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Abstract 

IgA nephropathy (IgAN) is the commonest primary glomerulonephritis worldwide, 

with 20-40% of patients developing progressive kidney disease. The most accurate 

predictors of prognosis are the presence of proteinuria and tubulointerstitial fibrosis, 

while the degree of mesangial IgA deposition is not a prognostic factor. These 

findings imply that tubular-specific factors play a key role in progressive IgAN. The 

aim of this thesis was to explore whether filtered IgA has a direct effect on proximal 

tubular epithelial cell (PTEC) activation and generation of pro-inflammatory and 

pro-fibrotic cytokines. 

 

The interaction between IgA and PTEC was initially investigated in vivo in Munich 

Wistar Frömter rats by multiphoton microscopy. These studies demonstrated that 

IgA, that crossed the glomerular filtration barrier, interacted with PTEC and 

underwent endocytosis via their apical surface. This process was greatly 

upregulated in a model of podocyte injury, resulting in increased amounts of filtered 

IgA. In vitro, human IgA1, and especially galactose-deficient polymeric IgA1, 

stimulated release of pro-inflammatory and pro-fibrotic cytokines from cultured 

human HK-2 PTEC. A mouse model of IgAN was optimised that developed both 

glomerular and tubulointerstitial inflammatory cell infiltration. Although glomerular 

deposition of complement component C3 was increased in the model, mice 

genetically deficient in key initiators of the lectin pathway, Collectin-11 (CL-11) or 

Mannose-binding lectin-associated serine protease-2 (MASP-2), were not 

protected from interstitial macrophage infiltration, while reductions in glomerular cell 

number and T cell infiltration were observed.  

 

These studies provide evidence for the first time that filtered IgA is able to interact 

with the proximal tubule and undergo endocytosis. IgA1, and especially galactose-

deficient polymeric IgA1, stimulated a pro-inflammatory and pro-fibrotic response 

from PTEC that may contribute towards progressive IgAN. Understanding this 

interaction further may reveal novel targets for therapy in this condition. 

Deficiencies in CL-11 and MASP-2 did not protect against tubulointerstitial 

inflammation in a mouse model of IgAN, and further studies should concentrate on 

whether the alternative pathway is activated in this model. 
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Chapter 1: Introduction 

IgA nephropathy (IgAN) is the commonest form of primary glomerulonephritis 

worldwide and a leading cause of chronic kidney disease (CKD) (D’Amico, 1987). 

Approximately 20-40% of patients develop end stage renal disease (ESRD) within 

20 years of diagnosis, while others have stable kidney function over this time, and it 

remains unknown why this disparity exists (D’Amico, 2004). IgAN is defined by the 

predominant deposition of IgA in the glomerular mesangium. The severity of 

mesangial IgA deposition does not correlate with prognosis. In common with other 

glomerulonephritides, the best predictor is the degree of tubulointerstitial disease, 

suggesting that tubular-specific processes play an important role in this condition 

(Cattran et al., 2009). 

 

The aim of this thesis is to examine the hypothesis: “A major factor determining the 

development of progressive kidney disease in IgAN is the presence in the serum of 

IgA1 with PTEC-specific pro-inflammatory and pro-fibrotic activity. As non-selective 

proteinuria develops this IgA1 enters the proximal tubule and augments PTEC 

activation, accelerating renal scarring”. 

 

This thesis explores the following areas: 

1. The interaction between filtered IgA and the proximal tubule in vivo, utilising 

multiphoton intravital microscopy. 

2. The effects of IgA1 on proximal tubular cells in vitro. 

3. The development of a mouse model of IgAN. 

4. The effects of the lectin pathway of complement activation on the 

development of glomerular and tubulointerstitial inflammation in the mouse 

model of IgAN. 
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1.1 Immunoglobulin A 

IgA is the most abundant immunoglobulin (Ig) isotype in humans, and its 

production, approximately 65 mg per kg body weight per day, exceeds that of all 

other Ig classes combined (Kerr, 1990; Pabst, 2012). IgA is the main Ig isotype 

found at mucosal surfaces, and is contained in secretions including tears, saliva, 

colostrum, milk, nasal fluid, intestinal fluid and bile. It is also abundant, alongside 

IgG, in secretions from the respiratory and urinary tracts (Woof and Mestecky, 

2005). IgA therefore plays an important role in the immune system at these sites. In 

serum, IgA is the second most prevalent antibody class after IgG. 

 

1.1.1 Structure of IgA 

Human IgA exists in a variety of isoforms. All IgA molecules consist of two heavy 

chains (α1 or α2, each approximately 55 kDa) and two light chains (κ or λ, ~25 

kDa), arranged to form the fragment, antigen-binding (Fab) region and fragment, 

crystallisable (Fc) region, in common with other Ig classes (Figure 1).  

 

Human IgA is unique amongst Ig subclasses in that it exists in both monomeric 

(approximately 160kDa) and polymeric (mainly dimeric or tetrameric) forms, as 

opposed to IgD, IgE and IgG, which exist solely as monomers, and IgM which 

exists as a polymer. IgA is produced in two compartments: systemic and mucosal. 

Systemic IgA, produced in the bone marrow and thus the major form in serum, is 

>90% monomeric. Mucosal IgA, mainly produced by lymphocytes and plasma cells 

in lymphoid tissue at mucosal surfaces, for example in ileal Peyer’s patches, is 

mostly polymeric. 

 

In polymeric forms, IgA subunits are linked by a small polypeptide termed joining 

(J) chain (Figure 1) (Woof and Mestecky, 2005). In general, J chain exists only 

within pIgA and IgM. It consists of around 137 amino acid residues and has a 

molecular mass of 15-16kDa. According to stoichiometric studies, each molecule of 

pIgA, irrespective of the number of IgA subunits, contains only one J chain (Zikan 

et al., 1986). 

 

The majority of pIgA in the mucosal compartment is dimeric IgA (dIgA) associated 

with secretory component (SC; Figure 1). This is the extracellular component of the 

polymeric Ig receptor (pIgR). When pIgR transporting dIgA reaches the apical 
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surface of the epithelial cell, cleavage of the extracellular domain occurs releasing 

the extracellular portion of the pIgR together with the dIgA. Together, this is termed 

secretory IgA (Almogren et al., 2007). SC is believed to confer resistance to 

proteolytic degradation. SC is bound to the Fc portion of the IgA molecules by 

covalent (disulphide) and non-covalent (hydrogen bond) interactions, and 

comprises of five Ig-like domains, with a molecular mass of 70-80 kDa (Woof and 

Mestecky, 2005).  

 

The molecular composition of pIgA in the serum is highly variable and not fully 

understood. Previous reports indicate that components of pIgA may include dIgA, 

secretory IgA, and IgA complexed to other proteins, including soluble CD89, 

fibronectin and C3 (Oortwijn et al., 2006; Tam et al., 2009; van der Boog et al., 

2005). 

 

1.1.2 IgA1 and IgA2 

Human IgA exists in two subclasses, IgA1 and IgA2 (Figure 1). These differ in 

composition of the α heavy chain, named α1 or α2 respectively, which are encoded 

by separate α genes on chromosome 14 (Flanagan and Rabbitts, 1982). Each α 

heavy chain consists of one N-terminal variable (VH) and three constant region 

domains (Cα1, Cα2, and Cα3). A hinge region exists between the Cα2 and Cα3 

domains, allowing flexibility to the structure of IgA and thus increased capacity for 

antigen binding (Chintalacharuvu et al., 1994). The hinge region differs between 

the two IgA isoforms, consisting of 26 amino acids in IgA1 and 13 amino acids in 

IgA2. IgA1, with its extended hinge region, is only found in humans and higher 

primates, with most other animals only possessing one isoform of IgA, which more 

closely resembles IgA2. 

 

The proportion of IgA1 and IgA2 in humans varies according to anatomical site. 

Serum contains approximately 90% IgA1 and 10% IgA2. IgA1 predominates in the 

small airways. In the small intestine, both are found in equal abundance, while in 

the large intestine, IgA2 is more prevalent (van der Boog et al., 2005).  

 

IgA2 exists in two forms: IgA2m(1), which lacks the disulphide bond between heavy 

and light chains, and IgA2m(2) which contains the disulphide bond.  
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Figure 1: Structure of human IgA. (A) Monomeric IgA1 (B) Monomeric IgA2 (C) Dimeric IgA1 (D) 

Secretory IgA2. (A) Monomeric IgA1 consists of 2 heavy chains (dark blue) and 2 light chains 

(light blue). The heavy chains consist of a variable region (VH) and 3 constant regions (Cα1-3). 

Each heavy chain has a hinge region between Cα1 and Cα2 and 2 N-glycans (yellow). The 

amino acid sequence of the hinge region is depicted and is rich in serine, threonine and proline 

residues. Within each IgA1 hinge region, 3-6 glycan (carbohydrate) side chains may attach to 

the serine or threonine residues, with the most common sites of attachment being numbered. 

Patients with IgAN have more circulating IgA1 molecules with hinge regions that have less than 

3 galactose residues attached (undergalactosylated). Light chains consist of one variable region 

(VL) and one constant region (CL). (B) IgA2 has a shorter hinge region which is not O-

glycosylated. (C) Dimeric IgA1 is linked covalently by J chain (yellow). (D) Secretory IgA differs 

from dimeric IgA by the addition of secretory component (brown). Part of Figures 1(A) and (C) 

are adapted from Wyatt and Julian, 2013. 
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1.1.3 Glycosylation of the IgA1 hinge region 

The majority of serum proteins exist as glycoproteins. Carbohydrate moieties 

attach to proteins as N-linked oligosaccharide side chains (glycans), linked to 

aspargine residues, or O-linked glycans, linked to serine or threonine residues. N-

linked glycans are by far more common, and usually consist of complex side chains 

(Arnold et al., 2007). O-linked glycans are most commonly found on membrane-

bound proteins. Human IgA1 is one of the few circulating serum glycoproteins 

which contain O-linked glycans, with others including C1 inhibitor and IgD (Allen, 

1999; Barratt et al., 2007). 

 

The IgA1 hinge region contains multiple serine, threonine and proline residues. The 

serine and threonine residues undergo co- or post-translational glycosylation. 

There are nine sites where glycan side chains may be added in an O-linked 

manner, and of these, only 3 to 6 are usually glycosylated (Takahashi et al., 2012; 

Tarelli et al., 2004). Synthesis of O-glycans occurs in a stepwise manner, and is 

initiated by attachment of N-acetyl galactosamine (GalNac) (Figure 2). Galactose 

may then be β1,3-linked to GalNac by the activity of core 1 β1,3 

galactosyltransferase (C1GalT1), which requires the chaperone Cosmc (core 1 

β1,3 galactosyltransferase molecular chaperone) to ensure correct folding and 

stability (Boyd et al., 2012). Sialic acid may be added to galactose, GalNac or both 

(Berthoux et al., 2012). IgA2 possesses a hinge region that lacks serine and 

threonine residues, and is therefore not O-glycosylated (Kiryluk and Novak, 2014).  

 

1.1.4 Functions of IgA 

Secretory IgA is believed to aggregate and immobilise bacteria, inhibiting their 

adherence to mucosal surfaces. IgA is also capable of activating the alternative 

complement pathway. In the gut, secretory IgA acts as a barrier to limit the access 

of intestinal antigens to the blood circulation, by processes collectively known as 

‘immune exclusion’ (Pabst, 2012). These include entrapping antigens in the mucus 

preventing their binding to cell surface receptors, reducing bacterial motility limiting 

their invasiveness, and assisting uptake of antigens across the intestinal epithelium 

to lymphoid compartments (Kadaoui and Corthésy, 2007). IgA may also neutralise 

antigens within epithelial cell endosomes and promote their excretion into the 

intestinal lumen (Robinson et al., 2001). 
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The role of serum IgA in the immune system is less well understood, but involves 

removal of circulating antigens (Weisbart et al., 1988). Patients who have IgA 

deficiency do not appear to be majorly immunocompromised, although 

interestingly, they do appear to be more susceptible to autoimmune and allergic 

disorders, suggesting that IgA also plays a regulatory role in the immune response 

(Schaffer et al., 1991). 
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Figure 2: O-glycan variants of IgA1. Synthesis of O-linked glycans occurs in a stepwise manner, 

beginning with attachment of N-acetylgalactosamine (GalNac) to serine or threonine residues 

by GalNac-transferase. Galactose may be β1,3 linked to GalNac, by the activity of core 1 β1,3 

galactosyltransferase (C1GALT1) and its molecular chaperone Cosmc. Sialic acid (NeuNac) 

may be added to GalNac, Gal or both. If sialic acid is added to GalNac before attachment of 

Gal, subsequent addition of Gal is prevented. In patients with IgAN, there is a higher proportion 

of IgA1 molecules with a hinge region that have less than 3 galactose residues attached 

(undergalactosylated IgA1). Adapted from Schmitt, 2012. 
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1.1.5 Cell surface receptors for IgA 

Known human IgA cell surface receptors include those from the Ig superfamily 

(FcαR1 (or CD89), Fcα/μR, polymeric Ig receptor (pIgR)), the lectin family 

(asialoglycoprotein receptor (ASGP-R)), and the transferrin receptor (TfR1 or 

CD71). Of these, only CD89 binds IgA exclusively, while the others bind to 

additional ligands (IgM for Fcα/μR and pIgR, and non-Ig ligands for ASGP-R and 

TfR1) (Floege et al., 2014). In mesangial cells, of these receptors, only expression 

of TfR1 and Fcα/μR have been demonstrated. Mesangial cells may express a 

further novel Fcα receptor that is yet to be fully characterised (Barratt et al., 2000). 

 

Human FcαR1 (CD89), is a 50-100 kDa glycoprotein that is constitutively 

expressed by cells of myeloid lineage, including monocytes, neutrophils, 

macrophages, dendritic cells, eosinophils, and hepatic Kupffer cells (Woof and 

Mestecky, 2005). CD89 binds to both IgA1 and to IgA2 with high affinity. It 

preferentially binds to pIgA compared to mIgA, and does not bind to secretory IgA 

(Herr et al., 2003; Monteiro and Van De Winkel, 2003). Signalling responses are 

mediated by association of a charged arginine residue within its transmembrane 

domain with the common Fc receptor γ subunit (FcRγ), an immunoreceptor 

tyrosine-based activation motif (ITAM) containing protein. CD89 induces 

phagocytosis of IgA-complexed antigens, initiates antibody-dependent cellular 

cytotoxicity, and is important for clearance of IgA from the circulation (Fanger et al., 

1980; Gorter et al., 1987; Morton et al., 1995).  

 

On activation, a soluble form of CD89 (sCD89) is released from the surface of 

monocytic cells, and circulates in a covalently linked complex with IgA (van der 

Boog et al., 2002; van Zandbergen et al., 1999). If IgA binds to CD89 without 

antigen, then antibody recycling and an anti-inflammatory response occurs, via 

induction of an inhibitory configuration of the FcRγ (Pasquier et al., 2005). At least 

three isoforms of sCD89 have been described from in vitro experiments, although 

only two of these have been isolated from in vivo studies (Boyd and Barratt, 2010; 

Launay et al., 2000). The larger 50-70kDa isoform has only been found in the 

serum of IgAN patients. Patients with progressive IgAN, defined as doubling of 

serum creatinine or reaching stage 5 CKD, possessed reduced levels of sCD89-

IgA1 immune complexes (Vuong et al., 2010), with some postulating that this is due 

to mesangial trapping of these complexes (Berthelot et al., 2012). 
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Fcα/μR is a type 1 transmembrane protein that binds both IgA and IgM. It is 

expressed in kidney, liver, spleen, thymus, small and large intestine, placenta and 

testis (Sakamoto et al., 2001; Shibuya et al., 2000). Fcα/μR has been reported to 

mediate endocytosis of IgM-Staphylococcus aureus immune complexes in B 

lymphocytes (Shibuya et al., 2000). 

 

The pIgR is an integral membrane secretory component, which is expressed on 

most human secretory epithelial cells and transports IgA to mucosal surfaces (see 

Section 1.1.1). pIgR may also bind IgA-antigen immune complexes, resulting in 

antigen clearance.  

 

ASGPR is an integral transmembrane glycoprotein that is present on hepatocytes 

and plays a role in the clearance of IgA, by recognising terminal galactose (Gal) or 

N-acetylgalactosamine residues. Human ASGPR consists of two units, H1 and H2.  

 

Transferrin receptor (TfR1 or CD71) is a multi-ligand receptor that binds to 

transferrin, arenavirus, haemochromatosis protein and IgA1, but not IgA2 (Coulon 

et al., 2011). CD71 preferentially binds to pIgA1. It is expressed ubiquitously by 

proliferating cell types, including by renal mesangial cells. 
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1.2 IgA Nephropathy 

IgAN was first described in 1968 by Berger and Hinglais as les dépôts 

intercapillaires d’IgA-IgG (intercapillary deposits of IgA-IgG) and is now recognised 

as the commonest form of primary glomerulonephritis worldwide (Berger and 

Hinglais, 1968; D’Amico, 1987). Diagnosis is made histologically, where there is 

deposition of IgA in the renal mesangium.  

 

1.2.1 Epidemiology 

Annual incidence has been estimated to be 1 case per 100 000 persons in the 

United States, and as high as 10 cases per 100 000 children in Japan (Utsunomiya 

et al., 2003; Wyatt and Julian, 2013; Wyatt et al., 1998). However the true 

prevalence of IgAN is unknown due to the requirement of a renal biopsy for 

diagnosis. In a Japanese study, glomerular IgA deposition was found in 16% of 

donor kidneys at zero-hour biopsy, and 1.6% displayed mesangioproliferative 

changes with co-deposition of C3, suggesting that the prevalence of clinically silent 

undiagnosed IgAN may be high (Suzuki et al., 2003). Peak incidence is between 

the 2nd and 3rd decade, although IgAN may affect patients of any age (Barratt et al., 

2008). 

 

The reported incidence of IgAN varies greatly amongst countries, accounting for 

around 40% of native renal biopsies in Asia, 20% in Europe, 5-10% in North 

America, and less than 5% in central Africa (Mestecky et al., 2013) (Figure 3). 

Some of this variability may be attributable to differences in clinical practice and 

thresholds for renal biopsy. For example, in countries where screening 

programmes for urinary abnormalities exist, more patients will be identified, who 

may then proceed to having a renal biopsy. A correlation between the number of 

renal biopsies performed per country, and the incidence of primary 

glomerulonephritis and IgAN has been observed (Figure 4). In keeping with this, 

the same study showed that between two centres in Scotland located only 100 

kilometres apart, there was a 70% difference in the incidence of IgAN, which was 

associated with a markedly higher number of renal biopsies performed per year by 

one of the centres (13). This implies that increasing the number of people 

subjected to renal biopsy, presumable for minor urinary abnormalities, will increase 

the identification of IgAN.  
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Figure 3: Geographical variations in the prevalence of IgAN. Percentages represent the 

proportion of cases of IgAN compared to all native kidney biopsies performed. The numbers in 

brackets represent minority racial groups, African Americans in the United States of America, 

and Polynesians in New Zealand. From Feehally and Floege, 2010. 

 

 

 
Figure 4: Reported rates of biopsy incidence per million population (PMP) in published studies 

from national (closed squares) and regional (open squares) native renal biopsy registries. Renal 

biopsy incidence appears to correlate with the incidence of primary glomerulonephritis and 

IgAN. From McQuarrie et al., 2009. 
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However, data from migrant populations suggest that true variation in susceptibility 

exists between people of different ethnicities. In Australia, East and South-East 

Asian-born patients had higher rates of IgAN accounting for ESRD compared to 

those born in the Middle East, Southern Europe or Australia (Stewart et al., 2004). 

In the USA, patients of an Asian or Pacific Island ethnicity had higher rates of IgAN 

than other glomerular diseases (Hall et al., 2004), whereas IgAN is much less 

common in African-Americans than in other ethnic groups (Feehally and Floege, 

2010). 

 

The distribution of IgAN between genders also varies according to geographical 

region. In North American and Western European cohorts, a male preponderance 

is reported, with the male-female ratio of patients with IgAN being approximately 

2:1, whereas in Asia, the ratio is around 1:1 (Barratt and Feehally, 2013; Wyatt and 

Julian, 2013). 

 

In certain cases, environmental factors may also play a role, although conflicting 

data exist. It has been hypothesised that an inverse relationship between IgAN and 

membranoproliferative disease exists, the former being more prevalent in countries 

with a higher gross domestic product and vice versa (Johnson et al., 2003). In 

contrast, an observational study from Scotland found that there was a higher 

number of renal biopsies performed on patients from areas of socio-economic 

deprivation, and that a higher proportion of these patients were diagnosed with 

IgAN (McQuarrie et al., 2014). Although most studies have found a low prevalence 

of IgAN amongst African-American populations (Feehally and Floege, 2010; Korbet 

et al., 1996), two studies conducted in specific regions of the USA have found 

equivalent prevalence, leading to suggestions that environmental factors may have 

played a role (Sehic et al., 1997; Wyatt et al., 1998).  

 

1.2.2 Genetic factors 

Genetic factors are likely to play a contributory role in IgAN, as firstly, marked 

differences in the incidence of IgAN exist between different ethnic groups which 

persist in migrant populations, and secondly, familial aggregation of IgAN is well 

recognised. 
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Familial clustering of IgAN has been reported from Europe, North America and 

Asia, although in some of these cases, affected relatives were identified on the 

basis of urinary abnormalities alone (Johnston et al., 1992; Levy, 1989; 

Rambausek et al., 1987; Schena et al., 1993; Scolari et al., 1999; Tam et al., 

2009). Members of the Northern Italian village of Valtrompia were found to have a 

3.5 fold higher risk of developing ESRD from IgAN or other primary glomerular 

diseases compared to the national average (C Izzi et al., 2006). Patients with IgAN 

were subsequently identified as having common ancestors from the 16th-17th 

centuries.  

 

In most reported families, inheritance occurs in an autosomal dominant pattern with 

incomplete penetrance (Kiryluk and Novak, 2014). Clinical features of familial and 

sporadic IgAN are similar at presentation, with no discernable differences in the 

nature of immunoglobulin or C3 deposition on renal histology (Lai, 2012). 

Prognosis has been reported to be worse in certain cases of familial IgAN 

compared to sporadic IgAN (Schena et al., 2002), but not in others (Claudia Izzi et 

al., 2006; Julian et al., 1988). Familial IgAN has important clinical implications, for 

example for the selection of appropriate living related kidney donors for 

transplantation. Familial forms are thought to account for approximately 5% of all 

cases of IgAN (Mestecky et al., 2013). However, as the diagnosis of IgAN is made 

on renal histology, the true prevalence of familial IgAN is unknown, as a biopsy 

may not be performed in relatives of an index case who have isolated urinary 

abnormalities. Furthermore, as urinary abnormalities may occur intermittently, 

cases of IgAN may remain undetected. Additionally, other causes of non-visible 

haematuria have been reported in relatives of patients with IgAN, including thin 

basement membrane nephropathy, IgM nephropathy and Henoch-Schönlein 

purpura (Frasca et al., 2004; Lai, 2012; Levy, 1989).  

 

A number of candidate gene loci that segregate in a Mendelian fashion have been 

reported in familial cases, including 2q36, 6q22-q23, 3p24-23, 4q26-q31 and 

17q12-q22; however no causative genes from these loci have been identified 

(Maxwell and Wang, 2009). In addition, a number of candidate genes studies have 

been performed for sporadic IgAN, focusing on genes involved in adaptive 

immunity (HLA, IgA Fc receptors), cytokine signalling (TGF-β1, TNF) and 
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glycosylation pathways (C1GALT1, ST6GALNAC2, Cosmc) (Kiryluk et al., 2010). 

However, findings from these studies have in general been inconsistent. 

 

Galactose-deficient IgA1 has been identified to be an inheritable trait (see Section 

1.3.1), and was identified in 47% and 25% of first degree relatives with familial and 

sporadic IgAN respectively (Gharavi et al., 2008). Elevated levels have also been 

found in relatives of paediatric patients and those with HSP (Kiryluk et al., 2011). 

Elevated serum levels of macromolecular undergalactosyated IgA1 have been 

identified in relatives of patients with familial IgAN (Tam et al., 2009). However as 

most relatives with raised levels of galactose-deficient IgA1 do not develop any 

manifestations of renal disease, additional factors are believed to be involved in the 

pathogenesis of IgAN.  

 

1.2.2.1 Genome wide association studies 

With the advance of high-density genotyping technology, there has been great 

interest in the use of genome wide association studies (GWAS) in IgAN. A GWAS 

examines a large number of common genetic variants, typically single nucleotide 

polymorphisms (SNPs), across the entire genome to ascertain whether there are 

any variants that are associated with a disease. Although by design, examining 

common susceptibility variants means that those identified may only have a small 

effect, a GWAS provides an unbiased examination of disease associations in the 

absence of an a priori hypothesis.  

 

The first genome-wide association study (GWAS) in IgAN involved 533 patients 

with IgAN with white European ancestry from the UK MRC/Kidney Research UK 

National DNA bank for Glomerulonephritis, and examined approximately 300000 

SNPs. An association was found within the HLA-DQ loci, with a weaker signal from 

the HLA-B loci (Feehally et al., 2010). Subsequently, a GWAS involving a discovery 

cohort of 2096 cases and controls of Chinese ethnicity, and follow-up in Chinese 

and European cohorts involving 1950 cases and 1920 controls identified 5 

susceptibility loci: three on chromosome 6p21 in the major histocompatibility 

complex (MHC), one in the complement factor H (CFH) gene cluster on 

chromosome 1q32, and one on chromosome 22q12 (Gharavi et al., 2011). The 

6p21 loci include genes that encode components of class I and class II MHC 

responses. The loci on chromosome 1q32 encode a common deletion of CFHR3 



 17 

and CFHR1 (CFHR3-CFHR1 deletion). Chromosome 22q12 encodes HORMAD2, 

leukaemia inhibitory factor and oncostatin M, which are involved in the mucosal 

immune system. All polymorphisms in the detected loci were associated with a 

reduced risk of developing IgAN. Based on these five loci, a genetic risk score was 

devised, with risk of IgAN varying up to 10 fold between those with no 

polymorphisms in these alleles and those with polymorphisms in five or more 

alleles (Gharavi et al., 2011).  

 

A further GWAS in a Chinese cohort replicated four of these loci (the locus on 

chromosome 22q12 and the three loci on chromosome 6p21) and identified two 

new loci on chromosome 17p23 (centred on TNFSF13, encoding a proliferation-

inducing ligand (APRIL) which influences IgA-producing B lymphocytes) and 

chromosome 8p23 (DEFA gene cluster, encoding α-defensins) (Yu et al., 2012).  

 

Recently, a fourth GWAS has been performed incorporating populations from all 

three previous GWAS and including additional populations from Europe and Asia 

(Kiryluk et al., 2014). Nine previously reported signals were replicated in this study 

(CFHR3-CFHR1 deletion, 4 from the HLA-DR-HLA-DQ region, TAP2-PSMB9, 

HLA-DP, DEFA, TNFSF13 and HORMAD2), and six new associations were 

identified, four in ITGAM-ITGAX, VAV3 and CARD9. Many of these newly reported 

loci are associated with risk of inflammatory bowel disease, or maintenance of the 

intestinal epithelial barrier and defence against mucosal pathogens.    

 

1.2.3 Clinical course  

Given the variety of histological patterns associated with IgAN (see Section 1.2.4), 

it is unsurprising that patients may present to clinical attention in a number of 

different ways. The mode of presentation largely differs according to the age at 

which patients present to clinical attention (Figure 5). 
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Figure 5: Clinical presentations of IgAN and Henoch-Schönlein purpura in relation to age. 

Differing modes of clinical presentation are more common in specific age groups. From Feehally 

and Floege, 2010. 

 

1.2.3.1 Asymptomatic non-visible haematuria 

The majority of patients present in this manner, and may be identified by urinalysis, 

for example via a screening programme, or during work-up for unexplained CKD, 

proteinuria or hypertension.  

 

1.2.3.2 Visible haematuria 

Approximately 30-40% of patients present with painless visible haematuria (Tumlin 

et al., 2007). This may coincide with a mucosal infection, most commonly an upper 

respiratory tract infection, but can also accompany a gastrointestinal infection or 

physical exercise (Eitner and Floege, 2012). This mode of presentation is more 

common in children and is infrequent in those over the age of 40 years. Recurrent 

flares of visible haematuria may occur, whereas it is rare for a patient who initially 

presents with non-visible haematuria to develop this, implying that these two 

modes of presentation represent different disease mechanisms (D’Amico, 1987). 
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1.2.3.3 Nephrotic syndrome 

Although nephrotic range proteinuria in the context of IgAN is not uncommon, overt 

nephrotic syndrome is rare, affecting around 5% of patients. There may be 

evidence of minimal change disease on electron microscopy, with effacement of 

podocyte foot processes (Lai et al., 1986). Whether these two conditions can 

develop as part of the same disease process or represent two completely separate 

pathologies that co-exist is unclear.  

 

1.2.3.4 Acute kidney injury (AKI) 

AKI in the context of IgAN is rare, affecting less than 5% of patients, and occurs in 

the context of two presentations in IgAN: cast nephropathy due to intratubular red 

cell cast formation during episodes of visible haematuria, which is usually self-

limiting, or a rapidly progressive glomerulonephritis, caused by crescentic disease. 

The latter is associated with a particularly poor prognosis and often does not 

respond to immunosuppression. 

