alter 

histological disease severity. However, it promoted macrophage recruitment to the inflamed 

glomerulus and inhibited the generation of MPO-ANCA whilst not influencing T cell 

autoimmunity. Thus, whilst the C3aR modulates some elements of disease pathogenesis, overall 

it is not critical in effector responses and glomerular injury caused by autoimmunity to MPO.  

 

 

 

 

 

 

 

 

 

  



Page |   
 

80 

										Introduction:	
The anti-neutrophil cytoplasmic antibody (ANCA) associated vasculitides (AAV) are diseases 

in which autoimmunity to the neutrophil granule proteins myeloperoxidase (MPO) or 

proteinase-3 (Pr3) can cause multi-organ injury, including rapidly progressive 

glomerulonephritis. The pathogenesis of AAV involves multiple steps. T and B cell tolerance to 

MPO or Pr3 is lost, resulting in the secretion of autoantibodies (ANCA). ANCA can bind to 

their cognate autoantigen on primed neutrophils, inducing them to activate and lodge in the 

glomerulus. These intraglomerular neutrophils degranulate, producing reactive oxygen species 

and causing direct glomerular injury329. Degranulation results in extensive glomerular deposits 

of non-leukocyte associated MPO in patients with AAV119. Murine models suggest that MPO-

specific effector T cells recognize glomerular MPO and contribute to glomerular injury104, 120.  

 

The complement system is an important component of innate immunity. Three pathways can 

activate complement, the classical, alternative and lectin pathways, which all converge on 

generation of a C3 convertase.  C3a is a bioactive split product of C3 produced, along with C3b, 

by the action of the C3 convertases. C3a is rapidly inactivated by cleavage of the C-terminal 

arginine to form C3a-desArg. The cellular receptor for C3a, the C3aR, is a G-protein coupled 

receptor with 7 trans-membrane domains and high homology to the human C5aR1. Activation 

of the receptor leads to intracellular calcium mobilisation 260, 261.  

Complement has emerged as an important mediator of disease in AAV. Murine studies revealed 

that complement, activated via the alternative pathway and signalling through C5aR1 is 

required for ANCA-induced neutrophil activation and glomerulonephritis56, 185, 188, 189. 

Supporting evidence from human cohorts include elevated circulating complement activation 

products in active disease191, the association of low serum C3 levels with adverse outcomes193, 

194, and evidence of complement deposition in biopsies of patients with AAV197, 198. The proof 

of concept phase 2 CLEAR study showed that the small molecule C5aR1 inhibitor CCX168 
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(Avacopan) was non-inferior to glucocorticoids for induction therapy in AAV207. This strategy 

is currently the subject of a phase 3 clinical trial (NCT02994297) in acute AAV. 

 

Although circulating levels of C3a are elevated in patients with active AAV 191, whether C3a is 

pathogenic in this disease is not known. The only relevant published work to date in AAV has 

been the finding that C3a does not prime isolated neutrophils for activation by ANCA in vitro56. 

This is consistent with the inability of C3a to cause chemotaxis or degranulation in 

neutrophils330.  However, AAV is a disease with the complex participation of multiple innate 

and adaptive immune components. Thus, as signalling through C3aR has been implicated in 

several relevant processes, including neutrophil mobilisation287, the generation of T cell 331 and 

B cell 266responses, macrophage recruitment291 and mast cell degranulation261 there are multiple 

potential mechanisms by which the C3aR may participate in AAV. We therefore examined the 

role of signalling through the C3aR in anti-MPO autoimmunity and renal injury, by studying 

C3ar-/- mice286 in two complementary models of anti-MPO glomerulonephritis. 
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									Results	

Endogenous C3a does not exacerbate glomerular injury induced by passive transfer of 

anti-MPO IgG but promotes glomerular macrophage recruitment. 

Passive transfer of anti-MPO IgG, with or without a priming stimulus into mice induces a 

neutrophil mediated necrotising glomerulonephritis 137, 138. We used this model incorporating 

lipopolysaccharide (LPS) to investigate the role of the endogenous C3a in the effector phase of 

anti-MPO IgG induced glomerulonephritis. WT and C3ar-/- mice received anti-MPO IgG and 

LPS. Renal injury was studied after 7 days. Both groups of mice developed glomerulonephritis 

with a similar degree of histological glomerular injury (Fig 1A-C). However, fewer glomerular 

macrophages were observed in C3ar-/- mice with glomerulonephritis (Fig 1 D-F). Numbers of 

glomerular neutrophils were not different between groups and, consistent with histological 

findings, albuminuria was similar between groups (Fig1 G-H). Therefore, in this model, the 

C3aR is not required for the development of anti-MPO IgG induced glomerular injury, but does 

promote macrophage infiltration to the inflamed glomerulus. 
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     Figure 1 

 

	

 

 

 

 

 

 

 

 

 

Figure 1: Endogenous C3a does not promote anti-MPO glomerulonephritis but supports macrophage 

recruitment to the inflamed glomerulus. 

Anti-MPO glomerulonephritis was induced in WT and C3ar-/- mice (n=14/group) by injection of 100µg/g anti-

MPO IgG and 0.5µg/g LPS. On day 7 histological glomerular injury was assessed. Both groups of mice 

developed glomerulonephritis including segmental necrosis. There was no difference in degree of injury (A) 

between WT (B) and C3ar-/- (C) mice.  Glomerular leucocyte influx was assessed by immunohistochemistry 

(n=7/group). Compared to WT mice (D-E), the number of glomerular macrophages was reduced in C3ar-/- 

mice (F). There was no difference in glomerular neutrophils (G), albuminuria, measured by urinary albumin: 

creatinine ratio was not different between groups (H).  
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The C3aR does not promote injury in experimental autoimmune anti-MPO 

glomerulonephritis. 

We then examined the role of C3aR in an autoimmune model of anti-MPO glomerulonephritis 

that is mediated by the T cell effector response to glomerular MPO120. In mice, autoimmunity to 

MPO induced by immunisation does not result in ANCA of sufficient pathogenicity to cause 

disease. However, injection of a sub-nephritogenic dose of anti-glomerular basement membrane 

(GBM) globulin induces glomerular neutrophil recruitment and deposition of MPO. Glomerular 

MPO is recognised by antigen specific effector T cells with resulting necrotising 

glomerulonephritis104, 120. Several strands of evidence confirm that this disease is due to MPO-

specific T cell effectors. These include lack of injury in Mpo-/- mice or OVA immunised mice, a 

similar degree of injury in B cell deficient mice and the induction of glomerulonephritis by 

transfer of MPO-specific, but not OVA-specific CD4+ T cell clones 34, 104, 120. As this model is 

dependent on glomerular neutrophil recruitment by anti-GBM globulin, we first confirmed that 

this parameter was not affected by the absence of the C3aR (150 minutes after anti-GBM IgG, 

WT 1.17±0.17 vs. C3ar-/-1.13±0.16; mean ± SEM, neutrophils/glomerular cross section). 

Having excluded this potential confounder, we induced autoimmune anti-MPO 

glomerulonephritis in WT and C3ar-/- mice. Both groups had similar severity of histological 

injury and albuminuria, with no differences in the numbers of neutrophils, macrophages or 

CD4+ T cells between WT and C3ar-/- mice (Fig 2A-G). 
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Figure 2  

 

 

 

 

  

 

              
Figure 2: Endogenous C3a does not promote autoimmune anti-MPO glomerulonephritis.  

Autoimmunity to MPO was induced in WT and C3ar-/- mice (n=13-15/group) by immunisation with 20µg MPO 

in FCA followed 7 days later by 10µg MPO in FIA. Disease was triggered on day 16 by i.v. injection of 

0.12mg/g sheep anti-mouse GBM globulin in two divided doses and glomerular injury was assessed on day 21. 

Mice developed glomerulonephritis with focal areas of segmental necrosis, but there was no difference in the 

degree of injury (A) between WT (B) and C3ar-/- (C) mice. Glomerular leucocytes were assessed by 

immunohistochemistry. The number of glomerular CD4+ cells (D), macrophages (E) and neutrophils (F) were 

similar between groups. Functional renal injury measured by urinary albumin: creatinine ratio was similar 

between  groups (G). 
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C3a supresses humoral autoimmunity to MPO. 

As ANCA production is important in the pathogenesis of AAV, we measured the development 

of anti-MPO humoral autoimmunity in this disease model. MPO-ANCA IgG titres were 

increased in C3ar-/- mice (Figure 3A). Levels of anti-MPO IgG1 and IgG2b isotypes, but not 

IgG2c and IgG3 were significantly higher in C3ar-/- than wild-type mice (Fig3 B).  

 

Figure 3  

 

 

Figure 3: C3a suppresses anti-MPO humoral immunity.  

Anti-MPO IgG titres and anti-MPO IgG subclass titres were measured by ELISA in WT and C3ar-/- mice 

(n=8/group). Anti-MPO IgG titres were higher in C3ar-/- mice compared to WT, due to elevated anti-

MPO antibodies of the IgG1 and IgG2b subclasses. MPO-specific IgG2c and IgG3 were not different 

between groups (B).  
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To further investigate the differences in humoral autoimmunity, we analysed B cell 

development in the bone marrow and spleen. In naïve mice, the proportion of bone marrow B 

cells that were proB-preB (B220+IgMlowIgDlow), transitional (B220+IgM+IgDlow) or mature 

(B220+IgMintIgD+) was not different between WT and C3ar-/- mice. In mice immunised with 

MPO in FCA, there was no difference in the total number of splenic B220+ B cells, Follicular B 

cells (B220+CD21+CD23+), marginal zone B cells (B220+CD21+CD23low) or plasma cells 

(B220low/int CD138+) between groups (Fig 4). B cell activating factor (BAFF), expressed by 

myeloid and bone marrow stromal cells is elevated in AAV332 and is important in B cell 

development and differentiation. Levels of serum BAFF in immunised WT and C3ar-/- mice 

were not significantly different between groups.  
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Figure 4: C3ar-/- mice have 

normal B cell development in 

the spleen and bone marrow. 

Bone marrow cells were 

extracted from tibiae of naïve 

WT and C3ar-/- mice 

(n=4/group) and surface 

markers analysed by flow 

cytometry. (A-C)The proportion 

of B220+ cells that were preB or 

proB (IgMlowIgDlow), 

transitional (IgM+IGDlow) or 

mature (IgM+IgD+) did not 

differ between groups. (D) 

Represntive flow cytometry plot 

gated on B220+ cells in the bone 

marrow showing gating 

strategy. The splenic B cell 

compartment was analysed in 

WT and C3ar-/- mice 

(n=8/group) at the end of the 

autoimmune anti-MPO 

glomerulonephritis model.  

There was no difference in (E) 

the proportion of splenocytes 

that were B220+ B cells, (F) the 

proportion of B220+ cells that were CD21+CD23+ follicular B cells, or (G) CD21+CD23low marginal 

zone B cells was similar between groups.  (H) The proportion of splenocytes that were 

B220low/intCD138+ plasma cells also did not differ between groups. (I) Representative flow cytometry 
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plot of splenocytes showing gating of plasma cells.    (J) Serum B cell activating factor (BAFF) was 

similar between groups. 

 

C3a does not promote cellular autoimmunity to myeloperoxidase.  

CD4+ T cells are not only required for humoral immune response to protein antigens, including 

MPO, they also effect glomerular injury in crescentic glomerulonephritis via Th1 and Th17 

responses.125, 316, 333. In vitro, C3aR ligation on dendritic cells results in increased activation and 

functional capacity 249, 275, and T cell expressed C3aR may be important in Th1 responses and in 

inhibiting the generation of Foxp3+ T regulatory cells (Tregs)252, 253, 269. We therefore analysed 

cellular immune responses in mice at two time points: early (10 days) and later (21 days) after 

immunisation. Ten days after MPO immunisation there were no differences in MPO-stimulated 

Th1 or Th17 responses measured by IFN-γ and IL-17A ELISPOT (Figure 5A-B). Furthermore, 

proportions of CD4+ cells that were CD44Hi (activated T cells) (Figure 5C), or CD25+Foxp3+ 

Tregs (Figure 5D-E) were similar between groups. T follicular helper cells (TFH) are important 

for the formation of germinal centres and subsequent antibody response, the proportion of CD4 

cells with CXCR5hiPD-1hi TFH phenotype were also similar between groups (Figure 5F-G).  
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Figure 5: Endogenous C3a does not promote early cellular immunity to myeloperoxidase.  

To assess the early cellular immune response lymphocytes from the draining lymph nodes of WT and 

C3ar-/- mice (n=8/group) were studied 10 days after immunisation with 20 µg MPO in FCA. (A-B)There 

was no difference between groups in Th1 and Th17 response measured by IFN-γ and IL-17A ELISPOT. 

(C) The proportion of activated CD4+CD44+ T cells was similar between groups. (D) Representative 

flow cytometry plots gated on CD4+ cells showing CD25+Foxp3+ Tregs. (E) The proportion of CD4 

cells that were Tregs did not differ between groups. (F) Representative flow cytometry plots gated on 

CD4+ cells showing PD-1hi CXCR5hi T follicular helper cells.  (G) There was no difference between 

groups in the proportion of T cells that had a TFH phenotype.  
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Similar to findings at day 10, at day 21 there was no difference in MPO-stimulated IFN-γ and 

IL-17A producing cells measured by ELISPOT (Fig 6A-B). Additionally at this time point, the 

proportion of CD4 T cells that were CD44+ activated or CD25+Foxp3+ Tregs were similar, both 

in the draining lymph nodes and spleen(Fig6 C-E).  