 

1.2.3.5 Secondary forms of IgAN 

 

1.2.3.6 Henoch-Schönlein purpura 

Henoch-Schönlein purpura (HSP) is a systemic small vessel vasculitis which 

mostly affects a younger age group than IgAN. It may affect the skin, joints, gut and 

kidneys leading to a characteristic set of symptoms of rash, arthralgia, abdominal 

pain and nephritis respectively. Renal histology is indistinguishable from IgAN, and 

therefore HSP has been likened to being a systemic form of IgAN (Waldo, 1988). 

Indeed, there are many links between these two conditions. Identical twins have 

been reported, where following an adenovirus infection, one developed HSP with 

systemic symptoms and the other developed IgAN with only renal-limited 

symptoms (Meadow and Scott, 1985). Both diseases have also been reported in 

the same patient (Ravelli et al., 1996). Between one and two thirds of cases of HSP 

are preceded by a mucosal infection (Haycock, 1992). Lastly, there is an elevated 

level of undergalactosylated IgA in the serum in HSP compared to controls, similar 

to that in IgAN (Kiryluk et al., 2011). 
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The main differences between these conditions are that HSP tends to affect a 

younger age group, with peak incidence being between 3 and 15 years, and 

secondly, presentation with AKI or heavy proteinuria is more common (Davin et al., 

2001). The mechanisms that underlie these differences are unclear.  

 

1.2.3.7 Other secondary forms of IgAN 

IgAN is associated with a number of other conditions. In liver cirrhosis, impaired 

removal of IgA-immune complexes by Kupffer cells may lead to glomerular IgA 

deposition (Amore et al., 1994). In adults this occurs most often with alcoholic liver 

disease and less commonly viral hepatitis, and in children most often with alpha-1 

antitrypsin deficiency and biliary atresia. However, progressive IgAN in such cases 

is rare. In HIV, there may be an increase in IgA production and subsequent IgA 

deposition, although there is often no other evidence of glomerular injury or 

disease. In coeliac disease, patients may have an increase in anti-gliadin IgA 

antibodies. Case reports have been published where in individuals diagnosed with 

both IgAN and coeliac disease, introduction of a gluten free diet led to resolution of 

haematuria, and improvement of renal function (Koivuviita et al., 2009; Woodrow et 

al., 1993). 

 

1.2.4 Histology 

IgAN is associated with a wide variety of histological patterns, and this is reflected 

in the variability of its clinical course. Patterns range from glomerular IgA deposition 

with no other evidence of histological change, to pathology that resembles minimal 

change disease (i.e. podocyte foot process effacement on electron microscopy), 

proliferative disease with mesangial and endocapillary hypercellularity, focal and 

segmental glomerulosclerosis, chronic kidney disease with glomerulosclerosis and 

tubulointerstitial fibrosis, crescentic glomerulonephritis with necrotising lesions, or a 

combination of the above.  

 

Glomerular IgA deposition appears to be common and may, in some individuals, 

never reach clinical attention. From autopsy series, approximately 4-10% of 

individuals studied were found to have incidental histological evidence of mesangial 

IgA deposition (Sinniah, 1983; Varis et al., 1989; Waldherr et al., 1989). A study of 

donor kidneys, from individuals previously assessed and deemed suitable, found 

evidence of mesangial IgA deposition in as many as 16% at time of transplantation 
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(Suzuki et al., 2003). The number of cases that reach clinical attention has been 

referred to as the ‘tip of an iceberg’ (Waldherr et al., 1989).  

The hallmark of IgAN on renal biopsy is dominant or co-dominant mesangial 

deposition of IgA, alone or with IgG, IgM, or both. IgA deposition is usually 

mesangial, although capillary wall IgA deposits may be present in up to one third of 

patients, where they are associated with greater mesangial and endocapillary 

hypercellularity, and worse renal outcome (Bellur et al., 2011; Roberts, 2014; 

Yoshimura et al., 1987). IgG co-deposition ranges between 15-85% in published 

series, and is reported as an independent risk factor for worse renal outcome 

(Jennette, 2007; Roberts, 2014). The complement component C3 is found in over 

90% of cases, and components of the alternative pathway of complement 

activation properdin and Factor H may often be found (Roberts, 2014). In a study of 

renal biopsies from 60 patients with IgAN, one quarter had evidence of complement 

activation via the lectin pathway, with mannose-binding lectin (MBL), L-ficolin, MBL-

associated serine proteases (MASP) and C4d deposition. These cases were 

associated with worse histological damage and greater proteinuria (Roos et al., 

2006). Features of HSP are indistinguishable from those of IgAN on renal biopsy. 

 

On light microscopy, glomerular features include mesangial matrix expansion, 

mesangial cell proliferation, focal necrosis, segmental glomerulosclerosis and/or 

crescent formation (Figure 6). Tubulointerstitial fibrosis may be present. Electron 

microscopy shows mesangial and paramesangial electron dense material 

corresponding to the immune deposits seen on immunofluorescence microscopy. 

 

In 2009, the Working Group of the International IgA Nephropathy Network and the 

Renal Pathology Society proposed a new classification for histological features in 

IgAN. Histological features of IgAN were identified, that could be observed by 

independent pathologists with high reproducibility. Four of these, mesangial 

hypercellularity (M), endocapillary proliferation (E), segmental glomerulosclerosis 

(S) and tubular atrophy and interstitial fibrosis (T), were shown to have prognostic 

significance (Cattran et al., 2009). 
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Figure 6: Pathological characteristics of IgAN. (A) Mesangial hypercellularity, with four or more 

cells per mesangial area (arrow). (B) Segmental endocapillary proliferation with occlusion of the 

capillary lumen (arrow). (C) Segmental glomerulosclerosis and adhesion, with focal 

accumulation of hyaline and obliteration of the capillary lumen (arrow). (D) Tubular atrophy and 

interstitial fibrosis with loss of tubules (arrow). (E) A glomerular crescent. (F) Diffuse mesangial 

staining for IgA (arrow). (G) Electron dense material in the mesangial area (arrow). (A – C, and 

E): Periodic acid-Schiff stains, (D) Masson’s trichrome stain, (F) Immunofluorescence stain with 

fluorescein-conjugated anti-IgA antibodies, (G) Electron microscopy image. From Wyatt and 

Julian, 2013. 
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1.2.5 Prognosis and treatment 

Despite modern treatment, approximately 20-40% of patients develop progressive 

CKD leading to ESRD within 20 years of diagnosis, necessitating renal 

replacement therapy (RRT) in the form of dialysis or transplantation which 

themselves are associated with far greater rates of death compared to the general 

population (D’Amico, 2004). Others may undergo a clinically indolent course with 

stabilisation or improvement of kidney function, and may or may not be affected by 

episodes of frank haematuria. Clinical factors independently associated with worse 

prognosis include impaired GFR at presentation, hypertension and proteinuria. Of 

these, proteinuria is the most accurate predictor of progression.  

 

There are currently no specific treatments available to slow or stop progression of 

IgAN, other than anti-hypertensive and anti-proteinuric medications such as renin-

angiotensin blockade with angiotensin converting enzyme inhibitors or angiotensin 

receptor blockers, in common with other glomerulonephritides. Registry data has 

demonstrated that reduction of proteinuria to <1g/24h results in significantly 

improved renal survival (Reich et al., 2007). A 6-month course of corticosteroids is 

suggested for patients with persistent proteinuria >1g/day and GFR > 50 mL/min 

per 1.73 m2 who do not respond to the above measures (“Chapter 10: 

Immunoglobulin A nephropathy.,” 2012). 
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1.3 Pathogenesis of IgA nephropathy 

Observations that IgA deposition recurs in approximately 50% of kidneys after 

transplantation, and that kidneys with IgA deposits inadvertently used for 

transplantation were shown to be clear of deposits on follow up renal biopsy have 

led to the conclusion that the defect in IgAN is systemic and not confined to the 

kidney (Bumgardner et al., 1998; Sanfilippo et al., 1982; Silva et al., 1982).  

 

It is believed that multiple ‘hits’ are required for development of the disease, 

including: (1) Increased galactose deficient IgA1 production, (2) Production of anti-

glycan antibodies, (3) Formation of pathogenic IgA1-containing circulating immune 

complexes, and (4) Glomerular injury (Suzuki et al., 2011). 

 

1.3.1 Characteristics of IgA in IgA nephropathy 

Serum IgA in IgAN possesses a number of abnormalities. The most striking, 

believed to be central to the pathogenesis of IgAN, is that there is an increase in 

serum IgA1 with hinge region O-glycans that lack terminal galactose, and instead 

possess truncated forms with either terminal GalNac or sialylated GalNac (see 

Section 1.1.3 and Figure 2). These forms of IgA1 are interchangeably referred to in 

the literature as being galactose-deficient, undergalactosylated (or glycosylated), 

poorly galactosylated/glycosylated, or aberrantly galactosylated/ glycosylated. 

Other abnormalities include raised serum IgA levels, which are found in 

approximately 50% of patients, although there is no correlation with disease 

severity or risk of progression. There is an increase in the proportion of polymeric 

compared to monomeric serum IgA. Serum IgA in IgAN tends to be anionic, and 

there is an over-representation of lambda light chains. IgA eluted from mesangial 

deposits in IgAN in a number of studies reflects these changes, specifically that it is 

almost exclusively of the IgA1 isotype, and primarily undergalactosylated, 

polymeric, anionic, and with a predominance for lambda light chains (Allen et al., 

2001; Conley et al., 1980; Giannakakis et al., 2007; Hiki et al., 2001; Mestecky et 

al., 2013; Monteiro et al., 1985). Therefore this form of IgA1 is believed to be 

particularly pathogenic in IgAN. Concurrent IgA2 deposition has also been reported 

infrequently, and was found in up to 50% of Japanese patients in one case series 

(André et al., 1980; Hisano et al., 2001). 
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Since IgD can be normally O-galactosylated in IgAN, the galactosylation defect 

does not appear to be a generic feature of B-lineage cells, and instead is thought to 

occur after class switching to IgA1 (Allen et al., 1995; Smith et al., 2006a). In 

patients, only a small proportion of IgA1 is undergalactosylated while the remainder 

may be normally galactosylated, suggesting that a subset of IgA1-committed B 

cells is responsible for synthesising this form of IgA (Barratt and Feehally, 2011). 

The main sites at which B cells that synthesise undergalactosylated IgA1 are 

produced and reside remain unclear. As hinge region undergalactosylation is more 

commonly associated with mucosal IgA1 rather than serum IgA1, IgA1 may be 

‘mis-homed’ to the serum compartment following a mucosal antigen stimulus, 

although the mechanism behind this remains unclear (Barratt et al., 2009). Serum 

levels of galactose-deficient IgA1 were increased in response to the mucosal 

antigen Helicobacter pylori and mucosal vaccines in IgAN patients compared to 

healthy controls. In contrast, systemic antigen challenge was associated with 

production of IgA1 with increased terminal galactose residues (Barratt et al., 1999; 

Smith et al., 2006b).  

 

1.3.2 Effects of undergalactosylated IgA1 

Undergalactosylated IgA1 has a propensity for self-aggregation and for IgG or IgA 

autoantibody formation towards a hinge-region ‘neo-epitope’ (Suzuki et al., 2009; 

Tomana et al., 1999, 1997). Utilising EBV-transformed IgG secreting B 

lymphocytes from IgAN patients, IgG autoantibodies have been shown to have 

specificity for the GalNac epitopes within the undergalactosylated IgA1 hinge 

region (Suzuki et al., 2009; Tomana et al., 1999). Furthermore, in patients, levels of 

IgG directed against galactose-deficient IgA1 correlated with the degree of 

proteinuria (Suzuki et al., 2009). Together with GWAS data highlighting 

susceptibility loci within the MHC complex, these findings support an autoimmune 

disease model in IgAN, rather than a model of overproduction of IgA with reduced 

clearance. Recent structural studies conducted by analytical ultracentrifugation and 

X-ray/neutron scattering demonstrated that undergalactosylated monomeric IgA1 

had a higher tendency to self-aggregate, but that there was no difference in 

solution structure compared to normally galactosylated IgA1 (Hui et al., 2015).  

 

IgA-immune complexes have a strong affinity for the extracellular matrix 

components fibronectin and collagen (Coppo et al., 1993). IgA-IC have been shown 
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to preferentially bind and activate mesangial cells, leading to mesangial cell 

proliferation, extracellular matrix production, release of pro-inflammatory cytokines 

and growth factors, podocyte damage, and disruption of the glomerular filtration 

barrier and glomerular and tubulointerstitial scarring (Lai, 2012, 2003) (Figure 7). In 

vitro studies suggest that only IgA1-immune complexes >800kDa are responsible 

for mesangial cell proliferation (Novak et al., 2011, 2005). It is currently unclear 

whether immune complexes form in the serum prior to depositing in the mesangium 

in IgAN, or whether deposition of undergalactosylated IgA1 occurs first before 

formation of immune complexes in situ (Suzuki et al., 2011).  

 

IgA may also form immune complexes with the soluble form of the myeloid FcαR1 

or CD89 (sCD89). It has been proposed in IgAN that pIgA induces shedding of 

sCD89 from myeloid cells, contributing towards IgA immune complex formation and 

subsequent mesangial deposition. 

 

The mechanism by which circulating IgA-IC escapes into and deposits in the 

mesangium remains unclear, and mesangial cell receptors for IgA are not well 

characterised. The IgA receptors (Section 1.1.5) CD89, polymeric Ig receptor and 

ASPG-R are not expressed by mesangial cells (Leung et al., 2000). The transferrin 

receptor (TfR; CD71) has however been found to be expressed by mesangial cells, 

and binds IgA, with a preference for galactose-deficient polymeric IgA1 (Moura et 

al., 2004, 2001). TfR is ubiquitously expressed by proliferating cell types, and 

therefore binding of IgA may create a positive feedback loop, with stimulation of cell 

proliferation and TfR expression (Moura et al., 2005).  
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Figure 7: IgA immune complex deposition and triggering of glomerular and tubulointerstitial 

injury. IgA1 immune complexes deposit on to the mesangium and trigger release of pro-

inflammatory and pro-fibrotic mediators, which lead to mesangial cell proliferation, podocyte 

damage, synthesis of extracellular matrix (ECM) components, and filtration of mediators into the 

proximal tubule. Continued IgA1 deposition results in progressive glomerulosclerosis due to 

ECM deposition. Damage to the glomerular filtration barrier also leads to increasing proteinuria, 

and filtration of albumin, mesangial-derived mediators and IgA1 immune complexes into the 

proximal tubule. These factors lead to pro-inflammatory and pro-fibrotic mediator release from 

PTEC into the interstitial space resulting in tubulointerstitial fibrosis. From Boyd et al., 2012. 
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1.3.3 Helix Aspersa agglutinin binding assay 

The lectin Helix Aspersa agglutinin (HAA) is able to bind to terminal GalNac, and 

IgA1-HAA binding has been used as an ELISA based method by a number of 

laboratory groups to detect levels of galactose-deficient IgA1. IgA1 from healthy 

individuals may contain some galactose-deficient O-glycans, in particular at 

residues threonine 233 (Thr233) and Thr236 (Takahashi et al., 2012), and 

therefore an overlap in HAA-binding levels may be found between patients and 

healthy subjects, rendering this assay unsuitable currently as a diagnostic test. 

Recently, a monoclonal antibody has been developed against the galactose-

deficient hinge region and tested on patient samples by ELISA, where results 

correlated well with the HAA-binding ELISA (Yasutake et al., 2015).  

 

In North American Caucasian subjects, approximately 75% of patients with IgAN 

had levels of galactose-deficient IgA above the 90th percentile of healthy controls, 

as detected by an HAA-binding ELISA (Moldoveanu et al., 2007). This finding has 

been replicated in cohorts consisting of Italian and North American Caucasian adult 

IgAN patients (Camilla et al., 2011), adult Chinese patients (Zhao et al., 2012), 

adult Japanese patients (Shimozato et al., 2008) and in North American Caucasian 

or African-American children with either IgAN or HSP (Lau et al., 2007). Levels of 

galactose-deficient IgA have subsequently been shown to correlate with 

progressive IgAN in a cohort of Chinese patients (Zhao et al., 2012). A high 

proportion of first-degree relatives, up to 40% in one study, may have raised levels 

of galactose-deficient IgA1, suggesting that hereditary factors are likely to be an 

important factor in this process (Gharavi et al., 2008). However, the majority of 

these relatives had no manifestations of renal disease, implying that additional 

factors are required for the development of IgAN.  
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1.3.4 Mechanisms of tubulointerstitial injury in IgAN 

IgAN is associated with a substantial risk of progressive kidney disease, with 

approximately 20% developing ESRD within 20 years of diagnosis (D’Amico, 

2004). Despite mesangial IgA deposition being a defining feature of IgAN, there is 

no correlation between the degree of IgA deposition and subsequent 

tubulointerstitial inflammation, scarring and renal prognosis, indicating that tubular-

specific processes may play a central role in driving progression. One of the 

strongest predictors of developing progressive IgAN and ESRD is the development 

of tubular atrophy and interstitial fibrosis (Cattran et al., 2009). However, the factors 

that link mesangial IgA deposition and the development of tubulointerstitial fibrosis 

are not well defined. Following mesangial IgA deposition, local inflammatory 

changes occur which lead to disruption of the glomerular filtration barrier. A number 

of mechanisms may then act independently or synergistically to promote the 

development of tubulointerstitial injury: proteinuria, monocyte or macrophage 

infiltration, direct toxic effects of filtered IgA on proximal tubular epithelial cells, and 

glomerulotubular cross talk (Lai et al., 2005). 

 

In common with other glomerular diseases, a feature of progressive IgAN is the 

abnormal appearance of protein in the urine, due to disruption of the glomerular 

filtration barrier. Much recent attention has focused on the presence of proteinuria 

being not only a marker of kidney disease, but also a cause of progressive kidney 

scarring, by triggering pro-inflammatory cytokine and mediator release from PTEC 

(Abbate et al., 2006; Baines and Brunskill, 2011; Eddy, 2004). Clinically, the level 

of proteinuria is the single most important modifiable risk factor in the treatment of 

progressive IgAN (Reich et al., 2007). 

 

A number of clinical observations indicate that proximal tubular cells (PTEC) are 

exposed to increased amounts of abnormally filtered IgA in IgAN, and that a 

correlation between filtered IgA and progressive CKD exists. Firstly, in a study of 

98 patients, non-selective proteinuria (i.e. containing higher molecular weight 

proteins including immunoglobulins) was associated with worse outcome in IgAN, 

in terms of higher incidence of glomerulosclerosis, lower creatinine clearance and 

higher incidence of hypertension at four year follow up (Woo et al., 1989). 

Secondly, raised urinary IgA and IgG levels were observed in IgAN patients 

compared to patients with other glomerular and non-glomerular renal diseases and 
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healthy subjects (Galla et al., 1985; Matousovic et al., 2006). Urinary IgA levels 

also correlated with serum creatinine concentration and levels of proteinuria. 

Thirdly, levels of IgA-immune complexes containing undergalactosylated IgA1 were 

elevated in the urine in IgAN (Matousovic et al., 2006).  

 

Experimentally, IgA1 from both IgAN patients and healthy subjects was found to 

bind to PTEC on assessment by flow cytometry, albeit with a lesser affinity than it 

does to mesangial cells (Chan et al., 2005). In this study, mRNA for known IgA 

receptors FcαR1, Fcα/μR, pIgR and ASPG-R were not expressed by PTEC. More 

recent evidence suggests that megalin, a member of the LDL receptor family and a 

multi-ligand endocytic scavenger receptor highly expressed on the apical surface of 

PTEC, may facilitate interaction between IgA and PTEC. Induction of non-selective 

proteinuria using an immunotoxin in megalin knockout mosaic mice, lacking 

expression of megalin in 60% of PTEC, led to uptake of IgA only in PTEC that 

expressed megalin, as well as albumin, immunoglobulin light chain, and IgG 

(Motoyoshi et al., 2008). It should be noted, however, that organised tubular 

deposits of IgA are infrequently observed in IgAN, featuring in 2 out of 51 cases in 

one series, without evidence of electron-dense deposits on electron microscopy 

(Frascà et al., 1982).  

 

In vitro studies indicate that following stimulation by IgA, mesangial cells may 

release soluble factors, including cytokines, that have a stimulatory effect on PTEC, 

a mechanism termed glomerulo-tubular crosstalk (Lai et al., 2005). Increased 

proliferation and production of the inflammatory mediators tumour necrosis factor-α 

(TNF-α), macrophage migration inhibitory factor (MIF), soluble intercellular 

adhesion molecule 1 (ICAM-1) and angiotensin II were observed from primary 

PTEC after incubation with conditioned media from mesangial cells that had been 

stimulated with IgA from IgAN patients (Chan et al., 2005). These effects were not 

observed when PTEC were cultured with IgA directly. Stimulation of PTEC by the 

mesangial cell conditioned media was reduced by addition of neutralising 

antibodies to TNF-α, but not to IL-1β, TGF-β, or PDGF. However these studies 

were performed with IgA pooled from a number of patients with no data regarding 

whether they had progressive or non-progressive disease, and with no separation 

of IgA to monomeric and polymeric forms. Given that in mesangial cells, it has 

been established that polymeric galactose-deficient IgA1 has a particularly 
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stimulatory effect on mesangial cells, and as PTEC are likely to be continuously 

exposed to these forms of filtered IgA after glomerular filtration barrier damage has 

occurred (Matousovic et al., 2006), a further detailed study into whether particular 

forms of IgA have a directly toxic effect on PTEC is warranted and has direct 

clinical relevance. 

 

1.3.5 Role of complement in IgAN 

The complement system comprises a complex network of over 30 serum and cell-

surface proteins that play a key role in mediating innate and adaptive immune 

responses, and provide defence against invading pathogens (Walport, 2001). The 

central converging event is stabilisation of a C3 convertase that cleaves C3, 

generating C3a, an anaphylatoxin, and C3b, an opsonin (Figure 8) (Cook, 2013). 

C3b may then form a C5 convertase that cleaves C5, generating C5a, an 

anaphylatoxin, and C5b. Both C3a and C5a are chemotactic factors that act in a 

synergistic manner (Wada and Nangaku, 2013). Production of C5b may 

subsequently lead to formation of C5b-9, termed membrane attack complex (MAC), 

that inserts into the lipid bilayer of cell membranes causing lysis of non-nucleated 

cells, e.g. erythrocytes. The amount of C5b-9 generated is usually insufficient to 

cause lysis of nucleated cells; however sublytic quantities are able to induce 

activation of resident cells, including in the kidney, promoting cytokine release, 

inflammation, and local tissue injury (Wada and Nangaku, 2013). Under normal 

circumstances, complement activation is tightly regulated by a number of regulatory 

proteins which act at several levels of this cascade, therefore limiting host tissue 

damage. 

 

There are three main pathways of complement activation: the classical, lectin and 

alternative pathways (Figure 8). The classical pathway is triggered by interaction 

between IgG or IgM and antigen, and subsequent binding of the immune complex 

with C1q. C1qrs is subsequently formed and cleaves C2 and C4, to form C4bC2a, 

a C3 convertase. The lectin pathway is triggered by recognition of cell surface 

carbohydrates on pathogens by the plasma lectins mannan-binding lectin (MBL, 

also known as mannose-binding lectin), L-ficolin or H-ficolin. This leads to 

activation of MBL-associated serine proteases (MASP), which are present in a 

proenzymatic complex with these lectins. Activated MASP then leads to formation 

of the C3 convertase C4b2a. The alternative pathway is in a constant state of 
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activation (or ‘tick-over’) with spontaneous hydrolysis of C3 leading to formation of 

C3(H2O)Bb, which cleaves C3 into C3a and C3b. Exposure and binding of C3b to 

an activating surface (e.g. bacterial surface) leads to cleavage of factor B, which in 

the presence of factor D and properdin, leads to formation of the alternative 

pathway C3 convertase, C3bBb. This C3 convertase is inherently unstable and has 

a short half-life of approximately 90 seconds. Properdin promotes the association 

between C3b and factor B, stabilising the C3 convertase and extending its half-life 

up to 10 fold, and acts as the only known positive regulator of the alternative 

pathway (Fearon and Austen, 1975). A number of negative regulators tightly 

regulate the alternative pathway, including circulating regulators (factor H and 

factor I), and cell membrane bound regulators (decay accelerating factor (DAF; 

CD55), membrane cofactor protein (CD46) and CD59) (Maillard et al., 2015). As 

discussed in Section 1.2.2.1, recent GWAS have shown that variations in 

complement regulator genes have an important effect regarding susceptibility to 

IgAN (Gharavi et al., 2011; Kiryluk et al., 2012).  

 

There is evidence in IgAN that both the alternative and lectin pathways are 

commonly activated. The classical pathway is not believed to be involved, as C1q 

deposition occurs in less than 10% of cases, thought to be a non-specific 

consequence of progressive renal injury, and also IgA is unable to activate the 

classical pathway in vitro. Regarding the alternative pathway, mesangial C3 

deposition may be found in over 90%, properdin is co-deposited with IgA and C3 in 

75-100%, and factor H is found in up to 90% of cases (Maillard et al., 2015; 

Roberts, 2014). Serum levels of factor B, properdin, factor H and factor I are higher 

in IgAN patients compared to healthy subjects (Onda et al., 2007). Circulating 

alternative pathway-induced C3 breakdown products were found to be increased in 

IgAN patients, and were associated with subsequent decline in kidney function 

(Zwirner et al., 1997). In a cohort of 343 IgAN patients, low serum C3 levels (<90 

mg/dl) at time of renal biopsy were found in 66 patients (19.2%), and this was 

associated with increased glomerular C3 deposition and worse renal outcome, 

defined by doubling of serum creatinine or reaching ESRD. Urinary MAC, factor H 

and properdin levels were also elevated in IgAN patients and correlated with worse 

kidney function, proteinuria, and glomerular and tubulointerstitial scarring (Onda et 

al., 2011). In proteinuric renal disease, properdin was shown to be deposited on the 
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brush border of PTEC, and in vitro, binds PTEC, promoting tubular deposition of C3 

and generation of C5b-9 (Gaarkeuken et al., 2008). 

 

Evidence of lectin pathway involvement was initially suspected following reports of 

glomerular C4 deposition in IgAN, in the absence of classical pathway activation, 

and with the finding of glomerular MBL deposition with IgA (Endo et al., 1998; 

Hisano et al., 2001; Matsuda et al., 1998). In a recent case series, 15 out of 60 

IgAN patients had evidence of lectin pathway activation on renal biopsy, in terms of 

glomerular MBL, L-ficolin, MASP and C4d, and these patients had more 

pronounced renal damage and proteinuria compared to those who had no evidence 

of lectin pathway involvement (Roos et al., 2006). MBL is able to bind to polymeric 

IgA via its lectin domain, but not monomeric IgA, and results in activation of C3 and 

C4 (Roos et al., 2001). Urinary MBL levels were also elevated in IgAN patients, and 

correlated with worse renal function, proteinuria, hypertension, and more severe 

histological disease according to the Oxford classification (Liu et al., 2012).  
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Figure 8: Schematic diagram depicting the complement system. The classical, lectin and 

alternative pathways of complement activation converge on the stabilisation of a C3 convertase 

that cleaves C3, leading to the generation of C3a, an anaphylotoxin, and C3b, an opsonin. C3b 

may then form a C5 convertase, leading to generation of C5a, an anaphylotoxin, and C5b, 

which then forms part of the membrane attack complex (MAC), C5b-9. Adapted from Berger et 

al., 2005. 
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1.4 Animal models of IgAN 

Insights into the pathogenesis of IgAN have been hindered by the lack of a suitable 

rodent model that encompasses all the various characteristics of the human 

disease (Floege, 2011). This may be partly explained by differences between the 

structure of human and rodent IgA. Only humans and higher primates have two IgA 

isoforms, with IgA1 possessing a glycosylated hinge region. Murine IgA exists as 

one isoform, lacks an extended hinge region and structurally resembles human 

IgA2. Furthermore murine IgA exists predominantly as a polymer in the circulation, 

compared to human IgA which exists mainly in monomeric form. Mice lack a 

dominant hepatobiliary clearance system of IgA, which is a feature of human IgA 

metabolism. Mouse models may, however, provide useful information regarding the 

mesangial reaction to IgA deposition, and subsequent downstream responses. 

 

Early models involved passive transfer of IgA-containing immune complexes 

(murine myeloma-derived IgA bound to bovine albumin) formed ex vivo into BALB/c 

mice. These mice developed diffuse granular mesangial IgA deposits with transient 

haematuria (Rifai et al., 1979). More recently, models involving mucosal 

immunisation have been developed, involving oral immunisation of a foreign inert 

protein antigen, followed by parenteral immunisation to form IgA antibodies that 

subsequently deposit in the mesangium. The earliest studies used bovine gamma 

globulin (BGG), chicken ovalbumin and horse spleen ferritin as antigens, with BGG 

giving the most consistent results (Emancipator et al., 1983a). This model results in 

mesangial IgA deposition, electron dense mesangial deposits, haematuria, 

proteinuria, but no change in serum creatinine, and has been studied previously in 

BALB/c mice, and Sprague-Dawley and Lewis rats (Emancipator et al., 1983a, 

1983b; Gesualdo et al., 1990; Kuemmerle et al., 1999, 1998; Lai et al., 2011; 

Trachtman et al., 1996; Yi et al., 1996). Additionally, it has been reported that 

addition of a uninephrectomy after oral and parenteral BGG immunisation serves to 

augment renal damage and proteinuria in this model (Lai et al., 2011).  

 

Spontaneous mouse models have also been developed in order to study 

mechanisms of pathogenesis in IgAN. The ddY outbred mouse strain, and the 

HIGA strain selectively bred from this colony that possess high circulating levels of 

IgA, carry a retrovirus (murine leukaemia virus) that cause mice to develop 

lymphomas and elevated levels of IgA and IgG2 by 40 weeks of age.  These mice 
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develop strong IgA deposits, mesangial expansion and proliferation, and 

proteinuria but no haematuria or decline in renal function (Hashimoto et al., 2012; 

Miyawaki et al., 1997).  

 

To investigate the putative role of CD89 (as discussed in Section 1.1.5), mouse 

models have been developed that express various components of the human IgA 

system. Transgenic mice, expressing human CD89 on monocytes and 

macrophages, displayed evidence of mouse IgA-human CD89 interaction on these 

cells, and spontaneous mesangial IgA deposition by 24 weeks (Launay et al., 

2000). However, in a separate study, injection of human recombinant soluble CD89 

did not induce mesangial IgA deposition (van der Boog, 2004). Subsequently, 

transgenic mice that express human IgA1 (α1KI mice), and both human IgA1 and 

human CD89 (α1KI-CD89Tg mice) have been described (Berthelot et al., 2012). 

α1KI mice developed endocapillary IgA1 deposits but no mesangial injury or renal 

dysfunction. In contrast, by 12 weeks, α1KI-CD89Tg mice developed extensive 

mesangial IgA1 and CD89 deposition, associated with glomerular macrophage 

infiltration (CD11b+ and F4/80+ cells), haematuria and proteinuria, and complement 

component (MBL and C3) deposition, suggesting that both components are 

required for glomerular disease to occur. Recently, a gluten free diet was shown to 

protect against mesangial IgA1 deposition and haematuria in α1KI-CD89Tg mice 

(Papista et al., 2015). 

 

1.4.1 Studies of the proximal tubule 

Investigations of proximal tubular physiology have ranged from cell culture 

experiments, to tissue preparations (e.g. isolated single tubules), through to studies 

of intact kidneys either ex vivo (perfusion studies) or in living animals (intravital 

studies). Various proximal tubular cell culture models have been used. These have 

included primary cell cultures, isolated from humans or other animals, or cell 

culture lines that have been immortalised. Although providing useful information 

regarding the metabolic characteristics of PTEC, isolated cell culture has certain 

disadvantages. PTEC may rapidly lose their phenotype in an in vitro setting, and 

display an altered metabolism, with an increase in anaerobic ATP generation, 

which does not occur in vivo (Gstraunthaler et al., 1999). Secondly, it may be 

difficult to replicate their anatomical polarity and therefore transport characteristics 
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may be greatly altered. Thirdly, the effect of neighbouring renal cell types and 

infiltrating cells cannot be easily studied. 

 

1.4.1.1 HK-2 cells 

HK-2 (human kidney 2) is a proximal tubular cell line previously isolated from 

normal adult kidney cortex, and immortalised by transfection with the human 

papilloma virus 16 (HPV-16) E6/E7 genes (Ryan et al., 1994). They have a 

phenotype characteristic of well differentiated PTEC, and express normal PTEC 

markers including cytokeratin. They retain characteristics including sodium-

dependent, phlorizin-sensitive sugar transport, adenylate cyclase responsiveness 

to parathyroid but not antidiuretic hormone, and gluconeogenesis. They express 

the important PTEC endocytic receptors, megalin and cubulin. As such, they have 

been used extensively in models of drug-induced nephrotoxicity (Gunness et al., 

2010). More recently, HK-2 cells were found to lack expression of members of the 

SLC22 drug transporter family, OAT1, OAT3 and OCT2, normally located at the 

basolateral surface of PTEC (Jenkinson et al., 2012). However, noting the caveats 

of using immortalised cell lines, HK-2 cells may provide useful information 

regarding human PTEC physiology. 

 

1.4.1.2 Multiphoton microscopy 

Advances in imaging techniques have led to their increased application in studies 

of renal physiology. The relatively recent advent of multiphoton microscopy (Denk 

et al., 1990) offers significant advantages over conventional single photon confocal 

microscopy, principally that its ability to obtain minimally invasive high-resolution 

images with increased depth of penetration, without causing significant photo-

bleaching and injury to surrounding tissue structures, allows for visualisation of 

cellular and subcellular processes within living animals, which can be repeated 

over time (Molitoris and Sandoval, 2005). The kidney is particularly amenable to 

multiphoton imaging as it may be exteriorised without causing significant damage. 

Serial multiphoton imaging studies have revealed novel insights into important 

functions of the kidney, including glomerular filtration and proximal tubular handling 

of proteins, and the dynamic nature of podocyte motility and migration following 

glomerular injury (Hackl et al., 2013; Russo et al., 2007). 
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Multiphoton microscopy describes the simultaneous absorption of two (or more) 

photons simultaneously to cause fluorescence excitation, at half (or less) the 

wavelength and therefore energy of single photon microscopy (Figure 9). 

Multiphoton microscopy utilises long wavelength lasers, typically near the infrared 

range (700-1000 nm), which is of lower energy than the visible wavelengths used in 

standard confocal microscopy. As fluorophore excitation occurs only at the point 

where two photons arrive, the surrounding tissue is less affected by photo-toxicity 

than single photon confocal microscopy, where imaging of deeper structures can 

lead to significant photo-bleaching and tissue damage, and light scattering from out 

of focus planes. As such, multiphoton microscopy images can be obtained to a 

greater depth, currently up to around 200μm, whereas confocal microscopy is only 

able to reach a tissue depth of tens of microns (Dunn et al., 2002). 

 

Munich Wistar Frömter (MWF) rats have been utilised in several multiphoton 

imaging studies, as they possess surface glomeruli, and allow imaging of the 

transition between the glomerulus and the S1 segment of the proximal tubule. Male 

MWF rats have an inherited deficit in nephron number, and spontaneously develop 

hypertension and albuminuria by around 8 weeks of age, which progresses later to 

overt proteinuria, focal segmental glomerulosclerosis and impaired GFR (Fassi et 

al., 1998). Female MWF rats also inherit the deficit in nephron number, and 

develop mild albuminuria, but no overt proteinuria or glomerular damage (Remuzzi 

et al., 1988). An alternative approach has been to induce hydronephrosis by 

ureteral ligation in mice, in order to study leucocyte recruitment in states of 

glomerular inflammation, although this approach may itself lead to tissue injury and 

fibrosis (Devi et al., 2012). 
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Figure 9: Principles of multiphoton microscopy. (A) In confocal microscopy, a single photon with 

higher energy (shorter wavelength) is required for electron excitation and light emission. (B) In 

multi-photon microscopy, simultaneous excitation by two or more photons with lower energy 

(longer wavelength) results in the identical excited state. 

  

Ultraviolet excitation 
350nm Emission 

Infrared excitation 
700nm Emission 
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Aims and hypothesis 

The overall aim of my thesis was to investigate mechanisms of progression of IgAN 

after mesangial deposition of IgA occurs, and whether filtration of IgA into the 

proximal tubule augments inflammation and fibrosis within the tubulointerstitial 

compartment. 

 

The following hypothesis was tested: "A major factor determining the development 

of progressive renal failure in IgAN is the presence in the serum of IgA1 with 

PTEC-specific pro-inflammatory and pro-fibrotic activity. As non-selective 

proteinuria develops this IgA1 enters the proximal tubule and augments PTEC 

activation, accelerating renal scarring". 

 

My specific aims were: 

1. To investigate whether IgA interacts with PTEC in vivo, utilising multiphoton 

intravital microscopy, in wild-type animals and in models of proteinuria. 

2. To investigate whether IgA has a stimulatory effect on PTEC in vitro. 

3. To develop a mouse model of IgAN. 

4. To assess whether genetic deficiency of components of the lectin pathway 

of complement protect against the development of glomerular and 

tubulointerstitial inflammation in the mouse model of IgAN. 
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Chapter 2: Materials and Methods 

 

2.1 General materials 

Unless otherwise stated, all reagents were purchased from Sigma-Aldrich (Poole, 

UK), and all plasticware and disposables from Fisher Scientific (Loughborough, 

UK).  

 

2.2 Human subjects 

Clinical samples were obtained from adult patients aged over 18 years with biopsy-

proven IgAN, identified from nephrology outpatient clinics at the Leicester General 

Hospital, and from healthy subjects with no history of renal or systemic disease. 

Patients with Henoch-Schönlein purpura, systemic lupus erythematosus, diabetes 

mellitus, potential secondary causes of glomerular IgA deposition (e.g. liver 

disease, coeliac disease, inflammatory bowel disease, or HIV), an eGFR ≤ 30 

mL/min/1.73m2, or on immunosuppression including corticosteroids were excluded. 

All subjects gave their written informed consent, and the following studies were 

approved by the Leicestershire, Northamptonshire and Rutland Research Ethics 

Committee. 

 

2.2.1 Serum processing 

Venous blood was collected and allowed to clot for 30 minutes at room 

temperature. Following this, serum was separated by centrifugation at 3000 rpm for 

10 minutes at 18°C. Aliquots were stored at -80°C until required. 
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2.3 In vitro studies 

 

2.3.1 Purification of IgA1 

IgA1 was purified from the serum of patients with IgAN and healthy controls by 

Jacalin-agarose affinity chromatography based on a method described previously 

(Allen et al., 1999). High molecular weight proteins were precipitated from the 

serum with 45% saturated ammonium sulphate, the precipitate was washed three 

times with 45% saturated ammonium sulphate, and then resusupended in 

UltraPure 0.175M Tris HCl, pH 7.5 (Invitrogen, Thermo Fisher Scientific, Paisley, 

UK). The IgA1 was captured from the protein solution using Jacalin-agarose 

(Vector laboratories, Peterborough, UK). Unbound proteins were removed by 

extensive washing with 0.175M Tris HCl, pH 7.5, until the protein concentration of 

the eluate was <0.01 mg/mL, determined by absorbance at 280 nM using a 

spectrophotometer (NanoDrop 200, Thermo Scientific, Loughborough, UK). IgA1 

was eluted from the Jacalin-agarose with 1M galactose in 0.175M Tris HCl. The 

IgA1 was dialysed overnight against phosphate-buffered saline (PBS), 

concentrated using a 50 kDa molecular weight cut off (MWCO) Amicon centrifugal 

filter unit (Millipore, Livingston, UK) to approximately 1 mg/mL, and stored in 

aliquots at -80°C until needed. IgA1 concentration was determined by absorbance 

at 280 nM. The purity of the IgA1 preparations was tested by SDS-PAGE and 

Coomassie blue staining. 

 

2.3.2 Separation of polymeric and monomeric IgA1 

Polymeric and monomeric IgA1 were separated by size exclusion chromatography 

using a HiLoad 16/600 Superdex 200 preparative grade column (GE Healthcare, 

Little Chalfont, UK) on an ÄKTA purifier (GE Healthcare). 1 mL aliquots of total 

IgA1 were applied to the column and separation carried out at 1 mL/min. Fractions 

were assessed for the presence of IgA by ELISA and Western blotting. On the 

basis of the elution profile, IgA-containing fractions were pooled into pIgA1 and 

mIgA1, and concentrated to approximately 1 mg/mL using a 100 kDa MWCO 

Amicon centrifugal filter for pIgA1, or a 50kDa MWCO Amicon centrifugal filter for 

mIgA1, chosen according to the manufacturer’s recommendation that the MWCO 

size should be approximately three times smaller than the protein of interest. 
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2.3.3 Determination of endotoxin levels in IgA1 preparations 

Endotoxin content of the IgA1 preparations was tested by the Limulus amoebocyte 

lysate (LAL) assay (Lonza, Slough, UK). Gram-negative bacterial endotoxin 

catalyses the activation of a pro-enzyme in LAL, and the activated enzyme then 

catalyses the release of pNA from the colourless substrate Ac-Ile-Glu-Ala-Arg-pNA. 

The free pNA may then be measured photometrically.  

 

Standard endotoxin solutions were reconstituted from lyophilised E. Coli O111:B4 

endotoxin, according to the manufacturer’s instructions, into the following 

concentrations: 10, 5.0, 1.0, 0.5, 0.25 and 0.1 EU/mL. Standards and samples 

were mixed with LAL, and incubated at 37°C for 10 minutes. A chromogenic 

substrate solution was then added and incubated at 37°C for a further 6 minutes, 

before addition of the stop reagent, acetic acid. Absorbance of the samples and 

standards were determined at 405 nm, using an Infinite F50 plate reader (Tecan, 

Weymouth, UK). Preparations of IgA1 all contained less than 10 endotoxin units 

(EU)/mL. 

 

2.3.3 SDS-polyacrylamide gel electrophoresis (SDS-PAGE) 

Proteins were subjected to SDS-PAGE followed either by immunoblotting or in-gel 

staining with Coomassie blue. Electrophoresis was performed at 180 Volts. 

 

For immunoblotting, proteins were electrophoretically transferred to a Hybond-C 

Super nitrocellulose membrane (GE Healthcare), at 30V overnight at 4°C for higher 

molecular weight proteins (≥100 kDa), or at 80V for 2 hours at room temperature 

for lower molecular weight proteins (<100 kDa). Following transfer, non-specific 

protein binding sites were blocked by incubation of the membrane in 5% w/v non-

fat milk powder diluted in tris-buffered saline (TBS)/0.05% Tween 20 for 1 hour. 

Polyclonal rabbit anti-human IgA/HRP (Dako, Ely, UK) was diluted at a 

concentration of 1:2000 in TBS/Tween/2% non-fat milk powder, and applied to the 

membrane for 2 hours at room temperature. After washes, antibody binding was 

detected using SuperSignal West Pico Chemiluminescent substrate (Thermo 

Scientific) followed by exposure to X-ray film (Fujifilm Super RX, Fisher Scientific). 
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2.3.4 Coomassie blue staining 

For Coomassie blue staining, gels were stained with Coomassie Brilliant Blue R-

250, then placed in de-staining buffer. Once backgrounds were clear, the gels were 

soaked in equilibration buffer and placed on a gel dryer (BioRad Laboratories, 

Hemel Hempstead, UK). 

 

2.3.5 Helix aspersa agglutinin (HAA) binding 

Serum and purified IgA1 samples were tested for binding to Helix Aspersa 

agglutinin (HAA) which recognises terminal GalNac. Nunc Maxisorp polystyrene 

96-well microtitre plates (Fisher Scientific) were coated with 10 µg/mL rabbit anti-

human IgA (Dako) in a bicarbonate/carbonate buffer, and incubated overnight at 

4°C. Plates were blocked with 2% bovine serum albumin (BSA) for one hour at 

room temperature. 11 serum samples of known IgA1-HAA binding, from very high 

(110 AU) to very low (10 AU) were used as standards. Each standard or sample 

was diluted 1:100 in PBS and applied to the plate in duplicate, and incubated 

overnight at 4°C. After removal of the samples, the plate was incubated with 

biotinylated HAA, followed by streptavidin-HRP (1:200), and developed with OPD. 

The OD at 492 nm was measured using a spectrophotometer. 

 

2.3.6 Cell culture 

The human proximal tubular cell line, HK-2, was originally obtained from the 

American Type Culture Collection (ATCC, Manassas, VA, USA). Stock cultures of 

HK-2 cells were confirmed to be mycoplasma-free by PCR. Cells were maintained 

in DMEM-F12 (Life Technologies, Paisley, UK) with 10% vol/vol heat inactivated 

fetal calf serum, 1% Glutamax (Gibco, Fisher Scientific), penicillin (102 IU/mL) and 

streptomycin (100 µg/mL), at 37°C in a humidified 5% CO2 atmosphere. Cells were 

subcultured at 70-80% confluence using 0.05% trypsin/0.02% EDTA (Gibco, Fisher 

Scientific). For experiments, HK-2 cells were used between passages 10-20. 24-

well plates were seeded at a density of 2.5 x 104 cells per well, and cells were used 

at 70% confluence. 

 

Primary mesangial cells were obtained from a commercial supplier (Lonza), and 

maintained in mesangial cell growth medium (Lonza), supplemented with 5% fetal 

bovine serum according to the manufacturer’s instructions. Cells were subcultured 
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at 70-80% confluence using trypsin/EDTA solution (Lonza).  For experiments, cells 

between passages 5-8 were seeded in 6-well plates at a density of 2.5 x 105 cells 

per well, and used at 70% confluence.  

 

2.3.7 PPAR Response element (PPRE) and cytokine analysis  

To measure PPAR response element (PPRE) activity, HK-2 cells were transfected 

with the reporter plasmid pPPRE-TK-Luc (kindly provided by Dr M. Lazar, 

Philadelphia, PA, USA) using Fugene 6 (Roche Diagnostics, Lewes, UK) according 

to the manufacturer’s instructions. Cells were placed in serum-free DMEM/F-12 for 

24 hours, before being exposed to media and vehicle (PBS) alone, human serum 

albumin (100 μg/mL or 5 mg/mL), IgA1 (100 μg/mL) from healthy subjects and 

patients with IgAN, and IgM (100 μg/mL; Sigma-Aldrich). After 24 hours, the media 

was removed and cells lysed in a buffer consisting of 500 mmol/L HEPES, 1 

mmol/L CaCl2, 1 mmol/L MgCl2 containing 2% Triton N101, pH 7.8. Cells were 

lysed for 10 minutes, then 100 µL aliquots of lysate were assayed for luciferase 

using a luminometer (Lumicount, Packard, Pangbourne, UK). 

 

To determine cytokine release, HK-2 cells were placed in serum free media for 24 

hours. They were then exposed to media and vehicle (PBS) alone, albumin (100 

μg/mL or 5 mg/mL), IgA1 (100 μg/mL) from healthy subjects or patients with IgAN, 

IgG or IgM (both 100 μg/mL; Sigma-Aldrich) for the time period specified. Levels of 

IL-6, TGF-β1, and fibronectin in the cell culture supernatants were then determined 

by sandwich ELISA (R&D systems, Abingdon, UK) according to the manufacturer’s 

instructions. Other serum cytokines were measured using a customised Luminex 

array (R&D systems) according to the manufacturer’s instructions. The cytokine 

array was assayed and data analysis performed using the Bio-Plex MAGPIX 

Multiplex Reader (Bio-Rad). 

 

  



 46 

2.4 Animal studies: intravital microscopy 

 

2.4.1 Animal models 

All intravital microscopy experiments were conducted at the O’Brien Center for 

Advanced Renal Microscopy and Analysis, Indiana University, in accordance with 

National Institutes of Health guidelines. Studies were approved by the Indiana 

University School of Medicine Institutional Animal Care and Use Committee.  

 

Munich-Wistar Frömter (MWF) rats, which possess surface glomeruli, were derived 

from a colony previously provided by Dr Roland Blantz (University of California-San 

Francisco, San Diego, CA, USA), and maintained within the Indiana University 

School of Medicine. All animals were given free access to food and water 

throughout the studies. 

 

2.4.1.1 Podocyte depletion model 

hDTR-Pod/SG rats were generated previously in the Wiggins laboratory at the 

University of Michigan as follows. MWF rats were supplied by the Molitoris 

laboratory at Indiana University. They were crossed with human diphtheria toxin 

receptor (hDTR) transgenic Fischer 344 rats. A podocin promoter/hDTR construct 

had previously been inserted into this rat strain, resulting in podocyte-specific 

hDTR gene expression, and allows for podocyte depletion by injection of diphtheria 

toxin in a dose- and time-dependent manner (Wharram et al., 2005). After each 

crossing, the offspring were genotyped to select for the hDTR transgene and a 

kidney biopsy performed to select for those rats that had superficial glomeruli. After 

five generations of selection, rats were inbred to select for homozygosity of the 

hDTR transgene, using a Taqman PCR assay to quantify transgene copy number. 

This rat line, homozygous for the hDTR transgene and containing superficial 

glomeruli, was designated hDTR-Pod/SG, and has been established as a breeding 

colony since 2007 (Wagner et al., 2016).  

 

hDTR-Pod/SG rats used for these experiments were confirmed to possess the 

hDTR transgene by PCR genotyping of genomic DNA, isolated from tail snips. 

Samples were lysed in DNA lysis buffer with 100 μg/mL proteinase K overnight at 

55°C. The DNA was quantified by UV absorption using a spectrophotometer 
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(NanoDrop 2000), diluted to 25 ng/μL with distilled water, and heat inactivated for 

15 minutes at 75°C. A PCR was then carried out, with each reaction tube 

containing the following: 1.25 μL DNA, 7.5 μL GoTaq Green Mastermix (Promega, 

Madison, WI, USA), 1.2 μL forward and reverse primers, 5 μL water. The following 

primer pair was used: 5’,5’-ACCCGACGGTCTTTAGGG-3’; 3’,5’-CCTTGTATTTCC-

GAAGACATGGGT-3’. A 465 bp fragment was amplified when the transgene was 

present in rat genomic DNA. 

 

PCR conditions 
Denaturation   95°C 3 minutes 

Amplification  95°C 45 seconds 

   55°C 1 minute 

   72°C 1 minute 

   x 40 cycles 

Extension  72°C 10 minutes   

 

Following PCR, the products were analysed by gel electrophoresis, in a 2% 

agarose gel in TAE buffer with 0.5 μg/mL ethidium bromide. 10 μL of each sample 

was mixed with 2 μL of loading dye and loaded on to the gel alongside a 1 kB plus 

DNA ladder (Thermo Fisher Scientific). The samples underwent electrophoresis in 

TAE buffer for 60 minutes at 80V. DNA was visualised using a transilluminator 

under UV light. 

 

To induce podocyte depletion, diphtheria toxin (200 ng/kg in 0.9% sodium chloride) 

was administered via an intraperitoneal injection five days before imaging studies. 

 

2.4.1.2 Ischaemic CKD model 

For the ischaemic CKD model, wild type male MWF rats were anaesthetised by 

inhaled isofluorane, a midline incision made and ischaemic kidney injury induced 

by clamping the left renal pedicle for 50 minutes, following which the clamp was 

removed and the kidney observed to ensure complete reperfusion. 2 mL warm 

0.9% sodium chloride was administered via an intraperitoneal injection to replace 

insensible and blood volume losses. This was followed by uninephrectomy of the 

right kidney 14 days later. Animals were imaged 2 weeks after these procedures. 

Previous studies indicated that this model results in increased proteinuria and 
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reduction in GFR, with histology showing evidence of chronic kidney disease, 

including tubular atrophy, interstitial mononuclear infiltration and oedema, peri-

glomerular fibrosis, hyaline cast formation and generalised fibrosis (Campos-

Bilderback et al., 2013).  

 

2.4.2 Fluorescent IgA synthesis 

2.4.2.1 Generation of rat IgA 

Rat IgA was isolated from the 91C hybridoma cell line (kindly supplied by Professor 

Gerard Apodaca, University of Pittsburgh, PA, USA), which produces both 

polymeric and monomeric IgA, by the following method. 91C cells were cultured in 

DMEM with high glucose (D-5671, Sigma-Aldrich, St. Louis, MO, USA), 10% NCTC 

media, 20% fetal bovine serum, L-glutamine and penicillin/streptamicin. Ascites 

was generated by a commercial company (GenScript, Piscataway, NJ, USA) by 

injecting 20 nude mice with 1 x 106 cells each. This produced a total of 30 mL 

ascites, which was collected and pooled. The ascites fluid was centrifuged at 1500 

x g to remove cell debris, the supernatant collected and stored at 4°C.  

 

Pooled ascites fluid was dialysed into PBS, and sterilised through a 0.2 μm filter. 

The fluid was then passed through a HiTrap Protein L column (GE Healthcare, 

Pittsburgh, PA, USA) on an ÄKTA pure FPLC system (GE Healthcare) in 5 mL 

aliquots, before elution with 0.1M glycine buffer at pH 2.5. The eluate was 

immediately neutralised with 1M Tris pH 7.5, and pH adjusted to 7.5, before 

dialysing into PBS, and addition of 0.1% sodium azide. The solution was then 

stored as 1 mL aliquots at -80°C. A separate batch of rat IgA was obtained 

commercially (Life Technologies, Thermo Fisher Scientific) and separated into pIgA 

and mIgA by size exclusion chromatography, using a HiLoad 16/600 Superdex 200 

preparative grade column (GE Healthcare) on an ÄKTA purifier FPLC system (GE 

Healthcare). The purity and IgA content of the IgA preparations was confirmed by 

SDS-PAGE, Coomassie blue staining and immunoblotting. 

 

2.4.2.2 Fluorescent labelling of rat IgA 

Aliquots of rat IgA were conjugated by the following method. IgA was dialysed into 

100mM sodium bicarbonate at pH 8.3, using a 50 kDa MWCO dialysis membrane 

(Float-A-Lyzer, Spectrum Labs, Rancho Dominguez, CA, USA). The fluorophore, 
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Texas Red-X-succinimidyl ester (Molecular Probes, Life Technologies, Eugene, 

OR, USA), was prepared by the addition of 100 µl dimethylformamide (DMF; 

Sigma-Aldrich), and vortexed until the NHS ester was dissolved. The prepared 

fluorophore was then added to the IgA, and incubated for one hour on a shaker at 

room temperature, protected from light. The labelled IgA was then dialysed into 

0.9% sodium chloride. The final stoichiometric ratio was approximately 8:1 moles 

dye:IgA. 

  

2.4.3 Preparation of animals for imaging 

For experiments with recovery, anaesthesia was induced by inhaled isofluorane. In 

experiments without recovery, in male MWF rats, anaesthesia was induced by 

intraperitoneal injection of thiobutabarbital sodium (130 mg/mL; Sigma-Aldrich) at a 

dose of 160 mg/kg. In female MWF rats, anaesthesia was induced by 

intraperitoneal injection of sodium pentobarbital (50 mg/mL; Ovation 

Pharmaceuticals, Deerfield, IL, USA) at a dose of 50 mg/kg. A jugular vein catheter 

was placed for delivery of fluorescent conjugates. A femoral artery catheter was 

inserted for monitoring of arterial blood pressure. The left kidney was externalised 

immediately before imaging via an incision on the left flank.  

 

2.4.4 Two-Photon Microscopy 

The animals were moved to the microscope stage, and the externalised kidney was 

placed in contact with a glass-bottomed dish filled with 0.9% sodium chloride 

(Figure 10). Blood pressure, heart rate and rectal temperature were continuously 

monitored during imaging using LabChart 6 (AD Instruments, Colorado Springs, 

CO, USA). Imaging was conducted using an Olympus FV1000 microscope adapted 

for two-photon microscopy with high-sensitivity gallium arsenide non-descanned 

12-bit detectors with animal preparations. The 60x water immersion objective with a 

numerical aperture of 1.2 was heated using an objective heater (Warner 

Instruments, Hamden, CT, USA). Animals were covered by a water-circulating 

warming blanket in order to stabilise body temperature during imaging. In addition, 

the microscope stage was warmed using 2 ReptiTherm heating pads (Zoo Med 

Laboratories, San Luis Obispop, CA, USA), one under the upper torso/head and 

one under the lower abdomen. The temperature of the animal was maintained 

between 36.5 and 37.5°C. Blood pressure and hydration status was maintained by 

infusion of intravenous 0.9% sodium chloride. Twenty consecutive glomeruli and 
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surrounding tubules were imaged at 60x original magnification, and 10 cortical 

sections at 20x original magnification per animal. All images for a given study were 

collected at the same focal plane at a depth of 10-20 µm. Images were analysed 

using MetaMorph v.7.1 (Molecular Devices, Downington, PA, USA).  

 

 

 

 
Figure 10: Experimental setup used for live intravital imaging of rat kidneys. Anaesthetised rats 

were placed on the stage of an inverted microscope, and the kidney was exposed and placed 

on to a cell culture dish and bathed in 0.9% sodium chloride. A heating pad was placed over the 

animal, and temperature was monitored by a rectal thermometer. Imaging was conducted using 

a Nikon 60x 1.2NA water-immersion objective. From Dunn et al., 2002. 

 

2.4.5 Analysis of plasma and urine electrolytes 

Urine samples were collected for 24 hours prior to imaging in individual metabolic 

cages. Whole blood was collected via the jugular vein catheter or by cardiac 

puncture under terminal anaesthesia, and placed into heparinised tubes. Plasma 

was isolated by centrifugation. Measurement of plasma and urine creatinine was 

performed by the modified Jaffe method with a Pointe 180 QT Quick Touch 

Analyzer and Creatinine reagent set C7539 (Pointe Scientific, Canton, MI, USA), 

according to the manufacturer’s instructions. Urine total protein was measured 

using a Coomassie blue protein assay (Pierce Chemical, Rockford, IL, USA), and 

data acquisition was performed with SoftMax Pro 4.6 (Molecular Devices).  
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2.5 Animal studies: in vivo model 

 

2.5.1 Animals 

Wild type C57BL/6 and BALB/c mice were purchased from Charles River (Margate, 

UK). Mice were housed in individual ventilated cages, in a pathogen-free 

environment. All animal experiments were carried out with local ethics committee 

approval, and in accordance with the UK Animals Scientific Procedures Act 1986. 

 

2.5.1.1    Generation of MASP-2 and CL-11 deficient mice 

MASP-2-/- mice were generously provided by Professor Wilhelm Schwaeble, 

University of Leicester, and mice from the colony had been backcrossed on to a 

C57BL/6 background for at least 11 generations. MASP-2 deficient mice were 

generated by homologous recombination, using a gene targeting vector containing 

3.8kb of Masp2 genomic DNA, the neomycin resistance gene and the thymidine 

kinase gene, described previously (Schwaeble et al., 2011). Plasma MASP-2 levels 

are undetectable in MASP-2-/- mice, and there is no significant difference in plasma 

MBL-A, MBL-C, C3, ficolin A and Collectin-11 expression between MASP-2 

deficient and wild type C57BL/6 mice. Both heterozygous and homozygous MASP-

2 deficient mice are healthy and fertile, and show no gross abnormalities, with 

normal life expectancy (>18 months) compared to their wild type littermates.  