 

 

Figure 6: Endogenous C3a does not promote later cellular immunity to MPO in autoimmune anti-

MPO glomerulonephritis. 

Cellular autoimmunity to MPO was assessed on day 21. Draining lymph nodes and spleen were 

removed from mice and a single cell suspension obtained. (A-B)There was no difference between groups 

in Th1 or TH17 response as measured by IFN-γ and IL-17A ELISPOT. (C) There was no difference 

between groups in the proportion of CD4 cells that had a CD44+ activated phenotype. There was also 

no difference in the proportion of CD4 cells that had a CD25+Foxp3+ regulatory phenotype in either the 

draining lymph nodes (D) or spleen (E).  

  

WT C3ar-/-
0

50

100

150

200

IL
-1

7A
 s

po
ts

 

ns

WT C3ar-/--
0

10

20

30

40

50

%
 o

f C
D

4+  
C

D
44

hi

ns

WT C3ar-/-
0

5

10

15

20

25

%
C

D
4+ 

ce
lls

 C
D

25
+  

Fo
xp

3+

ns

WT C3ar-/-
0

50

100

150

200

IF
N

-γ
 S

po
ts

ns
A C

WT C3ar-/-
0

10

20

30

%
 C

D
4+ 

ce
lls

 C
D

25
+ F

ox
p3

+

ns

B

D E



Page |   
 

92 

Discussion	
A significant body of evidence implicates complement in the pathogenesis of AAV. To date, 

the C5aR1 has been identified as a key mediator of neutrophil activation and glomerular injury. 

Here, we assessed whether the signalling though the C3aR mediated autoimmunity or 

glomerular injury, and thus had potential as a therapeutic target.  C3aR has previously been 

described to play both pathogenic and protective roles in experimental inflammatory diseases. 

Animal models in which the C3aR is pathogenic include antibody-induced arthritis240, 

adriamycin induced nephropathy290, complement mediated tubulointerstitial injury291 and renal 

ischemia-reperfusion injury237. However, the C3aR is protective in lupus-like disease in the 

MRL/lpr mouse293, endotoxic shock286 and intestinal ischemia-reperfusion injury287. In the 

current studies, although we found that the C3aR had biological effects, there were no net 

effects on glomerulonephritis and renal injury in the two complementary disease models that 

we studied.  

Passive transfer of anti-MPO IgG with LPS models pathological neutrophil activation with 

glomerular injury being caused by neutrophil degranulation, and the consequent release of 

inflammatory mediators and reactive oxygen species137. Whilst absence of the C3aR did not 

influence overall injury it was associated with an attenuation of glomerular macrophage 

accumulation, suggesting a role in this context for local C3a. In vitro and in vivo evidence 

supports a role for the C3aR in renal macrophage recruitment. In vitro, C3a acts as a 

chemotaxin in a murine macrophage cell line 274. In vivo evidence derives from a model of 

complement induced renal injury in which Crry-/-C3-/- kidneys are transplanted into syngeneic 

complement sufficient recipients, resulting in unrestricted renal complement activation with a 

inflammatory cell influx. When Crry-/-C3-/- kidneys were transplanted into C3ar-/- recipients, 

there was a marked attenuation of the monocyte-macrophage influx, suggesting a role for the 

C3aR in monocyte trafficking to areas of complement activation291.  

Whilst AAV is classically described to be “pauci-immune” with minimal glomerular 

complement deposition, detailed analysis of kidney biopsies from humans with AAV reveals 
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evidence of local complement activation with detectable C3c, C3d and C5b-9 deposition192, 198, 

200, additional evidence for renal complement activation in AAV is the elevated urinary C3a 

observed in patients with active disease192.  This complement activation, which is likely to be 

initiated by neutrophil secreted factors such as properdin302, MPO 334 and neutrophil 

extracellular traps306 may be one of the early signals contributing to macrophage recruitment to 

the inflamed glomerulus.   

 

While passive transfer of anti-MPO antibodies allows study of the role of effector pathways 

responding to autoantibodies, it cannot be used to examine the contribution of the adaptive 

immune system to glomerular injury. AAV is an autoimmune disease in which both B and T 

cells play essential roles in the pathogenesis. B cells are required for the production of ANCAs. 

T cells are required for B cell response to protein antigens and also contribute to glomerular 

injury through an injurious Th1 and Th17 response to the autoantigen that has been deposited in 

the glomerulus104, 120, 121.  We used the model of experimental autoimmune anti-MPO 

glomerulonephritis to model these processes and found that absence of C3aR did not affect 

albuminuria, histological injury or glomerular leucocyte influx. The discrepancy between 

results for glomerular macrophage infiltration between passive transfer of anti-MPO IgG and 

autoimmune anti MPO glomerulonephritis is likely to be because the dominant signals driving 

glomerular macrophage recruitment in the model of autoimmune anti-MPO GN are T helper 

cell derived costimulatory molecules, such as CD154-CD40 interactions335 and cytokines, such 

as IL-17A125 and IFN-γ336  

C3ar-/- mice had an increased humoral immune response to MPO with higher MPO-ANCA 

titres. Elevated autoantibody titres associated with accelerated renal injury have also described 

in C3ar-/- mice when backcrossed to the MRL lupus-prone strain293.  A direct effect of C3a 

acting on B and T lymphocytes to suppress humoral immunity has previously been reported 266, 

337. C3ar-/- deficient mice have also been reported to have an enhanced Th2 response and higher 
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anti-Ova IgG titres in response to epicutanteous sensitisation 285. In contrast, other models of 

infection have found that absence of the C3aR results in unaltered338 or attenuated339 humoral 

immunity. The enhanced humoral immunity in C3ar-/- mice is not likely to be due to elevated 

C3 levels (and enhanced generation of C3d which is a potent B cell adjuvant), as serum C3 in 

this strain has previously be described to be similar to that of WT mice240, 293.  

Because of the observed differences in anti-MPO IgG titres we investigated whether C3ar-/- 

mice had any numerical or developmental deficit in the B lymphocyte compartment. However, 

B cell number and development in the spleen and bone marrow appeared similar to WT mice.  

Given the previous descriptions of the important role that C3aR plays in influencing adaptive 

immunity we investigated the effect of absence of this receptor on the generation of T cell 

mediated immunity. We found no difference in the generation of Th1 or Th17 effector 

responses, nor in the proportion of T cells that had a CD25+Foxp3+ regulatory phenotype. This 

is in contrast to previous reports of elevated T regulatory cells in C3ar-/- mice252, 281.  The model 

of autoimmune anti-MPO glomerulonephritis relies on immunisation with MPO in Freund’s 

complete adjuvant to break immune tolerance and generate autoimmunity. Other investigators 

who have reported increased T regulatory cells in C3ar-/- mice used animal models that either 

require no adjuvant or use incomplete Freund’s adjuvant. It is possible that differences in the 

additional immune signals provided by the adjuvant may account for this discrepancy. 

Additionally, whilst C3aR expression in the mouse has previously been reported to be extensive 

in both myeloid and lymphoid lineages, this has been called into questions by recent findings 

using a C3aR reporter mouse in which expression of C3aR was evident on macrophages and 

some dendritic cell subsets but not bone marrow neutrophils, B or T cells340, 341. In contrast, 

neutrophil, macrophage and T cell as well as renal expression have been reported in humans263, 

267, 269, 270, 342. Potential species differences in C3aR distribution should therefore be considered 

when interpreting studies using murine models.  
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In summary these data suggest a role for C3a in driving glomerular macrophage recruitment 

and suppressing humoral immunity in these pre-clinical models of AAV. However, the lack of 

attenuation of immune mediated glomerular injury in either model does not support the C3aR as 

a putative therapeutic target in this disease.    

 

 

Methods	
All mice were on a C57BL/6 background. C3ar-/- mice286 were kindly provided by Professor 

Rick Wetzel, University of Texas. Mice were bred at Monash Medical Centre, Clayton. 

Experiments were approved by Monash University Animal Ethics committee. 

 

Genotyping 

DNA was isolated from mouse tail clippings by ispropanol precipitation. The isolated DNA was 

used as a template for PCR with 0.5µM of each of the primers C1 

(TACAATATAGTCAGTTGGAAGTCAGCC), NeoA 

(TGGGCTCTATGGCTTCTGAGGCGGAAAG), and A201+ 

(GAGAATCAGGTGAGCCAAGGAGAAG). GoTaq Green Master Mix (Promega) was used 

for the PCR reaction. The PCR was run at 95°C for 1 minute, followed by 40 cycles of 95°C for 

15sec, 57°C for 15sec, 72°C for 30sec, then a final elongation step at 72°C for 30sec and a 

holding step of 4°C. The primers C1 and NeoA yield a fragment of 537 bp denoting the C3ar-/- 

allele. Primers C1 and A201+ yield a fragment of 726 bp, denoting WT allele. All mice tested 

had the C3ar-/- genotype (Supplementary data 1). 
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Induction of glomerulonephritis and assessment of autoimmunity 

Anti-MPO IgG was generated by immunising Mpo-/- mice with native murine MPO generated 

as previously described328. Briefly mice were immunised sub-cutaneously with 15mcg MPO in 

FCA (Sigma-Aldrich, St Louis, MO) on day 0 followed by 10mcg in Freund’s incomplete 

adjuvant on days 7 and 14. On day 24 mice were humanely killed and blood was obtained. IgG 

fractions were obtained by Protein G affinity chromatography (GE Healthcare) and then 

extensively dialysed against PBS. 

To induce glomerulonephritis age matched 6-10 week old C57B/L6 mice and C3ar-/- mice 

received 100µg/g body weight anti-MPO IgG by tail vein injection. 1 hour later 0.5 µg/g 

bacterial lipopolysaccharide (LPS) (Sigma-Aldrich) was administered by a single intra-

peritoneal injection. After 5 days, 24 hours before the end of experiments, mice were placed in 

metabolic cages for urine collection. 

To induce autoimmune anti-MPO glomerulonephritis mice were immunised s.c. with 20µg 

MPO in FCA followed by 10µg MPO in FIA on day 7. On day 16 glomerulonephritis was 

triggered by injection of 0.12mg/g sheep anti-mouse GBM globulin in two divided doses. Mice 

were placed in metabolic cages for on day 20 for assessment of proteinuria before being 

euthanased on day 21 by CO2 inhalation.  

 

Assessment of renal injury 

Glomerular abnormalities were assessed on periodic acid-Schiff (PAS) stained, 4µm, formalin 

fixed, paraffin embedded sections using coded slides. Abnormalities scored included mesangial 

proliferation, capillary wall thickening, glomerular necrosis (defined as accumulation of PAS 

positive material combined with hypocellularity) and crescent formation (defined as two or 

more cells visible in Bowman’s space). A minimum of 30 glomeruli per mouse were examined. 

To evaluate leukocyte infiltrate kidneys were fixed in periodate lysine paraformaldehyde for 

four hours then washed with 20% sucrose. 5 micrometre sections were stained with a three 
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layer immunoperoxidase technique 343 using GK1.5 (anti-CD4), FA11 (anti-CD68) or Gr1 (anti 

Ly6g/c). The secondary antibody was rabbit anti-rat biotin (DAKO). A minimum of 30 

glomeruli per section were scored. Albuminuria was measured by ELISA (Bethyl . 

Montgomery, TX). Creatinine was measured using standard methods at the biochemistry 

laboratory, Monash Medical Centre.  

 

Assessment of immunity:  

The spleen and draining lymph nodes were harvested and a single cell suspension was obtained. 

IFN-γ and IL-17A ELISPOT was performed according to manufacturers instructions 

(Ebioscience, San Diego, CA) with 5x105 cells per well.  Cells were incubated for 18 hours at 

37 with 10µg/ml heat inactivated rMPO. Total anti-MPO IgG was measured by ELISA on MPO 

coated plates with IgG detected with sheep-anti mouse IgG-HRP (Sigma-Aldrich). Antibody 

subclasses were measured using subclass specific goat anti-mouse IgG-HRP (Southern Biotech, 

Birmingham, AL). Serum BAFF was measured by ELISA (RnD Systems, Minneapolis, MN). 

For assessment of B cell development, bone marrow was flushed from the tibia and femur of 

naïve mice and analysed by flow cytometry.  

 

Antibodies:  

The following antibodies were used for flow cytometry. Anti-CD4(RM4.5) anti-CD25 (PC61), 

anti-CD44 (IM7), Anti-IFN-γ (XMG1.2), anti-CXCR5 (2G8), all BD. Anti-IL-17A (eBio17B7) 

Anti-FOXP3 (FJK-16s), anti-PD-1 (J43) all Ebioscience. Anti-B220 (RA2-6B2), anti-CD23 

(B3B4), anti-CD21 (7E9), anti-IgM (RMMM-1), anti-IgD (11-26c.2a), anti-CD138 (281-2) all 

Biolegend. Fixable viability stain 450 or propidium iodide (BD Biosciences) were used to 

exclude dead cells. Flow cytometry was performed on the Beckman Coulter Navios platforms 

and analysed using FlowJo software (TreeStar,Ashland, OR). 
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Statistics 

Data are presented as mean+/- SEM with each dot representing a mouse. Prism 6 (Graphpad, 

San Diego, CA) software was used for analysis with an unpaired two-tailed t-test for normally 

distributed data and Mann–Whitney U-test for non-normally distributed data. . * P<0.05, **P< 

0.01, ***P<0.001. 

 

 

Supplementary Data 1  

 

Primers C1 and A201+ yield a fragment of 726 bp, denoting WT allele. 

Primers C1 and NeoA yield a fragment of 537 bp denoting the C3ar-/- allele.  

 

  

WT	 C3aR-/-	
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Chapter	4:	The	alternative	pathway	of	complement	does	not	

mediate	glomerular	injury	or	autoimmunity	in	experimental	

autoimmune	anti-MPO	glomerulonephritis	

 

Introduction 

The alternative pathway (AP) of complement is an important meditator of host immune defence 

and inflammation. The alternative pathway is continuously active. Spontaneous C3 hydrolysis 

leads to the generation of C3b(H20), which after association with FB and activation by factor D 

(FD) results in a active fluid phase C3 convertase: C3b(H20)Bb. The alternative pathway is also 

an amplification loop that potentiates C3 convertase generation initiated by all three initiation 

pathways. C3b produced by any pathway associates with FB, which after activation by FD 

results in the amplification C3 convertase: C3bBb, which, further activates C3, an action that is 

stabilised by properdin.  

The AP amplification loop is the dominant producer of complement activation fragments, even 

when the cascade is initiated by other pathways of complement. A quantification of the 

importance of the AP is that inhibition of FD in classical pathway triggered complement 

activation reduces C5a and C5b-9 production by around 80%344.  

 

The AP has shown to be injurious in multiple murine models of autoimmune disease including 

anti-collagen antibody induced arthritis, collagen induced arthritis, experimental autoimmune 

encephalomyelitis and bullous phemphigoid345-348. In models of immune mediated renal 

disease, fB-/- mice crossed onto the MRL/lpr strain have reduced glomerular histological injury, 

proteinuria and glomerular IgG deposition without differences in serum anti-dsDNA levels349. 

As the fB-/- mice used in this study had a different MHC haplotype to their wild-type littermates 
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the importance of the alternative pathway has subsequently been confirmed in fD-/- mice 

backcrossed to the MRL/lpr strain, which also developed attenuated renal injury350. 

 

The AP appears to be less important in models of anti-GBM antibody induced renal injury 

(nephrotoxic serum nephritis). In the heterologous model of early injury, two studies have 

reported no difference between fB-/- and WT mice in albuminuria or glomerular neutrophil 

recruitment after injection of anti-GBM globulin351, 352.  In the accelerated model, in which 

mice are pre-sensitized with sheep IgG, fB-/- mice had similar histological injury by both light 

and electron microscopy, although glomerular C3 deposition, macrophage infiltration and 

albuminuria were all moderately reduced.352 

 

The first report of the complement dependence of anti-MPO IgG induced glomerulonephritis 

demonstrated that fB-/- mice were completely protected from disease185, implicating the AP as 

the key mechanism for generating the C5a that is required for neutrophil priming.  

Subsequently, the importance of the AP has been question by the observation that properdin 

deficient mice, which have drastically reduced AP activity353 were not protected from disease 

induced by anti-MPO IgG, G-CSF and LPS187. This suggests that stabilisation of the AP C3 

convertase by properdin is not a significant contributor to either neutrophil activation or 

subsequent tissue damage.  Activation of the AP in AAV has been corroborated by clinical data 

from patients in whom the level of of serum, glomerular and urinary AP products associate with 

disease activity and renal damage 191, 192, 197, 200.  

 

Whilst investigation into the role of the AP in the murine model of anti-MPO IgG induced 

glomerulonephritis has produced conflicting data, the importance of the AP in the loss of  

immune tolerance to MPO and the anti-MPO specific T cell mediated effector stage of 
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glomerulonephritis has not been investigated. The model of autoimmune anti-MPO 

glomerulonephritis allows study of these parameters. 

 

There are several ways in which the alternative pathway could influence disease in this model. 

First, absence of a functioning alternative pathway may result in the decreased generation of 

pro-inflammatory molecules such as C3a, C3b and C5a. This may lead to reduced APC 

activation and less robust autoimmunity. Whilst humoral immune responses in fB-/- mice have 

been reported to be either the same, or slightly increased compared to WT mice349, 354, an effect 

of the AP on the T cell response has not been published. Mice deficient in the regulatory protein 

DAF (with consequentially increased C3 and C5 convertase activity) have enhanced T cell 

response, it is possible that the absence of a functioning AP will have the converse effect355. 

 

A second mechanism by which AP activity may influence disease severity in autoimmune anti-

MPO GN is though the glomerular neutrophil activation and subsequent MPO deposition 

triggered by anti-GBM globulin.  Although numbers of glomerular neutrophils recruited by 

anti-GBM globulin has been reported to be similar in WT and fB-/- mice, given the importance 

of the AP in other models of type II hypersensitivity reactions, other more subtle changes such 

as glomerular deposition of myeloperoxidase may affected. 

 

An additional possibility is that once activated neutrophils have lodged in the glomerulus, they 

induce AP mediated complement activation via degranulation and release of properdin. The 

resulting complement activation products may either cause direct injury or augment the influx 

of inflammatory cells to the glomerulus. 
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Concise Methods 

Complement factor B-/- mice on a C57BL/6 background 354 were a kind gift of Michael Holers 

(University of Colorado, Denver, USA). Genotype was confirmed using polymerase chain 

reaction by detection of FB exon 6 by PCR: DNA was isolated from mouse tail clippings by 

isopropanol precipitation. The isolated DNA was used as a template for PCR with 0.5µM of 

each of the primers. GAGAACAGCAGAAGAGGAAGATTGTCCTAG and 

CTTCTCAATCAAGTTGGTGAGGCACCGCTT (Thermo Fisher Scientific).  GoTaq Green 

Master Mix (Promega, Madison, WI) was used for the PCR reaction. The PCR was run at 95°C 

for 3 minutes, followed by 40 cycles of 95°C for 30sec, 55°C for 30sec, 72°C for 1 minutes, 

then a final elongation step at 72°C for 10 minutes and a holding step of 4°C. WT mice exhibit 

a band representing the Exon 6 sequences which was not amplified in tail DNA of fB−/− mice. 

 

Experimental autoimmune anti-MPO glomerulonephritis was by immunizing WT or fB-/- mice 

with 20µg MPO in FCA s.c. on day 0 followed by 10µg MPO in FIA s.c. on day 7. On day 16, 

glomerulonephritis was triggered by injection of 2.5mg sheep anti-mouse GBM globulin in two 

divided doses. Dermal delayed type hypersensitivity was induced on day 20 by injection of 

20µg MPO in PBS into the right footpad. Mice were placed in metabolic cages for on day 20 

for assessment of proteinuria before being humanely euthanased on day 21 by CO2 inhalation.  

 

Assessment of renal pathology 

Glomerular abnormalities were assessed on periodic acid-Schiff (PAS) stained, 4 µm, formalin 

fixed, paraffin embedded sections using coded slides. A minimum of 30 glomeruli per mouse 

were examined. To evaluate leukocyte infiltrate kidneys were fixed in periodate lysine 

paraformaldehyde for four hours then washed with 20% sucrose. 5µm sections were stained 

with a three layer immunoperoxidase technique 343 using GK1.5 (anti-CD4), FA11 (anti-CD68) 

or Gr1 (anti Ly6g/c). The secondary antibody was rabbit anti-rat biotin (DAKO). A minimum 
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of 30 glomeruli per section were scored. Albuminuria was measured by ELISA (Bethyl, 

Montgomery, TX). Creatinine was measured using standard methods at the Biochemistry 

Laboratory, Monash Medical Centre.  

 

Assessment of immunity  

The spleen and draining lymph nodes were harvested and a single cell suspension was obtained. 

IFN-γ and IL-17A ELISPOT was performed according to manufacturers instructions 

(Ebioscience) with 5x105 cells per well.  Cells were incubated for 18 hours at 37°C with 

10µg/ml heat inactivated rMPO. To measure anti-MPO specific IgG ELISA plates (Nunc 

Maxisorb) were coated overnight with 5µg/ml recombinant MPO in 50mM 

carbonate/bicarbonate buffer, pH 9.6. After washing and blocking with 2% casein in PBS for 

one hour, serial dilutions of serum in PBS were incubated on the plate for one hour at 4°C 

before washing and detection with sheep anti-mouse IgG-HRP (Sigma Aldrich) and incubated 

with the chromogenic substrate 3,3',5,5'-Tetramethylbenzidine. The reaction was stopped with 

the addition of 0.19M H2SO4 and absorbance read at 450nm.  

Antibodies and flow cytometry 

The following antibodies were used for flow cytometry. anti CD4 (RM4.5) anti CD-25 (PC61), 

anti-CD44 (IM7), anti-CD62L (MEL-14), all BD Biosciences and anti-FOXP3 (FJK-16s) 

(Ebioscience). Foxp3 Fix/perm kit (Ebioscience) was used for intracellular staining. Flow 

cytometry was performed on the Beckman Coulter Navios platforms and analysed using FlowJo 

(Tree star) software 

 

Statistics 

Data are shown as mean ±SEM. The students unpaired T test was used to compare groups.   
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Results:		

Confirmation of fB-/-  genotype by PCR. 

PCR confirmed band representing the Exon 6 sequence in WT mice which was not amplified in 

tail DNA from fB−/− mice in all mice tested. 

  

 

 

fB-/- mice do not develop reduced renal injury in autoimmune anti-MPO GN  

After induction of autoimmune anti-MPO glomerulonephritis, mice were culled on day 21 for 

evaluation of renal injury. Both WT and fB-/- mice developed severe glomerular necrosis. The 

proportion of glomeruli affected and the degree of albuminuria did not differ between groups. 

The influx of glomerular CD4+ T cells, macrophages and neutrophils was evaulated by 

immunohistochemistry and also did not differ between groups (Figure 4.2).  

CFB-/-	

WT	
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Figure 4.2 fB-/- mice are not protected from autoimmune anti-MPO glomerulonephritis 
 
Glomerular injury was assessed at the end of the autoimmune anti-MPO glomerulonephritis model. (A) 

WT and (B) fB-/- mice developed similar degrees of glomerular necrosis (C). (D) albumin:creatinine 

ratio was similar between groups. The number of glomerular (E) neutrophils, (F) macrophages and (G) 

CD4+ T cells did not differ between groups.  
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The alternative pathway does not promote cellular immunity to MPO 

MPO specific Th1 and Th17 response as measured by IFN-γ and IL-17A ELISPOT were 

similar between groups.  Dermal delayed type hypersensitivity, a classic Th1 response was also 

not reduced in fB-/- mice. Similarly, measured by flow cytometry, the proportion of  splenic 

CD4+  cells that were CD25+Foxp3+ T regulatory cells or CD44+CD62Llow T effector memory 

cells were similar between groups (Figure 4.3).  
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Figure 4.3 Cellular immunity to MPO is unaffected by the absence of the alternate pathway. 

Th1 and Th17 response measured by (A) IFN-γ and (B) IL-17A ELISPOT was similar between groups as 

was (C) dermal delayed type hypersensitivity to MPO. (D) The proportion of splenic CD4+ cells that 

were CD44+CD62low T effector memory cells was similar between groups. (E) Representative flow 

cytometry plot gated on CD4+ T cells showing CD44 and CD62L staining.  (F) The proportion of 

splenic CD4+ cells that were CD25+Foxp3+ T regulatory cells was similar between groups.  (G) 

Representative flow cytometry plot gated on CD4+ T cells showing CD25 and Foxp3 staining.  
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Absence of the alternative pathway may increase humoral immunity to MPO 

MPO specific IgG titres were measured in serial dilutions at the end of the experiment. These 

were significantly elevated in fB-/- mice at lower dilutions (1:500 and 1:1000) although these 

differences were not statistically significant at higher dilutions.  

 

 

Figure 4.4 fB-/- mice develop higher MPO-ANCA titers after immunsation with MPO 

Serum samples from WT and fB-/- mice were serially diluted in PBS before being analysed by for MPO 

specific IgG by ELISA.  At 1:500 and 1:1000 dilutions anti-MPO specific IgG titres were higher in fB-/- 

mice. Data represents mean ±SEM.*=P<0.05. 
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Discussion:		
 

The AP is thought to play a critical role in the generation of active complement fragments that 

prime neutrophils for activation by ANCA. In this thesis, potential additional roles of the AP in 

the generation of anti-MPO autoimmunity and subsequent T cell directed renal injury were 

investigated using the model of autoimmune anti-MPO glomerulonephritis. The AP was not 

found to play a significant injurious role in this model. Whilst the absence of protection 

observed in fB-/- mice was surprising given the pro-inflammatory effect described for the AP in 

a number of disease models it is not entirely inconsistent with the previous reports in the 

literature.  FB-/- mice have been reported to be as susceptible as WT mice to the acute, 

neutrophil and complement mediated heterologous phase of anti-GBM antibody induced renal 

injury with similar accumulation of glomerular neutrophils. It is therefore likely that, in the first 

stage of the model, - the recruitment of glomerular neutrophils by anti-GBM globulin- 

glomerular deposition of myeloperoxidase was unaffected by the AP.  