 

CL-11-/- mice were also generously provided by Professor Wilhelm Schwaeble, and 

mice from the colony had been backcrossed on to a C57BL/6 background for at 

least 15 generations.  

 

2.5.1.2    Genotyping of MASP-2 and CL-11 deficient mice 

Genomic DNA was isolated from ear clippings. Samples were lysed in an 

EDTA/nuclei lysis solution with 10 μL of 20 mg/ml Proteinase K overnight at 55°C. 

1.5 μL of RNAse A solution (4 mg/mL) was then added to the nuclear lysate, and 

samples were incubated for 30 minutes at 37°C. Following this, 100 μL of protein 

precipitation solution was added and the sample was vortexed vigorously. Samples 

were centrifuged for 4 minutes at 13000 rpm to precipitate the protein content. The 

supernatant containing the DNA was transferred to a new tube, and 300 μL 

isopropanol was added, before centrifuging for 5 minutes at 13000 rpm to 
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precipitate the DNA. Following a 70% ethanol wash, the DNA pellet was air dried 

before being resuspended in 500 μL Nanopure water. 

 

A PCR was carried out, using the following primers:  

 

MASP-2 
1. M2_F1   CATCTATCCAAGTTCCTCAGA 

2. Neo5_R1   CTGATCAGCCTCGACTGTGC 

3. M2WTO_R1   AGCTGTAGTTGTCATTTGCTTGA 

These amplified a 500-bp product from the disrupted allele and an 800-bp product 

from the wild-type allele. 

 

CL-11 
1. CL-11_wto-F1  CAGATTCTTGTCCCTGGCCTCA 

2. Neo3a   GCAGCGCATCGCCTTCTATC 

3. CL-11_scr-R1  CTCAGTGTCAGCTGAATAAATGCCA 

These amplified a 600-bp product from the disrupted allele and a 470-bp product 

from the wild-type allele (Figure 56). 

 

Each reaction tube contained the following: 2 μL DNA, 12 μL MyTaq Red Mix 

(Bioline Reagents, London, UK), 4.5 μL primers, 5.5 μL distilled water. 

 

PCR conditions 
Denaturation   95°C 90 seconds 

Amplification  95°C 30 seconds 

   62°C 30 seconds 

   72°C 15 seconds 

   x 35 cycles 

Extension  72°C 5 minutes  

 

Following PCR, the products were analysed by gel electrophoresis, in a 1% 

agarose gel in TAE buffer with 0.5 μg/mL ethidium bromide. 10 μL of each sample 

was mixed with 2 μL of loading dye and loaded on to the gel alongside a 1 kB plus 

DNA ladder (Thermo Fisher Scientific). The samples underwent electrophoresis in 
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TAE buffer for 45 minutes at 120V. DNA was visualised using a transilluminator 

under UV light. 

 

2.5.2 Study protocol 

For dosed animals, mice were fed 0.1% bovine gamma globulin (BGG) 

continuously in the drinking water. At the time points, doses and frequencies 

specified, mice were administered BGG diluted in 0.2mL sterile PBS by intravenous 

injection into the tail vein (Figure 11). For control animals, age, sex and strain-

matched mice received normal drinking water, and were injected with vehicle 

(sterile PBS) only.  

 

Before sacrifice, dosed and control mice were placed in individual metabolic cages 

for urine collection for 24 hours, with free access to food and water. At the time 

points specified, mice were subjected to terminal anaesthesia by inhaled 

isofluorothane. Blood samples were collected immediately by cardiac puncture, and 

kidneys were rapidly harvested, and sectioned longitudinally. For one kidney, one 

half was fixed with neutral buffered formalin overnight, transferred to 70% ethanol 

and subsequently embedded in paraffin for histological evaluation. The other half 

was embedded in OCT (Tissue-Tek OCT, Sakura, Netherlands) in a cryomold, and 

snap-frozen in an isopentane bath cooled with liquid nitrogen, and stored at -80°C 

for immunofluorescence studies. For the contralateral kidney, half the kidney was 

fixed in paraformaldehyde-lysine-periodate (PLP) fixative at 4°C for 4 hours, before 

being transferred to a 10% sucrose solution overnight at 4°C, then embedded in 

OCT in a cryomold, and snap-frozen in an isopentane bath cooled with liquid 

nitrogen. The remainder was dissected and snap frozen in liquid nitrogen and 

stored at -80°C for RNA and protein analysis. In some experiments, a small section 

of renal cortex was fixed in a gluteraldehyde /formaldehyde buffer (Section 2.5.5.3) 

for electron microscopy studies. 

 

 

Figure 11: Schematic protocol for the mouse model of IgAN 
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2.5.3 Biochemical analysis of serum and urine samples 

Blood samples were allowed to clot at room temperature, and then centrifuged at 

3000 rpm for 10 minutes at 4°C for serum collection, before storage at -80°C until 

analysis. Serum urea and creatinine (enzymatic method), and urine creatinine were 

measured by an automated bioanalyzer (ADVIA 2400, Siemens Healthcare 

Diagnostics, Camberley, UK) in the Department of Pathology, Leicester Royal 

Infirmary. Urine protein was measured in triplicate by the Bio-Rad protein assay, 

based on the Bradford dye-binding method (Bradford, 1976)  (Bio-Rad, 

Hertfordshire, UK). This method assays the colour change of Coomassie brilliant 

blue G-250 dye in response to protein concentration, with the dye binding to basic 

(especially arginine) and aromatic amino acid residues. Urine albumin was 

measured by a mouse albumin ELISA quantification kit according to the 

manufacturer’s instructions (Bethyl Laboratories, Montgomery, TX).  

 

2.5.4 Measurement of serum antibody responses 

Serum IgA and IgG immune responses to BGG were determined by ELISA, based 

on a method previously described (Gesualdo et al., 1992). Nunc Maxisorp 

polystyrene 96-well microtitre plates (Fisher Scientific) were coated with 10 µg/mL 

BGG diluted in a bicarbonate/carbonate buffer, pH 9.6, and incubated overnight at 

room temperature. Serum samples diluted 1:40 in 1% BSA/PBS were then added 

(50 µl/well) to duplicate wells, and incubated for 2 hours at room temperature. 

HRP-conjugated goat anti-mouse IgA or IgG (Abcam, Cambridge, UK; 1:2000-

1:4000 in 1% BSA/PBS) were then added for 2 hours before development with 

OPD. 

 

2.5.5 Histological analysis 

2 µm formalin fixed paraffin embedded (FFPE) kidney sections were stained with 

Periodic acid-Schiff (PAS) for morphological analysis and glomerular cell counting, 

and with Picosirius red and Masson’s trichrome for analysis of glomerular and 

interstitial fibrosis.  

 

2.5.5.1 Immunohistochemistry 

For F4/80 and CD3, 4 µm FFPE kidney sections were deparaffinised in xylene and 

rehydrated through a graded series of ethanol. For CD68, 5 µm PLP fixed frozen 
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sections were used. Sections were blocked with 2.5% goat serum (Vector 

Laboratories), before being incubated with rat anti-mouse F4/80 (AbD Serotec, 

Kidlington, UK) 1:50 overnight at 4°C, rabbit anti-human/mouse CD3 (Dako) 1:200, 

or rat-anti mouse CD68 (AbD Serotec), both for 1 hour at room temperature. 

Following washing, sections were incubated with 3% hydrogen peroxide for 10 

minutes for F4/80 and CD68, or 0.3% hydrogen peroxide for 30 minutes for CD3 to 

block endogenous peroxidase. This was followed by incubation with a peroxidase-

conjugated secondary antibody (ImmPRESS reagent, Vector Laboratories) and 

signal development with diaminobenzamidine (DAB; Vector Laboratories). Sections 

stained for CD3 and CD68 were counterstained by briefly incubating with 

haematoxylin solution (Sigma-Aldrich). Counterstaining was omitted for sections 

stained for F4/80, due to potential interference with the image analysis software. 

Sections then underwent dehydration through a graded series of ethanol, cleared in 

xylene and mounted with DPX mounting media (Sigma-Aldrich). Negative control 

slides were included in each run, where the primary antibody was substituted by 

antibody diluent only.  

 

2.5.5.2 Immunofluorescence 

5 µm frozen kidney sections were cut using a cryostat and left to air-dry for 30 

minutes before being stored at -80°C before use. For immunofluorescence staining, 

sections were thawed for 10 minutes before being fixed with ice-cold acetone for 10 

minutes, air-dried, washed with PBS, then blocked with 10% goat serum for 30 

minutes. Sections were then incubated with fluorescein isothiocyanate (FITC)-

conjugated goat anti-mouse IgA (Southern Biotech, Cambridge Bioscience, 

Cambridge, UK; 1:50), goat anti-mouse IgG (Sigma-Aldrich; 1:100), or goat anti-

mouse C3 (MP Biomedical, Fisher Scientific; 1:100). For C4, sections were 

incubated with rat anti-mouse C4 (16D2, Hycult Biotechnologies, Uden, 

Netherlands; 1:50) overnight at 4°C, washed with PBS and then incubated with 

Alexa Fluor 488-conjugated goat-anti rat IgG (Life Technologies; 1:1000) for 1 hour 

at room temperature. After washing the sections, slides were mounted with 

Permafluor (Thermo Scientific, UK). All antibodies were diluted in PBS. 

 

Images were acquired with a fluorescent microscope (BX61, Olympus, Tokyo, 

Japan) using Volocity image analysis software (PerkinElmer, Waltham, MA, USA). 

For each section, images of 10 consecutive glomeruli were captured using a 
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ORCA-R2 C10600-10B digital CCD camera (Hamamatsu Photonics, Hamamatsu 

City, Japan). Images were analysed in Image J (Bethesda, MD, USA), and mean 

fluorescent intensity for each glomerulus was calculated after background 

subtraction. All sections for one experiment were stained at the same time and 

imaged in the same session. 

 

All interpretations of the light microscopy and immunofluorescence images were 

verified by an independent consultant histopathologist. 

 

2.5.5.3 Transmission electron microscopy 

Kidney sections were fixed in 4% gluteraldehyde/2% paraformaldehyde in 0.1 M 

sodium cacodylate buffer with 2 mM calcium chloride (pH 7.4). Sections were 

dehydrated in a graded series of ethanol and embedded in Modified Spurr’s low 

viscosity resin. Ultrathin 90 nm sections were collected onto copper mesh grids. 

The sections were counterstained for 2 minutes in Reynold’s Lead citrate. Samples 

were viewed on the JEOL JEM-1400 (JEOL, Welwyn Garden City, UK) with an 

accelerating voltage of 80kV. Images were captured using an Olympus Megaview 

III digital camera with iTEM software (Olympus). Images were interpreted by an 

independent electron microscopy technician who was blinded to the treatment 

allocation. 
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2.6 Statistical analysis 

Results are expressed as mean ± standard error of the mean (SEM), and were 

analysed using GraphPad Prism version 6.05 for Windows (GraphPad Software, La 

Jolla, CA, USA). Comparisons between means were made by the one-way analysis 

of variance (ANOVA) test, combined with Tukey’s post-hoc test for normally 

distributed data, or Dunn’s post hoc test for non-parametric data. The Spearman 

rank correlation coefficient was used to analyse correlations. A P value <0.05 was 

considered statistically significant. 
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Chapter 3: The effects of filtered IgA on the proximal tubule in 
vivo 

 
3.1 Introduction 

IgA nephropathy (IgAN) remains a significant cause of progressive chronic kidney 

disease (CKD) and end stage renal disease (ESRD), with 20-40% of patients 

developing ESRD within 20 years of diagnosis (D’Amico, 2000). Following 

mesangial IgA deposition and damage to the glomerular filtration barrier, the kidney 

may undergo a process of progressive tubulointerstitial inflammation and fibrosis, in 

common with many other forms of CKD. During this phase, the proximal tubule is 

exposed to a number of potentially toxic factors within the glomerular ultrafiltrate, 

including proteins such as albumin, mesangial cell and podocyte-derived cytokines 

and IgA itself. Urinary levels of IgA, IgA-IgG immune complexes and poorly 

galactosylated IgA are all reported to be increased in patients with IgAN compared 

to those with other kidney diseases or healthy individuals (Galla et al., 1985; 

Matousovic et al., 2006). Non-selective proteinuria, defined by the presence of 

higher molecular weight proteins including immunoglobulins, is associated with 

worse renal function and prognosis in IgAN (Woo et al., 1989). 

 

These observations suggest that the proximal tubule is exposed to increased 

amounts of filtered IgA in IgAN that pass abnormally through the damaged 

glomerular filtration barrier, before its final excretion into the urine. However, an 

alternative explanation is that this urinary IgA may undergo basolateral to apical 

transcytosis through tubular epithelial cells within the kidney or distally within the 

urinary tract, thus bypassing the glomeruli, and that the increased amounts of 

urinary IgA observed are simply a consequence of the higher serum IgA levels 

found in IgAN. Basolateral to apical transcytosis of IgA is a well-characterised 

process that occurs in many epithelial cell types, most notably in intestinal plasma 

cells, and involves the binding of pIgA to the polymeric Ig receptor (pIgR) at the 

basolateral surface, and transportation to the apical surface, where pIgR is cleaved 

to form secretory IgA, comprising of dIgA and the secretory component, derived 

from the pIgR (Apodaca et al., 1994; Pabst, 2012). Secretory IgA performs a 

number of essential roles at mucosal surfaces as part of the immune host defence 

(Pabst, 2012). 
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In this chapter, multiphoton intravital microscopy was utilised to determine whether 

filtered IgA, that passes across the glomerular filtration barrier, interacts with the 

apical surface of PTEC. The proximal tubule plays a vital role in the reabsorption of 

filtered proteins to maintain homeostasis, and PTEC, especially within the S1 

segment, possess specialised mechanisms to facilitate protein reclamation, which 

include receptor-mediated clathrin-dependent endocytosis and fluid-phase 

endocytosis (Dickson et al., 2014). Several lines of in vitro and in vivo data indicate 

that proteins, including albumin and immunoglobulin light chains, may lead to 

deleterious PTEC signalling, and release of proinflammatory and profibrotic 

cytokines into the renal interstitium (Abbate et al., 2006; Baines and Brunskill, 

2011; Basnayake et al., 2011). The stimulus for the switch between normal 

homeostatic reclamation and deleterious signalling is a focus of much investigation. 

One line of enquiry suggests that changes in protein structure may lead to different 

signalling and transport pathways being triggered. For example, changes in 

albumin glycation or carbamylation may lead it to be trafficked towards lysosomal 

degradation instead of being reabsorbed via the basolateral membrane (Dickson et 

al., 2014). 

 

Modern multiphoton microscopy techniques allow for high resolution imaging of 

cellular and subcellular processes in live animals, due to its ability to achieve 

greater tissue penetration with lower amounts of phototoxicity and damage to 

surrounding structures compared to conventional single photon confocal 

microscopy. The kidney is particularly amenable to imaging as it can be 

externalised without causing significant disruption or injury, and this form of 

imaging has now been used extensively in studies of renal physiology and disease, 

including the filtration and proximal tubular handling of albumin and dextrans of 

varying molecular sizes (Dunn et al., 2002; Russo et al., 2007; Sandoval et al., 

2012; Wagner et al., 2016), podocyte migration and dynamics (Hackl et al., 2013), 

mitochondrial function (Hall et al., 2013), and to assess delivery of vectors 

containing small interfering RNA (siRNA) for therapeutic purposes (Corridon et al., 

2013). 

 

In the following studies, the Munich Wistar Frömter (MWF) rat strain was used as 

they possess numerous surface glomeruli that allow for direct visualisation of their 

structure and their connection to the proximal tubular S1 segment by multiphoton 
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microscopy (Peti-Peterdi and Sipos, 2010; Sandoval and Molitoris, 2008). Male 

MWF rats develop focal glomerulosclerosis and progressive albuminuria with age, 

while females are protected from these effects (Schulz et al., 2008). Two models of 

proteinuria were studied in this rat strain, to study tubular handling of filtered 

fluorescently labelled IgA. Firstly, a transgenic rat colony was used that expresses 

the human diphtheria toxin (DT) receptor specifically on podocytes, under the 

control of the podocyte-specific promoter podocin (hDTR-Pod/SG). In this strain, 

under physiological conditions, urinary albumin excretion is normal, but 

administration of diphtheria toxin leads to selective and dose-dependent podocyte 

death and depletion, and increased filtration of proteins across the glomerular 

filtration barrier (Wagner et al., 2016; Wharram et al., 2005). Secondly, a model of 

CKD was studied analgous to ischaemic acute tubular necrosis (ATN) without 

recovery, by inducing renal ischaemia-reperfusion injury followed by 

uninephrectomy of the contralateral kidney, which leads to progressive proteinuria, 

reduction in GFR, and histological changes of tubular atrophy, interstitial 

mononuclear cell infiltration and oedema, periglomerular fibrosis, hyaline droplet 

formation and generalised fibrosis (Campos-Bilderback et al., 2013).  

 

Utilising multiphoton microscopy to study renal handling of fluorescently labelled 

IgA in the MWF rat, the aim of these studies was to establish: 

 

1. Whether IgA is able to cross the glomerular filtration barrier, or if urinary IgA 

originates solely from basolateral to apical transcytosis. 

2. In two distinct models of proteinuria, induced by podocyte depletion, or by 

ischaemic-ATN induced CKD, whether renal handling of IgA differs, and 

specifically whether the amount of filtered IgA increases. 

3. Whether filtered IgA is able to interact with proximal tubular epithelial cells 

(PTEC) in vivo. 
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3.2 Results 

3.2.1 Purification and separation of rat IgA 

To perform these studies, rat IgA was purified for fluorescent labelling and 

intravenous injection. Rat IgA was generated from mouse ascites induced by the 

hybridoma cell line, 91C. IgA was then purified from the ascites fluid by using a 

Protein L column, which has a high binding affinity and specificity for kappa light 

chains.  

 

The elution profile of the ascites fluid from the Protein L column demonstrated a 

well-defined peak (Figure 12), from which fractions were obtained, pooled, 

concentrated by centrifugal filtration and dialysed into PBS. Samples were 

subjected to SDS-PAGE and Western blotting, which demonstrated that the IgA 

purified contained both polymeric and monomeric forms, with minimal 

contamination (Figure 13). Multiple bands were observed after staining with 

Coomassie blue. These bands were all detected by Western blotting using an anti-

rat IgA antibody, suggesting that they represented IgA that had undergone post-

translational modification. A sample was subjected to gel filtration, which 

demonstrated that the majority of the IgA was polymeric (approximately 75% of the 

total solution). 

 

The same samples were also analysed by Western blotting using an anti-rat IgG 

antibody to test for the presence of contaminating IgG, and no bands were 

detected (data not shown).  

 

Pooled IgA was aliquoted and subsequently labelled with the fluorophore Texas 

Red-X-succinimidyl ester immediately before administration and imaging studies.  
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Figure 12: Elution profile of ascites fluid generated by the 91C cell line, from the Protein L 

column. A single peak was obtained at approximately 38mL elution volume. Fractions from this 

peak were collected and pooled. The first larger peak represents pass through that did not bind 

to the column, consisting of other proteins contained within the ascites fluid.  

Pass through 

Collected fractions 
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Figure 13: Analysis of purified rat IgA by SDS-PAGE, Coomassie blue staining and Western blotting. 
(A) Non-reduced sample, demonstrating monomeric (M) and polymeric (P) forms of rat IgA. (B) 

Reduced sample showing protein bands at approximately 55 kDa (α heavy chains), and at 

approximately 25 kDa (light chains). IgA remained detectable at very low levels (8ng) of total protein 

by Western blotting.  
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3.2.2 Genotyping of the hDTR-Pod/SG rat line 

The hDTR-Pod/SG rat line has been established as a breeding colony at Indiana 

University since 2007. To confirm presence of the hDTR transgene, tail snips were 

taken from four rats, for genomic DNA extraction, and these samples were then 

subjected to PCR for the hDTR transgene. A 465 bp fragment, confirming presence 

of the transgene, was present in all the samples tested (Figure 14).  

 

 

 

 

 

 

 

 

 

Figure 14: Genotyping of hDTR-Pod/SG rats. Genomic DNA was tested from four rats from the 

colony, and subjected to PCR. A 465-bp product was isolated from all rats, confirming presence 

of the hDTR transgene. Some rats from the colony also possessed dsRed-labelled podocytes, 

and the two rats that were negative for this transgene were used in these experiments. Prolactin 

was used as a positive control. 
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3.2.3 Characteristics of the animal models 

Initial studies were performed to assess the characteristics of the animal models 

utilised in subsequent imaging analyses. Three groups were studied: female wild-

type (wt) MWF rats, transgenic male MWF rats expressing the human DT receptor 

on podocytes (hDTR-Pod/SG), that had undergone injection of DT to induce 

podocyte depletion, and male wt MWF rats that had undergone ischaemic-ATN 

induced CKD (n=2 in each group). Wt female MWF rats were used to obtain 

baseline observations, to eliminate the potential contribution of age-related focal 

glomerulosclerosis and progressive proteinuria that occurs spontaneously in males 

(Schulz et al., 2008). 

 

Body weight, 24-hour urine volume, plasma creatinine concentration, spot urine 

creatinine concentration, spot urine protein concentration and glomerular filtration 

rate (Creatinine clearance) are displayed in Table 1 and Figure 15. Female wt 

MWF rats displayed mild levels of proteinuria (69.6 ± 10.1 mg/24h). This was 

slightly increased in the DT group (109.2 ± 14.2 mg/24h) and greatly elevated in 

the CKD group (238.9 ± 49.7 mg/24h). GFR was greater in the DT group compared 

to the other two groups. Consistent with previous reports (Campos-Bilderback et 

al., 2013), the CKD group had a low GFR, with increased urinary volume, and 

reduced urinary creatinine measurements. These findings were consistent with 

tubular injury occurring in the CKD model, with impaired urine concentrating ability, 

leading to the passing of large volumes of dilute urine. 

 

Histological features of the models are shown in Figure 16, from perfused-fixed 

kidneys retrieved immediately after completion of the imaging studies. wt MWF rats 

had normal renal architecture. Podocyte depleted rats displayed evidence of 

disrupted glomerular architecture, with expansion of capillary loops, and tubular 

vacuole formation. In the ischaemic-ATN CKD rats, gross disruption of the renal 

cortex was observed, with evidence of tubular atrophy, interstitial mononuclear cell 

infiltration, protein cast formation, and fibrous intimal thickening, and increased 

interstitial collagen deposition as detected by the Masson’s trichrome stain. 
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Model 
BWt  

g 
U Vol  

ml/24h 
Pl Cr 

mg/dL 
U Cr  

mg/dL 
U Prot 

mg/24hr 

GFR 
ml/min/100g 

BWt 

wt 198.5 ± 4.5 12.3 ± 1.5 
0.53 ± 

0.01 
27.7 ± 0.7 69.6 ± 10.1 0.23 ± 0.03 

DT 378.0 ± 0.6 10.7 ± 0.03 
0.45 ± 

0.05 
117.0 ± 3.0 

109.2 ± 

14.2 
0.50 ± 0.02 

CKD 
226.5 ± 

14.5 
41.2 ± 11.2 

2.50 ± 

0.02 
6.8 ± 2.2 

238.9 ± 

49.7 
0.03 ± 0.004 

Table 1: Summary of characteristics of the rat models used in intravital studies. BWt: body 

weight, U Vol: Urine volume, Pl Cr: Plasma creatinine, U Cr: Urine creatinine, U Prot: Urine 

protein, GFR: glomerular filtration rate. Mean ± SEM, n=2 rats per group. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Figure 15: Characteristics of the rat models used in intravital studies. Samples were taken 

at the time of imaging. Each point represents an individual animal. Creatinine and protein 

concentrations were measured in duplicate, and a mean value was calculated. Horizontal 

lines represent the mean of each group, and vertical lines represent SEM. n=2 rats per 

group. 
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Figure 16: Histological features of the animal models used for intravital multiphoton microscopy. 

(A) H&E and (B) Masson’s trichrome stain of a kidney section from a wt MWF rat, displaying 

normal renal architecture. (C) H&E of a kidney section from a podocyte depleted rat, displaying 

expansion of glomerular capillary loops, and vacuole formation within the tubules, and (D) 

Masson’s trichrome stain displaying no increase in collagen deposition. (E) H&E stain of a 

kidney section from an ischaemic-ATN CKD rat, displaying tubular atrophy, interstitial 

mononuclear cell infiltration, protein cast formation, and (F) extensive interstitial and 

periglomerular collagen deposition (stained blue) on Masson’s trichrome staining. Original 

magnification x200.   

A B 
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E F 
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3.2.4 IgA is filtered and endocytosed by PTEC in wild type MWF rats 

Initial studies were performed to evaluate the distribution and uptake of Texas Red 

labelled rat IgA (TR-IgA) in the kidney following its intravenous administration into a 

15-week-old male MWF rat (not included in Table 1 or Figure 15). Imaging was 

performed up to 2.5 hours following administration (Figure 17). IgA was observed 

to filter across the glomerular filtration barrier and undergo endocytosis by PTEC by 

40 minutes, via their apical surface. IgA accumulated within PTEC over the time 

studied, mainly in the S1 segments. No basolateral uptake of labelled IgA from 

peritubular capillaries was observed. By the end of the experiment, labelled IgA 

had merged with autofluorescent lysosomes, suggesting that the IgA had 

undergone lysosomal uptake and processing within PTEC. In addition, 

extracapillary deposits of IgA had started to organise within glomeruli, a 

characteristic not observed previously with experiments involving labelled albumin.  

 
In order to better visualise intracellular lysosomal uptake, in subsequent 

experiments, a 3kDa Cascade Blue-labelled dextran was administered 

intravenously 24 hours prior to imaging. This lysosomal marker is freely filtered by 

the glomerulus, and labels PTEC lysosomes (Figure 18). Uptake of labelled rat IgA 

was studied in two 16 week old female wt MWF rats. Imaging was performed at 2h, 

4h and 24 hours. IgA was again observed to be filtered across the glomerular 

filtration barrier, and undergo PTEC endocytosis. Merging of TR-IgA with the 

Cascade Blue labelled PTEC lysosomes was observed by 2 hours. By 24 hours, 

the merged IgA-lysosomes had trafficked towards the basolateral aspect of PTEC. 

A time series showed that the intensity of IgA had reduced by the 24 hour time 

point.  

 

Finally, to ensure that the above observations were not phenomena isolated to 

surface glomeruli in the MWF strain, following sacrifice of the animals at 24 hours, 

the kidneys were immediately extracted, bisected longitudinally, and ex vivo 

images were obtained. These demonstrated that TR-IgA was visible within PTEC at 

a greater depth of up to 300 microns below the surface of the kidney, and that 

uptake was not confined to surface glomeruli and their connecting proximal tubules 

(Figure 18). 
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Figure 17: Glomerular filtration and proximal tubular uptake of rat IgA in a live male MWF rat, 

visualised by intravital multiphoton microscopy. (A) Image at 2h 30 mins demonstrating 

landmarks after labelling with a 150kDa fluorescein dextran (green) and the nuclear dye 

Hoechst 33342 (blue). G: Glomerulus, S1: S1 segment of the proximal tubule, PT: Proximal 

tubule, DT: Distal tubule. TR-IgA was observed mainly within PTEC of the S1 segment of the 

proximal tubule. PTEC can be identified by their autofluorescence (green), in contrast to distal 

tubular cells (B) IgA was observed to accumulate in extracapillary deposits within glomeruli by 

2 hours.  (C) Image at 40 minutes demonstrates IgA uptake by the apical surface of the 

proximal tubule. (D) By 1h 30 mins, IgA was observed to merge (yellow) with autofluorescent 

lysosomes, suggesting lysosomal uptake. (E) Orthogonal view of apical proximal tubule IgA 

uptake. E 
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3.2.5 Glomerular deposition, filtration and proximal tubular endocytosis of 
IgA are increased in a rat model of podocyte depletion  

A model of podocyte depletion was used to determine whether disruption to the 

glomerular filtration barrier and increasing the amount of filtered IgA had an effect 

on its interaction with the proximal tubule. Podocyte depletion in transgenic adult 

male hDTR-Pod/SG rats was induced by administration of 200 ng diphtheria toxin 

by subcutaneous injection five days before imaging studies took place, a dosage 

established from previous studies (Wagner et al., 2016; Wharram et al., 2005).  

 

By 2 hours after intravenous injection of TR-IgA, uptake of IgA by proximal tubules 

was greatly increased compared to the same time point in wt MWF rats (Figure 19). 

The degree of proximal tubular IgA uptake was not uniform and appeared to 

correlate with the amount of IgA deposition observed in the connecting glomerulus. 

The fluorescent signal from TR-IgA within PTEC remained present at 24 hours, and 

had localised to peri-nuclear regions by this time point.  

 

Ex vivo images again demonstrated PTEC uptake of TR-IgA to a depth of 

approximately 300 µm below the cortical surface (data not shown). 
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3.2.6 IgA is not endocytosed by the proximal tubule in a model of ischaemic 
ATN induced chronic kidney disease 

CKD was induced in adult male wt MWF rats by renal ischaemia reperfusion injury 

followed two weeks later by contralateral uninephrectomy, to determine whether 

TR-IgA uptake by PTEC would be affected by the tubular injury known to occur in 

this model. Imaging took place two weeks after the uninephrectomy. 

 

In contrast to the findings observed with wt MWF rats, and with the podocyte 

depleted rats, in this model of ischaemic ATN induced CKD, minimal to absent 

proximal tubule uptake of TR-IgA was observed at all the time points studied up to 

24 hours (Figure 20). However, total proteinuria levels were over three times higher 

than in wt MWF rats (Table 1). 