 

Whilst complement has been shown to be an important mediator in the generation of adaptive T 

cell immunity, surprisingly, there are no published reports of adaptive cellular immune 

responses in alternative pathway deficient mice. The lack of difference in both renal injury and 

measured cellular immune response would suggest that isolated AP deficiency does not 

sufficiently suppress complement activation through other pathways to produce a measurable 

effect on adaptive immunity.  The model of autoimmune anti-MPO glomerulonephritis has 

similarities to accelerated anti-GBM disease/ serum nephrotoxic nephritis in that they are both 

models of a Freund’s complete adjuvant enhanced immune response to a planted glomerular 

antigen. The modest reduction in albuminuria, though not glomerular injury previously reported 

in this model352 would be consistent with at most a minor contribution of the alternative 

pathway to the immune response to a glomerular planted antigen.  
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The observed differences in humoral immunity in this model are challenging to interpret. Since 

the 1970s complement has been recognized to be an important promoter of antibody 

response283. The primary driver of this is the interaction of the complement receptor 2 (CD21) 

on B cells and follicular dendritic cells with C3d.  The reduced C3 activation associated with 

lack of AP activity might therefore be expected to result in impaired humoral immunity. 

Previous reports on humoral immune response in fB-/- mice to T dependent antigens mice have 

suggested broadly similar levels of IgG response 352, 354, although the production of rheumatoid 

factor IgG in the MRL/lpr mouse with coexisting factor D deficiency was elevated350.  

 

It is possible that this observation has an underlying immunological basis. The AP cleavage 

product Ba has previously been reported to inhibit human B lymphocyte proliferation356, 

alternatively, the observation in this thesis that C3ar-/- mice also had elevated anti-MPO 

specific IgG levels after immunisation suggests that this effect could be mediated through AP 

generation of C3a. Anti-inflammatory roles of complement are less well described than their 

pro-inflammatory counterparts, but these include negative immune regulation by CD46357, 

CR1358, 359, and C5aR2254. Interestingly, like MRL/lpr C3+/- heterozygotes,  MRL/lpr fB+/- 

heterozygotes have been reported to develop more severe renal disease than either their fB+/+ or 

-/- littermates, emphasising the importance of the balance of signals through the large number of 

complement receptors in determining net immune response.  An additional possibility is that 

whilst the generation of humoral immunity is unchanged by the absence of a functional AP the 

metabolic clearance of immunoglobulin is somehow affected.  

Alternatively, a type I error, either due to experimental technique or other potential confounders 

such as incomplete backcrossing of the fB-/- mouse (derived from a 129xC57BL/6) background 

leading to the presence of other susceptibility haplotypes in the fB-/- mice could explain the 

observed minor difference in antibody response. 
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In summary this work suggests that the both the generation of anti-MPO autoimmunity and the 

T cell mediated effector response to glomerular MPO do not require participation of the AP. 

The role for the alternative pathway of complement in AAV is therefore likely to be confined to 

a role in ANCA-induced neutrophil activation.  
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Chapter	 5:	 ANCA	 activate	 Classical	 pathway	 in	 vitro	 on	 single											

antigen	 beads	 and	 induce	 C3	 deposition	 in	 vitro	 on	 human	

neutrophils	

          Introduction 

The classical pathway is predominantly activated by antibody. The Fc portion of two 

immunoglobulin in close proximity bind to C1q, leading to the formation of the C1 complex 

and the generation of the enzyme C1s esterase. This cleaves C4 and C2 to form the classical 

pathway C3 convertase (C4bC2a) that activates C3 to C3a and C3b. C3b can go on to form a 

C5 convertase or an additional alternative pathway C3 convertase.  

 

The first description of the complement dependence of anti-MPO IgG induced 

glomerulonephritis in mice demonstrated that the alternative pathway was required for disease 

but that C4-/- mice –which do not have a functional classical pathway- had similar disease 

severity to wild-type mice185. Based on this evidence, the classical pathway is not thought to 

play a pathological role in AAV. There is however, significant inter-species variation in the 

potency of the classical pathway. The classical pathway in murine serum, measured by lysis of 

antibody targeted cells has less than <10% of the activity of human serum.360, 361 This may be 

due to a factor(s) present in mouse serum that inhibits the classical pathway362.  Caution should 

therefore be exercised when interpreting how findings relating to the classical pathway of 

complement in murine models translate to humans.  

 

After ANCA bind to their cognate auto-antigen on the neutrophil surface, subsequent 

interaction of the Fc region with excitatory FcγRs on the neutrophil is thought to mediate 

activation in vitro and in vivo. The possibility that ANCA could also activate complement via 

the classical pathway has however not been explored. It is possible that the classical pathway 
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could mediate early complement activation, with subsequent activation and amplification being 

provided by the alternative pathway amplification loop.  

 

Neutrophils are protected from surface complement activation by the membrane regulatory 

proteins delay accelerating factor (DAF) and membrane cofactor protein (MCP) as well as the 

plasma regulators factor H and C4 binding protein. However, the effect of these can be 

surmounted, as antibody targeted neutrophils have been reported to have detectable surface 

membrane attack complex363. 

 

Serum containing ANCA has previously been shown to lead to C3c and C5b-9 generation when 

incubated on smeared, ethanol fixed neutrophils, 364 however the mechanism of this observation 

and whether ANCA trigger classical pathway activation in more physiological systems remains 

to be determined. Some evidence for classical complement pathway activation exists in clinical 

samples from patients with AAV. Elevated urinary C1q has been reported in patients with 

active AAV compared to patients in remission and healthy controls192 In addition, serum C4d is 

elevated both in patients with active AAV than healthy controls, although levels did not reduce 

in remission191.  Interpretation of these data is however complicated by the role of the classical 

pathway in the clearance of apoptotic and cells and cellular debris.   

 

 

The aim of this study was therefore to determine whether complement activation via the 

classical pathway could be involved in the pathogenesis of AAV.  

1) To measure whether ANCA bind C1q in an in vitro bead based system.  

2) To assess the ability of ANCA to induce local complement activation on the surface of 

neutrophils and to determine whether this was mediated by the classical pathway.   
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Methods:  

Conjugation of MPO functional beads for flow cytometry:  

To prepare beads for coupling, functional beads (BD Bioscience) were placed into a 

microcentrifuge tube and sonicated for one minute before being incubated with 1M 1,4-

Dithiothreitol (DTT) (Sigma-Aldrich) for 1 hour at room temperature on an orbital shaker. 1ml 

of functional bead coupling buffer (BD Biosciences) was added before beads were pelleted by 

centrifugation at 900g for 3 minutes. Beads were resuspended with 20µl coupling buffer. 

 

To modify myeloperoxidase for coupling, 2µl of 2g/L sulfosuccinimyidyl 4-N-

maleimidomethyl cyclohexane 1-carboxylate (Sulfo-SMCC, Sigma Aldrich) was added to 90µl 

of human myeloperoxidase (Calbiochem) 1mg/ml in PBS and the solution incubated for one 

hour at room temperature. To remove unreacted components, a Spin column (Bio-Rad) was 

primed with coupling buffer before the MPO/Sulfo-SMCC solution was added. The column 

was placed in a 12x75mm test tube and centrifuged at 1000g for 2 minutes. The eluted 

MPO/Sulfo-SMCC solution was added to the prepared functional beads and incubated on an 

orbital shaker for one hour at room temperature.  

 

The reaction was stopped by adding 2µl N-Ethylmaleimide 2g/L in DMSO  (both Sigma 

Aldrich) and beads were washed in functional bead storage buffer and pelleted by 

centrifugation three times before being resuspended in storage buffer.  To confirm successful 

conjugation of MPO on the beads, an aliquot was incubated with anti-MPO-PE (BD 

Biosciences) or IgG1-PE isotype control prior to analysis by flow cytometry.  
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Conjugation of anti-C1q antibody:  

Sheep anti-human C1q IgG (Abcam, Cambridge, UK)was extensively ultra-filtered in PBS 

using a Vivaspin 10,000 MWCO concentrator (Vivascience, Littleton, MA, USA) to remove 

storage proteins and subsequently conjugated to R-PE using a R-PE conjugation kit (Abcam) 

 

Serum samples  

Serum stored at Monash Medical Centre at -20°C from patients with biopsy confirmed  

necrotising pauci-immune glomerulonephritis and positive MPO (n=26) or Pr3 (n=6) was 

analysed. All patients were anti-GBM IgG negative. An investigator blinded to the studies 

results reviewed the patient’s medical records and categorised patients into active disease or 

remission. Serum samples from Groningen University were kindly provided by Dr Peter 

Heeringa and Dr Jan-Stephan Sanders.  

 

C1q fixation detection on custom-made beads.  

The assay to detect C1q fixing IgG on single antigen beads was based on a previously published 

method365. In the modified method, 4µl of single antigen beads were added to 30µl of patient 

serum and incubated for 30 minutes at room temperature on an orbital shaker then washed 

twice with 1% BSA/PBS. Beads were resuspended in 1% BSA/PBS and 4.5µl of custom 

conjugated sheep anti-human C1q IgG-PE for 30 minutes. 

After 30 minutes, beads were washed twice in 1% BSA/PBS before data were acquired on a 

Navios flow cytometer. Beads were gated by characteristic FS/SS profile. A minimum of 300 

events was collected for the bead population.  
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C1q fixation detection on commercially available beads.  

This was performed as described above using FIDIS vasculitis beads (Theradiag, Marne La 

Valee, France) Beads were gated by characteristic FS/SS profile before separating bead 

populations by FL6/FL8 fluorescence characteristics. The anti-GBM bead served as an internal 

negative control for non-specific binding.  A minimum of 300 events was collected for each 

bead population. To de-complement serum it was heated to 56°C for 30 mins in a water bath. 

De-complemented serum was reconstituted with human C1q (Sigma-Aldrich) to a final 

concentration of 150 µg/ml.   Total anti-MPO IgG was measured using the FIDIS Vasculitis 

bead kit according to manufacturer’s instructions. To measure C1q fixation by purified IgG 

samples these were incubated with beads at a concentration of 1mg/ml at 4°C for 30 minutes, 

the beads were then washed and incubated with normal human serum at room temperature on 

an orbital shaker for 30 minutes before three further wash steps and staining with C1q detection 

antibody.  

Isolation of neutrophils from healthy human donors.  

Blood was taken directly into a syringe containing EDTA 0.5M solution to a final concentration 

of 10mM. In experiments in which C4d was measured, blood was drawn in to EDTA 

10mM/0.05g/L nafamostat mesilate (Futhan, BD Bioscience), a serine protease inhibitor which 

prevents lectin pathway mediated C4 cleavage in vitro366.  The anti-coagulated blood was laid 

onto Polymorphprep (Axis-Shield, Dundee, UK) and centrifuged at 500g for 30 minutes 

without application of the brake at the end of centrifugation. The band corresponding to 

neutrophils was carefully aspirated and washed twice in PBS with 0.5mM EDTA/0.5% BSA. 

Contaminating erythrocytes were not lysed to avoid sample activation. Neutrophils were 

counted using a haemocytometer. Viability measured by trypan blue exclusion was routinely in 

excess of 98%.  
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Purification of immunoglobulin from patients with AAV and controls.  

Clinical grade disposal plastic was used for all steps; where this was not possible, autoclaved 

laboratory glassware was heated in an oven at 250°C for one hour to destroy endotoxin. 

Dialysis tubing was sterilised by boiling in 10mM EDTA and stored in sterile water containing 

0.1% sodium azide. All processing steps were carried out using aseptic non-touch technique. 

All chemicals used were tissue culture grade. All reagents tested negative for endotoxin using 

the limulus amebocyte lysate assay (Sigma-Aldrich)  

 

ANCA IgG was purified from plasma exchange effluent from patients with severe, active AAV. 

Controls were purified from plasma exchange effluent of a patient with anti-GBM disease or 

from the serum of healthy controls. To precipitate IgG a saturated solution of ammonium 

sulphate (Sigma-Aldrich) was prepared by dissolving in sterile water. An equal volume of 

serum was added to ammonium sulphate and the solution was left to precipitate for three hours. 

The precipitate was pelleted by centrifuging at 3500RPM for 45 minutes at 4°C. The pellet was 

redissolved in sterile water and then dialysed for 36 hours with three exchanges in phosphate 

buffered saline (PBS).  

 

To avoid possible endotoxin contamination from the fast liquid protein chromatography (FLPC) 

system, a closed system using only clinical grade plastic/tubing was used. Using a syringe 

infusion pump, tilted to minimise the risk of any air bubbles being expelled from the syringe, 

protein precipitate in PBS was infused at 2mls/minute through a new protein G column (GE 

healthcare). After rinsing the column with PBS at 5ml/minute for 15 minutes, IgG was eluted 

using 0.1M glycine/HCL buffer (pH 2.7) in 2ml aliquots into sterile tubes containing 120 all  

1M trisaminomethane –HCL (Tris-HCL, pH 9.0).  Based on previous experience with FLPC 

measured ultraviolet absorbance the 4th -6th aliquots have high IgG concentrations and these 

were retained. The solution was then dialysed for 24 hours with three exchanges in PBS. 
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Light absorbance at 280nm was measured using a NanoDrop 2000 UV-Vis spectrophotometer 

(Thermo-Fisher) and IgG concentration calculated using a standard curve derived in the 

laboratory from the absorbance of bovine IgG.  

Human serum.  

Normal human serum and factor b depleted human serum (Comptech, TX, USA) was stored at -

70°C and defrosted just before use to be diluted to 33% in TAE buffer. Serum aliquots were not 

re-frozen.  

Detection of complement breakdown products on neutrophil surface.  

All incubation and wash steps were performed in a 96 well sterile polypropylene plate (Cornig, 

NY, USA). The plate was centrifuged at 1200rpm for 3 minutes to pellet neutrophils with the 

supernatant removed by flicking the plate.   Neutrophils were Fc blocked (Truestain Fcx, 

Biolegend) at 4 degrees for 10 minutes before surface staining with anti C3b/iC3b/C3d C3 

mAb; 1H8 (Cedarlane, Burlington, Canada), anti-iC3b/C3d/C3dg;  053A-514.3.1.4  or anti-

C4dneo; 057-51.5.1.6  (BioRad, Herculues, CA, USA) at a dilution of 1:100. Isotype controls 

were mouse IgG2a MG2a-52 and mouse IgG1 MOPC-21  (Biolegend). After three wash steps 

secondary staining was performed with affinity purified, cross-adsorbed goat anti mouse Ig2a-

PE or IgG1-PE (Thermo-Fisher). In experiments in which TNT003 was used, biotinylated anti-

C3 (1H8, Cedarlane) was used as a primary antibody followed by detection with APC-

streptavidin at a final concentration of 0.5µg/ml. 

Sensitisation of neutrophils with IgM  

To sensitise with IgM, neutrophils were incubated with varying concentrations of mouse-anti- 

CD15 IgM mAb (clone HI98, Biolegend) diluted in PBS/0.5%BSA/0.5mM EDTA at 4 °C for 

30 minutes.  
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Priming of neutrophils with TNF 

Purified neutrophils were incubated with varying concentrations of recombinant human TNF 

(Biolegend) in Hank’s balanced salt solution (Thermo Fisher) at 37°C for 20 minutes.  

 

Exposure of neutrophils to serum  

Cells were washed twice and then incubated in 33% NHS in TAE-CHB buffer for 30 minutes at 

room temperature, except for experiments in which neutrophil activation markers were 

measured in which incubation temperature was 37 °C. TAE-CHB buffer was preferred to 

veronal buffered saline due to difficulties importing this buffer into Australia.  

 

Measurement of neutrophil surface MPO 

1x106 neutrophils per well were resuspended in PBS containing 0-1000ng/ml human MPO 

(Calbiochem). The neutrophils were incubated for 30 minutes at 4°C before being washed 4 

times in FACS buffer. Primary antibody detection was with rabbit-anti MPO IgG (1:75 

dilution) (Thermo-Fisher), secondary antibody chicken-anti-rabbit Alexa Flour 677 (1:200 

dilution)(Life Technologies)  

Incubation of neutrophils with ANCA 

Neutrophils were exposed to 500ng/ml MPO in PBS for 30 minutes at 4°C. ANCA and control 

IgG were centrifuged at 10,000 RPM for 10 minutes prior to use to remove aggregates. 

Neutrophils were exposed to 500µg/ml ANCA or control IgG in PBS/0.5% human albumin 

solution (Sigma-Aldrich) for 30 minutes at 4 °C. The classical pathway was inhibited by adding 

mouse anti- human C1s (Fab)2 (TNT003) or isotype control (both provided by True North 

Therapeutics, CA, USA.) to serum at 50µg/ml.  
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Assessment of Neutrophil apoptosis 

To assess apoptosis neutrophils were incubated with Annexin V-FITC (Biolegend) at a final 

concentration of 3.6µg/ml in 100µl Annexin V binding buffer (Biolegend) for 15 minutes at 

room temperature. A further 100µl of Annexin V binding buffer was then added with propidium 

iodide (BD Bioscience) to a final concentration of 1µg/ml and the samples were immediately 

acquired by flow cytometry. 

 

Buffers  

Wash Buffer: Phosphate buffered saline was made using sterile water for irrigation (Baxter), 

PBS bioperformance sachets, 0.5% BSA and 0.5mM EDTA (all Sigma-Aldrich). The solution 

was filter sterilised before use. 

FACS Buffer: As for wash buffer with the addition of 0.05% sodium azide (Sigma-Aldrich)  

TAE-CHB Buffer: Was made as previously described367. 5x stock solution was made by 

adding 2.5mls of 1M MgCl2 and 0.3M CaCl2 solution to 997.5mls of 0.73M NaCl and 0.02M 

trietholanamine hydrochloride in sterile water. This solution was sterile filtered and made up to 

1x solution with sterile water before use.  

Flow cytometry 

Flow cytometry was performed on the Beckman Coulter Navios platform, and analysed using 

FlowJo software (TreeStar, OR, USA).  

Statistical Analysis.  

For parametric data involving comparison of two variables unpaired Student’s T-test was 

performed. For non-parametric data the Mann-Witney U Test was used.  

Multiple comparisons were compared by one-way ANOVA followed by Tukey’s multiple 

comparison test.  The Pearson product-moment correlation coefficient was used to measure 

association between two variables. *=p<0.05, **=p<0.01, ***=p<0.001, ****=p<0.00  



Page |   
 

121 

 
 
  



Page |   
 

122 

Results:		

Validation of human MPO conjugation to functional beads 

In order to determine the ability of ANCA to activate the classical pathway, an assay to 

measure C1q deposition on single antigen beads was developed. This assay was based on a 

previous previously published method to detect complement fixing donor specific antibodies in 

human allotransplantation365. Functional beads for flow cytometry were conjugated in-house to 

purified human MPO. Successful conjugation of human MPO to functional beads was 

confirmed by staining beads with an anti-MPO mAb (Figure 5.1).  

 

Figure 5.1 Confirmation of conjugation of human MPO to functional beads 

(A) Custom conjugated beads were acquired by flow cytometry and gated by characteristic forward/side 

scatter properties.  (B) Beads were incubated with anti-MPO-PE mAb or (C) IgG1-PE isotype control. 

  

A!
B!

C!



Page |   
 

123 

MPO-ANCA from patients with active disease fixes C1q: pilot study  

MPO coupled beads were incubated in serum from patients with AAV or controls then washed 

prior to detection of C1q with a sheep anti-human C1q polyclonal antibody conjugated to 

phycoerythrin. The beads were then acquired by flow cytometry with measurement of C1q 

associated fluorescence. Active disease was associated with significantly higher C1q fixation 

was observed either patients in remission. Minimal C1q associated fluorescence was seen in 

healthy controls (Figure 5.2).  

 

 

Figure 5.2 Active anti-MPO disease is associated with C1q fixing ANCA 

Median fluorescence intensity (MFI) of C1q fixation on MPO couple beads from patients with active 

anti-MPO disease (Mean±SEM 330±63 MFI, n=10), anti-MPO disease in remission (Mean±SEM 

38±10, n=5) and healthy controls (Mean±SEM 24±7, n-5) was measured by flow cytometry. C1q 

fixation was higher in active disease than remission or healthy controls **=p<0.01 Statistical analysis 

by one way ANOVA followed by Tukey’s multiple comparison test.  
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Commercially available beads can be adapted to perform C1q fixation assay 

To permit further exploration of the C1q fixing ability of ANCA, additional experiments were 

performed using a commercially available preparation of single antigen beads (Theradiag Fidis 

Vasculitis Panel). This is a U.S FDA approved diagnostic test for semi-quantitative 

measurement of ANCA and anti-GBM antibodies.  The kit contains beads covalently bound to 

MPO, Pr3 and type IV collagen. The bead populations can be separated by their size and 

fluorescence characteristics using flow cytometry (Figure 5.3).  

 

Figure 5.3 Measurement of C1q fixing ANCA on commercial single antigen beads 

(A) Beads were incubated in sera and washed prior to staining with anti-C1q PE. Samples were 

analysed by flow cytometry. Beads were discriminated from debris by their forward scatter/side 

scatter profile before individual bead populations were gated based on their fluorescence in the 

FL6 (650-750nm) and FL8 (>755nm) channels. Binding of anti-C1q-PE was measured on all 

bead populations. (B-C) Representative histograms of C1q fixing MPO sera with minimal 

signal on Pr3 conjugated bead and fluorescence on MPO conjugated bead populations.   
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Specificity of Anti-C1q antibody preparation 

To confirm that the custom conjugated anti-C1q antibody bound specifically to C1q without 

any significant cross-reactivity, a series of experiments was performed. Serum was 

decomplemented by warming to 56°C and, in some samples, C1q was restored by adding 

autologous human C1q to the heat depleted serum. Heat inactivation of serum abrogated C1q 

detection in positive samples, C1q signal was restored by addition of C1q, confirming the 

specificity of the antibody preparation (Figure 5.4). 

 

Figure 5.4 Anti-C1q antibody specifically binds to bead associated C1q 
Histograms of anti-C1q associated fluorescence in a single sample of sera. Beads were incubated in 

heat decomplemented serum (Red), heat decomplemented serum restored with exogenous human C1q 

(Blue) unmodified human serum (Orange) before C1q was detected using sheep anti-human C1q-PE. 
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MPO-ANCA from patients with active disease fix C1q  

Serum samples from patients at Monash Medical Centre with anti-MPO and anti-Pr3 disease in 

both active disease and remission states were analysed for ANCA C1q fixation using the Fidis 

Vasculitis beads. The majority of patients with active anti-MPO disease demonstrated ANCA 

C1q fixation that was significantly higher than those from patients in remission (Figure 5.5).  

 

Figure 5.5 MPO-ANCA from patients with active disease fixes C1q. 

C1q fixation of sera from patients with anti-MPO disease. Single antigen beads were incubated in serum 

before C1q fixation was detected with anti-C1q-PE. C1q fixation was significantly higher in samples 

from patients with active disease (Mean±SEM 20628±2499) than those in remission (4009±2689) 

Statistical analysis by Mann-Whitney U Test. ***=p<0.001. 
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C1q fixing ability of MPO-ANCA correlates to MPO-ANCA titre.  

To determine whether C1q fixation by ANCA was correlated to total MPO-ANCA titres, MPO 

bead bound human IgG was measured. Serum samples were diluted 1:100 in PBS before being 

incubated with the beads for 40 minutes. The beads were washed before IgG was detected with 

anti-human IgG-PE.  C1q fixation was strongly associated with anti-MPO IgG titres (Pearson 

r= 0.77 95% CI 0.53-0.90) (Figure 5.6)  

 

 

 

 

 

Figure 5.6 C1q fixation correlates to MPO-ANCA titre.  

MPO specific IgG was measured by incubating a 1:100 dilution of serum with single antigen beads. 

Beads were washed before incubation with anti-human IgG-PE. Samples were analysed by flow 

cytometry. Pearson r= 0.77 95% CI 0.53-0.90. 
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Pr3 C1q fixation is elevated in active disease 

The C1q assay was repeated for the small set of samples with active anti-Pr3 disease (n=3) and 

disease in remission (n=3). In this small cohort, C1q fixation was numerically higher in samples 

from patients with active disease, although due to the small sample size, meaningful statistical 

analysis for non-parametric data was not possible (Figure 5.7).  

 

Figure 5.7  

C1q fixation of sera from patients with active anti-Pr3 disease (n=3) is numerically higher (Mean±SEM 

12033±1619) than anti-Pr3 disease in remission (947±675, n=3) 

 

At the time of analysis, there were a limited number of sera samples available in the Monash 

ANCA cohort, particularly paired samples from the same patient in active disease/remission 

and samples from patients with anti-Pr3 disease. Therefore, a further set of samples was 

obtained through collaboration with the University of Groningen, Netherlands. This consisted 

of serum from patients with active Pr3 disease (n=25) paired anti-Pr3 remission samples (n=10) 

and active anti-MPO disease (n=14). These were analysed using the same protocol, including 

the same voltage settings on the flow cytometer. A different batch of both FIDIS vasculitis 

beads and batch of anti-C1q-PE produced by a separate conjugation was used in these 

experiments.  
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MPO-ANCA data Groningen cohort    

Analysis of C1q fixation by serum samples from patients with MPO-ANCA from the 

Groningen cohort showed that 8/16 demonstrated high C1q fixation with an MFI>10,000 whilst 

in the remainder C1q fixation was low.  Correlation between MPO-IgG and C1q fixation 

approached, but did not reach statistical significance, (Pearson r=0.54, 95% CI -0.04 to 0.83)  

 
 

 
 

 

Figure 5.9 C1q fixation by MPO-ANCA from Groningen cohort.  

(A) C1q fixation in sera from patients with active anti-MPO disease (n=14) from Groningen cohort 

(Mean±SEM =37977±12646)  

(B) Correlation of anti-MPO IgG and C1q fixation (Pearson r=0.54, 95% CI -0.04 to 0.83) 
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C1q fixing anti-Pr3 is not associated with active disease: Groningen cohort  

Serum samples from patients with active anti-Pr3 disease  (n=25) and disease in remission 

(n=10) were analysed for C1q fixation. Whilst the level of Pr3 specific C1q fixation was higher 

in active disease, only a minority of samples (5/25) exhibited strong C1q fixation with a 

MFI>10,000.  

 

Figure 5.10 Strong C1q fixing anti-Pr3 antibodies are not common in active anti-Pr3 disease.  

C1q fixation was higher in active anti-Pr3 disease vs. remission (Mean±SEM 8910±5151 

vs.14068±13492). However, anti-Pr3 autoantibodies that strongly fix Pr3 were uncommon in this 

cohort. Data analysed by Mann-Whitney U Test *=P<0.05 
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Paired samples from 10 patients taken during active anti-PR3 disease and remission were 

further analysed. Both C1q fixation and total anti-Pr3 titres were measured. C1q fixation of 

anti-Pr3 IgG did not statistically differ between disease states. This was because of a single 

outlier in which both C1q fixation and anti-Pr3 titre increased between active disease and 

remission (Figure 5.11)  

 

 

Figure 5.11  Analysis of paired samples from patients with anti-Pr3 disease. 