 

  

C    24h 

B    4h 

Figure 20: Renal handling of IgA in a rat model of ATN induced chronic kidney disease. (A) IgA 

deposition was observed within occasional glomeruli and proximal tubules, but this was markedly 

reduced compared to the wild type and podocyte depleted rats. Furthermore, proximal tubule 

lysosomal uptake of the Cascade Blue dextran was also reduced. Proximal tubules are 

demonstrated by autofluorescence. (B) 20x magnification image showing no uptake of IgA in the 

glomerulus or tubules. (C) This absence persisted up to 24h.	



74 
 

3.3 Conclusions 

This series of intravital multiphoton microscopy studies demonstrated that in wt 

MWF rats, serum IgA can be filtered through the glomerular filtration barrier into the 

urinary space, and undergoes endocytosis by the proximal tubule. This process 

was greatly increased in a model of podocyte depletion with compromise to the 

glomerular filtration barrier, that results in increased glomerular extracapillary 

deposition, filtration and proximal tubular uptake of IgA. In a model of ischaemia-

reperfusion induced ATN and CKD, the processes of glomerular deposition and 

proximal tubular uptake were reduced. These experiments provide, for the first 

time, in vivo evidence that IgA interacts with the apical surface of PTEC. 

 

Despite induction of podocyte depletion in the hDTR-Pod/SG rat strain, and a clear 

increase in the filtration of IgA and its uptake by PTEC, total proteinuria levels were 

only modestly increased compared to wild type animals (109.2 ± 14.2 vs 69.6 ± 

10.1 mg/24h respectively). This finding lends support to the hypothesis that the 

proximal tubule is able to endocytose considerable amounts of protein after its 

leakage through a damaged glomerular filtration barrier, preventing loss into 

excreted urine. Recent multiphoton microscopy studies suggest a role for both 

glomerular filtration and tubular uptake in determining the final level of proteinuria in 

disease (Wagner et al., 2016).  

 

In contrast, minimal uptake of IgA by PTEC was observed in the ischaemic ATN-

induced CKD model. This model, induced by ischaemia-reperfusion injury to one 

kidney followed by contralateral uninephrectomy, is analogous to the clinical 

scenario of ischaemic acute tubular necrosis (ATN) without recovery. The ability of 

the proximal tubule in this model to reabsorb filtered IgA was greatly diminished, 

and indeed total proteinuria was increased, both likely due to the tubular injury 

induced. This suggests that endocytosis of IgA by PTEC requires healthy tubules, 

and is likely to be an active process. 

 

Although tubular staining for IgA is not a common feature of IgAN, filtered IgA may 

be endocytosed and processed by PTEC meaning that organised IgA-containing 

immune deposits do not accumulate in IgAN. From the current studies, filtered IgA 

was rapidly processed by the proximal tubules, with evidence of uptake and 

lysosomal processing within 2 hours, and basolateral accumulation occurring within 
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24 hours. These processes may then lead to catabolism, and therefore deposits of 

IgA may not have the chance to organise, and thus not be detectable by standard 

immunohistochemical techniques, which have a lower sensitivity compared to the 

methods used in this chapter.  

 

The glomerular filtration of TR-IgA in wt rats was unexpected, especially as the 

majority of IgA purified was high molecular weight polymeric IgA, as seen in Figure 

13. The wt MWF rats studied had mild levels of proteinuria, which may have 

resulted in small amounts of IgA passing through the glomerular filtration barrier. 

The 150 kDa fluorescein dextran had a lower molecular weight than the IgA 

administered, and was not filtered. This is likely due to the difference in their tertiary 

structures, dextran being essentially a linear carbohydrate, compared to the more 

globular structure of IgA. Indeed, dextrans of lower molecular weight (70 kDa) have 

been used in clinical medicine as colloids for the purposes of plasma volume 

expansion. Whether both pIgA and mIgA are able to pass through the glomerular 

filtration barrier in the MWF rat is unknown and would be an interesting area for 

future study. 

 

MWF rats were used for these studies as they possess glomeruli in close proximity 

to the cortical surface, and enable anatomical details to be visualised such as 

transition from the glomerulus to the S1 segment of the proximal tubule. The 

working distance of the Nikon 60x water immersion objective used limits imaging to 

a maximum of approximately 200 µm depth into tissue. The dynamics of deeper 

glomeruli and tubules are currently not visible by intravital multiphoton microscopy. 

Humans do not possess surface glomeruli, and therefore a limitation to the 

applicability of this model is whether the surface glomeruli and their connected 

tubules behave in the same way as deeper structures. To address this, ex vivo 

sections were studied, where it was demonstrated that proximal tubular uptake of 

IgA could be observed up to around 300 µm depth, approaching the cortico-

medullary junction. This was observed in both wild type and podocye depleted rats, 

implying that proximal tubular uptake of IgA was not a phenomenon solely limited to 

surface glomeruli. In another intravital imaging study focusing on mouse glomerular 

IgA deposition and utilising confocal microscopy, IgA from the ddY mouse strain, 

but not from wt BALB/c mice, deposited along mouse glomerular capillaries in a 

focal and segmental manner as early as 1 minute after injection, and then 
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diminished after 2 hours. However, in order to image the glomeruli, the 

investigators had to dissect the lower pole of the kidney before imaging, and this 

trauma may have had significant effects on normal physiological processes (Yamaji 

et al., 2014). 

 

A podocyte depletion model was studied in order to test whether disruption of the 

glomerular filtration barrier led to an increase in filtered IgA and its subsequent 

processing. In patients with IgAN, podocyte loss was found to correlate with the 

extent of glomerulosclerosis, impairment of permselectivity and loss of GFR 

(Lemley et al., 2002). In a separate study of patients with IgAN, urinary podocyte 

mRNA, indicative of acute podocyte loss, correlated with glomerular lesions 

(segmental glomerulosclerosis and extracapillary proliferation) (Fukuda et al., 

2015). Furthermore, a reduction in glomerular podocyte nuclear density was 

associated with tubular atrophy/interstitial fibrosis, reduction in eGFR and 

proteinuria (Fukuda et al., 2015). In children with either IgAN or HSP, persistent 

urinary podocyte excretion was associated with glomerulosclerosis and progression 

of disease. Although conflicting data exists regarding the direct effects of IgA on 

podocytes, glomerular expression of the podocyte markers nephrin and ezrin were 

shown to be downregulated in response to IgA-mesangial cell conditioned medium, 

prepared by culturing human mesangial cells with pIgA from IgAN patients (Lai et 

al., 2009, 2008; Wang et al., 2009). Podocyte loss may therefore be an important 

early step in the progression of IgAN, linking mesangial IgA deposition with 

disruption of the glomerular filtration barrier and subsequent increase in protein 

filtration. 

 

Labelled rat IgA was used in these studies to model a homologous situation to 

human disease. Although the structure and function of rat IgA has not been 

completely characterised, there are important differences between human and rat 

IgA which should be noted. Hepatobiliary transport of rat polymeric IgA occurs to a 

greater extent than in mice or humans (Delacroix et al., 1982; Jackson et al., 1978). 

Also, rodent IgA differs from human IgA in that there is only a single isotype, and 

rodent IgA lacks the elongated O-glycosylated hinge region found in humans 

(Woof, 2013). Interestingly, in the current study, rat IgA was deposited in the 

mesangium at an early time point, a phenomenon not previously observed in 

studies of fluorescently labelled rat serum albumin or dextrans, suggesting that the 
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absence of the elongated hinge region did not affect rat IgA glomerular deposition. 

How the rat handles labelled human IgA and whether this differs from the current 

observations would be an area of interest for further study.  

 

In summary, these intravital multiphoton microscopy studies have provided 

evidence for the first time that IgA can undergo filtration and proximal tubular 

endocytosis, and that this is increased in a model of proteinuria of glomerular 

origin.  
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Chapter 4: The effects of IgA1 on proximal tubular epithelial 
cells 

 

4.1 Introduction 

It remains unclear why a certain proportion of patients with IgAN develop 

progressive CKD and ESRD, while the remainder may have stable kidney function. 

From histological features, severity of mesangial IgA deposition does not correlate 

with the risk of disease progression or renal prognosis, but rather tubulointerstitial 

fibrosis is the strongest predictor of progression (Cattran et al., 2009). This implies 

that tubular-specific factors are important in the pathogenesis of progressive IgAN. 

In common with other glomerular diseases, glomerular and tubulointerstitial 

inflammation with infiltration of mononuclear cells including macrophages, 

monocytes, and T cells into both compartments plays a key role in driving 

glomerular and tubulointerstitial fibrosis in IgAN (Alexopoulos et al., 1989; 

Arrizabalaga et al., 1997; Sabadini et al., 1988). Local production of cytokines, 

chemokines, adhesion molecules, growth factors and extracellular matrix 

subsequently contribute to the process of fibrogenesis. 

 

Patients with IgAN possess characteristic abnormalities in their immune system. 

Serum IgA levels are raised in approximately 50% of patients, and there are 

elevated levels of pIgA compared to healthy individuals (van der Boog et al., 2005). 

Patients have elevated levels of serum IgA that is undergalactosylated in its hinge 

region (Moldoveanu et al., 2007). Eluates of mesangial IgA deposits are almost 

exclusively of the IgA1 isotype, polymeric, undergalactosylated, and anionic in 

nature, implying that these structural alterations confer specific pathogenicity (Allen 

et al., 2001; Conley et al., 1980; Monteiro et al., 1985). In a cohort of patients from 

Asia, the degree of IgA hinge region undergalactosylation, determined by HAA 

binding, correlated with worse renal prognosis (Zhao et al., 2012). In vitro, 

undergalactosylated IgA had a greater effect on mesangial cell proliferation 

compared to normally galactosylated IgA (Novak et al., 2005). Undergalactosylated 

IgA therefore appears to play a central role in the pathogenesis of IgAN. However, 

this is not the sole requirement, as first degree relatives of patents with IgAN, who 

themselves display no evidence of renal disease, may also possess raised levels of 



79 
 

undergalactosylated IgA1, implying that other susceptibility factors are important 

(Gharavi et al., 2008; Suzuki et al., 2011).  

 

The links between undergalactosylated serum IgA, glomerular IgA deposition and 

disease progression are incompletely understood. Following IgA deposition and 

induction of glomerular disease, there are a number of potential mechanisms by 

which the tubular compartment may be affected, which may act independently or 

synergistically. Firstly, IgA may trigger release of soluble mediators from glomerular 

cells, e.g. mesangial cells or podocytes, which subsequently filter through the 

glomerular filtration barrier and interact with tubular cells. This process has 

previously been glomerulo-tubular crosstalk (Lai et al., 2005). In vitro, pIgA has 

been demonstrated to produce a stimulatory effect on mesangial cells, resulting in 

release of a number of pro-inflammatory cytokines, including TNF-α, MCP-1, IL-8, 

IFN-10, MIF, and TGF-β (Lai, 2003; Leung et al., 2008, 2003; Oortwijn et al., 2006; 

Tam et al., 2009).  

 

Secondly, disruption to the glomerular filtration barrier may result in proteinuria. 

Albumin itself may be a trigger for PTEC stimulation, and has been the focus of 

many recent studies (Baines and Brunskill, 2011). It should be noted, however, that 

progressive interstitial fibrosis is an uncommon finding in minimal change disease, 

a form of glomerulonephritis where there may be heavy proteinuria restricted to 

lower molecular weight proteins such as albumin (Waldman et al., 2007). 

 

Thirdly, IgA may pass through the damaged glomerular filtration barrier in IgAN, 

and cause direct damage to PTEC. IgA is filtered into the proximal tubule and 

ultimately into the urine in increased amounts in IgAN. Levels of urinary IgA-IgG 

immune complexes and undergalactosylated IgA were increased in IgAN compared 

to other renal diseases and healthy individuals, implying that the proximal tubule is 

exposed to these in IgAN (Matousovic et al., 2006). Additionally, non-selective 

proteinuria, defined by the presence of higher molecular weight proteins such as 

immunoglobulins, was associated with worse renal function and prognosis in IgAN 

(Woo et al., 1989). However, to date, the effects of IgA on PTEC have not been 

explored in detail. 
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The aims of this chapter were to ascertain: 

1. Whether total IgA has an effect on human PTEC cytokine release 

2. The structural properties of IgA required for this effect  

3. The differential effects of conditioned media from IgA-stimulated mesangial 

cells, compared to IgA itself, on PTEC cytokine release 

 

Initial studies focussed on PTEC release of TGF-β1, as a cytokine widely 

implicated in renal fibrosis and released in increased quantities by mesangial cells 

in response to pIgA1 (Lai, 2003; Loeffler and Wolf, 2014), and IL-6, implicated in 

several inflammatory renal conditions, and found in increased levels in the urine of 

patients with IgAN (Harada et al., 2002). Stimulation of Peroxisome proliferator-

activated receptor (PPAR) response element (PPRE) was examined as an indicator 

of PPAR transcription factor activity, given its importance in PTEC intracellular 

signalling as a response to other proteins including albumin, and previous evidence 

from an in vivo model of IgAN, demonstrating that the PPAR-γ inhibitor 

rosiglitazone had an anti-inflammatory effect in reducing renal expression of TGF- 

β1, angiotensin II receptor subtype-1 and ICAM-1 (Baines and Brunskill, 2011; Lai 

et al., 2011).  
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4.2 Results 

 

4.2.1 Purification and separation of IgA1 

Human IgA1 was purified by Jacalin-agarose affinity chromatography. Samples 

were concentrated to between 1 to 2 mg/mL by centrifugal filtration. To determine 

purity, non-reduced and reduced IgA1 samples were separated by SDS-PAGE, and 

stained with Coomassie blue (Figure 21), which revealed minimal contamination. 

 

Total IgA1 was then separated by gel filtration (Figure 22). Distinct peaks were 

observed which, according to previous reports, were consistent with polymeric 

(pIgA1), dimeric (dIgA1), and monomeric (mIgA1) forms of IgA1 (Almogren and 

Kerr, 2008; Oortwijn et al., 2006). Individual fractions obtained were analysed and 

confirmed to contain IgA by ELISA (Figure 23), and separated by SDS-PAGE for 

analysis by staining with Coomassie blue and by Western blotting (Figure 24).  

 

Fractions containing mIgA1 and pIgA1 were pooled as indicated, and concentrated 

to approximately 1 mg/mL by centrifugal filtration. Pooled total IgA1, mIgA1 and 

pIgA1 samples were subjected to Western blotting, which confirmed separation of 

these fractions (Figure 25). 

 

During optimisation experiments, IgA1, purified from historically collected serum 

samples that had been subjected to repeat freeze-thaw cycles, was found to 

contain a much higher proportion of pIgA compared to IgA1 purified from serum 

that had not been frozen. The proportion of pIgA was also found to increase if the 

total IgA1 preparation had been concentrated to over 2 mg/mL. Therefore IgA 

appeared to self-aggregate depending on freeze-thaw cycles and working 

concentration. Care was taken in all subsequent experiments to minimise freeze-

thaw cycles and to maintain the working concentration of purified IgA to less than 2 

mg/mL. 
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Figure 21: Analysis of total IgA1 after separation by SDS-PAGE and staining with Coomassie 

Blue. Total IgA1 was prepared from serum from a healthy subject by Jacalin-affinity 

chromatography. (A) Non-reduced sample, showing separation of mIgA1 from pIgA1 and (B) 

Reduced sample, showing a single protein band at approximately 55 kDa representing α heavy 

chains, and a smaller band at approximately 25 kDa, which represent the light chains.  

 

 
Figure 22: Example separation of purified IgA1 by gel filtration on a HiLoad 16/600 Superdex 

200 preparative grade column (GE Healthcare). The line indicates the elution profile of a 

purified total IgA1 sample. pIgA1: polymeric IgA1, dIgA1: dimeric IgA1, mIgA1: monomeric IgA1. 
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A 

 

B 

C D 

 
Figure 23: IgA content of purified fractions separated by gel filtration. IgA was detected in 

samples collected in mIgA1 and pIgA1 fractions by ELISA, and not in other fractions.  

 

 

 

 

 

  

 

 

 
Figure 24: Characterisation of purified IgA1 fractions. (A & B) 8% SDS-PAGE under non-

reducing conditions stained with Coomassie blue to determine purity of each fraction. (C & D) 

Western blot of IgA containing fractions, showing separation of fractions according to molecular 

weight. 

 

 

 

 

 

 

 
Figure 25: Western blot of IgA1 samples pooled and concentrated after separation by gel 

filtration. Samples were separated on 8% SDS-PAGE under non-reducing conditions and 

probed with an anti-human IgA antibody. Lane 1: Total IgA1, Lane 2: Polymeric IgA1, Lane 3: 

Monomeric IgA1. 
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4.2.2 Total IgA1 stimulates PTEC PPRE activity and pro-inflammatory (IL-6) 
and pro-fibrotic (TGF-β1) cytokine production by HK-2 PTEC 

To assess whether IgA1 had a stimulatory effect on cultured human PTEC, HK-2 

PTEC were incubated with total IgA1 pooled from patients with IgAN, or from 

healthy subjects at a concentration of 100 µg/mL, and compared to incubation with 

albumin at 100 µg/mL or 5 mg/mL, IgG or IgM, both at 100 µg/mL, for 24 hours. 

 

PPAR response element (PPRE)-luciferase activity was significantly upregulated by 

IgA1 from the IgAN patients by approximately 1.5 fold compared to media alone 

(Figure 26). Of the other conditions, PPRE-luciferase activity was also significantly 

upregulated by the albumin at 5 mg/mL only. Albumin at 100 µg/mL, IgA1 from 

healthy subjects, and IgM had no significant effect.  

 

TGF-β1 release by PTEC was also significantly upregulated by IgA1. There was no 

difference observed between cells stimulated with IgA1 isolated from patients with 

IgAN compared to healthy subjects. IL-6 release from PTEC was significantly 

upregulated by IgA1 from the IgAN patients and by albumin at 5 mg/mL. Although 

there was an increase in fibronectin release from PTEC stimulated with IgA1, this 

was not statistically significant. 
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Figure 26: PPRE activity and cytokine release from PTEC stimulated with total IgA1.  (A) PPRE-

luciferase activity was significantly increased in HK-2 PTEC treated with albumin at 5 mg/mL or 

IgA1 from IgAN patients at 24 hours (n=4) * P <0.05. (B) TGF-β1 release from PTEC was 

increased by IgA1 from both healthy subjects (HS) and IgAN patients (n=5) * P<0.05. (C) IL-6 

release was increased by albumin at 5 mg/mL and IgA1 from IgAN patients (n=5) ** P <0.01, * P 

<0.05. (D) No significant increase in fibronectin release was observed.  
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4.2.3  TGF-β1 production is significantly increased by pIgA1 and mIgA1 

The differing effects of mIgA1 and pIgA1 on HK-2 PTEC cytokine production were 

compared. HK-2 cells were stimulated with mIgA1, pIgA1 (both 100 μg/mL), or 

vehicle only (PBS) for 48 hours, the optimal time point established after pilot time 

course experiments, before supernatants were collected for analysis. 

 

pIgA1 had a greater effect on TGF-β1 release than mIgA1 (Figure 27A). There was 

no significant difference in the effects observed between IgA1 preparations from 

healthy subjects and IgAN patients. An increase in TGF-β1 mRNA expression, 

expressed as a ratio compared to the housekeeping gene RPL37A, was also 

observed in HK-2 cells stimulated by pIgA1, although this only reached statistical 

significance from the pIgA1 from healthy subjects (Figure 27B).  

 

To ensure IgA1-induced TGF-β1 release by PTEC could not be explained by low 

levels of endotoxin contamination, in a separate experiment, HK-2 PTEC were 

stimulated with lipopolysaccharide (LPS) from E Coli. No increase in TGF-β1 was 

observed at concentrations of LPS up to 10 ng/mL (all levels below the limit of 

detection, data not shown). Additionally, there was no significant difference in HK-2 

cell lysate total protein content between the different conditions tested, implying 

that differences in TGF-β1 production could not be explained by variations in cell 

proliferation. Correcting TGF-β1 production for cell lysate protein concentration 

produced the same findings as above. 

 

In contrast, IL-6 production by PTEC was not increased by mIgA1 or pIgA1 

compared to vehicle alone (Figure 27C).  
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Figure 27: HK-2 cell cytokine release in response to mIgA1 and pIgA1. (A) TGF-β1 release by 

HK-2 cells. TGF-β1 production was increased by both mIgA1 and pIgA1. No significant 

difference was observed between IgA preparations from healthy subjects (HS) or IgAN patients. 

(B) Relative HK-2 cell mRNA levels of TGF-β1/RPL37A stimulated by IgA1. An increase in TGF-

β1/RPL37A mRNA was observed in cells treated by pIgA1 from HS only. (C) IL-6 release by 

HK-2 cells. No significant increase in IL-6 production was observed in cells treated with mIgA1 

or pIgA1. Horizontal lines represent the mean. Points represent HK-2 cells stimulated by IgA1 

from an individual patient or control, with each experiment was performed in duplicate and the 

mean calculated. In (B), data are presented as a grouped analysis. * P < 0.05, ** P < 0.01, *** P 

< 0.001. 
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4.2.4 pIgA1 is undergalactosylated when compared to mIgA1  

As undergalactosylated IgA1 is believed to be particularly pathogenic, the 

galactosylation status of mIgA1 and pIgA1 preparations from 5 individual patients 

with IgAN and 5 healthy controls was tested by Helix Aspersa agglutinin (HAA) 

binding. pIgA1 preparations had significantly higher HAA binding levels compared 

to the mIgA1 preparations, indicating that pIgA1 was enriched for IgA1 that was 

galactose-deficient. No difference in HAA binding was apparent between IgA1 

isolated from patients with IgAN and healthy subjects. 

 

 
 

 
Figure 28: Helix Aspersa agglutinin (HAA) binding to IgA1 samples. HAA binding was 

significantly higher in pIgA1 from both healthy subjects (HS) and patients with IgAN compared 

to mIgA1, indicating reduced IgA1-hinge region galactosylation. Horizontal lines represent the 

mean, each sample was tested in duplicate. * P < 0.05. HS: Healthy subjects. AU: Arbitrary 

units. 
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4.2.5 TGF-β1 production by IgA1 stimulated HK-2 cells correlates with IgA1 
galactosylation status. 

The galactosylation status of individual IgA1 preparations was tested and 

compared to its effect on TGF-β1 release. HK-2 TGF-β1 release correlated with 

HAA-IgA1 binding, indicating that there was a relationship between TGF-β1 

production and the degree of IgA1-hinge region undergalactosylation. This effect 

was most pronounced with galactose-deficient pIgA1 (GdpIgA1) (Figure 29A). No 

correlation was observed between IL-6 production and IgA1-HAA binding (Figure 

29B). 
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Figure 29: Effects of IgA1 galactosylation status and HK-2 cytokine production. (A) Correlation 

between TGF-β1 production and HAA binding of individual IgA1 preparations. IgA1 preparations 

that possessed higher HAA binding produced greater TGF-β1 release from HK-2 cells. (B) 

Correlation between IL-6 production and HAA binding of individual IgA1 preparations. No 

correlation was observed between HK-2 cell IL-6 release and HAA-IgA1 binding. 
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4.2.6 The effects of IgA1 and IgA1-mesangial cell derived conditioned media 
on PTEC cytokine release 

In vivo, PTEC are likely to be exposed simultaneously to both filtered IgA1 and 

glomerular-derived cytokines produced from IgA1-stimulated mesangial cells. 

PTEC were therefore incubated with IgA1 alone, IgA1-human mesangial cell 

derived conditioned medium (HMC-CM), or a combination of the two. To generate 

HMC-CM, primary human mesangial cells were incubated with pIgA1 (100 μg/mL) 

from individual patients with IgAN or a healthy subject for 48 hours before collecting 

the conditioned media. PTEC were then incubated with vehicle (PBS), HMC-CM 

(diluted 1:4 in DMEM/F12 media), or mIgA1 or pIgA1, alone or together with HMC-

CM diluted 1:4 (final concentration of IgA1 125 μg/mL) generated using pIgA1 from 

the same patient or control (Figure 30). After 48 hours, supernatants were collected 

and the presence of a panel of pro-inflammatory and pro-fibrotic cytokines and 

growth factors, known to play a role in progressive interstitial fibrosis, was 

quantified using a customised multiplex array (Table 2) (Abbate et al., 2006; Baines 

and Brunskill, 2011).  

 

 

 

 

 

 

 

 

 

 
Figure 30: Experimental plan for the comparison of the effects of IgA1 and HMC-CM on PTEC 

cytokine release. 
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• BMP-2 • IL-1α • Lipocalin-2 • PDGF-AA 

• C5a • IL-1β • MCP-1 • PDGF-BB 

• Collagen IVα • IL-2 • MCP-2 • RANTES 

• EGF • IL-6 • MCP-3 • TNF-α 

• Endothelin-1 • IL-8 • MIF  

• Fas Ligand • IL-10 • MMP-1  

• GDF-15 • IL-17A • MMP-2  

• GM-CSF • IL-18BPa • MMP-3  

• GRO-α • IP-10 • MMP-7  

• ICAM-1 • KIM-1 • PAI-1  

Table 2: The customised panel of pro-inflammatory and pro-fibrotic cytokines tested for in the 

cell culture supernatants by multiplex array. TGF-β1 was tested separately by ELISA. 

 

mIgA1 and pIgA1 was purified from two individual patients and one healthy control 

for these experiments. Patient 1 had IgAN and medium HAA binding. Patient 2 had 

IgAN and high HAA binding. The healthy control had medium HAA binding. 

 

4.2.6.1     Effect of HMC-CM on PTEC 

IL-6, MCP-1 and MMP-2 release were significantly increased by HMC-CM 

compared to vehicle (PBS), with no significant increase found with mIgA1 or pIgA1 

alone compared to vehicle, or with mIgA1 or pIgA1 with HMC-CM compared to 

HMC-CM alone (Figure 31). The greatest increase in the release of these cytokines 

was observed from HK-2 cells stimulated with the HMC-CM from Patient 1. IL-6 

release was increased significantly only for HMC-CM purified from Patient 1, while 

MCP-1 and MMP-2 release were increased for HMC-CM from both IgAN patients 

and the healthy subject. 

 

4.2.6.2     Effect of IgA1 alone on PTEC 

GM-CSF, PDGF-AA and GDF-15 release was increased by pIgA1 alone, and not 

by HMC-CM alone, or by the IgA1 preparations in addition to HMC-CM compared 

to HMC-CM alone (Figure 32). GM-CSF and PDGF-AA were increased by the 

pIgA1 from Patient 2 only, whilst, GDF-15 release was increased by the pIgA1 from 

Patient 2 and the healthy subject. 
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TGF-β1 release was increased by pIgA1 from both IgAN patients and the healthy 

subject, but not by mIgA1. TGF-β1 release was also increased by HMC-CM from 

the IgAN patients only and not from the healthy subject. The combination of IgA1 

and HMC-CM did not produce any significant increase in TGF-β1 release over 

HMC-CM alone. 

 

4.2.6.3     Effect of IgA1 and HMC-CM on HK-2 PTEC 

Both mIgA1 and pIgA1 from Patient 2, and mIgA1 from the healthy subject caused 

an increase in MMP-9 release, alone and in combination with HMC-CM (Figure 33). 

HMC-CM from both patients but not the healthy individual caused an increase in 

MMP-9 release, with the strongest effect from Patient 2. mIgA1 from both patients 

but not the healthy subject resulted in an increase in NGAL, both alone and with the 

HMC-CM. HMC-CM alone did not result in an increase in NGAL release from 

PTEC.  

 

4.2.6.4     Effect of lectin binding status on PTEC cytokine release 

Serum from Patient 2 displayed the highest HAA-binding and therefore contained 

the most undergalactosylated IgA1. mIgA1 and pIgA1 isolated from Patient 2 had 

the strongest effect on PTEC GM-CSF, PDGF-AA, TGF-β1, and MMP-9 release 

compared to preparations from the other subjects. 

 

4.2.6.5     Other findings 

The remaining cytokines assayed were below the level of detection for all 

conditions tested: TNF-α, IL-1α, IL-1β, IL-10, IL-18BPa, IP-10, IFN-γ, RANTES, 

C5a, MCP-2, MCP-3, Endothelin-1, CXCL1/GRO α. PAI-1/serpin E1 was above the 

maximum level of detection for all conditions, including for cells stimulated with 

vehicle alone. No significant difference between any of the conditions was found 

regarding release of IL-1ra, IL-2, IL-17, MIF, MMP2, MMP7, BMP2, Collagen IVA, 

EGF or Fas ligand. 
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Figure 31: Effects of IgA1, HMC-CM, and IgA1 with HMC-CM on HK-2 PTEC IL-6, MCP-1 and 

MMP-2 release. IL-6, MCP-1 and MMP-2 were increased by HMC-CM, but not by IgA directly. 

Addition of HMC-CM to IgA produced no significant increase over HMC-CM alone. n=4. * p < 

0.05, ** p < 0.01. 
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Figure 32: Effects of IgA1, HMC-CM, and IgA1 with HMC-CM on HK-2 PTEC GM-CSF, PDGF-

AA, GDF-15, and TGF-β1 release. GM-CSF and PDGF-AA were significantly increased by 

pIgA1 from Patient 2, with the addition of HMC-CM, or HMC-CM alone producing no significant 

effect. GDF-15 release was increased by pIgA1 from Patient 2 and the healthy subject. TGF-β1 

release was increased by all pIgA1 preparations, and by the HMC-CM from the IgAN patients, 

but not the healthy subject. n=4. * p < 0.05, ** p < 0.01, **** p<0.0001. 
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Figure 33: Effects of IgA1, HMC-CM, and IgA1 with HMC-CM on HK-2 PTEC MMP-9 and NGAL 

release. MMP-9 was significantly increased by both mIgA1 and pIgA1 from Patient 2, and by 

mIgA1 from the healthy subject, both with IgA1 alone compared to vehicle, or with the addition 

of HMC-CM. The HMC-CM from both patients caused an increase in MMP-9 release. NGAL 

was increased by mIgA1 from both patients, both alone and in combination with the HMC-CM. 