(A) C1q fixation in paired anti-Pr3 patient samples from active disease and remisison did not 

statistically differ between states. (B) Anti-Pr3 IgG in paired anti-Pr3 samples.  
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C3 breakdown products can be detected on human neutrophils 

Whilst these data suggest that in this in vitro, bead based system some ANCA (predominantly 

MPO-ANCA from patients with active disease) are able to fix C1q and therefore activate the 

classical pathway of complement, differences in antigen density and the presence of 

complement regulatory proteins means that ANCA binding and subsequent complement 

activation on human neutrophils is likely to be very different to that observed on beads. The 

ability of ANCA to induce detectable complement activation on human neutrophils was 

therefore investigated.  

The amplifying mechanism of the complement cascade results in around 200 cell bound C3 

molecules for every antibody bound C1q molecule368. C3 breakdown products can therefore be 

detected on the surface of antibody-targeted cells in the absence of detectable C1q and C4d369.  

To optimise an experimental protocol to detect C3 breakdown products on the surface of 

neutrophils, an IgM anti-human CD15 mouse monoclonal antibody was used to sensitise 

neutrophils, as this is a subclass that strongly activates the classical pathway.  

 

Neutrophils from human healthy donors were purified using Polymorphprep before being 

sensitised with anti-CD15 mAb followed by incubation in 33% human serum in TAE-CHB 

buffer at 37°C for 30 minutes to induce complement deposition. After extensive washing 

neutrophils were stained with monoclonal antibodies against C3 breakdown products, which 

were then detected with an isotype specific, cross-adsorbed, PE-conjugated secondary antibody.  

Samples were acquired by flow cytometry with neutrophils identified by characteristic FS/SS 

properties. At high concentrations of anti-CD15 1-10µg/ml there was significant lysis of 

neutrophils. The experiment was therefore repeated with anti-CD15 mAb concentrations in the 

ng/ml range. At lower concentrations of IgM, neutrophil bound C3 was clearly detectable using 

two monoclonal antibodies: 1H8 specific for C3b/iC3b/C3d370, and 053A-514.3.1.4 specific for 

iC3b/C3d/C3dg (Figure 5.12). This established that an assay to measure neutrophil surface C3 
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breakdown product was viable. Since both antibody clones performed similarly, 1H8 was 

selected for future use on the basis of cost.  

 

Figure 5.12 C3 Cleavage products can be detected on the surface of antibody targeted neutrophils.  

MFI of C3 breakdown products on neutrophils sensitised with varying concentrations of anti-CD15 mAb 

and incubated in 33% NHS. (A) C3 breakdown products as detected with the monoclonal antibody 

053A-514.3.1.4 (B) C3 breakdown product detected with monoclonal antibody 1H8. (C) Representative 

flow cytometry plot showing granulocytes gated by characteristic FS/SS. (D) Histogram of C3 surface 

breakdown product on neutrophils incubated with 80ng/ml anti-CD15, followed by incubation in serum 

and detection with ether IgG2a isotope control (blue line) or mAb 1H8 (red line). 

  

30
0

15
0 80 40 20 10

Igg1 I
C 

0

20000

40000

60000

M
FI

 C
3

053A-514.3.1.4 

30
0

15
0 80 40 20 10

Igg2a
 IC

 
0

20000

40000

60000

M
FI

  C
3

1H8

Concentration anti-CD15 ng/ml

A B

C D



Page |   
 

134 

Purification of MPO-ANCA and Control IgG 

To investigate whether ANCA was capable of activating complement on the surface of 

neutrophils, IgG was purified from the plasma exchange effluent of 5 patients with anti-MPO 

AAV by ammonium sulphate precipitation followed by protein G column purification. As the 

indications for plasma exchange in AAV are limited to those with severe active disease, ANCA 

from these patients was assumed to be highly pathogenic. To act as controls, IgG was purified 

from the plasma exchange effluent of one patient with anti-GBM disease and the serum of 5 

healthy volunteers. The final measured concentrations of purified IgG are tabulated below:  

          Sample Final IgG Concentration (mg/ml) 

MPO-ANCA 1   3.6 

MPO-ANCA 2  9.4 

MPO-ANCA 3   9.2 

MPO-ANCA 4  22.2 

MPO-ANCA 5 9.4 

Anti-GBM  (control) 3.45 

Healthy Control 1   9.97 

Healthy Control 2  12.3 

Healthy Control 3  13.5 

Healthy Control 4  12.12 

Healthy Control 5  9.4 
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Purified IgG samples were analysed by sodium dodecyl sulfate polyacrylamide gel 

electrophoresis  (SDS-PAGE) and stained with Coomassie brilliant blue under non-reducing 

conditions to ensure that there was a protein band consistent with immunoglobulin without 

evidence of significant aggregates (Figure 5.13).  

 

Figure 5.13: SDS-PAGE analysis of IgG preparations  

Purified IgG from patients with MPO-ANCA and healthy controls was run alongside a high range 

protein ladder on SDS-PAGE followed by staining with Coomassie brilliant blue. Image demonstrates a 

band consistent with the 150-170 kDa molecular weight of human IgG without evidence of large protein 

aggregates.  
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TNF but not ANCA induces C3 activation on the surface of human neutrophils 

MPO is stored in the intracellular granules of neutrophils. In vitro, TNF is commonly used to 

prime neutrophils for ANCA mediated activation. Mechanistically, TNF is thought to prime 

neutrophils by increasing MPO surface expression50. Neutrophils were primed with 

concentrations of TNF varying from 0-10ng/ml before simulation with MPO-ANCA IgG or 

control IgG followed by incubation in 33% normal human serum. The deposition of C3 

activation products on the neutrophil surface was then analysed. There was no difference in C3 

deposition on neutrophils between MPO-ANCA IgG and control IgG at any concentration of 

TNF. However, neutrophil surface C3 deposition dramatically increased with rising 

concentrations of TNF. This suggests that the concentration of TNF used to prime neutrophils 

(which is in several fold excess of that measured in patients with AAV371) causes changes that 

result in robust surface complement activation. To determine the role of the alternative pathway 

in this TNF induced complement activation, neutrophils were incubated in complement factor b 

depleted serum, this resulted in attenuation of TNF induced C3 deposition suggesting that the 

alternative pathway initiation and/or amplification loop was a significant contributor to 

neutrophil surface complement activation.  (Figure 5.14, overleaf)  
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Figure 5.14 TNF, but not MPO-ANCA induces C3 deposition on the surface of neutrophils.  

Neutrophil surface C3 was measured after priming neutrophils with varying concentrations of TNF, 

followed by incubating them with ANCA (n=5) or control IgG (n=6) then 33% NHS.  Neutrophil surface 

C3 increased in a dose dependent manner with increasing TNF concentrations but was not altered by 

the presence of ANCA IgG. C3 deposition on neutrophils primed with 10ng/ml TNF was significantly 

reduced when they were incubated in complement factor B depleted serum. Data show mean±SEM with 

statistical analysis by one way ANOVA followed by Tukey’s multiple comparison test. ***=P<0.001, 

****=P<0.0001 
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Neutrophils acquire exogenous MPO on their surface.  

As stimulating neutrophils with TNF induced significant complement activation, an alternative 

approach to priming neutrophils for activation by ANCA was investigated. Although surface 

expression of MPO by neutrophils is conventionally thought to result from the externalisation 

of endogenous MPO from granules, exogenous myeloperoxidase can also bind to neutrophils 

via a CD11b/CD18 dependent mechanism372. Mean MPO levels in healthy individuals are 

approximately 400pmol/l with a 5-fold increase in inflammatory conditions such as sepsis373.  

Levels of neutrophil membrane associated MPO are increased in inflammation372.  Incubation 

of neutrophils with purified MPO results in those neutrophils being responsive to activation by 

ANCA374, suggesting that exogenous MPO bound to the neutrophil surface can be an 

alternative source of antigen for MPO-ANCA to target.  

 

To confirm this, purified neutrophils were incubated with purified human MPO at 

concentrations comparable to those seen in human inflammatory disease before measuring 

surface MPO binding by flow cytometry. Increasing concentrations of MPO resulted in a dose 

dependent increase in neutrophil membrane associated MPO measured by flow cytometry. 

(Figure 5.15, overleaf)  
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Figure 5.15. Neutrophils acquire exogenous MPO on their surface. 

(A) Incubation of neutrophils with purified MPO results in dose-dependent expression of MPO 

on the neutrophil surface. (B) Representative histogram of surface MPO signal on neutrophils 

incubated with increasing concentrations of purified MPO. Data show mean±SEM. Statistical 

analysis by one-way ANOVA followed by Tukey’s multiple comparison test. *=p<0.05, 

**=p<0.01. 
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MPO-ANCA induces C3 deposition on MPO exposed neutrophils  

The capacity of MPO-ANCA to bind to surface MPO resulting in antibody induced 

complement activation was then investigated. Purified neutrophils were sequentially incubated 

with MPO, MPO-ANCA then 33% normal human serum. C3 split product deposition was then 

measured by flow cytometry.  MPO-ANCA induced significantly greater neutrophil C3 

deposition than control IgG including inducing a population of neutrophils with high levels of 

surface bound C3 (Figure 5.16). 

 

Figure 5.16: MPO-ANCA induces C3 deposition on surface of neutrophils 

(A) Representative flow cytometry plots showing effect of incubating MPO primed neutrophils with 

control IgG followed by 33% NHS, ANCA IgG followed by 33% NHS containing 10mM EDTA (to 

inhibit complement) and ANCA IgG followed by 33% NHS. (B) ANCA IgG (n=5) induces significantly 

more C3 surface deposition on neutrophils than control IgG (n=6). (C) A C3 high population of 

neutrophils is induced by incubation with ANCA IgG which was not seen in controls. Data presented as 

Mean±SEM.  *=p<0.05  
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C3 deposition correlates with C1q binding of purified IgG on single antigen beads 

To provide supportive evidence that the increased surface C3 deposition induced by ANCA IgG 

correlated with complement fixing properties of the MPO-ANCA preparation, the ability of the 

purified MPO-ANCA preparations to fix C1q on single antigen beads was measured, and 

compared to the C3 deposition induced by the same MPO-ANCA preparation on human 

neutrophils. Neutrophil surface C3 induced by MPO-ANCA IgG preparations correlated with 

C1q fixation on MPO-coupled beads (Pearson r= 0.86 95% C.I 0.07 to 0.99) (Figure 5.17). 

 

 

 

 

 

Figure 5.17 The ability of ANCA to induce C3 deposition on human neutrophils correlates with C1q 

fixation on MPO coupled beads.  

MPO-ANCA IgG C1q fixation on single antigen beads correlates with induced C3 deposition on 

neutrophils. Single antigen beads were incubated with MPO-ANCA, washed and then incubated in 33% 

NHS. C1q deposition was measured with polyclonal anti-C1q antibody and the samples were analysed 

by flow cytometry.  Pearson r= 0.86 95% C.I 0.07 to 0.99 
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Analysis of ANCA induced C4d deposition on neutrophils 

To investigate whether MPO-ANCA induced complement activation and C3 deposition was 

initiated by the classical pathway, the deposition of C4d on neutrophils was assessed. C4d is a 

C4 cleavage product generated by the classical and lectin, but not alternative pathways.  

Preliminary studies showed that using anti-CD15 IgM (40ng/ml) targeted neutrophils as a 

positive control, C4d was detectable (MFI 1083 vs isotype control 406). However the 

magnitude of signal was a fraction of that seen when staining for neutrophil C3 breakdown 

products under the same conditions (MFI 6064). 

Neutrophils were sequentially exposed to MPO, MPO-ANCA and 33% NHS before surface 

staining for C4d. Whilst there was a trend towards increased C4d staining in the MPO-ANCA 

exposed group, this did not reach statistical significance (Figure 5.18) 

 

 

 

Figure 5.18 ANCA does not induce significant C4 deposition on the surface of neutrophils.  

Neutrophil surface C4d was stained in neutrophils sequentially exposed to MPO, MPO ANCA or control 

IgG and 33% NHS. C4d staining was not significantly greater in the MPO-ANCA group ((Mean±SEM 

1871±543, n=5) than the control IgG group (876±486, n=6, Statistical analysis by Mann-Whitney U 

Test. p=0.25). Data represent Mean±SEM values from two independent experiments.  
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Classical pathway inhibition reduces neutrophil surface C3 and activation markers 

The amplification loop of the alternative pathway means that the production of C3 cleavage 

products is several orders of magnitude more than that of C4d. As an alternative method to 

assess the contribution of the classical pathway to ANCA induced complement activation, the 

deposition of C3 breakdown products on neutrophils was measured in the presence of a specific 

classical pathway inhibitor: the mouse IgG2a anti-C1s monoclonal antibody TNT003. C1s is a 

serine protease that, after complexing with C1q cleaves C4, resulting in the eventual formation 

of the classical pathway C3 convertase.  TNT003 does not prevent the complexing of C1s to 

C1q and C1r, but inhibits its subsequent enzymatic activity.  Because of a theoretical concern 

that the TNT003 mAb bound to C1s at the neutrophil surface could itself induce neutrophil 

activation, purified F(ab’)2  fragment of TNT003 was used.   

 

Neutrophils were incubated with MPO, followed by MPO-ANCA and 33%NHS containing 

either 50µg/ml TNT003 F(ab’)2 or an IgG2a isotype control F(ab’)2. This was a concentration of 

TNT003 that had previously been shown to result in total inhibition of the classical pathway in 

human serum (personal communication, Dr Sandip Panicker, True North Therapeutics). 

Neutrophil activation markers CD11b, CD63 and CD66b, chosen on the basis of increased 

expression in active disease in previous studies in AAV375 were also measured.  

 

As previously observed, levels of neutrophil surface C3 were higher in MPO-ANCA treated 

neutrophils than those exposed to control IgG. Classical pathway inhibition resulted in a 

profound decrease in neutrophil membrane associated C3 in both ANCA exposed and control 

IgG treated neutrophils. The level of the activation markers CD11b, CD63 and CD66b did not 

differ between neutrophils treated with MPO-ANCA and control IgG, activation markers were 

reduced in both groups exposed to serum containing classical pathway inhibitor (Figure 5.19).  



Page |   
 

144 

 

Figure 5.19 Inhibition of the classical pathway significantly reduces C3 deposition and activation 

markers in both MPO-ANCA and control IgG treated neutrophils.  

Neutrophils were incubated with MPO, then sensitised with MPO-ANCA or control IgG before being 

exposed to 33% NHS containing anti-C1s mAb TNT003 or F(ab’)2 isotype control. (A) MPO-ANCA 

exposed neutrophils had higher levels of surface C3 compared to control IgG exposed neutrophils when 

incubated in serum containing isotype control. Inhibition of the classical pathway resulted in a large 

decrease in neutrophil bound C3 in both MPO-ANCA and control IgG groups. (B) There was no 

difference in activation markers CD11b, CD63 and CD66b between MPO-ANCA and control IgG 

treated groups, however, classical pathway inhibition resulted in significant decreases in these 

activation markers in both groups. **=p<0.01, ***=p<0.001, ****=p<0.0001.  
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Neutrophil apoptosis is not induced by the experimental protocol. 

As C1s inhibition resulted in a significant reduction in surface C3 deposition in both neutrophils 

treated with ANCA and control IgG, the possibility that the experimental protocol induced  

classical pathway activation through neutrophil apoptosis was investigated. Neutrophils are 

short-lived cells and apoptosis is an essential physiological aspect of their life-cycle as it allows 

for the resolution of inflammation. An early event in apoptosis is the externalisation of 

phosphatidylserine from the intracellular leaflet of the plasma membrane. C1q is able to bind to 

phosphatidylserine, initiating the classical pathway, which plays an essential role in the 

clearance of apoptotic cells376. Whilst efforts were made to minimise the potential of the 

experimental protocol to induce apoptosis by performing the majority of steps at 4°C, factors 

such as the total ex-vivo time of 5 hours and the multiple centrifugation steps could potentially 

induce apoptosis377. To determine whether the experimental protocol induced significant 

neutrophil apoptosis, neutrophils were stained with annexin V. Controls analysed in parallel 

included neutrophils immediately after isolation with Polymorphprep, neutrophils incubated for 

3 hours at 37°C in complete RPMI, and as a positive control neutrophils incubated for 3 hours 

at 37°C with10ng/ml TNF and 2.5µg/ml cyclohexamide; a protocol that potently induces 

apoptosis55.  The proportion of neutrophils that were apoptotic at the end of the experimental 

protocol as measured by annexin V staining was 1.16±0.1% (n=4) in ANCA stimulated and 

1.04±0.1% (n=4) in control IgG stimulated. This was similar to the proportion in neutrophils 

freshly isolated by Polymorphprep, and much less than the proportion of apoptotic neutrophils 

seen in positive controls. (Figure 5.20, overleaf) 
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Figure 5.20 The experimental protocol does not induce significant neutrophil apoptosis as measured 

by Annexin V binding.  

Neutrophils were purified on Polymorphprep, and sequentially incubated with MPO, ANCA and 33% 

NHS, before staining with Annexin V and propidium iodide(PI). (A) Representative flow cytometry plot 

gated on neutrophils by FS/SS after experimental protocol including ANCA stimulation showing early 

apoptotic (Annexin V+ PI-) and late apoptotic/necrotic (Annexin V+PI+) quadrants. (B) Neutrophil 

apoptosis assessed immediately after purification by Polymorphprep. (C) Apoptosis was assessed after 3 

hours incubation in complete RPMI at 37°C, (D) Apoptosis assessed after 3 hours incubation in 

complete RPMI at 37°C 10ng/ml TNF and 2.5µg/ml cyclohexamide,. 
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ANCA induced C3 binding is not restricted to apoptotic neutrophils  

As MPO expression has previously been reported on apoptotic neutrophils54, whether ANCA 

induced C3 deposition was restricted to the small population of apoptotic neutrophils was 

determined. ANCA induced C3 deposition was assessed in parallel with annexin V binding. 

This demonstrated that C3 was not restricted to apoptotic (annexin V high) neutrophils (Figure 

5.21).  

 

 

Figure 5.21 ANCA induced C3 deposition is not restricted to apoptotic neutrophils.  

ANCA induced C3 deposition was assessed in parallel to annexin V binding. Representative flow 

cytometry plot gated on neutrophils by FS/SS showing C3 high population induced by ANCA is not 

apoptotic as judged by annexin V binding.   
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Discussion:  

In this chapter the possibility that early complement activation in AAV was initiated via the 

classical pathway by ANCA bound to the surface of neutrophils was examined.  First, 

development of an assay to demonstrate C1q fixing ability of ANCA in serum is described, 

followed by the analysis of this parameter in sera from patients with active disease. In addition, 

the capacity of MPO-ANCA to induce complement activation at the surface of human 

neutrophils was also investigated.  

 

These data demonstrate that ANCA from a proportion of patients with active AAV, are able to 

fix C1q in vitro on single antigen beads and therefore activate the classical pathway of 

complement. This phenomenon was more pronounced for anti-MPO antibodies than anti-Pr3. 

Whilst the small number of anti-Pr3 samples tested from the Monash cohort did display C1q 

binding in active disease this was not replicated in the Groningen cohort. There are several 

possible explanations for the observed differences between MPO-ANCA and Pr3 ANCA. It is 

possible that patients with anti-Pr3 disease have predominance of non-complement fixing 

subclasses, although this is unlikely as previous studies have shown high levels of Pr3 specific 

IgG1 and IgG3 in this group of patients 378, 379. Other possibilities include shielding of Pr3 in 

neat plasma by α-1-antirypsin, which has previously been reported to block Pr3-ANCA binding 

to Pr3380. It is also possible that an experimental error may have occurred. The Pr3 samples 

obtained from Groningen were analysed as a single batch and whilst it would have been 

desirable to re-analyse the samples this was not possible due to limited sample availability.  

 

Many factors determine the capacity of IgG to fix C1q. These include antibody titre, affinity, 

subclass, antigen density, and both the number of targeted epitopes and their stereotactic 

arrangement. C1q fixation ability of anti-MPO serum strongly correlated with total anti-MPO 

IgG levels. The correlation between donor specific antibody IgG levels and C1q fixation is 
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described in the transplantation literature; the observed correlation in the current studies 

(Pearson r = 0.77) is in agreement with large studies in the transplantation literature (Pearson r 

≈ 0.8)381, 382. Given the strength of this correlation, there is some controversy in the 

transplantation literature about whether measuring C1q fixation provides additive data above 

antigen specific IgG levels alone. This is partially related to falsely low IgG MFI levels 

associated with the “prozone effect” caused by high levels of complement fixing antibody 

binding antigen on the bead leading to complement activation and C3 split products which coat 

the bead leading to reduced binding of secondary IgG detection reagents383. This can be 

reduced by either adding EDTA to prevent complement activation or by serial dilution of the 

sample. In the data presented in this thesis, serum was diluted 1:100 to measure IgG binding, 

thus ensuing that no “prozone effect” will have complicated interpretation of the data.  

 

IgG subclass is also likely to be an important determinant of C1q fixation. IgG1 and IgG3 are 

the dominant complement fixing subclasses384. In alloimmunity, the presence of IgG1 and IgG3 

subclasses strongly correlates with C1q fixation although negative C1q fixation does not 

exclude presence of these subclasses385. It is therefore likely that C1q fixation represents a 

readout of the total complement fixing capacity of an antibody mixture incorporating subclass 

and titre with other factors  such as geometric arrangement and  antibody glycosylation.  

 

Having established that MPO-ANCA was capable of activating the classical pathway of 

complement on single antigen beads, it was then investigated whether classical pathway. Even 

modest complement activation could potentially initiate a positive feedback loop of 

complement and neutrophil activation, and this could potentially be the source of the initial C5a 

required for neutrophil priming.  
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The vast majority of literature on ANCA activation of neutrophils reports experiments in which 

isolated neutrophils are primed with TNF +/- cytochalasin B and activation measured by ROS 

production. This priming induces multiple pro-inflammatory changes in neutrophils including 

externalisation of MPO to the neutrophil membrane. The levels of TNF used to induce 

neutrophil activation in the literature range from 0.1ng/ml to 10ng/ml329, 386. In severe sepsis, 

mean levels of TNF approximate 40pg/ml387 so the higher concentrations used to prime 

neutrophils in vitro are likely to provide stimulus in significant excess of that which occurs in 

humans, even in severe disease states. In the current studies there was no difference in C3 

deposition on neutrophils by induced by purified MPO-ANCA or control IgG when neutrophils 

were primed with TNF. However, increasing the concentration of TNF resulted in increased 

neutrophil surface C3 suggesting that in this experimental system, the effect of TNF 

concentration on neutrophil induced complement activation far outweighs an effect (if any) 

from ANCA.  

 

A different experimental system was therefore investigated to study whether MPO-ANCA 

binding to the surface of neutrophils triggered complement activation. Externalisation of MPO 

from granules is likely to be accompanied by properdin and hence complement activation. 

Neutrophils have been described to acquire surface MPO from their surroundings372, 374, so this 

phenomena was explored as an alternative method of allowing surface MPO to be accessible to 

ANCA. Having confirmed that incubation of neutrophils in MPO resulted in surface acquisition 

of MPO, MPO exposed neutrophils were then incubated sequentially with ANCA followed by 

normal serum. MPO-ANCA induced significantly more neutrophil surface C3 deposition than 

control IgG. The correlation of C1q fixing ability to surface C3 generation observed with the 

antibody preparations is also suggestive of a C1q mediated pathway. These data, in themselves 

are not conclusive evidence for classical pathway mediated activation, as Fc receptor mediated 

changes in the neutrophil that activate the alternative pathway could also be responsible. To try 
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and minimise this, all steps (with the exception of the serum incubation which occurred at room 

temperature)  were performed at 4°C. This should have minimised metabolic activity of the 

neutrophils and complement activation mediated by neutrophil degranulation.  

 

If the local generation of ANCA induced C3 breakdown products occurs in-vivo it has a 

number of potential implications. It is likely to lead to a C5 convertase, thus generating the C5a 

that has been shown to be important for the full degree of neutrophil activation by ANCA. The 

C3 breakdown products could also potentially signal into the neutrophil via the complement 

receptors 1 (CD25) and 3 (CD11b/18) and/or promote heterotypic aggregation. Sublytic 

complement attack of neutrophils has also been reported to result in the shedding of neutrophil 

microvesicles388, which have been suggested to contribute to endothelial damage in AAV389. 

The C3 high population of neutrophils induced by MPO-ANCA is likely to be a result of the 

alternative pathway positive feedback loop inducing exponential C3 deposition on a susceptible 

population of neutrophils such as those with high levels of membrane MPO or low levels of 

complement regulatory proteins. The relatively small population of C3 high neutrophils 

observed is not inconsistent with clinical data. It is likely that in vivo, only a small proportion 

of neutrophils are activated by ANCA, as severe disease is not characterised by either 

neutropenia, or a dense neutrophil infiltrate in the kidney.  

 

C4d, a specific marker of activation of the classical and lectin pathways is widely used as a 

biomarker of antibody mediated complement activation in human solid organ transplantation. 

C4d staining was therefore investigated as a more specific marker of classical pathway 

activation. The intensify of neutrophil C4d staining was significantly less than that of C3 

breakdown products and a significant difference was not observed between MPO-ANCA and 

control IgG groups.  Antibody induced C3 cell membrane deposition in the absence of 
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detectable C4d has previously been described369 and it is possible that levels of neutrophil C4d 

were below the lower limit for accurate detection.  

To isolate the role of the classical pathway in MPO-ANCA induced C3 deposition, a specific 

inhibitor, the monoclonal antibody TNT003 was used. This has previously been shown to 

reduce C3 deposition on antibody targeted erythrocytes390 and complement deposition on 

human amniotic epithelial cells incubated with anti-HLA sera391.  MPO-ANCA sensitised 

neutrophils were therefore incubated in serum containing TNT003 or isotype controls. Classical 

pathway inhibition resulted in large reductions in both neutrophil bound C3 and neutrophil 

activation markers. However, these reductions were present both in MPO-ANCA and control 

IgG treated neutrophils. This suggests that in this experimental system, neutrophil C3 

deposition is driven by a C1s dependent mechanism. Possibilities for this include the presence 

of immune complexes in the IgG preparations- although significant precipitants were not seen 

on SDS-PAGE. A second possibility that was considered was that C3 deposition was occurring 

on apoptotic or necrotic neutrophils. This was excluded by assessing annexin V binding and 

propidum iodide permeability of neutrophils alongside C3 binding. Early apoptosis as measured 

by Annexin V binding was only present in around 1% of neutrophils and did not appear to be 

induced by the experimental protocol. In addition, the C3 high population of neutrophils were 

not annexin V high, suggesting that this population was not apoptotic.  

 

In summary this work demonstrates that in the majority of patients with active disease, MPO-

ANCA is able to activate the complement classical pathway in vitro on a single antigen beads. 