HMC-CM alone had no effect on NGAL release. n=4. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p 

< 0.0001. 
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4.3 Conclusion 

This series of in vitro experiments demonstrate for the first time that total IgA1 had 

stimulatory effects on human HK-2 PTEC, resulting in transcription factor (PPRE) 

activation, and pro-inflammatory (IL-6) and pro-fibrotic (TGF-β1) cytokine release. 

pIgA1 was found to be undergalactosylated in comparison to mIgA1. Incubating 

HK-2 cells with pIgA1 resulted in significantly increased TGF-β1 release compared 

to mIgA1 or vehicle alone, but there was no effect on IL-6 release in contrast to 

findings with total IgA1. TGF-β1 release correlated inversely with the 

galactosylation status of the IgA1 preparation used to stimulate the PTEC, with 

galactose-deficient pIgA1 (GdpIgA1) having the most effect. On testing the effects 

of individual mIgA1 and pIgA1 preparations on PTEC compared to mesangial cell 

conditioned medium (HMC-CM) generated by pIgA1 from the same patient or 

control, pIgA1 resulted in increased release of GM-CSF, GDF-15, PDGF-AA, and 

TGF-β1 with no additional effect observed with the HMC-CM. IL-6, MCP-1, and 

MMP-2 release were increased by HMC-CM, but not directly by mIgA1 or pIgA1. 

MMP-9 and NGAL release were mainly increased by mIgA1. 

 

Taken together, these results indicate that incubation of human PTEC with IgA1 

resulted in release of a number of pro-inflammatory and pro-fibrotic mediators, with 

galactose deficient pIgA1 (GdpIgA1) having the strongest effect on TGF-β1 

release. IgA1 appears to be able to stimulate PTEC cytokine release, both directly 

and indirectly via generation of human mesangial cell derived signalling factors. 

The PTEC cytokine response from these two different stimuli was distinct. IgA1 

generated HMC-CM promoted pro-inflammatory (IL-6, MCP-1) cytokine release 

consistent with previous reports, while IgA promoted both pro-inflammatory (GM-

CSF, PDGF-AA) and pro-fibrotic (TGF-β1, GDF-15) responses from PTEC (Xiao et 

al., 2009). In addition, IgA1 isolated from the patient with the highest HAA-binding, 

and therefore most undergalactosylated IgA1, had the strongest effect on PTEC 

GM-CSF, PDGF-AA, TGF-β1, and MMP-9 release, although further replicate 

experiments are required to confirm these observations. IgA1 may therefore act in 

both a direct and indirect manner to stimulate PTEC cytokine release that drives 

tubulointerstitial fibrosis in progressive IgAN. 

 

At normal physiological levels, TGF-β plays vital roles in organ development and 

repair and has important anti-inflammatory effects (Loeffler and Wolf, 2014). 
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However, overexpression of TGF-β1 has been implicated as a key factor in 

promoting both glomerulosclerosis and tubulointerstitial fibrosis (Kitamura and 

Sütö, 1997; Loeffler and Wolf, 2014). An increase in TGF-β gene, protein, and 

signal transduction pathway expression has been demonstrated after incubation of 

human mesangial cells with pIgA1, and this effect was significantly higher than that 

observed with mIgA1 (Lai, 2003). IL-6 has both anti- and pro-inflammatory effects, 

and promotes inflammation by augmenting lymphocyte activation and proliferation, 

B cell differentiation, leucocyte recruitment and induction of acute phase protein 

synthesis by the liver (Pecoits-Filho et al., 2003). Urinary IL-6 levels were reported 

to be raised in IgAN patients compared to healthy control subjects, and were 

associated with risk of progression at up to 8 years follow up (Dohi et al., 1991; 

Harada et al., 2002). GM-CSF acts via the signal transducer and activator of 

transcription STAT5, and is produced by a number of cell types, including PTEC 

(Huen et al., 2014). It plays an important role in the derivation of granulocyte and 

macrophage populations from bone marrow derived precursor cells, and 

differentiation of macrophages into the M1 phenotype, serving a pro-inflammatory 

effect. GDF-15 is a more recently described member of the TGF-β superfamily and 

is induced in many tissues in response to stress. It was shown to be upregulated 

after induction of renal ischaemia-reperfusion injury or 5/6 nephrectomy in mice 

(Zimmers et al., 2005). The role of GDF-15 in renal injury is less well established, 

with in vitro effects on immune cell modulation and activation of epithelial cell 

apoptosis having been reported (Zimmers et al., 2005). The PDGFs play an 

important role in mesangial cell proliferation, and also contribute towards 

tubulointerstitial damage, although the precise role for PDGF-AA is less well 

defined compared to PDGF-BB and –DD (Boor et al., 2014; Floege, 2011; Floege 

et al., 2014). 

 

Despite observational data demonstrating that urinary IgA levels are increased in 

IgAN (Galla et al., 1985; Matousovic et al., 2006), inferring that the proximal tubule 

is exposed to increased amounts of IgA, the direct effects of IgA on the proximal 

tubule have been relatively under-studied. Chan et al reported that IgA is able to 

bind to PTEC, although with lesser affinity than to mesangial cells (Chan et al., 

2005). However, incubation of PTEC with IgA did not result in upregulation of TNF-

α, MIF or sICAM-1 release, whereas release of these cytokines was upregulated by 

IgA-mesangial cell conditioned media, utilising IgA from patients with IgAN. In this 
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current study, IgA was purified further, and its effects on different cytokines was 

examined, with GdpIgA1 having the strongest effect on TGF-β1 release. The 

differences in these findings may therefore be explained by the additional 

purification steps undertaken in this study, and the different cytokines tested. 

 

In the current study, pIgA1 had stronger stimulatory effects on PTEC than mIgA1. 

There appear to be important structural differences between these forms of IgA. 

pIgA1 displayed significantly higher HAA binding compared to mIgA1, implying that 

pIgA1 is enriched in galactose deficient IgA (GdIgA), potentially due to its 

propensity to self-aggregate (Hui et al., 2015). The findings presented in this 

chapter are consistent with a previous study by Oortwijn et al, where IgA was 

purified by a different method, using an anti-IgA column, before separation into 

polymeric and monomeric forms (Oortwijn et al., 2006). GdIgA is believed to 

possess specific nephritogenic properties. Mesangial deposits of IgA contain a high 

proportion of GdIgA in IgAN, and GdIgA produces a stimulatory effect on mesangial 

cell proliferation, compared to IgA that is normally galactosylated (Novak et al., 

2005). Furthermore, autoantibodies against the undergalactosylated IgA1 hinge 

region are found in increased quantities in IgAN from the serum and also in urine 

(Berthoux et al., 2012; Tam et al., 2009). pIgA, compared to mIgA, exhibited 

increased binding to mannose-binding lectin (MBL), a circulating C-type lectin 

containing several carbohydrate recognition domains, that plays a central role in 

the activation of the lectin pathway of the complement system (Ip et al., 2009). The 

precise nature and constituents of pIgA and high molecular weight containing IgA 

immune complexes remain uncertain, but could explain their increased ability to 

stimulate PTEC cytokine production in comparison to mIgA, and is therefore worthy 

of further investigation. 

 

Observational clinical data also provide evidence that GdIgA plays a central role in 

the pathogenesis of progressive IgAN. Serum GdIgA1 levels were reported to be 

elevated in patients with IgAN (Moldoveanu et al., 2007). A prospective study of 

275 IgAN patients followed for a median of 47 months showed that higher levels of 

GdIgA1 were independently associated with a greater risk of deterioration of renal 

function, and reduced rates of renal survival (Zhao et al., 2012). 
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Similar to findings by Oortwijn et al, in the current study, no significant difference 

was observed between IgA from patients with IgAN and healthy subjects in their 

ability to stimulate production of certain cytokines. Under normal healthy 

physiological conditions, PTEC exposure to IgA is likely to be minimal. Following 

glomerular damage in IgAN, leakage of IgA into the urinary space, with other 

factors including mesangial cell derived cytokines and/or other filtered proteins, 

may contribute towards activation of PTEC and production of pro-fibrotic cytokines. 

Although tubular staining for IgA is not a common feature of IgAN, filtered IgA may 

be endocytosed and processed by PTEC meaning that organised immune deposits 

do not accumulate in IgAN.  

 

Potential receptors for PTEC IgA receptors remain unclear. Chan et al found that 

PTEC did not express mRNA for the IgA receptors FcαR, the polymeric Ig receptor 

(pIgR) and Fcα/µR (Chan et al., 2005). Transferrin receptor (TfR) was expressed 

by PTEC although this is expressed at low levels by many cell types, and its 

expression is increased in cells which are actively proliferating. A potential IgA 

receptor of interest is megalin, a multi-ligand scavenger receptor belonging to the 

low-density lipoprotein receptor family, which is highly expressed on the apical 

surface of PTEC. In a megalin mosaic knockout mouse model that lacked megalin 

expression in 60% of PTEC, induction of non-selective proteinuria by the toxin 

NEP25, resulting in podocyte injury, led to endocytosis and accumulation of IgA 

into PTEC, but only in cells that expressed megalin (Motoyoshi et al., 2008). 

 

In conclusion, GdpIgA1 appears to have particular direct stimulatory properties on 

PTEC. In IgAN, after damage to the glomerular filtration barrier occurs, exposure of 

PTEC to this form of IgA may be particularly pathogenic. Identifying the receptors 

and signalling pathways involved in the interaction between GdpIgA1 and PTEC 

may reveal novel therapeutic targets, which may be targeted to disrupt its pro-

fibrotic effects. 
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Chapter 5: Establishing a mouse model of IgA nephropathy, by 
the oral and intravenous administration of bovine gamma 

globulin 

 

5.1 Introduction 

Advances in the understanding of the mechanisms that underlie IgAN have been 

hindered by the lack of a suitable animal model that accurately replicates features 

of the human disease (Eitner et al., 2010). This is perhaps unsurprising, since IgAN 

displays marked heterogeneity in its clinical phenotype, and as the factors 

responsible for the variability in its prognosis are currently poorly understood. 

 

In vitro studies have provided key insights into the pathogenesis of IgAN. Work 

involving the elution and characterisation of mesangial IgA deposits has 

established that these consist primarily of galactose-deficient pIgA1 (GdpIgA1) 

(Allen et al., 2001; Monteiro et al., 1985). Applying this particular form of IgA to 

mesangial cells results in a strong stimulatory response, involving cell proliferation 

and cytokine release (Novak et al., 2005). The data presented in Chapter 4 

demonstrates that IgA also has a stimulatory effect on PTEC, with GdpIgA1 having 

particularly strong effects.  

 

However, in vitro models have important limitations. The cell culture environment is 

vastly different to the cell’s native in vivo environment, where they are surrounded 

by other cell types, and, under certain circumstances, are exposed to infiltrating 

cells and a multitude of cytokines and other signalling factors in their local milieu. 

Cells cultured in vitro also behave differently compared to when in their usual in 

vivo microenvironment, with differences in their rates of endocytosis and 

proliferation. These effects are particularly pronounced in transformed cell lines, 

although primary cells may also undergo rapid phenotypic alterations in cell culture 

environments. Furthermore, it is difficult to accurately replicate the cell’s usual 

polarity in vitro, which is a particular issue when modelling the exposure of filtered 

proteins to the apical surface of PTEC. Therefore, although in vitro models may 

provide key insights into physiological mechanisms, their applicability and 

relevance are limited by these caveats. 
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Various animal models have been developed that replicate at least part of the IgAN 

disease process. The most frequently studied have included either the passive 

administration, or the active in vivo generation, of IgA-containing immune 

complexes. Rifai et al first developed a murine model in the BALB/c strain, which 

involved the formation of IgA-bovine serum albumin (BSA) complexes. These were 

formed either by generating the immune complexes in vitro and administering them 

parenterally, or by pre-administering anti-dinitrophenol (DNP) IgA secreting plasma 

cells to mice, then injecting BSA coupled to DNP. This model resulted in mild 

mesangial IgA deposition, C3 deposition and transient haematuria (Rifai et al., 

1979). Isaacs and Miller subsequently reported a model that involved the 

intravenous administration of various dextran preparations, resulting in IgA and IgM 

mesangial deposits, mesangial expansion and proliferation (Isaacs et al., 1981). 

The relevance of this model has been questioned in a more recent study, where 

administering dextran preparations to Lewis rats led to similar glomerular changes, 

but with the mesangial deposition of IgG, and not IgA, suggesting that the changes 

observed were not IgA-dependent.  

 

Viral immunisation models to replicate the upper respiratory tract mucosal infection 

that may precede glomerular injury and haematuria in IgAN have been studied, 

most notably by the intranasal administration of the Sendai virus (also known as 

murine parainfluenza virus type 1) in BALB/c mice, which resulted in a high serum 

IgA (and IgG) anti-virus immune response and glomerular IgA deposition 

(Yamashita et al., 2007). Murine models of secondary IgA deposition have also 

been studied, for example by bile duct ligation-induced cholestasis (Gormly et al., 

1981), or carbon tetrachloride-induced liver cirrhosis (Emancipator et al., 1983c), 

that resulted in the reduced hepatic clearance and subsequent glomerular 

deposition of IgA immune complexes.  

 

More recently, a model was developed by Emancipator et al, who observed that 

administering various xenoantigens (chicken egg albumin or ovalbumin, bovine 

gamma globulin (BGG), horse spleen ferritin) to BALB/c mice led to the 

development of mesangial IgA deposition (Emancipator et al., 1983b). Of these, 

BGG and ovalbumin had the most consistent effect (Emancipator, 2001). The 

purpose of the oral immunisation was to exploit the propensity of gut mucosal 

associated lymphoid tissue (MALT) to produce antibodies of the IgA subclass 
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directed against the xenoantigen. Over around a six-week period, a switch from an 

IgM-, to IgG-, to IgA-dominant serum antibody response was observed. By ten to 

fourteen weeks, the serum antibody response became almost exclusively IgA, 

although as some IgG co-deposition was required to produce a glomerular 

response, the optimum time course for oral administration was around six to eight 

weeks in duration. Administration of intravenous boluses of the same antigen 

served to augment the immune response, providing a ‘burst’ of antigen 

(Emancipator, 2001). Haematuria was present in ~80% of immunised mice, as 

quantified by microscopy, but at a level too low to be reliably detected by urine 

dipstick. No change in renal function or proteinuria was observed, indicating that 

this was a model of early disease which does not progress to cause chronic 

damage i.e. tubulointerstitial fibrosis. This model has since been used by a number 

of research groups, in BALB/c mice (Emancipator et al., 1983a, 1983b; Gesualdo et 

al., 1990), Sprague-Dawley rats (Kuemmerle et al., 1998) and Lewis rats (Gesualdo 

et al., 1992; Kuemmerle et al., 1999; Lai et al., 2011; Trachtman et al., 1996; Yi et 

al., 1996). A uninephrectomy was incorporated in one study, to increase the 

severity of IgA deposition and subsequent glomerular pathology (Lai et al., 2011).  

 

The objective of this chapter was to establish, characterise and optimise a murine 

model of IgAN, based on the original method described by Emancipator et al 

(Emancipator, 2001) by the oral and intravenous immunisation of bovine gamma 

globulin (BGG). Regarding previously published studies on mice, successful use of 

this immunisation method had been reported in the Th2 prone BALB/c strain only. 

However, as mouse and human studies also suggest a role for Th1 cytokines in 

IgAN, an initial aim was to assess whether the model could be induced in the Th1 

prone C57BL/6 mouse strain (Lai et al., 1994; Lim et al., 2001; Suzuki et al., 2007).  

 

The aims of this chapter were therefore to assess the following: 

1. Whether a model of IgAN could be induced in both the C57BL/6 and BALB/c 

mouse strains, and whether the disease phenotype and severity differed 

between these strains. 

2. Whether glomerular and/or interstitial inflammation were increased in this 

model. 

3. Whether IgA undergoes glomerular filtration in increased amounts in this model 

and can be detected in the urine. 
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As the experiments presented in this chapter represent a series of optimisation 

experiments, the number of animals used was minimised, and therefore it was not 

possible to perform a statistical analysis for all the parameters measured. 
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5.2 Experiment 1: Establishing the model in the C57BL/6 mouse strain 

As this model had only been described in mice of the BALB/c strain previously, the 

aim of the first experiment was to assess whether a model of IgAN, involving oral 

and parenteral immunisation of BGG, could be induced in C57BL/6 mice. 6-week-

old female C57BL/6 mice were divided into dosed (n=2) and control (n=2) groups. 

Dosed animals received 0.1% BGG continuously in the drinking water for 6 weeks, 

followed by intravenous injections of 1 mg BGG diluted in 0.2 mL PBS daily for 3 

days. Control animals received standard drinking water and IV injections of vehicle 

(PBS) only at the same frequency. Animals were sacrificed 48 hours after the last 

injection. 

 

5.2.1 Protocol 

 
 

 

 

 

 

 

 
 
5.2.2 Results 

All mice gained weight consistently, with no difference observed between the 

control and dosed groups (Figure 34). By the end of the experiment, one of the 

dosed mice developed non-visible haematuria, detectable by urine dipstick (2+), 

while one of the control group developed trace haematuria (Table 3). Urine 

protein:creatinine ratio (PCR) was higher in the dosed group, although this 

difference was not statistically significant (Figure 35). Serum creatinine was lower 

in the dosed group, although this was also not statistically significant. All serum 

creatinine measurements were within normal reference values for adult mice 

(normal range 8.8 – 17.7 µmol/L). 

 

Immunofluorescence staining of frozen sections, displayed increased glomerular 

deposition of IgA, IgG and complement component C3 in dosed mice compared to 

6-week-old female 
C57BL/6 

Oral BGG 0.1% 

6 weeks 

IV BGG 

Sacrifice 

Assessments 
 
• Weight 
• Urine dipstick 
• Urine Cr, Pr 
• Serum Cr 
 
Renal histology: 
• PAS  
• Sirius red  
• Masson’s trichrome 
• IF: IgA, IgG, C3 
• EM 
• IHC: F4/80 
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controls (Figure 36). Glomerular IgA and C3 deposits were occasionally observed 

in control animals but these were of lower intensity compared to the dosed group. 

Glomerular IgG deposition was not detected in the control mice. Electron 

microscopy revealed small well-defined electron dense deposits in the mesangial 

areas of the dosed animals, corresponding to immune deposits (Figure 37). No 

electron dense deposits were detected in sections from the control animals. 

 

There was no significant increase in cell number per glomerular cross section (gcs) 

between control and dosed mice (control 31.3 ± 2.3 vs dosed 36.5 ± 0.7 cells/gcs; p 

= 0.16) (Figure 38). Sirius red staining demonstrated an increase in glomerular 

staining in the dosed mice (Figure 39). No interstitial fibrosis was observed on the 

Masson’s trichrome stain in either the control or dosed groups. An increase in 

infiltrating F4/80+ tubulointerstitial macrophages was observed in the dosed animals 

(Figure 40). 

 

Together these data indicate that mice of the C57BL/6 strain could be induced to 

generate mesangial IgA deposition, after oral and parenteral administration of 

BGG. 
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 Blood Prot 
Con 1 - Tr 
Con 2 Tr - 
Dosed 1 - 1+ 
Dosed 2 2+ - 

Table 3: Urine dipstick results for control and dosed mice. One dosed mouse and one control 

mouse developed non-visible haematuria.  

 

 

 

 

 

 

 

 

 

 
Figure 35: (A) Urine Protein:Creatinine ratio (UPCR) and (B) Serum Creatinine. No significant 

change was observed between control and dosed mice. n=2 for both groups, apart from serum 

creatinine measurement for the control group, where only one sample was suitable for analysis. 

Horizontal bars indicate the mean, and error bars indicate the SEM.  
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Figure 34: Changes in body weight throughout the experimental course. All mice gained weight 

consistently, with no difference observed between the control and dosed groups.  
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Figure 36: Glomerular IgA, IgG and C3 deposition in control and dosed mice. All were increased 

in the glomeruli of the dosed compared to control mice. For C3, arrows indicate background 

complement activation in the periglomerular capillaries, found normally in wild-type C57BL/6 

mice.  
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Figure 37: Electron microscopy images of kidney sections taken from a dosed mouse. * 

indicates the electron dense areas, corresponding to the IgA mesangial deposits. GBM: 

glomerular basement membrane,  P: podocyte foot process, M: mesangial cell.  
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Figure 38: Glomerular cell count in control and dosed mice. Representative PAS-stained kidney 

sections from a (A) control mouse and (B) dosed mouse are displayed. Original magnification x 

400. (C) Cell number per glomerular cross section (gcs) from control and dosed groups. Cell 

counts were performed from 25 consecutive glomeruli, and are expressed as mean ± SEM. No 

significant difference was found between the two groups.  

 
 
 
 
 
 
 
 
 
Figure 39: Sirius red staining and Masson’s trichrome staining of kidney sections from control 

and dosed mice. Representative sections from a (A) control and (B and C) dosed mouse are 

displayed. Increased Sirius red staining was observed in the glomeruli from dosed mice. No 

increase in interstitial fibrosis was observed in either group. Original magnification (A and B) x 

400, (C) x 200. 

 
 
 

 

 

 

 
 
 
Figure 40: Renal interstitial macrophage infiltration in control and dosed mice. Sections were 

immunostained for the macrophage marker F4/80. Representative sections from a (A) control 

mouse and (B) dosed mouse are displayed. An increase in F4/80+ cells (arrows) was observed 

in the interstitial compartment of the dosed mice, compared to control mice. No glomerular 

F4/80+ cells were detected. Original magnification x 200.  
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5.3 Experiment 2: Time-course optimisation  

In the second experiment, a time-course experiment was designed to assess 

whether continuation of oral BGG immunisation following the 3 IV injections 

increased the intensity of IgA immune deposition and glomerular injury.  

 

5.3.1 Protocol 

 

 

 

 
 

 
 
5.3.2 Results  

In both BALB/c and C57BL/6 mice, no increase in the intensity of IgA deposition 

was observed after extending the oral immunisation course beyond 48 hours post 

IV injections (Figure 41 and Figure 44). Intensity of the immune deposits in both 

strains decreased with increased duration following the IV injections. Deposition of 

IgA was observed more consistently in dosed mice of the BALB/c strain compared 

to the C57BL/6 strain. IgA deposits were also observed in some of the control 

animals, especially in the C57BL/6 group. Urinary red cells, quantified by 

microscopy, were increased in the dosed animals. Haematuria was not detectable 

by urine dipstick in any of the mice. No changes in kidney function (serum urea or 

creatinine), or in urinary albumin or protein excretion were observed in either group 

(Figure 42, Figure 43, Figure 45 and Figure 46). 
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Assessments 
 
• Urine dipstick 
• Red cell microscopy 
• Urine Cr, Pr 
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Renal histology: 
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Figure 41: Immunofluorescence staining for IgA, and urine red cell count in BALB/c mice from 

the time course experiment. Intensity of IgA deposition decreased with increased duration 

following the IV injections. Urine red cells were increased in the dosed mice, and diminished by 

4 weeks following the IV injections. HPF: High power field. 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 42: Serum urea and creatinine in BALB/c mice from the time course experiment. No 

difference was observed between control and dosed animals, and all values were within normal 

limits. 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 43: Urine albumin:creatinine and protein:creatinine ratio in BALB/c mice from the time 

course experiment. No difference was observed between control and dosed animals. 
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Figure 44: Immunofluorescence staining for IgA, and urine red cell count in C57BL/6 mice from 

the time course experiment. Deposition of IgA was observed less consistently in the dosed mice 

in this experiment, and a number of control mice had evidence of glomerular IgA deposition. 

Urine red cells were increased in the dosed animals. HPF: High power field. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 46: Urine albumin:creatinine and protein:creatinine ratio in C57BL/6 mice from the time 

course experiment. No difference was observed between control and dosed animals. 
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Figure 45: Serum urea and creatinine in C57BL/6 mice from the time course experiment. No 

difference was observed between control and dosed mice, and all values were within normal 

limits. 	
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5.4 Experiment 3: Dose-response optimisation and phenotype of the 
model 

In the third experiment, a dose-response protocol was designed, to test the 

optimum number of IV injections needed to elicit glomerular IgA deposition. After 

personal communication with Professor Steven Emancipator who described the 

original model, 8-week-old male mice were used, an age at which they are 

considered to possess a fully mature immune system. Oral BGG dosing was 

continued for 8 weeks instead of the original 6 weeks, before administering IV 

injections. The dose of BGG administered intravenously was increased to 2 mg per 

dose. Mice were sacrificed 72 hours following the last IV injection. 

 

5.4.1 Protocol 

 

 

 

 
 

 
5.4.2 Results 

The increase in the dose of BGG administered by IV injection, from 1 mg to 2 mg, 

was tolerated without any ill effects displayed. 3 mice died before completion of the 

experimental course due to husbandry or technical issues: one BALB/c mouse from 

Group 2 (culled due to fight wounds, before receiving any IV injections), and two 

C57BL/6 mice from Group 2 (one died before receiving the 1st IV injection in the 

restrainer, and one died before receiving the 5th IV injection in the restrainer. Tissue 

from the last mouse was harvested post-mortem and analysed as part of Group 2, 

however collection of urine was not possible). 

 

Immunofluorescence staining of frozen sections demonstrated that the strongest 

glomerular IgA deposition was found in the C57BL/6 mice from Group 2 (those that 

received 1 or 2 additional IV injections of BGG after the initial 3 injections) (Figure 

47). This corresponded with stronger glomerular IgG deposition compared to the 
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other groups. An increase in glomerular C3 deposition was observed in Groups 1 

and 2 of the C57BL/6 mice but not in Group 3. Glomerular C4 deposition was 

observed in both control and dosed animals. 

 

These findings corresponded with the immune responses, where the highest serum 

anti-BGG IgA titres were found in the C57BL/6 mice from Group 2 (Figure 48). 

Serum anti-BGG IgG titres were raised in all dosed animals compared to controls, 

and in the C57BL/6 mice, the anti-BGG IgG titre was highest in Group 3. Anti-BGG 

IgA and IgG were also detected in the urine at increased levels in the dosed mice. 

C57BL/6 mice in Group 2 demonstrated the highest urine anti-BGG IgA titres, while 

urine anti-BGG IgG was highest in Group 3.  

 

Dipstick haematuria (2+) was observed in 2 of the dosed C57BL/6 mice in Group 1, 

but none of the other groups. Regarding measurements of kidney function (serum 

urea and creatinine) and urinary protein excretion, no differences were observed 

between control and dosed animals (Figure 49).  

 

Inflammatory cell infiltration was assessed on renal histology. An increase in F4/80+ 

tubulointerstitial macrophage infiltration was evident in dosed animals compared to 

control groups (Figure 50). In addition, there was a greater number of infiltrating 

glomerular CD3+ T-lymphocytes in the dosed C57BL/6 mice (Figure 51).   

 

Analysis of urine protein excretion demonstrated that urine IgA excretion was 

increased in the single available sample, from the C57BL/6 mouse in Group 2 

(Figure 52). Repeated experiments are required to confirm this observation. The 

pattern of protein excretion, as assessed by SDS-PAGE, was broadly similar 

between control and dosed animals, although a protein of approximately 31kDa 

molecular weight was absent from two of the dosed mice (Figure 53). The identity 

of this protein is unknown and has been submitted for sequencing. 
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Figure 47: Immunofluorescence staining for IgA, IgG, C3 and C4. (A-H) Representative images 

shown from control and dosed C57BL/6 mice from Group 2, which demonstrated the strongest 

staining for all components in the dosed group. (I-K) Mean fluorescent intensity for IgA, IgG and 

C3. Quantification for C3 is shown for the C57BL/6 group only. 
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Figure 48: Serum and urine anti-BGG immune responses. (A and B) Serum anti-BGG IgA and 

IgG levels. Serum anti-BGG IgA levels were highest in Group 2 from C57BL/6 mice, while 

serum anti-BGG IgG levels were highest in Group 3 from C57BL/6 mice (C and D) Urine anti-

BGG IgA and IgG levels, from C57BL/6 mice only. The strongest urine anti-BGG IgA response 

was observed from Group 2, while urine anti-BGG IgG was highest in Group 3. 
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Figure 49: Serum urea and creatinine levels, and urine protein:creatinine ratio. No differences 

were observed between control and dosed mice regarding kidney function or proteinuria levels. 

All serum urea and creatinine measurements were within normal reference values.  
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Figure 50: Immunohistochemistry for F4/80+ tubulointerstitial macrophage infiltration. 

Representative images demonstrating immunostaining for F4/80+ cells are displayed for a (A) 

Control and (B) Dosed C57BL/6 mouse from Group 2. (C) Quantification of F4/80+ cells was 

performed by automated analysis in Image J, from 30 randomly selected cortical fields captured 

at 200 x original magnification. Dosed mice displayed a greater number of F4/80+ cells.  
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Figure 51: Immunohistochemistry for CD3+ T cell infiltration in control and dosed C57/BL6 mice. 