Purified MPO-ANCA also leads to C3 deposition on purified MPO incubated neutrophils. The 

precise mechanism of the observed C3 deposition of neutrophils and its pathophysiological 

relevance remain to be determined.  
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Further work that would bring clarity to this area includes further analysis of the IgG 

preparations for the presence of aggregates that could activate the classical pathway as this is 

the most likely source of the complement activation. It would also be useful to analyse 

neutrophil surface complement regulatory proteins such as CD55 and CD46 to determine 

whether the C3 deposition occurred in a population of neutrophils that were low for these 

markers. Co-measurement of C3 deposition and markers of neutrophil activation such as ROS 

could also determine whether the C3 deposition correlated with ANCA induced pathological 

changes in neutrophils.  

 

When considering the possibility of anti-classical pathway therapy in humans, there is a 

theoretical concern regarding the strong predisposition to a lupus like phenotype in human with 

classical pathway mutations. This is due to the important role of complement in the clearance of 

apoptotic cells. In an attempt to address these concerns, it has been demonstrated that C1s 

inhibition does not significantly reduce C1q mediated phagocytosis of early apoptotic cells by 

macrophages392. Early apoptotic cells are thought to mediate the immunosuppressive effects of 

apoptosis and therefore, it is possible that C1s inhibition could circumvent this potential 

complication. However as some of the humans with C1s deficiency reported have had a lupus-

like disease393, targeting of C1s may still carry some risk.  

 

This study set out to investigate whether ANCA induced classical pathway activation played a 

pathological role in ANCA induced neutrophil activation. Whilst ANCA mediated classical 

pathway activation occurred in vitro on single antigen beads, the multiple and complex 

interactions of complement, neutrophils and antibody made this a difficult relationship to 

investigate in vitro. Whilst ANCA induced C3 deposition on neutrophils was demonstrated, the 

profound effect that C1s inhibition had on both ANCA stimulated and control samples 

suggested that there was a significant source of classical pathway mediated complement 
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activation in this system and it was therefore not possible to confirm that the classical pathway 

activated by ANCA was responsible for inducing this deposition.  
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Chapter	6:	Extended	discussion	and	conclusions:  

The complement system has previously been shown to be critical to disease pathogenesis in murine 

models of AAV. In this thesis new roles for complement beyond the priming of neutrophils by C5a 

for activation by ANCA are described.  This chapter includes additional discussion around the role of 

the C5aR and C3aR in AAV- work that was presented in paper format.  

 

C5aR1 in AAV 

In chapter 2 the role that signalling through the C5aR1 plays in the generation of autoimmunity to 

MPO is reported, alongside experiments that show that this is mediated by the C5aR1 on DCs rather 

than T cells. The net result of this is that signalling through C5a exacerbates a T cell dependent model 

of anti-MPO glomerulonephritis. The translational implication of this finding is that C5aR1 inhibition 

in humans may result in a therapeutically significant reduction in autoimmunity when used as a 

treatment in AAV. 

 

The effects of genetic absence or inhibition of the C5aR1 in mice immunised with MPO largely 

mirrored those reported in the literature. Of note the increase in Th17 generation reported in-vitro 246 

was not recapitulated in vivo. This is reassuring, as the Th17 response is an important driver of 

autoimmune glomerular injury125, 394.  In contrast to findings with C5aR1-/- mice, C5aR1 inhibition 

with PMX53 did not induce a measurable difference in Tregs. There are two possibilities for this 

observation.  First, the degree of C5aR1 inhibition achieved by PMX53 administration may have 

been insufficient to impact Treg differentiation. PMX53 has a lower sensitivity for the murine C5aR1 

than other species and the dose administered in the infusion pump was limited by volume and 

solubility constraints395. Whilst this dose of PMX53 has previously been reported to be effective in 

murine models of immune complex nephritis320 the inhibition achieved at the immunological synapse 

between APCs and T cells may not have been complete. Secondly, PMX53 administration may have 

affected peripheral Treg generation, but measuring the proportion of T cells that were CD25+Foxp3+ 
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was too crude a measure to detect this. If I were to revisit this I would consider alternative methods 

such detection of antigen specific Tregs in an antigen restimulated proliferation assay with 

measurement of Foxp3+ T cell proliferation by cell tracking dye131. 

 

The finding that surface activation markers on BMDCs are reduced in C5aR1-/- DCs has previously 

been reported217, 244, 249, although the magnitude of difference between groups was not as substantial 

as observed by other investigators. This may be because the concentration of LPS used to mature DCs 

(1µg/ml) was sufficient to achieve robust DC activation via TLR4 activation leaving only a modest 

additive effect of C5a stimulation.  In addition, although recombinant C5a was added to cultures, the 

foetal calf serum used to supplement culture medium will have contained carboxypeptidase B, the 

enzyme that inactivates C5a. Whilst the carboxypeptidase B enzymatic activity may have been 

degraded by heat treatment of the serum, it is possible that C5a breakdown meant that concentrations 

were insufficient for maximal stimulation throughout the incubation period.  

 

The observation that MPO-ANCA titres were significantly reduced in C5aR1-/- supports a role for the 

C5aR1 in generation of humoral immunity previously observed in other models255, 320.  As B cells do 

not express C5aR1220 and transfer of C5aR1-/- DCs was associated with reduced MPO-ANCA titres it 

is likely that this effect is mediated via APC effect on T cells. T follicular helper (TFH) cells 

participate in formation of the germinal centre reaction and antibody response by B cells396. A 

detailed analysis of the how C5aR1 modulates the TFH response would help to resolve whether 

C5aR1 affects antibody response via TFH. Another possible avenue for investigation would be 

measurement of myeloid cell secreted cytokines in response to ANCA that modulate B cell 

development such as B-cell activating factor of the TNF family (BAFF) and TNF 397.  

 

There are many caveats when extrapolating findings from experimental animal models to clinical 

practice in humans. In the studies described in this thesis autoimmunity to MPO was induced by 
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immunisation in Freund’s complete adjuvant.  This water in oil emulsion contains mycobacterial 

fragments with potent immune activating properties. The pattern of immune activation and break of 

self-tolerance is very different from the clinical situation of patients who present with established 

autoimmunity and active disease. It is conceivable that the propagation of autoimmunity that occurs 

when APCs present MPO to T cells in the context of active disease might be blunted by C5aR1 

inhibition, especially considering that the APC population in the kidney highly expresses C5aR1318. 

Attempts to design an experiment to investigate this were frustrated by limitation of the autoimmune 

anti-MPO GN model to 4 days to preclude an autologous immune response to the anti-GBM globulin.  

 

Whilst a T cell expressed C5aR in humans has recently been reported to be critical in the induction of 

Th1 immunity, in this report, the receptor is confined to the intracellular compartment. The currently 

available data on CCX168 do not state whether it has any action on the intracellular C5aR1398. If not, 

other strategies such as C5 or C5aR knockdown by short interfering RNA would be required to 

modulate this therapeutic target.  

 

In order to confirm whether these findings in murine models presented in this thesis have translational 

relevance, analysis of clinical samples from the ongoing trial phase 3 trial of CCX168 in AAV could 

be performed. Whilst the trial design (CCX168 vs. glucocorticoids for induction of remission) makes 

drawing conclusions about the immunomodulatory effect of C5aR1 inhibition challenging, analysis 

of endpoints such as peripheral blood Th1, Th17 and FoxP3+ cells as well other serum markers of T 

cell activation such as soluble IL-2 receptor would be informative. Similarly, analysis of whether 

ANCA titres are moderated in patients receiving CCX168 would be interesting, although, since 

patients also receive induction therapy with rituximab or cyclophosphamide this may confound the 

determination of CCX168 to influence humoral anti-MPO immunity.  

 

At present the perceived role of C5aR1 inhibition in the treatment of AAV has been confined to 
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induction therapy. If an immunomodulatory effect of C5aR1 inhibition is confirmed then 

consideration could be given to extending treatment to a maintenance therapy. The corresponding 

downside of any additional immunomodulatory effect would be the potential for increased infection, 

although based on experience with the anti-C5 monoclonal antibody eculizumab, prolonged treatment 

with a complement inhibitor results in only a modest increase in episodes of infection158.   

 

In addition to the mechanism investigated in this thesis, other reported biological effects of C5a such 

as the triggering of neutrophil NETosis399, the promotion of tubulointerstitial fibrosis326, the induction 

of tissue factor release227 and the modulation of CD8 T cell response could all be the basis of future 

studies on additional mechanisms by which C5aR1 inhibition may effect clinical outcomes in AAV.  

 

 

 

C3aR in AAV 

In Chapter 3 the potential for a role for C3a, acting through the C3a receptor in pre-clinical models of 

AAV was investigated. Whilst previous studies have reported both pro and anti-inflammatory roles 

for C3a, it is often viewed as less potent inflammatory mediator than C5a. In studies in which mice 

deficient in the C3aR or C5aR1 have been investigated side-by-side, C5aR1 has usually been reported 

to have a more potent inflammatory effect237, 240. The results reported in this thesis show that 

deficiency of C3aR did not alter the severity of glomerulonephritis induced by either model of anti-

MPO GN. This was surprising given the important roles that neutrophils play in these models and the 

previous description of the profound effect of C3aR deficiency on neutrophil mobilisation from the 

bone marrow, neutrophil NETosis and T cell mediated immunity217, 252, 273, 287.  However, a recent 

report, to date only published in abstract form suggests that the distribution of the C3aR in the murine 

immune system characterised by a C3aR tandem-dye tomato reporter mouse is much more limited 
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than previously thought. In this study, C3aR expression was not detected in neutrophils, T or B cells, 

or splenic DCs, with expression in the immune system largely confined to macrophages400.   

 

Whilst the severity of glomerulonephritis was not altered in C3ar-/- mice, there were differences in 

other endpoints, notably the reduction in glomerular macrophages in the C3ar-/- mice in the anti-MPO 

IgG transfer model and the increased humoral immunity in C3ar-/- mice. It is possible that both these 

observations could represent underlying processes that impact on human pathology. The cellular 

infiltrate in humans with AAV in enriched for macrophages105 and there is evidence of glomerular 

complement activation in active human disease. In addition, macrophages are a key promoter of 

fibrosis, the end result of inflammatory renal disease. The fibrotic tubulointerstitial injury associated 

with chronic GN is associated with adverse renal survival however, investigation of this stage of 

disease is not well served by current animal models of ANCA associated glomerulonephritis. C3a 

signalling through the C3aR has been reported to mediate pro-fibrotic responses in proteinuric and 

diabetic nephropathy290, 401, 402, and it is therefore possible that C3aR could have benefits in this 

domain. 

 

Whilst alterations in cellular immunity were not observed in C3ar-/- mice, the observation that 

signalling through the C3aR inhibited humoral immunity to MPO is consistent with some previous 

studies. Investigation of the B cell compartment did not reveal any differences between C3ar-/- and 

wild type mice. The reported lack of C3aR expression on B cells suggests that this is likely to be a B 

cell extrinsic process. There are several soluble factors that could induce the potentiated humoral 

immunity observed in C3ar-/- mice. For example, IL-1β has previously been reported to be increased 

in C3ar-/- mice in inflammatory conditions286 and promotes humoral immunity to T dependent 

antigens403. A limitation of the existing murine models is that no model exists in which the generation 

of humoral MPO autoimmunity results in the induction of disease in the same mouse without 
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significant manipulation e.g. bone marrow transplant. The degree to which the observed increase in 

MPO-ANCA titres would result in increased pathology therefore remains undetermined.  

 

Other potential roles for complement in AAV.  

To date, the role of C3b and its breakdown products has not been investigated in experimental models 

of AAV. This thesis demonstrates that C3 breakdown products are present on the surface of ANCA 

stimulated neutrophils. Several groups have reported the presence of C3 breakdown products in the 

glomeruli of patients with AAV. These molecules have potent immune stimulatory properties. For 

instance, iC3b on either neutrophils or in the glomeruli could interact with the CR3 receptor on 

leucocytes. The CR3 plays diverse and context dependent roles in models of inflammation and 

autoimmunity404-406; it is therefore open to speculation whether if such an interaction occurred it 

would be pro or anti-inflammatory. The signalling of C5a through its second receptor the C5aR2 is 

another interaction which experimental data suggests may have complex effects, with both pro189 and 

anti-inflammatory407 actions reported.  

 

Summary:  

This thesis generates several original observations that are relevant to the role of complement in AAV 

and may inform current or future therapeutic strategies. 

1) Signalling through the C5aR1 is important in generating MPO cellular and humoral 

autoimmunity and subsequent glomerulonephritis. This adds further evidence to support 

C5aR1 targeting in AAV.  

2) Whilst signalling through C3aR did not appear to play a significant role in the generation of 

glomerular injury in murine models of anti-MPO glomerulonephritis it may play a minor role 

in both macrophage infiltration and the suppression of ANCA production.  



Page |   
 

161 

3) That complement generated by the alternative pathway does not contribute to either cellular 

anti-MPO autoimmunity, or T cell mediated glomerular injury in a murine model of 

autoimmune anti-MPO glomerulonephritis.  

4) The majority of ANCA from patients with active anti-MPO disease are able to fix C1q, 

suggesting that they are capable of activating the classical pathway. In addition, purified 

MPO-ANCA induces greater deposition of C3 breakdown products on MPO incubated human 

neutrophils than control IgG. Attempts to determine the contribution of ANCA activated 

classical pathway to this phenomenon were confounded by significant activation of the 

classical pathway in control IgG treated neutrophils.  
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