Representative images demonstrating immunostaining for CD3+ cells are displayed for a (A) 

Control and (B) Dosed C57BL/6 mouse from Group 2. Quantification of CD3+ cells was 

performed manually by counting positive cells in (C) 25 consecutive glomeruli (x 400 original 

magnification) or (D) 30 consecutive cortical fields (x 200 original magnification). Dosed mice 

displayed an increase in glomerular T cells. GCS: Glomerular cross section. HPF: High power 

field. 
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Figure 52: Western blot for urine IgA excretion between control and dosed groups. Urine 

samples, with loaded quantities standardised to urinary creatinine, were resolved by 10% SDS-

PAGE, and immunoblotted with an anti-IgA antibody. Urine excretion of IgA was increased in 

dosed mice, particularly from Group 2. 
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Figure 53: Urine protein excretion. (A) Non-reduced and (B) Reduced urine samples, with 

loaded quantities standardised to urine creatinine, were resolved by 8% or 10% SDS-PAGE 

respectively, and stained with Coomassie blue. The pattern of protein excretion between 

control and dosed mice was broadly similar. A band of approximately 31kDa was missing 

from two of the dosed mice, which has been submitted for sequencing. 	
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5.5 Conclusions 

The main finding from this chapter was that a model of IgAN, based on oral and 

intravenous immunisation with BGG, could be induced in both BALB/c and 

C57BL/6 mouse strains. The experimental protocol was optimised through a series 

of time-course and dose-response experiments. Through these experiments, a 

dosing scheme of 8 weeks of continuous oral BGG followed by 3 IV injections of 

BGG daily, and a 4th injection 72 hours after the 3rd injection, was optimal in 

inducing an anti-BGG immune response and glomerular IgA deposition in C57BL/6 

mice, with subsequent glomerular (CD3) and tubulointerstitial (F4/80) inflammatory 

cell infiltration. Extending the duration of oral immunisation beyond the initial course 

of IV injections or increasing the number of injections beyond 2 additional doses did 

not result in any increase in the intensity of IgA deposition, presumably due to 

tolerance to the antigen and clearance of the immune deposits. 

 

The BALB/c and C57BL/6 mouse strains are amongst the most commonly used 

laboratory inbred strains. C57BL/6 and BALB/c mice are regarded as being Th1 

and Th2 prone respectively, due to their T cells preferentially producing either Th1-

type cytokines (IL-2, IFN-γ) or Th2-type cytokines (IL-4, IL-5, IL-10) in response to 

pathogenic stimuli (Mills et al., 2000; Watanabe et al., 2004). Macrophage 

responses from these two strains also differ, with C57BL/6 macrophages displaying 

augmented cytokine responses (TNF-α, IL-12) after stimulation with LPS or the 

TLR-ligand MALP-2, and increased bactericidal activity, which was reflected in the 

improved survival of C57BL/6 compared to BALB/c mice after induction of a septic 

peritonitis model by cecal ligation and puncture (Watanabe et al., 2004).  

 

BALB/c mice were used in the original reports to induce this model, as Th2 

responses are believed to play an important role in the initiation of IgAN. PBMCs 

isolated from IgAN patients produced more IL-4 compared to those isolated from 

healthy controls, after stimulation with phytohaemagglutinin or phorbol myristate 

acetate (Lai et al., 1991; Scivittaro et al., 1994). Stimulation of B cells with both IL-4 

and IL-5 led to altered glycosylation of IgA produced from murine lymphoma cells 

(Chintalacharuvu and Emancipator, 1997). However, there is emerging evidence 

that Th1 responses may also play a significant role in IgAN. mRNA for both Th1 (IL-

2, IFN-γ) and Th2 cytokines (IL-4, IL-5) was increased in circulating CD4+ T cells 

from patients with IgAN compared to healthy controls (Lai et al., 1994). In the 
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spontaneous ddY mouse model of IgAN, spleen cell cytokines from early-onset 

disease mice demonstrated polarisation towards Th1 responses (IFN-γ production) 

compared to those from mice with quiescent disease, which were biased towards a 

Th2 response (IL-4 production). Furthermore, IFN-γ production increased 

progressively in diseased mice, from 20 to 40 weeks, and correlated with disease 

severity (Suzuki et al., 2007). In a study of intrarenal cytokine gene expression from 

whole IgAN renal biopsies, expression of Th1 cytokine mRNA (IFN-γ) was 

associated with glomerulosclerosis, while expression of Th2 cytokine mRNA (IL-10) 

was related to the degree of tubulointerstitial fibrosis (Lim et al., 2001). Additionally, 

the ratio of Th1/Th2 cytokine (IFN-γ/IL-10) mRNA increased with worsening renal 

function. Therefore, both Th1 and Th2 cytokines may play a role in the initiation and 

progression of the disease phenotype. The data presented in this chapter suggests 

that a model of IgAN can be induced in the C57BL/6 Th1 prone mouse, and that 

subsequent inflammatory responses, in terms of tubulointerstitial F4/80+ cell 

infiltration, are upregulated. 

 

Glomerular IgA deposition was occasionally noted in the control animals, 

particularly in Experiment 2. This has been noted by others, and attributed to 

fecophagia or commensal contamination of food or water (Emancipator, 2001). In 

their studies, IgA deposits found in the control animals were not accompanied by 

deposits of complement, haematuria or electron dense mesangial deposits that 

were seen in the dosed animals. For the experiments performed in the following 

chapter, housing of mice was reduced from 3 to 2 per cage to account for this 

potential contributory factor.  

 

Important differences exist between the murine and human IgA systems, that may 

in part explain the difficulty of modelling all aspects of human IgAN. Mice possess 

only one form of IgA that more closely resembles IgA2 than IgA1, in that it lacks the 

extended hinge region that is variably glycosylated in IgAN. Only humans and 

higher primates (e.g. chimpanzee, gorilla) possess these two separate forms of 

IgA. In humans, serum IgA mainly exists in monomeric form, whereas in rodents, it 

is mainly polymeric. Mice lack the equivalent of the human FcαR1 receptor 

(Monteiro and Van De Winkel, 2003). Lastly, mouse polymeric IgA undergoes 

hepatobiliary transport and clearance to a far greater extent than human IgA 

(Delacroix et al., 1985). Despite these differences, it appears that mouse IgA 
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undergoes glomerular deposition in this model, and that subsequent glomerular 

and tubulointersitial changes occur. This data, together with the multiphoton 

microscopy observations from Chapter 3, suggest that IgA has a propensity for 

glomerular deposition that is conserved between humans and rodents. The model 

established here may prove useful for studying events in vivo that occur 

subsequent to the deposition of IgA, for example the development of glomerular 

and tubulointerstitial inflammation. 

 

In an attempt to address some of the differences between species, Monteiro et al 

recently reported a model that incorporates components of the human IgA system 

into the mouse. A double transgenic knock-in model was developed that expresses 

both human IgA1 and the human myeloid FcαR1 (CD89). In this model, both 

components were required to produce the disease phenotype, with IgA1-CD89 

complexes being formed and deposited in the mesangium, leading to haematuria, 

proteinuria and impairment of kidney function. This interaction was dependent upon 

another IgA1 receptor, transferrin 1 (TfR1/CD71) and the cross-linking enzyme 

tissue transglutaminase 2. Mice that expressed human IgA1 only developed IgA 

deposits in an endocapillary distribution without other evidence of glomerular injury. 

However, further validation of this model is required, especially as few studies have 

demonstrated the presence of CD89 in renal biopsies from patients with IgAN. 

 

In summary, in this chapter, a model of IgAN was induced and optimised in 

C57BL/6 mice, with co-deposition of IgG and C3 and subsequent inflammatory 

changes, in the form of glomerular T cell infiltration, and tubulointerstitial 

macrophage infiltration. 
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Chapter 6: The contribution of the lectin pathway of 
complement activation to a mouse model of IgA nephropathy 

 

6.1 Introduction 

The hypothesis examined in this thesis is that in IgAN, filtered IgA contributes to 

tubulointerstitial inflammation, and therefore disease progression. The previous 

chapters established the following: filtered IgA is recognised and endocytosed at 

the apical surface of PTEC in vivo; IgA1 and IgA1-induced mesangial cell cytokines 

elicit a pro-inflammatory and pro-fibrotic phenotypic transformation in cultured 

human PTEC; and a mouse model of IgAN, that developed glomerular IgA and IgG 

deposition, and complement (C3) activation and deposition, resulted in both 

glomerular (T-lymphocyte infiltration) and tubulointerstitial (macrophage infiltration) 

inflammation. The final chapter in my thesis focuses on the role of the lectin 

pathway in mediating both glomerular and tubulointerstitial inflammation in the 

mouse model of IgAN studied, and specifically whether mice genetically deficient in 

either MASP-2 or Collectin-11, key initiators of the lectin pathway, were protected 

against the development of renal inflammation.  

 

The complement system consists of a complex network of over 30 proteins that 

mediate both adaptive and innate immune responses, resulting in an amplification 

cascade of effector responses. There are three main mechanisms of activation, 

termed the classical, alternative and lectin pathways. In IgAN, there is evidence 

that both the alternative and lectin pathways are commonly activated, and play an 

important role in disease initiation and progression. C3 deposits are found together 

with mesangial IgA in over 90% of cases, indicative of complement activation 

(Maillard et al., 2015). C1q is rarely deposited, implying that the classical pathway 

does not play a major role. Regarding the alternative pathway, properdin, a positive 

amplifier which stabilises the normally labile C3 convertase C3bBb, and Factor H, a 

negative regulator which acts at multiple levels, are commonly detected within 

glomeruli in IgAN (Maillard et al., 2015). In addition, two separate genome wide 

association studies (GWAS) identified that a single nucleotide polymorphism (SNP) 

in the CFH/CFHR locus, resulting in deletion of Complement factor-H related 

protein-1 and -3 (CFHR-1 and CFHR-3), protected against the risk of developing 

IgAN (Gharavi et al., 2011; Kiryluk et al., 2012). CFHR-1 and CFHR-3 compete with 
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the binding of Factor H to C3, and their deletion results in uninhibited Factor H-C3 

binding, and down-regulation of the alternative pathway. Increased urinary 

excretion of C5b-9, Factor H and properdin have been identified in IgAN, implying 

that tubular epithelial cells are exposed to these factors (Onda et al., 2011). 

Therefore complement may be a factor that links glomerular and tubulointerstitial 

inflammatory disease in IgAN. 

 

Activation of the lectin pathway may play an important contribution in the 

progression of IgAN. Glomerular deposition of C4 and C4-binding protein were first 

reported over 20 years ago in a subgroup of patients with IgAN, but was originally 

thought to result from classical pathway activation (Miyazaki et al., 1984). However, 

as C1q is usually absent, and following the more recent description of the lectin 

pathway, this finding is currently believed to represent lectin pathway activation. 

Deposits of the lectin pathway components MBL, L-ficolin, MBL-associated protein 

(MASP)-1/3 and MASP-2, C4d and C4-binding protein, but not C1q, were identified 

in 25% of IgAN renal biopsies, and these cases were associated with more severe 

histological injury (mesangial proliferation, extracapillary proliferation, glomerular 

sclerosis and interstitial fibrosis), increased proteinuria, and impairment of kidney 

function (Roos et al., 2006). In another biopsy series, around one third of IgAN 

patients had evidence of mesangial C4d deposition, and these patients had a 

marked reduction in 10-year renal survival (C4d +ve 43.9% vs C4d –ve 90.9%) 

(Espinosa et al., 2009).  

 

In humans, activation of the lectin pathway is initiated by five known molecules that 

bind to pathogen-associated molecular patterns: mannose binding lectin 2 (MBL2), 

the ficolins: H-ficolin, L-ficolin and M-ficolin, and the more recently discovered C-

type lectin, Collectin-11 (CL-11), also known as Collectin kidney-1 due to its high 

expression in the kidney, specifically by mesangial cells and in the brush border of 

the proximal tubules (Motomura et al., 2008). Following activation, these 

recognition molecules form complexes with MASP-1, -2, and/or -3, promoting 

further complement activation and stabilisation of the lectin pathway C3 convertase 

C4b2a (Figure 8). Of these, MASP-1 and -3 are derived from the same gene 

MASP1/3, by alternative splicing (Stover et al., 2003; Thiel, 2007). In mice, two 

separate forms of MBL exist, MBL-A and MBL-C, which along with L-ficolin and CL-

11 may complex with MASP-1/3 or MASP-2 to trigger complement activation. It is 
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thought that only MASP-2 is absolutely required for mouse lectin pathway 

activation, as mice deficient in MASP1/3 demonstrate normal lectin pathway activity 

(Schwaeble et al., 2011). MASP-2 deficient mice were protected from the injurious 

effects of myocardial and gatrointerstinal ischaemic-reperfusion (Schwaeble et al., 

2011).  

 

The exact mechanism of interaction between IgA and the lectin pathway is yet to be 

fully elucidated. Polymeric IgA, but not monomeric IgA, was demonstrated to bind 

to the carbohydrate recognition domain of MBL and induced C4 and C3 activation 

(Roos et al., 2001). Binding was not inhibited by GalNac, suggesting that the 

presence of an undergalactosylated IgA1 hinge region was not a requirement for 

this interaction.  

 

Given the central role of MASP-2 to lectin pathway activation, and its potential 

ability to link IgA deposition to complement activation and subsequent renal 

inflammation, the first aim of this chapter was to ascertain whether mice genetically 

deficient in MASP-2 were protected from the development of glomerular and 

tubulointersitital inflammation after induction of the mouse model of IgA 

nephropathy. As CL-11 is highly expressed within the kidney and may play a role in 

initiating IgA-induced lectin pathway activation, especially regarding the potential 

interaction between filtered IgA and CL-11 expressed at the brush border of the 

proximal tubule, the second aim of this chapter was to assess whether mice 

genetically deficient in this lectin pathway initiator were protected against these 

effects. 
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6.2 Protocol 

Three groups of 8-week-old male mice were tested in the following protocol: wild-

type (wt) C57BL/6, CL-11-/- and MASP-2-/-. Mice received 0.1% BGG continuously 

in the drinking water, before receiving three intravenous injections of 1mg BGG via 

the tail vein on consecutive days, a further IV injection of 1mg BGG after 48 hours, 

and were then sacrificed after 48 hours. A control group of wt C57BL/6 mice 

received normal drinking water and intravenous injections of vehicle (PBS) at the 

same volume and frequency as the dosed experimental groups. 8 mice were 

included in each group. One of the CL-11-/- mice died overnight after receiving the 

first injection of BGG, but all other mice completed the experimental protocol. 

 

 

 

 

 

 

 

 

 

 

 
Figure 54: Experimental protocol utilised in this chapter. C57BL/6 mice were orally immunised 

with BGG followed by 4 intravenous injections of BGG, and were then sacrificed after 48 hours. 

 

Comparisons were made between wt control and wt dosed groups, and between 

the wt dosed and either the CL-11-/- or MASP-2-/- groups. 
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6.3 Results 

 

6.3.1 Genotyping of MASP-2 and Collectin-11 deficient mice 

MASP-2-/- mice were generously provided by Professor Wilhelm Schwaeble, 

University of Leicester, and mice from the colony had been backcrossed on to a 

C57BL/6 background for at least 11 generations (Schwaeble et al., 2011). Mice 

were genotyped by PCR using the following three primers: M2_F1 

(CATCTATCCAAGTTCCTCAGA), Neo5_R1 (CTGATCAGCCTCGACTGTGC), and 

m2WTO_R1 (AGCTGTAGTTGTCATTTGCTTGA). These amplified a 500-bp 

product from the disrupted allele and an 800-bp product from the wild-type allele 

(Figure 55).  

 

The CL-11 deficient mouse line was also generously provided by Professor 

Wilhelm Schwaeble, and mice from the colony had been backcrossed on to a 

C57BL/6 background for at least 15 generations. Mice were genotyped using the 

following three primers: CL-11_wto-F1 (CAGATTCTTGTCCCTGGCCTCA), Neo3a 

(GCAGCGCATCGCCTTCTATC), and CL-11_scr-R1 (CTCAGTGTCAGCTGAATA-

AATGCCA). These amplified a 600-bp product from the disrupted allele and a 470-

bp product from the wild-type allele (Figure 56). 

 

All MASP-2-/- and CL-11-/- mice were confirmed to be homozygous for the disrupted 

allele prior to being used in the subsequent experiments. 
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Figure 55: Genotyping of MASP-2-/- mice. Genomic DNA was extracted from ear clippings from 

2 wild type C57BL/6 mice and 9 MASP-2-/- mice, and subjected to PCR. An 800-bp product was 

demonstrated from the wild type allele, and a 500-bp product from the disrupted allele.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 56: Genotyping of CL-11-/- mice. Genomic DNA was tested from 1 wt C57BL/6 mouse 

and 6 CL-11-/- mice (the other 2 CL-11-/- mice in the group were analysed separately), and 

subjected to PCR. A 470-bp product was demonstrated from the wild type allele, and a 600-bp 

product from the disrupted allele. 
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6.3.2 Characteristics of the animal models 

Mice from all experimental groups were matched for age and sex, and were dosed 

with the same amount of oral and intravenous BGG. Mice were weighed before 

being placed in the metabolic cages for the final 24 hours of the experimental 

course. As shown in Figure 57, experimental groups were well matched for weight, 

with the only significant difference observed being between mice from the wt 

control group (mean ± SEM, 31.95 ± 0.62 g) and the CL-11-/- group (26.70 ± 1.33 g; 

p=0.02). No significant difference was observed between the three dosed groups, 

with the mean weight of the wt dosed group being 30.00 ± 2.37 g and the MASP-2-/- 

group being 29.06 ± 0.58 g. 

 

 
 

Figure 57: Mean weight of the mice at the end of the experimental course, measured before 

placement into the metabolic cages. A significant difference was observed only between mice 

from the wt control and CL-11-/- groups, with no difference between the three dosed groups. 

Weights from only four mice from the wt dosed and the CL-11-/- groups were available for 

analysis. Data points represent each individual mouse, horizontal lines represent the mean, and 

error bars represent the SEM. * P<0.05. 
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6.3.3 Serum and urine measurements 

Blood was collected under terminal anaesthesia and analysed for serum urea and 

creatinine. 24-hour collections of urine, obtained prior to sacrifice using individual 

metabolic cages, were analysed for protein excretion. Fresh collections of urine, 

obtained at the end of the experimental course, were analysed for haematuria by 

urine dipstick and by microscopy. 

 

No significant difference was observed between the experimental groups regarding 

measurements of kidney function (serum urea and creatinine) and urinary protein 

excretion, quantified by the protein:creatinine ratio (PCR) (Figure 58). A number of 

the mice from the CL-11-/- and MASP-2-/- groups had a borderline raised urea 

(normal reference range <10 mmol/L). All serum creatinine measurements were 

within normal reference values. 

 

Regarding measurements of haematuria, in the wt dosed group, 3/8 mice 

developed haematuria detectable by urine dipstick, compared to 1/8 in the wt 

control group, 1/7 in the CL-11-/- group, and 1/8 in the MASP-2-/- group, all at 1+ 

intensity. On quantification by microscopy, a significant increase was observed in 

urinary red cells in the wt dosed (7.0 ± 1.1 x 104 RBC/mL) compared to the wt 

control groups (2.4 ± 0.8 x 104 RBC/mL; p=0.005; Figure 59). Although a trend 

towards a reduction in urinary red cells was observed in the CL-11-/- group (4.0 ± 

1.3 x 104 RBC/mL) compared to the wt dosed group, this did not reach statistical 

significance. No significant difference was observed between the wt dosed group 

and the MASP-2-/- group (8.3 ± 2.3 x 104 RBC/mL). 
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Figure 58: Measurements of kidney function and proteinuria. No significant difference was 

observed between the experimental groups regarding (A) serum urea, (B) creatinine, and (C) 

urine protein:creatinine ratio (PCR). Data points represent each individual mouse, horizontal 

lines represent the mean, and error bars represent the SEM. 

 

 

 

 

 

 

 

 

 

Figure 59: Urinary red cells in the experimental groups. A significant increase was observed in 

the wt dosed group compared to the wt control group. No significant difference was observed 

between the other experimental groups. Data points represent each individual mouse, 

horizontal lines represent the mean, and error bars represent the SEM. ** p<0.01. 
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6.3.4 Immune responses 

To quantify the immune response against BGG, serum anti-BGG IgA and IgG 

levels were measured by ELISA. Plates were coated with 10 μg/mL BGG in coating 

buffer overnight, before being blocked with 1% BSA/PBS. Samples were added to 

the wells at a 1/40 dilution in 1% BSA/PBS, following which a goat anti-IgA or anti-

IgG HRP antibody was applied, at 1/2000 and 1/4000 dilution respectively. Plates 

were developed using OPD. 

 

The serum anti-BGG IgA response was significantly higher in the wt dosed 

compared to the wt control group (0.37 ± 0.13 vs 0.03 ± 0.01 OD, p=0.019; Figure 

60). In addition, serum anti-BGG IgA responses were significantly higher in both the 

CL-11-/- (1.21 ± 0.37 OD; p=0.04) and the MASP-2-/- (1.02 ± 0.24 OD; p=0.03) 

groups compared to the wt dosed group. Urine anti-BGG IgA was detectable in all 

the dosed groups. No significant difference was observed in the urinary anti-BGG 

IgA levels between the experimental groups, although a trend towards an increase 

was observed in the dosed animals, especially in the MASP-2-/- group.  

 

Regarding serum anti-BGG IgG responses, there was a trend towards a higher 

response in the wt dosed (0.26 ± 0.13 OD) compared to the wt control animals 

(0.02 ± 0.004 OD), although this was not statistically significant. An increase in 

serum anti-BGG IgG levels was observed in both the CL-11-/- (0.81 ± 0.15 OD) and 

the MASP-2-/- (0.78 ± 0.23 OD) groups, with the CL-11-/- group reaching statistical 

significance (p=0.01). No alteration was observed in urine anti-BGG IgG levels 

between the experimental groups, compared to the wt control group. 
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Figure 60: Immune responses in the experimental groups. (A) Serum anti-BGG IgA levels were 

increased in the wt dosed mice compared to the wt controls, and furthermore were significantly 

higher in the CL-11-/- and MASP-2-/- mice than in the wt dosed mice. (B) A similar increase was 

observed in the urine anti-BGG IgA levels in the three dosed mice groups compared to the wt 

control group, although there was no statistically significant difference between the groups. (C) 

Serum anti-BGG IgG levels followed a similar pattern, with levels in the CL-11-/- mice being 

significantly higher than the wt dosed mice. (D) No increase in urinary anti-BGG IgG levels was 

observed in any of the three dosed groups compared to the wt control group. Mean and SEM 

are displayed. * p<0.05. 
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6.3.5 Immunofluorescence 

Immunofluorescence staining for IgA, IgG and C3 was performed on frozen kidney 

sections, and the mean intensity of staining from 10 consecutive glomeruli was 

quantified in Image J.  

 

Glomerular IgA staining was significantly increased in the wt dosed compared to 

the wt control group (Figure 61). No significant difference in glomerular IgA staining 

was observed between either the dosed CL-11-/- or MASP-2-/- mice and the wt 

dosed mice. A trend towards increased glomerular IgG staining in the CL-11-/- and 

the wt dosed groups compared to wt control group was observed, but this did not 

reach statistical significance (Figure 62). In contrast, dosed MASP-2-/- mice 

displayed significantly increased glomerular IgG staining compared to wt controls, 

but not compared to wt dosed animals. Glomerular C3 deposition was increased in 

the wt dosed mice compared to the wt controls (Figure 63). This was significantly 

lower in the CL-11-/- group in comparison to both the wt dosed and control groups. 

A trend towards reduced glomerular C3 staining was observed in the MASP-2-/- -

group compared to the wt dosed group, but this did not reach significance. 
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6.3.5.1   IgA 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 61: Immunohistochemistry for IgA-FITC in frozen kidney sections. Glomerular IgA 

staining was increased in the wt dosed group, and both the (A) CL-11-/- and (B) MASP-2-/- 

groups compared to the wt controls. Data points represent the mean fluorescent intensity from 

ten consecutive glomeruli from each individual mouse, horizontal bars signify the mean for each 

group. 
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6.3.5.2    IgG 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 62: Immunohistochemistry for IgG-FITC in frozen kidney sections. (A) A non-significant 

trend towards increased glomerular IgG staining was observed in the wt dosed and the CL-11-/- 

groups compared to the wt controls. (B) MASP-2-/- dosed mice had significantly increased 

glomerular IgG staining compared to the wt controls. Data points represent the mean 

fluorescent intensity from ten consecutive glomeruli from each individual mouse, horizontal bars 

signify the mean for each group. 
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6.3.5.3    C3 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 63: Immunohistochemistry for C3-FITC in frozen kidney sections. (A) Glomerular C3 

staining was increased in the wt dosed group compared to the wt controls. C3 deposition was 

significantly decreased in the CL-11-/- mice compared to both the wt dosed and wt control 

groups. (B) There was a non-significant reduction of glomerular C3 staining in the MASP-2-/- 

dosed group compared to the wt dosed group. Data points represent the mean fluorescent 

intensity from ten consecutive glomeruli from each individual mouse, horizontal bars signify the 

mean for each group. 
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6.3.6 Glomerular cell count 

Total cell counts were performed from 25 consecutive glomeruli. Wt dosed mice 

had a significantly higher glomerular cell count compared to wt control animals 

(31.96 ± 1.1 vs 26.32 ± 0.55; p = 0.0004; Figure 64). CL-11-/- mice had a 

significantly lower glomerular cell count (23.68 ± 0.58; p < 0.0001) compared to the 

wt dosed mice. There was no difference in glomerular cell count between the wt 

dosed and the MASP-2-/- (29.1 ± 1.51; p = 0.15) groups. 
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Figure 64: Glomerular cell counts across the experimental groups. Cells were counted manually 

from 25 consecutive glomeruli in Periodic Acid Schiff stained kidney sections. An increase in 

glomerular cell count was observed in the wt dosed compared to the wt control mice. CL-11-/- 

mice had a lower glomerular cell count compared to wt dosed mice. There was no difference in 

glomerular cell count between wt dosed and MASP-2-/- dosed mice. Data points represent the 

mean cell count from each individual mouse. Horizontal bars represent the mean and error bars 

represent the SEM for each group. 
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6.3.7 Immunohistochemistry for macrophage and T cell infiltration 

Immunohistochemistry was performed on FFPE kidney sections for the 

macrophage marker, F4/80. 35 consecutive cortical areas were imaged and 

positive areas calculated using Image J. Wt dosed animals displayed significantly 

increased F4/80+ staining compared to wt controls, indicative of increased 

macrophage infiltration. Furthermore, F4/80+ staining was significantly increased in 

both the CL-11-/- and MASP-2-/- groups compared to both the wt control and dosed 

groups (Figure 65).  

 

As the F4/80 antigen may not be readily detected in intraglomerular macrophages 

(Masaki et al., 2003), immunostaining against an alternative macrophage marker, 

CD68, was performed in paraformaldehyde lysine periodate (PLP) fixed frozen 

kidney sections. Positive cells were manually counted in 25 consecutive glomeruli. 

No significant difference in the number of intraglomerular CD68+ cells was detected 

between the groups (Figure 66). 

 

Immunohistochemistry was also performed against the pan-T cell marker, CD3, in 

FFPE kidney sections. Positive cells were manually counted in 25 consecutive 

glomeruli. A significant increase in intraglomerular CD3+ cells was detected in the 

wt dosed group compared to the wt controls, and compared to both the CL-11-/- and 

MASP-2-/- groups (Figure 67). 
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Figure 65: Renal cortical macrophage (F4/80+) infiltration in the experimental groups. F4/80+ 

staining was increased in wt dosed compared to wt control mice, and in both CL-11-/- and 

MASP-2-/- compared to wt dosed mice. Data points represent the mean positive F4/80 stained  

area from 30 consecutive cortical areas from an individual mouse. Horizontal bars represent the 

mean and error bars represent the SEM from each group. ** p<0.01, *** p<0.001, **** p<0.0001. 
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Figure 66: Intraglomerular macrophage infiltration across the experimental groups. CD68 

staining was performed on paraformaldehyde lysine periodate (PLP) fixed frozen sections. No 

significant difference was observed between the experimental groups. Arrow indicates a 

positively stained cell. Positive cells were quantified from 25 consecutive glomeruli. Points 

represent the mean cell count for an individual mouse, mean ± SEM for each group are 

displayed. 
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Figure 67: Intraglomerular T cell infiltration across the experimental groups. Staining was 

performed for the pan T cell marker CD3 in formalin fixed paraffin embedded kidney sections, 

and positive cells were quantified from 25 consecutive glomeruli. Positively stained cells are 

demonstrated in the section from the wt dosed animal above (top right). An increase in 

intraglomerular T cells was observed in wt dosed mice compared to all other groups. Points 

represent the mean cell count for an individual mouse, mean ± SEM for each group are 

displayed. 
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6.3.8 Pro-inflammatory and pro-fibrotic gene expression 

Finally, RNA was extracted from individual total kidney samples, and analysed for 

the gene expression for six different pro-inflammatory or pro-fibrotic mediators: 

complement factor C3, interleukin-6 (IL6), tumor necrosis factor (TNF), chemokine 

ligand 2 (CCL2, also known as monocyte chemotactic protein 1 (MCP1)), 

fibronectin (Fn), and transforming growth factor beta 1 (TGFB1). Gene expression 

was analysed as a comparison to the housekeeping gene cyclophilin. Statistical 

comparisons were performed between wt control and wt dosed groups, wt dosed 

and CL-11-/- dosed groups, and wt dosed and MASP-2-/- dosed groups. 

 

There was a significant reduction in TNF gene expression in the wt dosed 

compared to the wt control animals, but no other significant change in the other 

genes tested (Figure 68). In the dosed CL-11-/- mice, there was a significant 

increase in TNF expression, and a significant reduction in CCL2 and TGFB1 

expression compared to the wt dosed animals. In the dosed MASP-2-/- mice, there 

was a significant reduction in Fn and TGFB1 gene expression compared to the wt 

dosed animals. 
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Figure 68: Pro-inflammatory and pro-fibrotic gene expression across the experimental groups. 

RNA from individual total kidney samples was analysed for the gene expression of six different 

pro-inflammatory or pro-fibrotic mediators by quantitative real time PCR. Gene expression was 

quantified as a ratio to the housekeeping gene cyclophilin using the delta delta CT method, and 

expressed as fold change compared to the control group. (A) Gene expression in the wt dosed 

group compared to the wt control group. A significant reduction in TNF gene expression was 

found in the wt dosed mice compared to the wt controls. No other significant changes were 

found in the other genes tested. (B) Gene expression in the dosed CL-11-/- group compared to 

the wt dosed group. A significant increase in TNF, and decreases in CCL2 and TGFB1 gene 

expression were observed in the CL-11-/- group. (C) Gene expression in the dosed MASP-2-/- 

group compared to the wt dosed group. Significant reductions in Fn and TGFB1 gene 

expression were observed in the MASP-2-/- mice. Bars represent the mean ± SEM for each 

group. * p<0.05, ** p<0.01, **** p<0.0001. 
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6.4 Conclusion 

The data in this chapter demonstrates that a model of IgA nephropathy was 

successfully induced in wt, CL-11-/- and MASP-2-/- C57BL/6 mice, by the oral and 

parenteral administration of BGG. Induction of the model led to generation of a 

serum anti-BGG IgA and IgG immune response, and the presence of anti-BGG IgA 

in the urine. Immune responses were consistently stronger in the CL-11-/- and 

MASP-2-/- groups compared to wt dosed animals. Glomerular IgA deposition was 

equivalent across the dosed groups, and there was a trend towards stronger IgG 

deposition in the MASP-2-/- mice. Consistent with these findings, interstitial 

macrophage infiltration was increased in the CL-11-/- and MASP-2-/- groups 

compared to wt mice. Overall, the model appeared to be more strongly induced in 

the CL-11-/- and MASP-2-/- groups. Deficiencies in these components of the lectin 

pathway did not protect against the interstitial inflammatory responses generated 

by this disease model, and conversely, these responses may have been 

exacerbated, possibly due to compensatory effects of other pro-inflammatory 

pathways. 

 

Some differences in glomerular pathology were observed between the groups. 

Although there was no alteration in kidney function or levels of proteinuria, there 

was a trend towards a reduction in haematuria in the CL-11-/- mice, associated with 

a reduction in glomerular cell count in this group. A significant reduction in 

glomerular T cell infiltration, and a trend towards reduction in glomerular 

macrophages were observed in the CL-11-/- and MASP-2-/- groups, compared to wt 

dosed animals. Absence of these lectin pathway components may therefore have a 

protective effect against aspects of the glomerular pathology induced by this model. 

 

Interestingly, CL-11-/- mice had reduced glomerular C3 deposition compared to both 

wt control and dosed animals, suggesting that this effect was independent of the 

model. It would be of major interest to investigate this characteristic further by 

inducing other models of renal disease in CL-11-/- mice where glomerular C3 

deposition occurs to a greater extent.  

 

No notable increase in renal pro-inflammatory and pro-fibrotic cytokine gene 

expression was detected in the model in wt mice compared to control animals. 

Although some reductions in CL-11-/- and MASP-2-/- mice were observed compared 
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to the wt dosed mice, the relevance of these findings is unclear given that the 

expression of these genes was not induced in the model. It would be interesting to 

examine whether relative gene expression differs according to specific renal 

cortical compartments (i.e. glomerular or tubulo-interstitial areas) by techniques 

such as laser capture microdissection or in situ hybridisation, since changes within 

individual regions may become undetectable when total renal tissue is analysed. 

For example, differences in proteoglycan gene expression between glomerular and 

tubulointerstitium areas, thought to be important for extracellular matrix production 

and cell signalling, have been identified from biopsies from patients with IgAN 

(Ebefors et al., 2011). Differences in gene expression between individual renal 

compartments may explain the apparent discrepancy between the increase in 

interstitial inflammation and reduction in glomerular pathology observed in the 

genetically deficient mice. 

 

It remains unclear whether the lectin pathway of complement is activated in this 

model. There does appear to be complement activation, evidenced by the 

increased glomerular deposition of C3. In human IgAN, the complement system is 

most commonly activated via the alternative and lectin pathways (Maillard et al., 

2015). Further efforts are currently underway to establish whether complement 

components from each of these pathways are generated and deposited in 

increased amounts in this model. However, as complement activation may lead 

only to transient soluble component formation, the activation of these pathways 

cannot be ruled out by the absence of such deposits. An interesting proposition is a 

potential link between MASP1/3 and the alternative pathway, so that the increased 

tubulointerstitial macrophage infiltration observed in the MASP-2-/-
 mice may be 

attributable to an increase in MASP1/3 activity driving alternative pathway 

activation (Degn et al., 2012; Sekine et al., 2013). Current efforts are underway to 

elucidate the links between these two pathways of complement activation.  

 

Of note, studies of human IgAN have indicated that the lectin pathway is activated 

in only a subset of patients with IgAN, and its activation is associated with a more 

aggressive form of the disease (Espinosa et al., 2009; Roos et al., 2006). There 

have been limited in vitro studies to date that examine the interaction between IgA 

and the lectin pathway (Roos et al., 2001). Recognition molecules that act as 

initiators of the lectin pathway may respond to specific oligosaccharide patterns, 
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and the undergalactosylated IgA1 hinge region, a feature of human IgAN not 

replicated in the mouse IgA system, may prove to be an important trigger for lectin 

pathway activity. 

 

There are certain limitations to this model. Despite efforts to optimise the dosing 

schedule, some of the mice did not respond strongly to the antigen, both in terms of 

a serum immune response, and the deposition of IgA, which in some cases was 

mild-moderate in nature. This heterogeneity of response is consistent with previous 

reports (Emancipator, 2001; Emancipator et al., 1983a). These findings may be 

reflected in the degree of inflammatory cell infiltration, and the finding that no renal 

dysfunction or proteinuria occurred. Additionally there is no evidence from this 

study or from previous reports that renal fibrosis occurs in this model. Together, 

these findings mean that the model is more representative of an early stage of 

human IgA nephropathy. Non-affected littermates would have served as a more 

optimal control to the genetically deficient animals, to fully control for both the 

genetic background and environmental factors (Holmdahl and Malissen, 2012). 

However, these were unavailable for this study. 

 

Previously, other investigators have incorporated a uninephrectomy immediately 

following the parenteral administration of BGG in order to induce a more severe 

phenotype, and have reported fibrosis and increased proteinuria in this model (Lai 

et al., 2011). However, it would be important to ensure that these effects are not 

due to the uninephrectomy itself, rather than the immunisation of BGG. Another 

approach may be the incorporation of an adjuvant together with BGG immunisation, 

to stimulate a stronger IgA response. The intranasal delivery of Cholera toxin (CT) 

and its non-toxic B subunit, CTB, has been shown to strongly stimulate both 

mucosal and serum IgA responses (Czerkinsky et al., 1991). Use of CTB and oral 

immunisation with ovalbumin have been reported in a mouse model of IgAN 

(Yamanaka et al., 2016).  

 

In summary, in this mouse model of IgA nephropathy, genetic deficiency of MASP-

2 or CL-11 did not protect against the tubulointerstitial inflammation observed in the 

form of interstitial macrophage recruitment. Further studies should focus on the role 

of the alternative pathway and whether this is activated in the model. 
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Chapter 7: Final discussion 

7.1 Summary of results 

The aim of this thesis was to investigate mechanisms of progression of IgAN 

following mesangial deposition of IgA, and to ascertain whether IgA has a direct 

effect on the proximal tubule, that contributes towards tubulointerstitial inflammation 

and fibrosis. The following hypothesis was tested “A major factor determining the 

development of progressive renal failure in IgAN is the presence in the serum of 

IgA1 with PTEC-specific pro-inflammatory and pro-fibrotic activity. As non-selective 

proteinuria develops this IgA1 enters the proximal tubule and augments PTEC 

activation, accelerating renal scarring”. 

 

Since only limited studies had been performed to date that examined the interaction 

between IgA and PTEC, the first study concentrated on this interaction in vivo, 

utilising multiphoton microscopy. Serum IgA that was filtered across the glomerular 

filtration barrier was found to interact with PTEC and undergo endocytosis in wild 

type MWF rats. Induction of podocyte injury and compromise of the glomerular 

filtration barrier led to a large increase in the filtration of IgA, and its uptake by 

PTEC. A model of ischaemic-ATN induced CKD, resulting in tubular injury, led to 

greatly diminished endocytosis of IgA by PTEC, suggesting that this interaction 

requires healthy tubules and is therefore an active process. 

 

The second study focused on the effects of human IgA on PTEC cytokine release. 

Total IgA1 had a stimulatory effect on human PTEC, leading to transcription factor 

(PPRE) activation, and pro-inflammatory (IL-6) and pro-fibrotic (TGF-β1) 

responses. pIgA1 had a particularly strong effect on TGF-β1 release. The strongest 

response was observed with galactose-deficient pIgA1 (gdpIgA1), the fraction of 

IgA1 that is increased in IgAN patients and found within glomerular mesangial IgA 

deposits. IgA1 was found to have effects on PTEC pro-inflammatory and pro-

fibrotic cytokine release both directly, and via IgA1-human mesangial cell 

stimulated conditioned media. Therefore IgA1, especially gdpIgA1, may have 

potent stimulatory properties on PTEC cytokine release that contribute towards the 

process of tubulointerstitial fibrosis in IgAN. 
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In the third study, a mouse model of IgAN, involving oral and parenteral 

immunisation with bovine gamma globulin, was developed and optimised. The 

model was established in both BALB/c and C57BL/6 mouse strains. Through this 

series of experiments, it was shown that the model of IgAN was associated with 

both glomerular (T cell) and tubulointerstitial (macrophage) inflammatory cell 

infiltration. These effects were broadly equivalent across the two mouse strains. 

 

In the fourth study, the contribution of the lectin pathway of complement activation 

towards glomerular and tubulointerstitial inflammation was studied in the mouse 

model of IgAN. The model was induced in mice genetically deficient in key 

components of the lectin pathway, MASP-2, and the recognition molecule Collectin-

11. The model was more strongly induced in both genetically deficient mice 

compared to wild type animals, with equivalent IgA deposition, stronger IgG 

deposition, and an increase in tubulointerstitial inflammatory (macrophage) cell 

infiltration. However, some protective effects on glomerular inflammatory (T cell) 

cell infiltration were noted, implying that the lectin pathway may have differing 

effects according to specific renal compartment. Overall, however, it appeared that 

deficiency of these lectin pathway components did not protect against the 

development of tubulointerstitial inflammation. Indeed, the increased effects 

observed could possibly be due to the compensatory effects of other pro-

inflammatory pathways, although this remains to be shown. 

 

7.2 Limitations of the thesis  

7.2.1 Limitations of the multiphoton microscopy studies 

Although the multiphoton microscopy studies demonstrated uptake of fluorescently 

labelled IgA by the proximal tubule, and that the proximal tubule has capacity for 

increased endocytosis following damage to the glomerular filtration barrier, it 

remains to be demonstrated whether this process occurs in humans. Although 

intravital imaging offers key advantages, specifically the ability to assess the 

handling of filtered proteins in their native environment, differences exist between 

the structure of human and rat IgA. Live imaging of the renal handling of filtered 

proteins within the human kidney is not possible, although binding of IgA to human 

PTEC has been previously demonstrated by flow cytometry (Chan et al., 2005). 

More detailed studies, for example by confocal microscopy, to examine IgA-PTEC 

binding would be helpful to confirm this interaction. It would also be helpful to 
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confirm the multiphoton imaging findings by staining the kidney sections generated 

at the end of the experiment for the presence and location of IgA. 

 

7.2.2 Limitations to the in vitro studies 

Further work is required to detail the potentially important and clinically significant 

interaction between human IgA1 and PTEC. The release of a number of pro-

inflammatory and pro-fibrotic cytokines was demonstrated from PTEC after 

incubation with IgA1. Isolation of IgA1 from serum is technically challenging, and a 

number of different approaches have been reported previously, each with their own 

advantages and limitations.  

 

In these studies, jacalin was used to isolate IgA1 from ammonium sulphate 

precipitated serum. There remains a possibility that some of the effects observed 

may be in part attributable to other unknown proteins that have either bound to 

jacalin, or were carried over during the isolation process. Care was taken to 

minimise these effects as far as possible. Jacalin has a high affinity for O-

glycosylated peptides. IgA1, IgD and C1 esterase inhibitor are the main O-

glycosylated proteins within serum, and of these IgA1 is by far the most abundant. 

Jacalin has strong affinity for both T and Tn antigen (Figure 2). Sialylation of the Tn 

antigen inhibits binding of Jacalin, excluding this particular fraction of IgA1 from the 

isolate, while the sialylation of the T antigen does not affect binding (Tachibana et 

al., 2006). The use of jacalin may therefore not isolate all forms of IgA1 contained 

within serum.  

 

Other groups have performed affinity chromatography using an anti-IgA column 

(Oortwijn et al., 2006), although this approach isolates both IgA1 and IgA2, the 

latter being of less relevance in IgAN. In addition, this method requires the use of 

an acidic glycine-HCl buffer to elute the IgA, which may potentially affect and 

degrade IgA-containing immune complexes. Another approach has been the 

generation of IgA by EBV-immortalised B cell lines, isolated from both patients with 

IgAN and healthy subjects (Suzuki et al., 2008). This method has been used to 

characterise differences in the galactosylation processing of IgA1 in IgAN patients, 

although the generation of enough IgA required for cell culture experiments may 

prove to be technically challenging. Furthermore, patients with IgAN possess a 

variety of circulating IgA1 molecules with heterogeneity in their glycosylation states 



155 
 

at any one time. Although experiments performed with clonal populations of IgA1 

would be of interest to understand underlying mechanisms, they would not model 

the clinical situation accurately. 

 

7.2.3 Limitations to the mouse model of IgAN 

A major limitation to developing mouse models of IgAN is the difference in the 

structure between human and mouse IgA. Mouse IgA exists as one isoform, and 

more closely resembles human IgA2 in that it lacks an extended hinge region. A 

central feature of IgAN is the undergalactosylation of this hinge region, which is 

thought to confer specific nephritogenic properties. Currently, no mouse model 

exists that encompasses all aspects of human IgAN, ranging from the mesangial 

deposition of galactose deficient IgA1, mesangial and podocyte activation, 

glomerular damage and eventually, the development of haematuria, proteinuria and 

progression of tubulointerstitial fibrosis (Eitner et al., 2010). Progressive IgAN 

typically develops over a number of years, making it difficult to accurately model in 

a practical manner.  

 

In this thesis, I have used a model that examines the early events in IgAN, 

specifically the glomerular deposition of IgA and the glomerular and 

tubulointerstitial reactions that occur subsequently. My results from Chapter 5 

demonstrate that deposition of IgA in this model is a transient phenomenon, and 

that the deposits clear if the model is extended beyond around 2 weeks following 

parenteral immunisation. The inflammatory processes that occur, although 

significantly altered from control animals, are relatively mild compared to those 

found in other mouse models of inflammatory kidney disease. Although this is in 

keeping with the pathological changes observed in IgAN, these mild phenotypical 

alterations mean that it is more difficult for an intervention to achieve a significant 

effect. 

 

Transgenic mouse studies have provided many key insights into disease 

processes. However, deletion of genes may have unintended effects away from the 

target organ of interest. While there was no significant weight difference between 

wt and genetically deficient dosed mice, the CL-11-/- mice weighed significantly less 

than wt control mice by the end of the study. This finding suggests that, although 

there were no other clear phenotypic differences, that the CL-11-/- mice may not 
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have gained weight and developed in a normal manner. The use of littermate 

controls would have been a better control to account for all genetic and 

environmental factors. However, these were not available for this study, and 

commercially obtained C57BL/6 mice were used instead.  

 

7.3 Hypothesis 

The work performed in this thesis suggests that IgA, particularly galactose deficient 

pIgA1, contributes to the activation and generation of cytokines by PTEC that are 

known to drive the process of tubulointerstitial inflammation and fibrosis, and that 

passage of this form of IgA1 through a damaged glomerular filtration barrier 

contributes towards the progression of IgAN (Figure 69).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 69: Schematic diagram demonstrating the proposed effects of filtered IgA on the 

proximal tubule. Following mesangial IgA deposition and damage to the glomerular filtration 

barrier in IgAN, IgA that filters through may interact with a PTEC receptor, undergo endocytosis, 

and activate PPARs. This interaction, in a synergistic manner with other components of the 

ultrafiltrate including albumin and mesagial cell derived cytokine, may trigger the release of a 

number of pro-inflammatory and pro-fibrotic cytokines, including GM-CSF, GDF-15, PDGF-BB 

and TGF-β1, that favour the development of progressive interstitial fibrosis. 
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The first study demonstrated for the first time in vivo, that IgA that traverses a 

damaged glomerular filtration barrier is able to interact and be endocytosed by 

PTEC. The PTEC receptor for IgA is unknown. A previous study showed that RNA 

for the known IgA receptors, FcαR, the polymeric Ig receptor (pIgR) and Fcα/µR, 

was not expressed by primary human PTEC (Chan et al., 2005). However, the 

multiligand receptor megalin, highly expressed on the apical surface of PTEC, may 

be a potential receptor for IgA. Utilising a megalin mosaic knockout mouse where 

megalin was expressed by approximately 40% of PTEC, induction of podocyte 

injury by the toxin NEP25, causing non-selective proteinuria, led to uptake of IgA by 

PTEC, but only in those cells that expressed megalin (Motoyoshi et al., 2008). In 

addition, preliminary studies in our laboratory performed by Dr Richard Baines have 

shown that an IgA-stimulated PTEC lysate was able to phosphorylate a megalin-

cytoplasmic tail GST fusion protein. Therefore megalin is a potential receptor of 

interest for this interaction. 

 

The second study demonstrated that total IgA1 had stimulatory effects on PTEC, 

leading to transcription factor (PPRE) activation and cytokine production. pIgA1 

appeared to have the most effects, leading to GM-CSF, GDF-15, PDGF-AA and 

TGF-β1 release. TGF-β1 has well-established roles in contributing towards both 

glomeruloscerosis and tubulointerstitial fibrosis (Kitamura and Sütö, 1997; Loeffler 

and Wolf, 2014). TGF-β1 gene, protein expression and its associated signalling 

protein, SMAD, were also upregulated by human mesangial cells in response to 

pIgA1 (Lai, 2003). GDF-15 is also part of the TGF-β superfamily, and is induced by 

many tissues as a response to stress. It has been shown to be upregulated in 

mouse models of renal ischaemia-reperfusion injury and 5/6 nephrectomy, although 

its role in renal injury is currently unclear (Zimmers et al., 2005). GM-CSF acts via 

the signal transducer and activator of transcription STAT5, and plays a central role 

in the derivation of granulocyte and macrophage populations from bone marrow 

derived precursor cells, and the differentiation of macrophages into the M1 

phenotype, overall having a pro-inflammatory effect (Huen et al., 2014). The 

PDGFs have roles in mesangial cell proliferation and tubulointerstitial injury, 

although the role of PDGF-AA is less well defined compared to –BB and –DD (Boor 

et al., 2014; Floege, 2011; Floege et al., 2014). Overall, release of these cytokines 

over time may contribute towards a pro-inflammatory and pro-fibrotic interstitial 
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microenvironment, leading to progression of tubulointerstitial damage and chronic 

kidney disease in IgAN.  

 

Following damage to the glomerular filtration barrier, other components in the 

ultrafiltrate may play a synergistic role in driving the progressive interstitial damage 

seen in IgAN. The role for albumin in the progression of tubulointerstitial fibrosis 

has been the focus of many studies (Abbate et al., 2006; Baines and Brunskill, 

2011). In addition, IgA has a number of effects on mesangial cells, leading to 

release of a number of pro-inflammatory cytokines, including TNF-α, MCP-1, IL-8, 

IFN-10, MIF and TGF-β, which may filter through the glomerular filtration barrier 

and have a stimulatory effect on PTEC, in a process termed glomerulo-tubular 

crosstalk (Lai, 2003; Leung et al., 2008, 2003; Oortwijn et al., 2006; Tam et al., 

2009).  

 

Of note, approximately two thirds of patients with IgAN do not develop progressive 

disease, despite mesangial IgA deposition, and the severity of mesangial IgA 

deposition is not a prognostic indicator in IgAN (Cattran et al., 2009). A 

differentiating factor appears to be the amount of circulating galactose deficient 

IgA1, which may have specific effects on mesangial cell activation (Zhao et al., 

2012). Development of non-selective proteinuria appears to be a trigger for the 

development of progression of chronic kidney disease in IgAN (Woo et al., 1989). 

The data in the current study suggests that this event may lead to the filtration of 

galactose deficient IgA1, which may then have particularly strong effects on PTEC 

to drive the process of tubulointerstitial fibrosis in IgAN (Figure 70). 

 

Data from the mouse model of IgAN demonstrated a link between glomerular IgA 

deposition, IgG and C3 deposition, and the development of tubulointerstitial 

inflammation. The factors that link glomerular IgA deposition and tubulointerstitial 

inflammation in this model are currently unclear, and an increase in proteinuria was 

not observed. Activation of the complement pathway is a major area of interest, 

given the increased filtration of complement components in IgAN (Onda et al., 

2011), and interactions between complement and the apical surface of the proximal 

tubule in other glomerular diseases (Gaarkeuken et al., 2008). The current studies 

suggest that MASP-2 and CL-11 do not play a major role in promoting interstitial 

macrophage infiltration in this model, given that the deficiency of these initiators of 
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pathway did not protect against this event. Further studies should focus on the role 

and activity of the alternative pathway of complement pathway activation in this 

model. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 70: Proposed extension to the “multiple-hit hypothesis” in IgAN. Patients with IgAN 

possess increased amounts of galactose-deficient IgA1 (gdIgA1), which triggers the formation 

of anti-gdIgA1 antibodies. These complexes deposit in the renal mesangium resulting in 

mesangial cell activation, podocyte injury and damage to the glomerular filtration barrier. Loss of 

permselectivity leads to increasing amounts of filtered albumin, mesangial cell derived cytokines 

and gdIgA1-containing immune complexes which play a synergistic role in driving the 

progression of tubulointerstitial fibrosis. 
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7.4 Future work 

7.4.1 In vivo imaging studies 

Further work is planned to increase the numbers of rats studied so that quantitation 

of IgA-PTEC endocytosis can be performed, in wild-type MWF rats compared to the 

model of podocyte depletion. Total IgA has been separated into mIgA and pIgA 

forms by gel filtration, and these will be labelled with different fluorochromes, to 

assess the differences in their renal handling in these two models. A comparison 

between IgA and albumin will be of interest, to assess whether the difference in 

their molecular sizes makes a difference in the kinetics of their handling by the 

kidney. Given the differences in structure between rodent and human IgA, it would 

also be of interest to assess how human IgA is handled by the rat kidney, and 

whether mesangial deposition and PTEC endocytosis differs for galactose deficient 

compared to normally galactosylated IgA. 

 

7.4.2 In vitro studies 

It is of major interest to define and characterise the binding between IgA and PTEC. 

Confocal microscopy studies would help in studying this interaction. As megalin is a 

PTEC receptor of interest, immunofluorescence microscopy and flow cytometry 

studies, performed with and without receptor associated protein (RAP), a 39kDa 

high-affinity chaperone-like ligand for megalin that inhibits ligand binding, would 

help establish the importance of megalin in IgA-PTEC interaction, its endocytosis 

and subsequent PTEC cytokine release. It would be interesting to characterise the 

activity of other intracellular signalling pathways, for example MAPK/ERK, following 

incubation of IgA with PTEC. Given the issues with IgA isolation discussed earlier, 

using IgA that has been isolated by a different method would be helpful to confirm 

the findings above. The constituents of pIgA remain unclear, with previous reports 

indicating that circulating IgA1-immune complexes exist that contain IgG, 

fibronectin and/or C3 (Oortwijn et al., 2006; Suzuki et al., 2009; Tam et al., 2009; 

van der Boog et al., 2005). A study to characterise the constituents of pIgA, for 

example involving mass spectrometry and immunoprecipitation studies, may help 

to provide further understanding regarding the specific effects of pIgA1 on PTEC 

stimulation. Lastly, the precise nature of interaction between IgA and initiators of 

the complement pathway remains poorly understood, and is worthy of further study. 
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7.4.3 In vivo studies 

Given that the alternative pathway of complement activation is almost universally 

activated in IgAN, and the increase in glomerular C3 deposition observed in the 

mouse model studied, it would be of importance to establish whether other 

complement components, from either the alternative or lectin pathways, are 

deposited in this model. These may lead to further in vivo studies that target either 

other parts of the lectin pathway (e.g. MASP1/3) or the alternative pathway (Factor 

B or properdin), for their contributions towards the inflammatory effects observed. 

Given the variability and mild renal damage observed in the model, pilot 

experiments to accelerate renal damage, for example by uninephrectomy or 

administration of an adjunct such as cholera toxin subunit b, may help to optimise 

the model. 

 

7.5 Concluding remarks 

The work from this thesis suggests that following the deposition of IgA in IgAN, 

mesangial cell activation and damage to the glomerular filtration barrier, the 

filtration of IgA, particularly galactose-deficient pIgA1, leads to a deleterious effect 

on PTEC, resulting in activation, and pro-inflammatory and pro-fibrotic cytokine 

release. Over time, this is likely to play a contributory role to the progression of 

IgAN. Understanding this interaction further, and the intracellular signalling 

pathways that are triggered, may lead to the identification of novel therapeutic 

targets in this disease.  

 

A mouse model of IgAN was developed, that demonstrated a link between mucosal 

immunisation, glomerular IgA deposition and the development of interstitial 

inflammation. Deficiencies in initiators of the lectin pathway of complement did not 

protect against the development of interstitial macrophage recruitment, and further 

studies should focus on the role of the alternative pathway of complement in this 

model. 
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Appendix: Buffers and Solutions 

 

General buffers 

Phosphate buffered saline (PBS) 
8 g NaCl, 1.15 g anhydrous Na2HPO4, 0.2 g KCl, 0.2 g KH2PO4 

Dissolved in 1 L distilled water, adjusted to pH 7.4 

 

Tris buffered saline (TBS) 
6.06 g Tris base, 8.77 g NaCl 

Dissolved in 1 L distilled water, adjusted to pH 7.6 

 

Saturated ammonium sulphate (4.1M) 
21.67 g ammonium sulphate in 40 mL PBS 

 

ELISA 

Coating buffer (0.05M carbonate/bicarbonate, pH 9.6) 
0.189 g Sodium hydrogen carbonate, 0.027 g Sodium carbonate 

Dissolved in 50 mL distilled water 

 

Wash buffer (PBS/0.3M NaCl/0.1% Tween 20) 
20.75 g NaCl, 1 mL Tween-20 

Dissolved in 1 L PBS 

 

OPD substrate 
2 OPD tablet (o-phenylenediamine dihydrochloride) (Dako) in 6 mL distilled water. 

2.5 μL hydrogen peroxide solution 30% (w/w) added immediately before use. 
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SDS-PAGE 

Resolving and Stacking gel (quantities per gel): 

Component 8% Resolving gel 10% Resolving gel Stacking gel 
Water 4.6 mL 4.1 mL 3.03 mL 

30% Acrylamide  2.7 mL 3.3 mL 0.65 mL 

1.5M Tris HCl, pH 8.8 2.5 mL 2.5 mL - 

0.5M Tris HCl, pH 6.8 - - 1.25 mL 

10% SDS (w/v) 0.1 mL 0.1 mL 0.05 mL 

10% APS 1 0.1 mL 0.05 mL 0.025 mL 

TEMED 2 0.006 mL 0.005 mL 0.005 mL 

1 APS: Ammonium persulphate 
2 TEMED: N,N,N’,N’- Tetramethylene diamine 

 

Sample buffer, 8 mL 
4 mL water, 1 mL 0.5M Tris-HCl pH 6.8, 0.8 mL Glycerol, 1.6 mL 10% (w/v) SDS, 

0.4mL β-mercaptoethanol, 0.05% (w/v) Bromophenol blue. 

 

Running buffer (10x), 1 L 
30.3 g Tris Base, 144 g Glycine, 10 g SDS, dissolved in 1 L distilled water. 

 

Transfer buffer (10x), 1 L 
30.3 g Tris Base, 144 g Glycine, dissolved in 1 L distilled water. 

 

De-staining buffer 
40% methanol, 10% acetic acid, 50% water 

 

Equilibration buffer 
40% methanol, 10% acetic acid, 3% glycerol, 47% water 
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PLP fixative 

Lysine solution 
0.2 M lysine monohydrochloride (3.65g/100mL) added to an equal volume of 0.1M 

disodium hydrogen orthophosphate (1.41g/100mL). Adjusted to pH 7.4, stored at 

4°C. 

 

4% Paraformaldehyde 
Paraformaldehyde dissolved in distilled water at 4 g/100 mL, with stirring at 60°C in 

a fume hood. The solution was cleared by the addition of a few drops of 1M NaOH, 

adjusted to pH 7.4, and stored at 4°C. 

 

Immediately prior to use, 1 volume of 4% paraformaldehyde was added to 3 

volumes of lysine stock solution, and sodium metaperiodate (0.214g/100mL 

(10mM) was added. 

 

PCR 

TAE buffer:  
2 M Tris-HCl, 50 mM EDTA-Na2, 1 mM glacial acetic acid 
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